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Abstract — Candida antarctica Lipase B (CALB) immobilized onto iron magnetic nanoparticles was evaluated as
biocatalyst for the synthesis of flavor esters. Methyl and ethyl butyrate were synthesized by esterification of butyric
acid with methanol and ethanol, respectively, in a medium containing solvent. The nanoparticles were produced by the
co-precipitation method. The process parameters (type of solvent, temperature, substrate concentration, molar ratio,
amount of biocatalyst, stirring speed and reaction time) were studied. The optimum conditions for both esters were
achieved at 25 °C, 0.5 mol/L (methyl butyrate) and 0.4 mol/L (ethyl butyrate), molar ratio of 1:1, amount of biocatalyst:
10 mg, 150 rpm and 8 h of reaction, using heptane as solvent. Under those conditions, the maximum conversions of
methyl butyrate and ethyl butyrate were higher than 90 %. The synthesis of flavor esters was also conducted by using
Novozym® 435, a commercial catalyst, for comparison purposes.
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INTRODUCTION

Short-chain fatty acid esters are an important group
of flavor and fragrance compounds widely used in food,
beverage, cosmetic and pharmaceutical industries (Xu
et al., 2002; Jin et al., 2012). These aromas are typically
extracted from natural sources; however, some problems
arise due to environmental questions (Bjorkling et al.,
1991; Xu et al., 2002). Whereas the current synthesis of
these compounds uses liquid acids as catalysts and requires
post-treatment (Ben Salah et al., 2007), an alternative
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route applying enzymes may also be employed, obtaining
products that are considered to be natural (Gillies et al.,
1987). In this context, lipases (glycerol ester hydrolases,
EC 3.1.1.3) are a diverse group of enzymes that are able to
act in the organic-aqueous interface, being a good option
for esterification and other synthetic reactions (Uppenberg
et al. 1994; Idris et al.,2011) occurring in organic media.
Lipases produced by Candida sp. are well-established
enzymes for biocatalysis purposes, especially Candida
antarctica lipase B (CALB) (Dominguez de Maria et al.,
2005). CALB has been studied for potential applications
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in many different sectors, such as food and flavor making,
detergent, pharmaceutical, textile, cosmetic, paper and
oleochemical industries (Hasan et al., 2006; Hung et al.,
2003). These applications are possible due to the wide
range of specificity for substrates, high activity for several
different reactions under mild conditions, resistance
to organic solvents, high thermal and pH stability, and
stereospecificity (Rodrigues et al., 2008, McCabe et al.,
2005; Deng et al., 2011).

The use of immobilized lipase is recommended in order
to overcome some enzyme limitations, such as: solubility,
purity, activity, inhibition and poor stability. Furthermore,
immobilization presents other advantages that include
reusability, easier control of the reaction, use of different
reactor configurations, etc.(Garcia-Galan et al., 2011;
Silva et al., 2012; Gomes et al.,2004). In the last years,
nanoparticles have been shown to be an immobilization
support of great importance due to a substantial increase
in their availability and versatility. The use of magnetic
particles has been considered as a novel strategy for
Smart Immobilization of enzymes via covalent attachment
(Vaghari et al., 2015). Moreover, the use of this support
in industrial reactors has been greatly encouraged since
the appearance of paramagnetic nanoparticles, as recovery
and reuse of thismaterial can be accomplished by simply
exposing the system to a magnetic field (Garcia-Galan
et al., 2011). Besides, nanoparticles offer a high surface/
volume ratio (Ansari et al., 2012) which can be properly
modified to attach enzymes (Tartaj et al., 2003), resulting
in a high biocatalyst concentration in the support. For
instance, hydroxyl groups can be used to define attachment
points for functionalizing agents (Barreto et al., 2012,
Boyer et al., 2010) and enzyme immobilization. Another
important feature of these non-porous supports is the
smaller size of the particles, resulting in a reduction of
the diffusion hindrance (Zheng et al., 2003).As a result, a
significant progress in the last few years has been made in
the use of magnetic nanoparticles as carrier for the binding
of enzymes. Nevertheless, the immobilized enzymes still
present some drawbacks, such as change in properties
and low efficacy against insoluble substrates (Vaghari et
al., 2015). For this reason, further research is yet needed
in order to address these limitations and allow industrial
application.

