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Abstract

In this work, a fed-batch approach was adopted to overcome propionic acid lipase inactivation effects in the benzyl propion-
ate direct esterification mediated by lipases. The ester synthesis was performed using commercial immobilized (Novozym
435) and lyophilized form Candida antarctica fraction B lipase (Cal B) as biocatalysts of the esterification between benzyl
alcohol and propionic acid in a solvent-free system. The reaction involved the propionic acid-controlled addition during
the first 5 h ensuring an excess of alcohol to dilute the media. The biocatalyst Novozym 435 showed a good performance
in the first cycle of the fed-batch esterification, ensuring 90 and 99% of conversion at substrates molar ratio of 1:1 and 1:5
(acid:alcohol), respectively. However, the enzyme lost the activity and the conversions were sharply reduced at the second
cycle. A novel qualitative protein content analysis by optical microscopy showed that the lipase was desorbed from the sup-
port after the esterification, and this behavior was strongly related to the presence of propionic acid in the reaction medium.
The lyophilized Cal B was also tested as biocatalyst of the benzyl propionate esterification and showed a similar performance
(related to the Novozym 435) in ester conversion and initial reaction rates for all substrates molar ratios tested. Since the
substrates affected the performance of the Novozym 435, the lyophilized Cal B is the most suitable catalyst to the benzyl
propionate esterification with conversions above 90%, considering a the fed-batch approach in a solvent-free system.
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Introduction

The natural synthesis of aromatic esters is a very interest-
ing area for the pharmaceutical and food industries [1, 2].
Among the catalysts that may be used in the production,
lipases play an important role since the aroma esters pro-
duced by microbial or enzymatic methods may be labeled as
natural in accordance with the United States and European
legislations, thereby satisfying the consumer trend towards
natural products in various industries [1, 3-5]. Lipases are an
important group in the organic chemistry, biodegradable and
responsible to catalyze many organic reactions, operating
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in mild conditions of pH and temperature in homogeneous
or heterogeneous form, and have showing to be promising
biocatalysts in the aromatic ester synthesis with potential
industrial applications [1, 6-10].

The enzyme-catalyzed systems can be carried out as an
equilibrium-controlled process (thermodynamically con-
trolled) or as a kinetically controlled process [11]. In equilib-
rium-controlled processes, the enzyme only accelerates the
rate with which the equilibrium is obtained (e.g., hydroly-
sis or esterification). In kinetically controlled processes, an
activated acyl donor is necessary and the enzyme acts as a
transferase. The maximum and transient yields that are over
the thermodynamics of the process came from the properties
of the catalyst (hydrolysis of activated acyl donor and of the
product, versus rate of product production) [11, 12].

Generally, in controlled acyl-transfer esterifications that
are diluted in aqueous media, the equilibrium of reaction
is largely favored to hydrolysis, while, in nonpolar organic
media with low water amount the enzyme remains active
and the reaction equilibrium is shifted in favor of synthesis
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[12—14]. Commonly, organic solvents are used to favor ester-
ification reaction over hydrolysis [13-20]; however, many
works have been reporting solvent-free systems (SFS) for
ester synthesis and molecular sieves showed to be a suit-
able water absorbent, shifting the reaction equilibrium to
synthesis [21-25].

The benzyl propionate is an aromatic ester that possesses
a fruit smell and occurs naturally in plums (prunus spe-
cies), passion fruits (passiflora species), and melons, and is
broadly used as a fragrance ingredient in many decorative
cosmetics, fine fragrances, toiletries, and non-cosmetic prod-
ucts such as household cleaners and detergents [26, 27]. In
addition, the benzyl propionate is a safe ingredient included
by Council of Europe in the list of substances granted A
that may be used in foodstuff and considered generally rec-
ognized as safe (GRAS) by Food and Drug Administration
(FDA) and by Flavor and Extract Manufacturers Association
(FEMA) [27].

