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Abstract Enzymatic esterification of citronella essential oil towards the production of
geranyl and citronellyl esters may present great scientific and technological interest due to
the well-known drawbacks of the chemical-catalyzed route. In this context, this work
reports the maximization of geranyl and citronellyl esters production by esterification of
oleic and propionic acids in a solvent-free system using a commercial immobilized lipase as
catalyst. Results of the reactions showed that the strategy adopted for the experimental
design proved to be useful in evaluating the effects of the studied variables on the reaction
conversion using Novozym 435 as catalyst. The operating conditions that maximized the
production of each ester were determined, leading, in a general way, to conversions of
about 90% for all systems. New experimental data on enzymatic esterification of crude
citronella essential oil for geranyl and citronellyl esters production in solvent-free system
are reported in this work.
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Introduction

Production of flavors and fragrances through natural substances as starting raw materials
has been under intense development over the last three decades. Biotechnology as an
emerging science allowed the development of new aromas, making basis and constituting
the backbone of what would be named lately as bio-industries. Despite the huge and fast
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development of the biotechnology field, several years later, the chemical synthesis has still
been largely employed to produce such kind of compounds [1]. To take a glance at the
flavor and fragrance worldwide market, until recently, the synthetic compounds found wide
application in food, drink, and pharmaceutical industries move around US $22 billion in
2010 [2].

In spite of the fact that most of these compounds are obtained through chemical
synthesis or by extraction from plants, application of new biotechnological processes has
enhanced over the last decades [3, 4]. In this sense, biocatalysis may represent a potential
alternative to chemical synthesis, especially in cases where the production of compounds
with high stereo or regioselectivities purity is involved. Furthermore, the growing
preference for natural products by the consumers has impelled the flavor and fragrance
market based on the biotechnological route.

The use of hydrolytic enzymes as esterases, proteases, and peptidases in organic
synthesis has become a common practice in the last years, both in scientific and industrial
environment. In a general way, the main advantages of using these biocatalysts rely on the
high activities exhibited in water and organic solvents and the ability to convert a broad
number of substrates with high stereospecificity [5].

Solvent-free systems present as main advantage the easy of purification steps for
products. Furthermore, the elimination of solvents offers reduction in the cost of
process and minimizes the environment impact [6]. Taking into account these
statements, several investigations have focused on the study of enzymatic reactions in
solvent-free systems [7—12].

Some other factors should also influence the yields of esterification reactions; one of
them is the structure of the alcohol (primary, secondary or tertiary) and the length of
aliphatic chain of the fatty acid, used as substrates [13]. Examples concerning the
application of primary alcohols as substrates for synthesis reactions catalyzed by lipases can
be found in the literature [6, 7]. However, a full inspection of available literature permitted
us to note a lack of information regarding the use of oleic and propionic acids and crude
essential oils as substrates for this important class of reaction, leading to the production of
important flavor compounds, with widespread application in the cosmetic, pharmaceutical,
and food industries.

In this context, the present work aims at contributing to this field of knowledge by
investigating operational conditions that conduct to interesting conversions using low-cost
substrates as crude essential oils. Here, the main objective is to develop a bioprocess for the
production of a bioflavor from citronella essential oil (Cymbopogon winterianus). The
effect of process variables (substrates molar ratio, enzyme concentration, and temperature)
was investigated by the experimental design technique.

Material and Methods
Substrates

The citronella (C. winterianus) essential oil, obtained by hydrodistillation, was purchased
from Naturbios Oleos Essenciais e Vegetais (Sdo Paulo, Brazil). Oleic and propionic acids
(Quimex, 97% purity) were used as substrates for the esterification reactions. Molecular
sieves of 4A were purchased from Sigma-Aldrich (USA). The commercial lipase used in
this work was Candida antarctica (Novozym 435) immobilized on a macroporous anionic
resin, purchased from Novozymes Brazil (Araucaria, PR, Brazil).
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Chemical Characterization of Essential Oil

The analysis of chemical composition of citronella essential oil was carried out by gas
chromatography coupled to mass spectrometry (Shimadzu, Model QP 5050A). A
capillary column DB-5 (30 m%0.25 mmx0.25 um) was used. Helium was the carrier
gas at a flow rate of 1.0 mL/min; the detector at 1.0 kV, split mode (1:20), and the
injector at 250 °C were employed. The initial temperature of 40 °C (4 min) was
programmed by 3 °C/min until 180 °C and 30 °C/min until 250 °C. The total time of
analysis was 60 min. The sample of essential oil was diluted in dichloromethane (Merck,
Rio de Janeiro, Brazil) until a final concentration of 5,000 ppm. The compounds' peaks
were integrated in manual mode and compared to the literature and data bank present in
the equipment (Wiley, Sdo Paulo, Brazil). The compounds were listed by retention index
and peak area.