With this in mind, in the present work, methyl and
ethyl butyrate (i.e., substances that are highly demanded
in food industries as components of pineapple/banana
flavors) were successfully produced employing CALB
immobilized onto magnetic nanoparticles (CALB-MNP)
(Gillies et al., 1987). The influences of the temperature,
substrate concentration, acid:alcohol molar ratio, amount of
biocatalyst, stirring speed, reaction time and type of solvent
on methyl and ethyl butyrate synthesis were investigated.
The results were then compared to those obtained by using
a commercial biocatalyst (CALB immobilized in acrylic
resin - Novozym® 435). Last but not least, the operational

stability of the biocatalysts was also investigated.
METHODS
Materials

Lipase B from Candida antartica (CALB) was
purchased from Codexis (Redwood, USA). Lipase B
from Candida antartica immobilized in acrylic resin
(Novozym® 435), y-aminopropyltriethoxysilane (APTS),
glutaraldehyde solution Grade II 25% (w/v), p-nitrophenyl
butyrate (pNPB) and p-nitrophenol (pNP) were purchased
from Sigma-Aldrich (St. Louis, USA). Iron magnetic
nanoparticles () were produced by the co-precipitation
method. The chemical reagents used for this synthesis
were FeClL,.6H O (pure granulated 99%), FeSO,7H,O
(pure granulated 99%) and 30% ammonia solution. All
other reagents (analytical grade) were purchased from
Synth (Sao Paulo, Brazil) and Vetec (Sao Paulo, Brazil).

Production of magnetic nanoparticles

Iron magnetic nanoparticles (), here named MNP,
were obtained by the co-precipitation method to obtain a
particlesize of 11.0 nm (Barreto et al., 2012).

APTS-modified nanoparticles

nanoparticles were modified with the addition of
an APTS (2.0 % v/v) solution to the support in a liquid-
solid ratio of 0.2 (mL/mg of support). The solution was
heated at 100 °C for 10 hours under nitrogen atmosphere.
The nanoparticles were then washed with methanol and
ethanol, and separated by magnetic decantation. After that,
the material was dried at 30 °C for 24 hours (Netto et al.,
2009).

Glutaraldehyde crosslinking

Nanoparticles modified by APTS (0.01g) were
suspended in a 25% (w/v)glutaraldehyde solution with 2.5
ratio solution/support (mL.). The reaction was allowed to
proceed at 25°C, 45 rpm for 2 h. After that, the resultant
APTS-modified and crosslinked nanoparticles (MNP)
were separated by magnetic decantation and washed with
a 100mM bicarbonate buffer, pH 10, to remove the excess
of crosslinker agent. The glutaraldehyde crosslinking was
performed in triplicate and the results expressed as means
and standard deviations.

CALB Immobilization

The modified and crosslinked nanoparticles (0.01 g)
were added to 0.5 mL of 100 mM sodium bicarbonate
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buffer solution, pH= 10, at 25°C, containing 19 puL of
CALB solution (enzyme load of 80 U. support, theoretical
activity,). The system was stirred (45 rpm) for 1 h. The
immobilized CALB, named CALB-MNP, was removed by
magnetic separation and washed with a sodium phosphate
buffer (25 mM, pH 7). The immobilization of lipase was
performed in triplicate and the results expressed as means
and standard deviations. The amount of CALB immobilized
on MNP was determined by measuring the initial and final
protein concentration in the immobilization supernatant
by the Bradford method (Bradford, 1976). Hydrolytic
activities were also determined in order to calculate the
immobilization parameters (Silva et al., 2012), such as:
immobilization yield (/Y), theoretical activity (4¢) and
recovery activity (4?).

Assay of Hydrolytic Activity

The hydrolytic activity of CALB was determined using
p-nitrophenyl butyrate (pNPB) as substrate, in 2-propanol,
at pH 8.0 and 25°C, according to the methodology
described in the literature (Silva et al., 2012). One unit of
lipase activity was defined as the amount of enzyme that
hydrolyses pNPB liberating 1 pmol of the p-nitrophenoxide
ion per minute under assay conditions.