The natural synthesis of the benzyl propionate is still
a poorly explored field and there are only two reports in
the literature for its lipase-mediated synthesis. In the first
study, an investigation of the benzyl propionate synthesis
was performed using three different propanoyl donors (pro-
pionic acid, vinyl propionate, and methyl propionate), and
a Pseudomonas cepacia lipase immobilized in eco-friendly
support as biocatalyst [28]. The authors concluded that the
low conversions found for the acid (8%) and methyl propi-
onate (17%) were associated to inhibitory effects, and only
the transesterification with vinyl propionate was able to
reach high conversions (99%). The second and more recent
work, investigated the ester synthesis by batch esterifica-
tion between benzyl alcohol and propionic acid using the
Novozym 435 as biocatalyst, but the maximum conversion
found was 44% with a molar ratio of 1:1 considering a SFS
[29]. The benzyl propionate esterification had shown, until
the present moment, low ester conversions, and this behavior
has been associated to the use of the short-chain acids as
esterification substrate, which leads to enzyme limitations as
inhibition and inactivation events [2, 16, 18, 30-33].

The benzyl propionate esterification mediated by lipases
is still a challenge as shown in the previous works [28, 29],
and more studies are necessary to feasible the esterification
reaction that still is the most simple and viable reaction to
produce aromatic esters targeting future industrial applica-
tions. To overcome these drawbacks related to the use of
the short chain acids (like propionic acid) as acyl donors,
the present work adopted a fed-batch approach to the benzyl
propionate esterification, considering a controlled fed of the
acid during the initial hours of reaction.

Here, a maximized condition from previous work [29]
was used and adapted to the fed-batch strategy using
Novozym 435 (the commercial immobilized prepared of
the Candida antarctica fraction B lipase—Cal B) and the
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lyophilized Cal B, as biocatalysts in a SFS using molecular
sieves to absorb water. The fed-batch esterification using
both biocatalysts was tested in different molar ratios of pro-
pionic acid and benzyl alcohol, and the immobilized enzyme
was tested in the recycle. The initial reaction rate was also
determined, and some characterization around the enzyme
activity and protein content of the immobilized enzyme
before and after the reaction cycles was conducted to deter-
mine the best biocatalyst and to make viable the benzyl pro-
pionate synthesis via esterification.

Materials and methods
Enzymes and chemicals

The esterification substrates were propionic acid (Neon)
and benzyl alcohol (Neon). The biocatalysts Novozym
435, a commercial immobilized Candida antarctica frac-
tion B lipase (Cal B), and Sorbitol solution of free Cal B
(Novozymes NZL-102, CALB) were kindly donated by
Novozymes®. Molecular sieves (4 A, beads 8—12 mesh,
Sigma-Aldrich) were used as water adsorbent. The solvents
acetone (Quimis) and dichloromethane (Quimis) were
employed for immobilized lipase wash in recycle and gas
chromatography quantification, respectively.

Benzyl propionate quantification

The benzyl propionate obtained after acid and alcohol
esterification was analyzed by a calibration curve previ-
ously prepared using the ester standard. The analyses were
carried out in a gas chromatograph (Shimadzu GC 2010)
with auto-injector coupled (Shimadzu AOC 5000), equipped
with a DB-5 column (27 m length X 0.25 mm internal diam-
eter X 0.25 um film thickness). The samples were diluted in
dichloromethane and injected into the column with an initial
temperature of 100 °C for 2 min, then the temperature was
raised from 100 to 230 °C with a rate of 10 °C/min and kept
for 10 min; injector and detector were kept at 250 °C [29].

Benzyl propionate fed-batch synthesis using
immobilized lipase

Initially, a study of the benzyl propionate fed-batch esteri-
fication was made at the same conditions of temperature,
enzyme type and amount, and acid:alcohol molar ratio (MR)
described in a previous work that maximized the ester syn-
thesis in batch mode [29]. The fed-batch reaction involved
the addition of 35 mmol of benzyl alcohol in a glass-jacketed
reactor previously heated at 50 °C, containing molecular
sieves and 5, 10 or 15 wt% (related to the amount of sub-
strates) of Novozym 435. The propionic acid was added to
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the medium during the first 5 h, totalizing 35 mmol after
six additions (5.83 mmol/h). The reaction was magnetically
stirred at 150 rpm during all reaction time, and aliquots were
takenin 0, 1, 2, 3, 4, 5, 6, 8, 10 and 24 h of reaction and
adequate diluted for quantification. All experiments were
carried out in duplicate.