Experimental Procedure for Enzymatic Esterification

The esterification reactions were performed by preparing a reaction mixture of essential oil,
oleic or propionic acid (at preestablished molar ratio), and molecular sieves (20 mg/mL of
substrates) in a 50-mL Erlenmeyer. After complete dissolution of the substrates, the
enzyme, previously activated in oven at 40 °C and 60 min, was added to the mixture. All
experiments were carried out in an orbital shaker at constant agitation of 150 rpm. After the
reaction time completion, the biocatalyst was filtered and the reaction conversion was
determined as described below.

Experimental Design

The experimental design technique was used for the determination of conditions that
maximize the reaction conversion. A central composite design (CCD) 2* was employed in
this step to maximize the process conversion for each system studied: essential oil and
propionic acid and essential oil and oleic acid. Reaction time and agitation were fixed at 6 h
and 150 rpm, respectively [14, 15], and experiments were carried out as described before.
The variables studied were temperature (40-70 °C), acid/oil molar ratio (1:1-1:5), and
enzyme concentration (1-10%, based on the total mass of substrates). Results, for each
system, are expressed in terms of peak area percent of the major constituents of essential
oil. The software Statistica® 6.0 (Statsoft Inc.) was used to assist the design and the
statistical analysis of experimental information, adopting in all cases studied a confidence
level of 95% (p<0.05).

Determination of Reaction Conversion

The analyses of the reaction conversion in terms of geranyl and citronellyl esters were
conducted in a gas chromatography (Shimadzu GC-2010) equipped with data processor,
using a capillary column of fused silica INOWAX (30 mx250 pmx0.25 pm), flame
ionization detector, with the following temperature program: 40-180 °C (3 °C/min),
180-230 °C (20 °C/min), 230 °C (20 min), injector temperature 250 °C, detector at
275 °C, injection in the mode split, ratio of split 1:100, H, (56 KPa) as carrier gas,
injected volume of 0.4 pL of sample diluted in n-hexane (1:10). Reaction conversion was
calculated based on the reduction of area of limitant reagent on the basis of reaction
stoichiometry [14, 15].
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Results and Discussion
Chemical Characterization of Essential Oil

The chemical composition of C. winterianus essential oil, used as substrate for enzymatic
esterification, is presented in Table 1. The oil presented citronelal (35.28%) as major
compound, followed by geraniol (21.99%) and citronelol (10.90%). The chromatographic
analysis also showed that the major fraction of the oil is constituted by oxygenated
monoterpenes, corresponding to 84.45% of total. As esterification reactions are favored by
primary alcohols (in this case, geraniol and citronelol), the concentration of these
compounds was monitored during the experiments.

Enzymatic Production of Citronellyl and Geranyl Oleate

To assess the effects of oil to acid molar ratio, enzyme concentration and temperature on
citronellyl and geranyl oleate production, a CCD 2° was adopted. The matrix of the
experimental design, with coded and real values and the responses in terms of citronellyl
and geranyl oleate production, is presented in Table 2. Results are expressed in terms of
these two alcohols since they are two of the major constituents of citronella essential oil.
From this table it can be observed that after 6 h of reaction, it was possible to convert the
monoterpene alcohols (geraniol and citronelol) present in the crude essential oil in the
correspondent esters of oleic acid. Very distinct conversions were obtained as a function of
the variables levels studied. The highest values were achieved at higher temperatures,
substrates molar ratio of 1:1, and enzyme concentration of 10 wt.%, reaching conversions
of 98.9% and 82.5% for citronellyl and geranyl oleate, respectively.