Enzymatic esterification

The production of esters by esterification was conducted
in a reaction medium containing 1 mL of solvent (heptane,
hexane, cyclohexane or 1,4-dioxane), butyric acid and
alcohol (methanol or ethanol) in different concentrations
(0.2-1.0 moL/L) and molar ratios (1:1-1:4). A biocatalyst
mass (CALB-MNP) of 0.01g was added (enzyme load: 80
U.) to initiate the reaction, which was carried out under
orbital stirring (50-250 rpm), at 25-55°C. The reactions
were performed in triplicate and the results expressed as
means and standard deviations.Conversion was monitored
by determining the acid index through the Ca 5-40 AOCS
method (AOCS, 2013). For comparison, the esterification
was also conducted by using Novozym® 435 at the reaction
conditions where maximum conversion was achieved with
CALB-MNP.

Operational Stability

The operational stability of the immobilized enzyme
was evaluated by submitting 0.01 g of CALB-MNP to
subsequent cycles of methyl and ethyl butyrate synthesis.
Before each new cycle, the immobilized enzyme was
separated by magnetization and washed with 0.5 mL
of hexane solvent (3 times) for product and unreacted
substrate removal. The reactions were performed as
described above.

X-ray diffraction (XRD)

The XRD analysis was carried out in a Rigaku X-ray
powder diffractometer equipped with a tube CuKa (A =
1.54056 A) operating at 40kV/25mA. Powder samples
were placed in the sample holder and the diffraction
patterns were collected over a range of 26= 20-100° with
a 0.02° step. The values of particle size, lattice parameters
and phase concentrations were evaluated from the
mathematical treatment of the diffraction patterns obtained
by the Rietveld Method. The structural data derived from
XRD was also determined using the DBWTools version
2.3 program (Bleicher et al., 2000).

Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR)
measurements were performed using a Perkin Elmer 2000
spectrophotometer in the 400 to 4000cm™ range. The
samples were previously dried, ground to a powder and
pressed (10 pg of sample to 100 mg of KBr) in disk format
for measurements.

RESULTS AND DISCUSSION

MNP and immobilized lipase characterization and
immobilization study

Figure 1 shows the XRD pattern of the sample after the
NP mathematical treatment of data by the Reitveld method.
An ICSD standard and a sample of MNP were used. The
Crystallographic peaks and Miller indices of 21.4° (111),
35.2° (220), 41.6° (311), 50.7° (400) 63.2° (422), 67.5°
(511) and 74.4° (440) found in the sample are in agreement
with the literature (Kim et al., 2012). These data are related
to a cubic crystal system Fd-3m (227), resembling the unit
cells for spinel magnetite. One can use the crystallite size
to calculate the particle size, because in nanosystems with
a single domain the crystallite sizeis presumablyclose to
that of the particle. The particle size was estimated by the
Scherrer method, obtaining a value of 14.87 nm.

Figure 2 shows the recorded FTIR spectra of the samples
(Fe,0,, Fe,O, + APTES, Fe,O, + APTES + Glutaraldehyde
+ Lipase and Lipase) in the range of 4000-400 cm™'. The
immobilized enzyme (Fe,O, + APTES + Glutaraldehyde
+ Lipase) presented an immobilization yield of 53% and
an activity per gram of support of 80 UpNPB. For Fe,O,
nanoparticles (Fig. 2 (a)), it can be observed a band in the
range of 650 — 400 cm’!, typical of metal in the tetrahedral
(T) site of a spinel lattice, confirming the presence of
nanoparticles (Freire et al., 2013). Fig. 2 (b) shows the
spectrum of the functionalized Fe,O, with APTES. The
covalent anchoring can be confirmed by the bands at
3427 and 1630 cm'', assigned to N-H and NH, stretching,
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Figure 1. XRD pattern for the MNP sample after the mathematical
treatment of data by the Reitveld refining method.

~ - Al 2
\ g w4
\ / / I:, f /
(@ \_/AA Al =Y ANY
- o ——tn "-/-\-ll .\li A
L ., |
Q X | [
L] (c) i
Bl -
g 2 e ] ‘_ / A
] o » 4T
(= f NH, o / :
) C-H Si-0-8i .
(b) N-H Si-OH;’
._.-—-\- — — ——— _“.. ./'-'— p W
(Y o W
e =
I' I.
)
Fe-O I'_ |I
(a) ~
L] L L] I ] I L
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber {cm'1)

Figure 2. FTIR of the samples: (a) Fe,0,, (b) Fe,0, + APTES, (c)
Fe,O, + APTES + Glutaraldehyde + Lipase and (d) Lipase.

respectively (Foresti et al., 2010). Bands related to Si-O
groupswereobservedat1116(Si-O-Si)and894(Si-OH)cm™.