Effect of substrates molar ratio in the immobilized
enzyme reuse

The Novozym 435 performance as biocatalyst in the fed-
batch esterification of the benzyl propionate was evaluated
using different substrates molar ratios. The esterification
reaction involved the addition of the adequate amount of
benzyl alcohol, molecular sieves and 10 wt% of Novozym
435 in a glass-jacketed reactor pre-heated (50 °C). The pro-
pionic acid was added to the medium during the first 5 h
with a fed rate of 5.83, 2.91 and 1.83 mmol/h, ensuring the
adequate final MR of 1:1, 1:3 and 1:5 (acid:alcohol), respec-
tively. The reaction was magnetically stirred at 150 rpm dur-
ing all reaction time, and aliquots were taken in O, 1, 2, 3,
4,5, 6,8, 10 and 24 h of reaction and adequate diluted for
quantification. All experiments were carried out in duplicate.

The enzyme reuse study involved the use of the same
immobilized enzyme (Novozym 435) over a new reac-
tion cycle using the same reaction parameters. After the
first cycle, the enzyme was recuperated from de medium
by vacuum filtration using a glass funnel and filter paper.
The molecular sieves beads were collected, and the enzyme
was washed with acetone (m/v ratio of 1:10) three times to
remove the product or substrate residues. In sequence, the
immobilized enzyme was dried overnight (50 °C) and reused
in a new fresh reaction fed-batch.

Benzyl propionate fed-batch synthesis using
lyophilized Cal B lipase

The enzymatic liquid containing the free Cal B lipase
was concentrated using the cellulose membrane method
described elsewhere [34] and then, the enzyme was recuper-
ated with lyophilization using a LIOTOP Lyophilizer, model
L101. The lyophilized Cal B was stored under refrigeration
(4 °C) for further analysis.

The benzyl propionate fed-batch esterification using the
50 mg of lyophilized Cal B lipase as biocatalyst involved
the use of the same reaction conditions and the procedure
described above. The quantity of the lyophilized lipase used
for these esterification reactions was based on the amount of
Cal B physically immobilized onto the macroporous acrylic
polymer resin Lewatit VP OC 1600 from Novozym 435 [10],
which remains around 8% [35]. The amount of lyophilized
Cal B was 8 wt% related to the total amount of the supported
Novozym 435 used in the previous fed-batch reactions.

Initial reaction rate

The initial reaction rate () was calculated as follows:

r= <dCester > , (1)
dt t=0

where r is the initial rate of reaction (h™"); C.y, is the ester

conversion (wt%) at time ¢; and ¢ is the reaction time (h) [36].

Immobilized lipase activity

The enzyme activity (U/g) was determined by the lauric acid
and n-propanol esterification technique described elsewhere
with minor modification [37]. The esterification reaction
was conducted in a substrate MR of 1:1, enzyme amount of
5 wt% (related to the substrates) during 40 min at 60 °C. The
remaining lauric acid content was determined by titration
with NaOH 0.01 N. A unit of activity (U) was defined as the
amount of enzyme necessary to consume 1 pmol of lauric
acid per minute. All enzymatic activity determinations were
carried out in triplicate.

Qualitative protein content determination
by optical microscopy

The qualitative analysis of the protein immobilized in
the Novozym 435 support, and the content of lipase that
remained on the support after the fed-batch cycle was real-
ized using optical microscopy. The samples were prepared
to analysis in glass microscope slides, the immobilized
enzymes were marked using lugol iodine solution, the excess
of solution was removed, and immersion oil was dropped
directly under the Novozym 435 support beads. In sequence,
the samples were taken to analysis in an Olympus BX 41
microscope using bright-field illumination with a magnifi-
cation of four and ten times and the images were recorded
using a digital camera Q-imaging (3.3 mpixel).