Table 1 Chemical composition

of C. winterianus essential oil Number Compound Area (%)

1 D-Limonene 2.15
2 Citronellal 35.28
3 Linalool 1.61
4 {3-Elemen 2.83
5 Citronellyl acetate 441
6 Cedrenus 0.76
7 Geranial 1.22
8 d-Cadinene 2.80
9 Geranyl acetate 4.52
10 Citronelol 10.93
11 Geraniol 21.99
12 Germacren-4-ol 1.48
13 Elemol 4.62
Total 94.6

Monoterpenes 2.15
Oxygenated monoterpenes 84.45
Sesquiterpenes 6.39
Oxygenated sesquiterpenes 6.1
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Table 2 Matrix of CCD 2° (coded and real values) and responses in terms of conversion of citronellyl oleate
and geranyl oleate

Run  Temperature (°C)  Oil to acid  Enzyme Conversion (%) of  Conversion (%)
molar ratio  concentration (wt.%)  citronellyl oleate of geranyl oleate

1 -1 (40) -1 (1:1) -1 (1) 86.7 57.1

2 1 (70) -1 (1:1) -1 (1) 90.6 75.4

3 -1 (40) 1 (1:5) -1 (1) 35.7 20.0

4 1 (70) 1 (1:5) -1 (1) 26.6 22.7

5 -1 (40) -1 (1:1) 1 (10) 96.6 79.9

6 1 (70) -1 (1:1) 1 (10) 98.9 82.5

7 -1 (40) 1 (1:5) 1 (10) 412 25.0

8 1 (70) 1 (1:5) 1 (10) 31.7 26.6

9 0 (55) 0 (1:3) 0 (5.5) 50.9 37.8

10 0 (55) 0 (1:3) 0 (5.5) 55.3 339

11 0 (55) 0 (1:3) 0 (5.5) 53.3 36.1

Results obtained in the experimental design presented in Table 2 were statistically
analyzed. After 6 h of reaction, one can notice that the enzyme concentration presented a
positive significant effect (»p<0.05) on citronellyl oleate conversion, while the substrates
molar ratio presented a negative effect, considering a confidence level of 95%. Data were
analyzed by analysis of variance (ANOVA), and the correlation coefficient of 0.98 and the
calculated F (19.94) higher than the listed one (6.16) permitted to validate an empirical
coded optimized model for citronellyl oleate production in terms of substrates molar ratio
(MR), temperature (7), and enzyme concentration (E), as represented by Eq. 1. It can be
observed that substrates molar ratio was the independent variable that presents the higher
main effect in the citronellyl oleate production, followed by the enzyme concentration and
temperature, respectively. In terms of interaction effect, it can be noticed that only
temperature versus substrates molar ratio was significantly important, showing that when
the ranges of these two variables decrease, higher conversions could be obtained.

Citronellyl oleate conversion(%) = 60.68 — 1.55- 7 —29.70 - MR + 3.60 - £ — 3.10
-T-MR—-025-T-E—095-MR-E (1)

The same statistical procedure was adopted to treat the experimental data obtained
for the system constituted by geraniol and oleic acid. Here, considering a confidence
level of 95%, all variables presented significant effects on the reaction conversion.
Data were analyzed by ANOVA and the coefficient of correlation (0.93) and the
calculated F (9.34) higher than the listed one (6.16) also permitted to validate an
empirical coded optimized model (Eq. 2) for geranyl oleate production. Analyzing this
equation is possible to see that in terms of main effects, a similar behavior was obtained
when comparing this system with the one for citronellyl oleate production. A quite
difference could be seen in terms of interaction effects, where one can observe that all of
them were of similar magnitude.

Geranyl oleate conversion(%) = 45.18 4 3.15- T — 25.08 - MR +4.85 - E — 2.07
-T-MR—-210-T-E—-2.63-MR-E (2)
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Enzymatic Production of Citronellyl and Geranyl Propionate