The presence of the propyl group was observed by
bands at 2926 and 2853 c¢m!, which are related to C-H

stretching. The resultant spectrum of the surface treatment
with glutaraldehyde and lipase is shown in Fig. 2 (c)
and no bands related (1720 cm™ to free aldehyde groups
(-COR)) to glutaraldehyde were observed, suggesting that
the enzyme was all bound to the functionalized Fe,O, with
APTES- glutaraldehyde, due to the reaction between the
amine groups on the support and the available carbonyl
groups of glutaraldehyde. Fig. 2 (d) shows a typical
spectrum of free lipase for comparison. The bands found
in Fig. 2 (d) can also be found in Fig. 2 (c), confirming
the introduction of the lipases. A band in the range of
1700-1600 cm™ was related to amide 1 (A-I) vibration,
while a signal of lower intensity observed at 1541 cm
was assigned to symmetrical bending of the N—H bonds,
confirming amide II (A-II) vibration (Foresti et al., 2010).
Bands observed around 1220-1330 cm™ were attributed
to Amide IIT (A-III) region. Furthermore, N-H bonds also
showed a strong signal above 3000 cm™ (A-A) region,
characterizing amide A. A broadening of the band between
3200 and 3400 cm™ (Fig. 2c) is also observed, which
is usually attributed to the stretch of OH and NH,, with
exposure to glutaraldehyde.

Effect of temperature

The effect of temperature on the butyric acid conversion
catalyzed by CALB-MNP (= 29.1 U.+ 0.01 g) is shown
in Figure 3.For methyl butyrate, the conversion remains
constant from 15 up to 40 °C and presents a sharp drop at 45
°C. For ethyl butyrate, the conversion stays constant from
15 to 25 °C, shows a slow decrease until 45 °C and then
stabilizes. As methanol and ethanol have boiling points of
65 °C and 78.4 °C, respectively, these distinct behaviors
are probably due to their volatility differences. According
to the literature (Cambon et al., 2009), conversion and
methanol inhibition are very temperature dependent. This
dependence was attributed to the thermodynamic state of
the medium. The liquid-liquid equilibrium phase diagram
and the liquid-vapor partitioning coefficient of methanol
are important parameters to describe the thermodynamic
behavior of the system. Briefly, a risein temperature
increases the molar concentration of methanol in the vapor
phase, reducing its molar concentration in the liquid phase
where the reaction takes place (Cambon et al., 2009).
Furthermore, polar solvents, such as methanol (logP =
-0.8), may affect enzyme stability since they may promote
the unfolding of the protein chain (denaturation), the loss
of its structural water molecules, inhibition or chemical
modifications. The latter two are very dependent of the
solvent type. Additionally, the reaction conversion at
equilibrium can be shifted dramatically by changing, for
instance, temperature and solvent (Von Stockar, 2013).
In this case, there is a combination of solvent effects and
higher temperature exposition, leading to a decrease in
catalytic activity.
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Figure 3. Effect of temperature on methyl and ethyl butyrate
biosynthesis. The alcohols used were: ethanol (m) and methanol
(*). Reactions were carried out using CALB-MNPs = 80 U.., 150
rpm, heptane, 0.2 mol/L butyric acid, 1:1 (butyric acid: (methanol
or ethanol)) and 8 h reaction time. Reaction volume = 1.0 mL.
Derivative mass = 0.01g.

The same authors (Cambon et al., 2009), investigating
the synthesis of alkyl esters from vegetable oils, observed
areduction of 15% in the alkyl esters conversion within the
temperature range of 30 up to 55 °C, achieving a maximum
conversion rate at 30 °C. These results are in accordance
with those obtained in this work, in which the conversion
decreased with increasing temperature, with a maximum
conversion rate at 25 °C.