Results and discussion

Fed-batch esterification of benzyl propionate ester
using Novozym 435 as biocatalyst

The benzyl propionate natural production via lipase-medi-
ated esterification is still a challenge due to the propionic
acid short chain characteristics that generally implies in
enzyme inhibitory/inactivation effects, as already reported
to others short chain acids [2, 16, 18, 30, 31, 33]. Research-
ers had reported that the main reason for acid inhibition is
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associated with the fact that acids may cause acidification of
the microaqueous interface leading to enzyme inactivation
[30, 31, 33].

In our previous work, the benzyl propionate was synthe-
sized in batch esterification using Novozym 435 as biocata-
lyst, a commercial and very well-known lipase, and after
the experimental design the maximum ester conversion was
around 44%, considering the immobilized enzyme highest
level (15 wt% related to the total amount of substrates) [29].
The low conversion values were related to enzyme acidic
inactivation, and to overcome the drawbacks related to the
propionic acid, a fed-batch approach was adopted in this
work and the acid was added to the reaction during the ini-
tial 5 h.

Figure 1 shows the results of the fed-batch esterification
between the benzyl alcohol and propionic acid using three
different enzyme amounts of Novozym 435 in presence of
molecular sieves and fixed reaction conditions of 50 °C,
150 rpm, and substrates molar ratio of 1:1. The molecu-
lar sieves are able to absorb the water present in the reac-
tion media (reaction product) reducing the amount of water
in the lipase microaqueous environment and avoiding the
protein deactivation [2, 20, 22, 23]. A great increase in the
ester conversion was found (~90%) compared with the pre-
vious results found in batch mode (~44%) [29], showing
that the fed-batch approach is able to overcome the acid
inhibitory effects, visualized in batch reactor configuration.
The maximum conversion was ensured after 8 h of reaction
with 15 wt% of biocatalyst; however, the reaction medium
was saturated due to the high amount of enzyme during the
first 4 h, making difficult the fed-batch process. The enzyme
amount of 5 wt% was not able to increase the ester conver-
sion to the maximum levels. The enzyme amount of 10 wt%
was enough to ensure a high conversion (~90%) after 24 h,
and good fed-batch performance with lower enzyme amount
in the reaction medium. Based on these ester conversions
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Fig. 1 Fed-batch benzyl propionate conversion versus time at differ-
ent Novozym 435 amount of 5, 10, and 15 wt% related to the sub-
strates total weight. The reaction conditions were substrates molar
ratio of 1:1, 50 °C and 150 rpm
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results, the immobilized enzyme amount was fixed in
10 wt% for the next experimental step.

The effect of the substrates molar ratio was investigated
in the benzyl propionate fed-batch esterification and Fig. 2
shows the results of the ester conversion versus time for the
molar ratio of 1:1, 1:3 and 1:5 (acid:alcohol). All molar
ratios tested reached in the first cycle of reaction high benzyl
propionate conversions in different periods of reaction. As
the alcohol amount was increased the global conversion was
also increased, and the MR of 1:5 had the maximum conver-
sion (~99%) after 6 h of reaction, i.e., the maximum benzyl
propionate conversion was reached right after the last acid
addition, showing a rapid and effective performance. These
results may be related to the capacity of high amounts of
benzyl alcohol dilute the propionic acid present in the reac-
tion media, together with the slower addition of the acid in
the medium, indicating that the enzyme inactivation effects
were reduced in the fed-batch conditions, ensuring high con-
versions. A similar increase in ester conversion was found
for a study of oleic acid ethyl ester synthesis using crude
rice bran (Oryza sativa) lipase in a fed-batch system. The
alcohol acted as a lipase inhibitor, and the controlled fed
was able to overcome the negative effects and increase the
conversion [38].