The effects of oil to acid molar ratio, enzyme concentration, and temperature on citronellyl
and geranyl propionate production were evaluated based on the results presented in Table 3.
Results are also expressed in terms of citronellyl and geranyl propionate, as mentioned
before. From this table it can be noticed that after 6 h of reaction, it was possible to convert
the monoterpene alcohols into the correspondent esters of propionic acid. Distinct
conversions were obtained as a function of the variables levels studied. Higher yields, for
both reaction systems, were obtained in run 6 of the experimental design, related to
temperature of 70 °C, substrates molar ratio of 1:1, and 10 wt.% of enzyme, leading to
92.95% and 96.51% of conversion in citronellyl and geranyl propionate, respectively.
Results obtained in the experimental design presented in Table 3 were statistically analyzed
by ANOVA and the coefficient of correlation (0.99) and the calculated F higher than the listed
ones permitted to validate an empirical coded optimized models for citronellyl and geranyl
propionate production in terms of substrates MR, temperature (7), and enzyme concentration
(E), represented by Egs. 3 and 4, respectively. Both equations show that aiming at increasing
citronellyl and geranyl propionate production, the enzyme concentration is the independent
variable that presents the higher positive effect, followed by substrates molar ratio and
temperature, respectively. However, it is important to mention that when the enzyme
concentration is evaluated in terms of interaction effects, negative model parameters are found,
showing the importance of evaluating the effects of interaction between the three evaluated
variables, which is one of the great advantages of using experimental design methodology.

Citronellyl propionate conversion(%) = 59.74 — 1.24 - T — 8.83 - MR + 22.54 - E — 8.09
-T-MR—-644-T-FE—194-MR-FE
(3)
Geranyl propionate conversion(%) = 80.05 — 0.60 - 7 — 4.32 - MR + 11.15 - E — 4.00

T MR —3.18-T-E—0.99-MR-E
(4)

Table 3 Matrix of CCD 2* (coded and real values) and responses in terms of conversion of citronellyl
propionate and geranyl propionate

Run Temperature (°C) Oil to acid Enzyme Conversion (%) of Conversion (%) of
molar ratio  concentration (wt.%) citronellyl propionate  geranyl propionate

1 -1 (40) -1 (1:1) -1(1) 30.26 65.44
2 1 (70) —1(1:1) -1 () 5543 7791
3 ~1 (40) 1(1:5) -1 (1) 31.26 66.09
4 1 (70) 1(1:5) -1(1) 26.9 63.94
5 -1 (40) -1 (1:1) 1(10) 90.72 95.4
6 1 (70) -1 (1:1) 1(10) 92.95 96.51
7 -1 (40) 1(1:5) 1(10) 86.77 93.47
8 1 (70) 1(1:5) 1(10) 53.78 77.20
9 0 (55) 0(1:3) 0 (5.5) 63.18 81.60
10 0 (55) 0(1:3) 0 (5.5) 62.69 81.35
11 0 (55) 0(1:3) 0 (5.5) 63.25 81.63
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Considering the chemical composition of citronella essential oil, presented in Table 1, it
is possible to observe that the total concentration of alcohols is about 40%. The primary
alcohols citronelol and geraniol (10.9% and 21.9%, respectively) are the major compounds
and presented the ability of esterifying the propionic and oleic acids. Castro et al. [13]
evaluated the specificity of a commercial immobilized lipase in terms of the acid and
alcoholic molecules of the substrate, by the synthesis of several terpene alcohols using n-
heptane as solvent. The authors verified that the commercial enzyme Lipozyme IM
presented limitations for catalyzing reactions with secondary and tertiary alcohols, leading
to good conversions when primary alcohols (citronelol, geraniol, and nerol) were used as
substrates.

High reaction rates in the system for the production of citronellyl oleate is obtained
using low substrates molar ratio, favoring the economy of reagents. As high conversions
were obtained both at 70 and 40 °C, one can suggest the use of mild temperatures with the
aim of reducing the energy costs.

One should notice that from the available literature, we have not found any works
directly related to the enzymatic esterification of crude essential oils in solvent-free system.
Some works presented in the literature report the enzymatic esterification of different
substrates in solvent-free system. Here, special attention is given to the enzymatic
production of geraniol and citronelol esters. Note that the substitution of commercial
alcohols by essential oils can sometimes make the process economically viable.

As an example, Kumar et al. [16] investigated the ethyl palmitate synthesis and obtained
conversions of around 97%. Giiveng et al. [6] evaluated the enzymatic production of
isoamyl acetate using Novozym 435 as catalyst (5 wt.% of substrates), acid to alcohol
molar ratio of 1:2, 30 °C and 150 rpm in 6 h of reaction, with a reported conversion of 80%.
Santos et al. [17], in the enzymatic production of butyl esters, obtained at the best tested
experimental condition the conversion of 49% using butyric acid as acyl group donator and
Lipozyme IM 77 as catalyst. Chang et al. [18] optimized the hexyl laurate enzymatic
production (Novozym 435) as 69.7%, at 40.6 min, 58.2 °C, enzyme concentration of
25.4 mg/volume, and pH of 5.9.