Other authors studied the effect of the temperature
in ethyl butyrate production catalyzed by Novozym®
435 (Rodriguez-Nogales et al., 2005). The maximum
conversion rate was 75% at 35 °C, showing a substantial
reduction as temperature increased from 20 up to 80
°C. The results presented in our work were better than
those obtained by Rodriguez et al.(Rodriguez-Nogales et
al.,2005), since a conversion rate of 90% was observed for
ethyl butyrate at 25 °C.

Effect of substrate concentrations

The influence of substrate concentration was
investigated using CALB-MNP and the results are shown
in Figure 4. For ethyl butyrate, a conversion greater than
97% was achieved after 8 h at 0.4 mol/L of substrate
(1:1, molar ratio), decreasing to 86.5 % at 1.0 mol/L. For
methyl butyrate synthesis, the conversion was greater
than 93 % after 8 h at 0.5 mol/L of substrate (1:1, molar
ratio), decreasing to 87.9 % at 1.0 mol/L. These results
are in agreement with the literature (Guillén et al., 2012),
where ethyl butyrate was produced by lipase immobilized
on polymeric resin, with a yield above 99 %, but at 24 h
reaction.

Increasing the methanol concentration in the reaction
mediuminitially provided an enhancement in the conversion
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Figure 4. Effect of concentration of substrates on methyl and ethyl
butyrate biosynthesis. The alcohols used were: ethanol (m) and
methanol (¢). Reactions were carried out using CALB-MNPs = 80
U., 25 °C, 150 rpm, heptane, 0.1-1.0 mol/L butyric acid, 1:1 (butyric
acid: (methanol or ethanol)) and 8 h reaction time. Reaction volume
= 1.0 mL. Derivative mass = 0.01g.

rate of butyric acid into methyl butyrate. However, the
conversion values for methyl butyrate were lower than
those obtained for ethyl butyrate. As previously discussed,
this behavior can be related to the higher evaporation of
methanol from the media compared to ethanol, since the
former is more volatile than the latter.

Other authors (Abbas et al., 2003; Gandhi et al., 2008;
Sun et al., 2009) reported that the methanol molecules
are able to bind to the to the active sites of the enzyme,
limiting the amount of energy released and consequently
preventing the enzyme from changing its conformation
to the desired catalytic form. In other words, the enzyme
might be partially inhibited in the presence of methanol
(Sun et al., 2009).Alcohols have the property of binding to
proteins and induce their dehydration, resulting in a drastic
loss of enzymatic activity. Thus, in our work, the greatest
inhibition effects occurred at the highest concentration
values, and correlated with the alcohol solubilization in the
reaction medium.

The approach of using equal concentrations of alcohol
and acid was also studied by Dave and Madamwar (Dave
et al,, 2005; Dias et al., 1991). Similar results were
reported for Candida rugosa lipase immobilized on silica-
gel, using hexane as solvent and butyric acid — ethanol as
reagents (1:1 molar ratio), obtaining conversions of 95%
and 70% for reactant concentrations of 0.2 and 0.3 mol/L,
respectively. In our work, the best condition was reached
at a concentration of 0.4 mol/L, resulting in a conversion
of 97%.

Effect of acid to alcohol molar ratio

The effect of the alcohol/acid ratio on the esterification
conversion was investigated by first maintaining the
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concentration of acid constant and varying the concentration
alcohol, and then maintaining the concentration alcohol
constant and varying the concentration of acid. Figure
5shows that a maximum conversion was obtained with 1:1
molar ratio (acid to ethanol). The excess of alcohol did not
affect drastically the methyl and ethyl butyrate synthesis.
Similar results for ester synthesis using CALB were
described in the literature (Watanabe et al., 2002; Nordblad
et al., 2008; Huang et al., 2010; Xie et al., 2012).

When in excess, the acid led to a decrease in the
conversion rate from 93.4 % to 7.4 % for methyl butyrate
and 96.8 % to 24.7 % for ethyl butyrate. According to several
authors (Claon et al., 1994, Nordblad et al., 2008, Romero
et al., 2005, Jin et al., 2012), this rapid drop in conversion
rate with increasing excess of butyric acid implies that the
substrate was inhibited by this substance. Literature studies
suggest that acid and alcohol inhibit lipases through similar
mechanisms of competitive inhibition (Nordblad et al.,
2008), meaning that a second acid molecule could interfere
with the deacylation of the enzyme by blocking the access
to the active site (Hari et al., 2001). Moreover, the increase
in acid concentration increases the proton content in the
system, which could then reduce the enzymatic activity
by detrimental protonation (Nordblad et al., 2008). The
greatest reaction efficiency was achieved at a butyric acid
concentration of 0.4 and 0.5 mol/L (1:1 molar ratio) for
the esterification to methyl and ethyl butyrate, respectively.