The recycle of the immobilized enzyme was realized in
the same fed-batch reaction conditions as shown in Fig. 2.
The ester conversion was sharply reduced in the second
cycle of the Novozym 435 for the MR 1:1 and 1:3, remaining
around 12 and 16%, respectively. The higher amount of alco-
hol present in the medium (MR acid to alcohol 1:5) allowed
a slight improvement in the enzyme performance, but still, a
great reduction of ester conversion was observed after 24 h
of reaction (conversion of ~63%). Similar results were found
in the benzyl butyrate esterification using Novozym 435 as
biocatalyst in a fed-batch configuration with the controlled
fed of the butyric acid. The performance of the enzyme was
improved in larger amounts of benzyl alcohol [2].

<

%mm 3 3 33 * | « MR 1:1 (cycle 1)
9 1 i1 ¢ | = MR 1:1 (cycle 2)
5 801 LY .

g - A MR 1:3 (cycle 1)
o] © | v MR 1:3 (cycle 2)
o 01 i s @Y '

= ) . s * MR 1:5 (cycle 1)
c

% 40 A s g ? o MR 1:5 (cycle 2)
19 1 1eo

S 20{;%

5 [dgesii I i .

Q 0 1

o T T T T T T

o
w -
o
©
-
N
-
[}
N
oo
N
=

24
Time (h)

Fig.2 Reusability of Novozym 435 for benzyl propionate synthesis
using the fed-batch approach and different acid:alcohol molar ratios
(1:1to 1:5)
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This strong negative effect on enzyme performance was
probably accentuated with the use of a SFS configuration,
which requires high amounts of alcohol to dilute the propi-
onic acid. Other researchers synthesized many aroma esters
using, commonly, organic solvents like n-hexane for the
enzymatic syntheses with short-chain acids as acyl donors
[15-20]. The presence of a great amount of a nonpolar sol-
vent favors the reaction equilibrium to the ester synthesis
and increases substrates and products solubility, reducing
the acid damaging effects against the enzyme active site [1,
14, 20].

Some investigation around the enzyme activity was also
conducted to understand this sharp reduction in the ester
conversion even at high amounts of alcohol in the reaction
medium in SFS. Table 1 shows the Novozym 435 activ-
ity before the reaction, after the second reaction cycle for
all acid:alcohol molar ratios tested, and after contact with
acid and alcohol separately. Before the reaction, the immo-
bilized enzyme showed an activity of 54.6 U/g, and a simi-
lar value was visualized after the alcohol contact, showing
that either enzyme support and enzyme active site were not
harmed by the alcohol contact. On the other hand, the lipase
activity was sharply reduced after the acid contact and the
same behavior was visualized after the reactions with molar
ratio acid:alcohol 1:1 and 1:3 (with an increased amount
of acid), which indicates the propionic acid is responsible
for the enzyme loss activity. The enzyme activity after the
reaction with molar ratio 1:5 still presented some activity
(~ 18 @ @U/g) which explains the lower conversion shown
in Fig. 2. However, it is worth mentioning the mixtures/
reactions visual appearance showed that the Novozym 435
support was not dissolved after the reaction or substrates
contact.

To understand the relationship between the propionic acid
and the Novozym 435 loss of activity a qualitative investiga-
tion about the protein content in the polymeric support of
the biocatalyst was also realized using an optical microscopy
assay with lugol iodine solution as protein marked. Figure 3
shows the micrographs obtained by optical microscopy for
the Novozym 435 before and after the reaction cycles. The

Table 1 Novozym 435 activity before, and after fed-batch esterifica-
tion (cycle 2) and after substrates contact

Condition Novozym 435 esteri-

fication activity (U/g)

Before reaction 54.6+0.7
After esterification reaction MR 1:1 1.0+0.2
After esterification reaction MR 1:3 1.1+04
After esterification reaction MR 1:5 185+1.2
After acid contact 1.7+0.7
After alcohol contact 46.2+0.4

protein content (brown filling) in the support of the Novo-
zym 435 was large before the esterification (Fig. 3a), all
polymeric support is filled with lipase. Figure 3b shows the
support spheres (clear yellow spheres) almost unfilled after
the enzyme recycle (molar ratio acid:alcohol 1:3), and a sim-
ilar behavior is visualized in Fig. 3c that shows the immobi-
lized enzyme used in the reaction with substrate molar ratio
of 1:5; however, some protein (brown filling) remains inside
the support spheres.