Synthesis of geranyl and citronellyl esters from alcoholysis of coconut oil with a
commercial lipase from Rhizomucor miehei was investigated by De et al. [19]. The
optimized experimental conditions were 50 °C, 5 h of reaction time, and enzyme
concentration of 10 wt.%. Yields higher than 50% were achieved for both tested alcohols.
Ikeda and Kurokawa [12] used lipase from C. antarctica immobilized on cellulose acetate—
TiO, gel fiber to produce geranyl acetate. After 100 h of reaction, conversions of 85% were
achieved.

Bartling et al. [20] investigated the use of membranes for removing water on the
enzymatic synthesis of geranyl acetate catalyzed by C. antarctica lipase in n-hexane
organic system. The authors concluded that the use of membrane permitted to enhance the
reaction yield from 94% to 100% at 30 °C and acetic acid to geraniol molar ratio of 1:1.

The promising results in two previous works by our research group guide the present
work. The first one [14] had as main objective the optimization of geranyl propionate
production by esterification of geraniol and propionic acid in a solvent-free system using a
commercial lipase as catalyst. The operating conditions that optimized geranyl propionate
production were determined to be 40 °C, geraniol to propionic acid molar ratio of 3:1,
150 rpm, and 10 wt.% of enzyme, with a resulting reaction conversion of about 93%.
Paroul et al. [15] also reported the maximization of geranyl oleate production by
esterification of geraniol and oleic acid in a solvent-free system using a commercial lipase
as catalyst. For this purpose, a sequential strategy of experimental designs was carried out.
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The operating conditions that maximized geranyl oleate production were determined to be
40 °C, geraniol to oleic acid molar ratio of 5:1, 150 rpm, and 10 wt.% of enzyme, reaching
a conversion of about 90%. After determining the best reaction parameters, a kinetic study
was performed evaluating the influence of substrates molar ratio, enzyme concentration,
and temperature on geranyl oleate conversion. Results obtained in this step allow to
conclude that an excess of alcohol (alcohol to acid molar ratio of 1:5), relatively low
enzyme concentration (5 wt.%) and temperature of 50 °C afforded nearly complete reaction
conversion after 1 h of reaction.

Immobilized lipase from Pseudomonas sp. was used for the transesterification of
citronellyl butyrate and geranyl caproate in n-hexane. Reaction parameters as enzyme
concentration, substrates concentration, water content, temperature, reaction time, and
cycles of use of the enzyme were evaluated by Yee et al. [21]. The authors reached high
yields (96% and 99%) for citronellyl butyrate and geranyl caproate, respectively, using
lipase Amano PS (15 wt.%, in relation to the mass of substrates), 30 °C, 24 h of reaction,
and 2 wt.% (based on the mass of substrates) of water.

Finally, it may be relevant to mention that measurements of enzyme activity before (fresh)
and after (used) reaction experiments revealed no important changes in residual lipase activity,
thus suggesting possible enzyme reuse. In this sense, the enzyme was tested for ten consecutive
cycles, at the optimized experimental condition established in the experimental design. After
this procedure, the residual activity (data not shown) was defined as the ratio of final activity/
initial activity x 100, was about 90% (initial activity of around 60 U/g), hence a warranty that
the biocatalyst could be used for successive batches without important loss of activity. In
attempt to better understand the esterification reaction in solvent-free system using crude
essential oil as substrate, further kinetic experiments using other commercial and noncommer-
cial enzymes are underway within our working group.

Conclusions

New experimental data on enzymatic esterification of citronella essential oil and oleic and
propionic acids for geranyl and citronellyl esters in solvent-free system are reported in this
work, showing a promising perspective of the technique to overcome the well-known
drawbacks of the chemical-catalyzed route. Results of the reactions showed that the strategy
adopted for the experimental design proved to be useful in evaluating the effects of the
studied variables on the reaction conversion using Novozym 435 as catalyst. The operating
conditions that maximized the production of each ester were determined, leading, in a
general way, to conversions of about 90% for all systems.
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