Effect of stirring speed

Since the stirring speed is an essential parameter due
to its substantial effect on the mass transfer, its effect for
the methyl and ethyl butyrate synthesis was evaluated, as
shown in Figure 6. According to the profile obtained in this
study, stirring speeds between 50 and 200 rpm promote
conversion rates of 80 % to above 90 % for both esters.
Other authors (Mahapatra et al., 2009) investigated the
influence of stirring speed on mass transfer and concluded
that an increase in the stirring speed decreased the film
thickness around the solid particles, reducing the mass
transfer resistance. As presented in Figure 6, the best
results were at 150 rpm for both produced esters.

The minor effect of stirring speeds between 50 ¢ 200
rpm on mass transfer can be explained by the fact that
nanoparticles present a large surface area, resulting in a
greater dispersion of the enzyme, which thus prevents its
aggregation and enhances the mass transfer in the system
(Nagayama et al., 2002, Dandavate et al., 2009). The sharp
drop of methyl butyrate conversion rate at the speed of
250 rpm suggests that the methanol molecules are more
likely to pass to the vapor phase under this condition, as
previously discussed.

Production of flavor esters in the presence of organic
solvents
The hydrophobic behavior is important in stabilizing the
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Figure 5. Effect of molar ratio on methyl and ethyl butyrate
biosynthesis. Varying the concentration of alcohol (m) and acid (o) to
ethyl butyrate. Varying the concentration of alcohol (¢) and acid (o)
to methyl butyrate. Reactions were carried out using CALB-MNPs =
80 U., 25 °C, 150 rpm, heptane, 0.5 mol/L (methanol) and 0.4 mol/L
(ethanol), 1:1-1:4 (butyric acid: (methanol and ethanol)) and 8 h
reaction time. Reaction volume = 1.0 mL. Derivative mass = 0.01g
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Figure 6. Effect of shaking speed on methyl and ethyl butyrate
biosynthesis. The alcohols used were: ethanol (m) or methanol ().
Reactions were carried out using CALB-MNPs = 80 U., 25 °C, 150-
250 rpm, heptane, 0.5 (methanol) and 0.4 (ethanol) mol/L butyric

acid, 1:1 (butyric acid: (methanol and ethanol)) and 8 h reaction time.
Reaction volume = 1.0 mL. Derivative mass = 0.01-0.50 g.

catalysts in a non-aqueous environment (Sun et al., 2009).
The parameter log P, the partition coefficient of the solvent
between 1-octanol and water, is a quantitative measure of
the solvent polarity often used to predict possible effects on
the catalytic activity of the enzyme in organic environments
(Laane et al., 1987). Therefore, the production of methyl
and ethyl butyrate by CALB-MNP was also studied in
the presence of different organic solvents (in order of
increasing hydrophobicity): 1,4-dioxane, cyclohexane,
hexane and heptane. Table 1 shows the relationship
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between logP and the conversion rate of esters. Increasing
the organic solvent hydrophobicity (greater logP) leads
to a significant increment of conversion rate for both
studied butyrates, confirming its dependence on the type of
solvent. The maximum substrate conversion was obtained
in the presence of heptane: 96.8 % for ethyl butyrate and
93.9 % for methyl butyrate. Studies have shown that the
reaction outcome is better with non-polar solvents, due to
the fact that polar solvents could distort the water layer
around lipase (Ben Salah et al., 2007. A small amount of

687

water around the enzyme molecules is essential to maintain
the enzyme activity (Laane et al., 1987). The results of this
study are consistent with those described in the literature,
in which solvents with logP>2 support higher levels of
enzyme activity (Guillén et al., 2012, Xu et al., 2002, Sun et
al., 2009, Nordblad et al.,2008).Another important aspect
of the solvents is the dielectric constant. Electrostatic
forces are a crucial factor in enzymatic catalysis as they are
responsible forstabilizing the transition state of the enzyme
(Warshel et al., 1989, Park et al., 2001).