Novozym 435 is a commercial immobilized enzyme
obtained by immobilization via interfacial activation of
the lipase on a moderately hydrophobic macroporous resin
[29, 39]. The interfacial activation is very used for lipase
immobilization, however, as reported in the literature, the
main drawback related to this protocol is the enzyme desorp-
tion during high-temperature exposition and in contact with
detergents or organic solvents [40—42].

Although Novozym 435 is generally very resistant and
used to catalyze successfully many organic reactions [39,
43-47] the micrographs showed that the presence of the
lipase inside the support was strongly reduced after the
reaction, and the protein leaching was pronounced at higher
amounts of propionic acid in the medium (molar ratio of
1:1 and 1:3). These results corroborate with the previous
results shown in Fig. 2 and Table 1, in which the Novozym
435 had lost almost completely its activity at the first cycle
of use in presence of high amounts of propionic acid (molar
ratio of 1:1 and 1:3), but some activity remained after the
reaction with substrates molar ratio of 1:5. This behavior
is visibly related to the inactivation/desorption of the Cal
B immobilized in the Novozym 435 support after the acid
contact, leading to the breakdown of the physical bonds
between the enzyme and the polymer support. The absence
of covalent bonds is the main disadvantage of the interfacial
activation immobilization technique. The lipase adsorbed on
the macroporous acrylic resin possesses a weak bond and
if the enzyme is irreversibly deactivated and/or desorbed,
both the enzyme and the support are rendered unusable [10].

A similar result was observed for Cal B lipase immo-
bilized in onoctyl agarose (CALB-OA) using the same
immobilization technique (interfacial activation) [40]. The
CALB-OA beads used in the first cycle of 100 mM tribu-
tyrin hydrolysis exhibited a linear reaction course. How-
ever, a drastic drop in the enzyme activity was observed
after the second cycle. SDS-PAGE gels of the supernatant
and biocatalyst showed significant enzyme desorption after
the reaction. Similar results were found using triacetin and
sunflower oil, suggesting the substrates and products may
act as a lipase detergent causing massive enzyme desorption.

Several works reported that an excess of water affects
the reaction conversion but a minimal amount of water is
necessary to ensure the enzyme optimal conformation and
then to become optimally active [48—50]. The difference
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Fig. 3 Optical micrographs of the enzyme support beads showing the
protein content (brown filling) into the polymeric support (clear yel-
low sphere) of the a Novozym 435 before use and b after recycling

in the nature of the supports might also promote changes
in the level of water depending on the biocatalyst. Poppe
et al. related that CALB immobilized on styrene—divinylb-
enzene beads presents a more hydrophobic matrix than
Lewatit, which is used in Novozym 435, likely affecting
the enzyme activity and conformation [51]. However, the
presence of a water layer leads to changes in the enzyme
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with substrates molar ratio of 1:3 and ¢ molar ratio of 1:5 in the ben-
zyl propionate fed-batch esterification (colour figure online)

catalytic activity and the present results indicate the des-
orption phenomena was predominant.

Some researches had already reported that other highly
polar aliphatic acids of short-chain may cause enzyme
inhibition and inactivation like acetic acid [16, 18, 31] and
butyric acid [2, 17]. However, there are not any other work
showing, until the present moment, that these acids can act
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as a lipase detergent, causing the lipase desorption from the
hydrophobic support during the esterification reaction even
at increased alcohol molar ratio.

These results suggest that the use of an immobilized
enzyme as catalyst of this specific reaction should possess
irreversible bonds between the support and enzyme, like in
hetero-functional supports, to prevent the lipase desorption
[40, 52, 53]. Another alternative is the use of a crosslink
agent as glutaraldehyde, polyethylenimine and aldehyde dex-
tran to reinforce the enzyme support bonds, preventing the
enzyme release [39, 54, 55].