Table 1. Effect of organic solvents on methyl and ethyl butyrate biosynthesis. Reactions were carried out using CALB-MNPs = 80 U., 25 °C,
150 rpm, 0.5 (methanol) and 0.4 (ethanol) mol/L butyric acid, 1:1 (butyric acid: (methanol or ethanol)) and 8 h reaction time. Reaction volume

=1.0 mL. Derivative mass = 0.01g.

Solvent Dielectric constant

logP

Butyric acid conversion

1.92
1.88
2.02
2.25

Heptane
Hexane
Cyclohexane
1,4-Dioxane

-1.14

Ethyl
96.8+0.3
83.7+1.4
84.7+2.4
37.3+5.5

Methyl
93.9+0.67
84.3+1.3
78.4+2.5
49+2.8

It is expected that solvents with low dielectric constant
will further stabilize the enzyme tetrahedral transition state
compared to those with high dielectric constant, providing a
higher conversion rate (Warshel et al., 1989).This behavior
was observed for 1,4-dioxane and cyclohexane, in which
the lower dielectric constant yielded an increase of 50%
in the conversion rate, as shown in Table 1. However, the
results for hexane were unexpected. Although it should
provide a greater conversion according to the stability
analysis, the best results were obtained for heptane.

The ethanol esterification with butyric acid in the
presence of hexane and heptane is reported by several
authors (Dias et al., 1991; Manjon et al.,1991; Dave et al.,
2005; Rodriguez-Nogales et al., 2005; Aragao et al., 2011).
The best results were obtained by Manjon et al. (1991)
using R. miehei lipase immobilized in Celite as catalyst
and hexane as solvent. The results in Table 1 are consistent
with the literature.

Reaction Time Dependence

The conversion time profile is shown in Figure 7. For the
same time period of one hour, the conversion of substrates
differed depending on the nature of the alcohols. The
highest conversions were obtained for both ethyl (96.8 %)
and methyl butyrate (93.9 %) under an incubation time of
8 h. Then, no further increase in conversion was observed,
even for longer periods. A similar behavior was found by
other authors (Abbas et al., 2003), who obtained distinct
reaction rates for the three different alcohols during the
first 2 hours of experiment, suggesting that the reaction
rate is dependent on the nature of the alcohol.

The literature (Dias et al., 1991; Manjon et al., 1991,
Dave et al., 2005, Rodriguez-Nogales et al., 2005; Aragdo
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Figure 7. Kinetics of ethyl and methyl butyrate biosynthesis. The
alcohols used were: ethanol (m) and methanol (¢). Reactions were
carried out using CALB-MNPs = 80 U., at 25 °C, 8 h, 150 rpm,
heptane, 0.5 (methanol) and 0.4 (ethanol) mol/L butyric acid, 1:1
(butyric acid: (methanol or ethanol)) . Reaction volume = 1.0 mL.
Derivative mass = 0.01g.

etal., 2011, Grosso et al., 2012) reports the effect of several
different immobilized lipases in the production of ethyl
butyrate. For instance (Rodriguez-Nogales et al.,2005),the
reaction with butyric acid and ethanol catalyzed by CALB-
acrylic resin (Novozym 435, Novozymes, Denmark) in 10
mL of n-heptane, with a concentration of acid and alcohol
0f 0.04 mol/L and 0.52 mol/L, respectively, was carried out
and75% of conversion was achieved in 96 hours. Another
paper (Aragao et al., 2011) reports a conversion of 88%
into ethyl butyrate, in 3 h of reaction, 40 mL of reactional
volume, using lipase from Mucor miehei, immobilized on
commercial resin beads.
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The best volumetric production of 26.4 pmol/(mL.h) of
ethyl butyrate presented in the literature(Dias et al., 1991;
Manjon et al., 1991, Grosso et al., 2012, Pires-Cabral et
al., 2010; Dave et al., 2005; Rodriguez-Nogales et al.,
2005; Aragdo et al., 2011) was presented by Aragao et al.
(2011) using a lipase from Mucor miehei immobilized in
commercial resin beads. The result obtained in our work,
using CALB-MNP, was 53.7 mol/(mL.h), twice the value
presented by Aragdo et al. (2011).