Fed-batch esterification of benzyl propionate using
lyophilized Cal B

Novozym 435 is one of the most used immobilized lipases,
extensively employed in different reactions and processes
[39]. The immobilized form of Cal B is preferred for labo-
ratory and industrial applications owing to the improved
stability besides the traditional advantages of immobilized
enzyme systems, as reusability and products high purity
related to the easier downstream processing.

However, although high conversions were obtained only
in the first reaction cycle of the Novozym 435, the recycle
results unfeasible the use of an immobilized enzyme to the
present benzyl propionate synthesis, since the recycle is the
most important advantage of the immobilized enzyme usage.
Based on this, some tests were conducted using the lyophi-
lized Cal B as biocatalyst of the propionic acid and benzyl
alcohol esterification. Figure 4 shows the results of conver-
sion for the fed-batch esterification using substrates in molar
ratio of 1:1, 1:3, and 1:5. As possible seen, the lyophilized
enzyme showed a similar performance to the Novozym 435,
ensuring high conversions for all molar ratios tested in the
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Fig.4 Benzyl propionate conversion over 24 h of reaction using lyo-
philized Cal B as biocatalyst in fed-batch system varying substrates
molar ratio from 1:1 to 1:5 (acid:alcohol). The reaction conditions
were fixed in 50 °C, 8 wt% of lyophilized Cal B (related to the Novo-
zym 435 initial weight), and 150 rpm

same period of reaction. These results may be related to the
lipase-lyophilized form, which did not ensure a free enzyme
configuration due to the presence of aggregates in the reac-
tion medium.

The initial fed-batch reaction rate was determined for
both lyophilized and immobilized biocatalysts and Fig. 5
displays the results for the three MR tested. As the amount
of alcohol was increased, an increase in the reaction rate
was found for both Cal B forms, showing that the lyophi-
lized enzyme had the same performance of the immobilized
enzyme. It is worth noting that alcohol plays an important
role in the reaction rate and was able to dilute the propionic
acid present in the medium, reducing the inhibition effects
and ensuring a great ester conversion.

Based on these results, the lyophilized Cal B could be
used in the lyophilized form to catalyze the benzyl propion-
ate reaction. However, a proper immobilization system may
improve enzyme stability and some techniques as crosslink-
ing and hetero-functional supports might prevent the lipase
desorption problems and feasible the use of a heterogeneous
catalyst for the benzyl propionate esterification. The hetero-
functional supports possesses several distinct functionali-
ties on its surface able to interact covalently with the lipase
[56] and generally are suitable to the CALB immobilization
ensuring enhancement in the results and increase enzyme
stability as already reported by some authors [S6-62].

Conclusions

The present work showed a good, viable and natural alter-
native to the esterification of the propionic acid and benzyl
alcohol using a biotechnological approach. The use of a
fed-batch configuration was able to overcome the inhibi-
tory effects related to the use of propionic acid in the direct
esterification, with an increase from 44% of benzyl propion-
ate conversion in batch mode to 99% in fed-batch mode. The
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Fig. 5 Initial reaction rate of the fed-batch esterification between ben-
zyl alcohol and propionic acid using Novozym 435 and lyophilized
Cal B as biocatalysts with different acid:alcohol molar ratios
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Novozym 435 was effective in the first cycle of conversion
ensuring high conversion; however, the lipase immobilized
was desorbed from the support due to the presence of pro-
pionic acid. Although high amounts of alcohol were used to
dilute the propionic acid, all substrates molar ratios tested
showed enzyme desorption, making unfeasible the use of
an immobilized enzyme to the benzyl propionate esterifica-
tion. The lyophilized Cal B presented similar conversions
and initial reaction rates to those found for Novozym 435.
These results indicated the possibility of using a free enzyme
as biocatalyst to ensure a great conversion and a feasible
process for the esterification of benzyl alcohol and propionic
acid. However, more studies are needed to find a suitable
support material to ensure a good immobilized enzyme pro-
cess performance, considering an immobilization technique
that avoids the enzyme desorption since the propionic acid in
solvent-free conditions acted as a lipase detergent.
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