Operational Stability

The operational stability of the immobilized system was
investigated in the synthesis of methyl and ethyl butyrate,
and the results are shown in Figure 8 and 9, respectively.
Consecutive reaction cycles were performed using 0.01 g
of CALB-MNPfor 8 h at 25 °C, 150 rpm, 0.4 and 0.5 mol/L
butyric acid, 1:1 (butyric acid: (methanol or ethanol)).
Reaction volume = 1.0 mL (heptane). The same conditions
were used with Novozym® 435 (= 80 U.).

As shown in Figure 8, in the synthesis of methyl
butyrate, a conversion rate of 89.6 % was achieved with
Novozym® 435 in the first cycle. According to Figure 9,

100

|""."“-. ,—‘ix\ix‘hi

T {f*\&:\y
)

Cycle

754

704

Methyl butyrate conversion (%)

65 -

Figure 8. Operational stability of CALB-MNPs (m) and CALB-
acrylic resin () in the methyl butyrate biosynthesis. Reactions were
carried out at 25 °C, 8 h, 150 rpm, 0.4 mol/L butyric acid, 1:1 (butyric
acid: methanol). Reaction volume = 1.0 mL. Derivative mass =0.01g

of 8 hours each, showing the potential use of CALB-MNP
in reactions of industrial interest.

CONCLUSIONS
The study showed that magnetic nanoparticles modified

by APTS and glutaraldehyde are a material capable of both
supporting the active enzyme CALB and preserving its

M. C. M. de Souza, K. P. dos Santos, R. M. Freire, A. C. H. Barreto, P. B. A. Fechine and L. R. B. Gongalves

for ethyl butyrate, the conversion using Novozym®
435 was 95.6 % at the first cycle; however, the highest
conversions were accomplished employing CALB-MNP
for both methyl and ethyl butyrate, obtaining a 93.9 and
95.6 % conversion, respectively.

For both biocatalysts, the immobilized enzyme was
quite stable for up to 10 cycles of esterification, since it
retained more than 80 % of its initial esterification activity,
see Figure 8 and 9. At the end of the last cycle (12), for
ethyl butyrate synthesis, CALB-MNP maintained more
than 74% of its catalytic activity and Novozym® 435,
81%, see Figure 9.

Comparing the results with the literature (Guillén et
al., 2012; Pires-Cabral et al., 2010; Manjon et al., 1991;
Rodriguez-Nogales et al., 2005), the greatest bioconversion
for ethanol esterification with butyric acid catalyzed by
immobilized lipases was obtained by Guillen et al. (2012)
using immobilized Rhizopus oryzae lipase on octadecyl
sepabeads, achieving 99.1 % in 24 hours. Despite the high
value, this conversion was unable to withstand more than
3 consecutive cycles, presenting a substantial decrease of
40% after six cycles. In the present study, the catalytic
activity was maintained at 93.4 % for 9 consecutive cycles

100 —————————————————————
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Ethyl butyrate conversion (%)
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Figure 9. Operational stability of CALB-MNPs (m), acrylic resin (¢)
in the ethyl butyrate biosynthesis. Reactions were carried out at 25
°C, 8 h, 150 rpm, 0.4 mol/L butyric acid, 1:1 (butyric acid: ethanol).
Reaction volume = 1.0 mL. Derivative mass = 0.01g.

catalytic activity even after consecutive reaction cycles.
Analyzing the results of the different effects on the ester
bioconversion, there is a strong influence of alcohol, acid
and molar ratio of substrates. The experiments could not
be performed under higher temperatures due to the high
volatility of methanol. Increasing the molar ratio of acid
might lead to the denaturation of the enzyme, compromising
the ester synthesis. The effect of hydrophobicity of the
solvent was very pronounced, non-polar solvents are
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more suitable for esterification reactions catalyzed by
CALB-MNP. The biocatalyst studied in this work, CALB-
MNP, promoted efficient biosynthesis of methyl and ethyl
butyrate. The optimal conditions for synthesizing methyl
and ethyl butyrate by CALB-MNP resulted in a substrate
conversion of 96.8 %. The CALB-MNP biocatalyst was
able to preserve most of its catalytic activity even after 12
consecutive reaction cycles. These results are satisfactory
when compared with the commercial immobilized enzyme.
Thus, the use of CALB-MNP is particularly advantageous
in ester production.
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