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Abstract

In this work, the synthesis of eugenyl acetate was evaluated in the presence of heterogeneous catalysts aiming
developing an economical and environmentally friendly process. The catalysts used were molecular sieve 4A and
Amberlite XAD-16, and highest conversions were obtained in the investigated conditions by experimental design for
both catalysts. In the kinetic study the effects of temperature, catalyst concentration and eugenol to acetic anhydride
molar ratio in the conversion process were evaluated. The kinetics using molecular sieves 4A were performed until 6
h of reaction, reaching conversions above 90% in 2 h and the activation energy was 2.40 kcal.mol'. With Amberlite
XAD-16 up to 2 h reactions were conducted and in just 3 min high reaction conversions (97.8%) were achieved with
lower activation energy (1.73 kcal mol ) than the molecular sieve, demonstrating that both catalysts are effective for
producing the eugenyl acetate. Heterogeneous catalysts allowed reaching high conversions using less amounts of
substrates, in a solvent-free system, and also making possible regeneration and reuse.

Keywords: Eugenyl acetate; Acetylation; Heterogeneous catalysis;
Molecular sieve; Polymeric resin

Introduction

The growing demand for safe and natural products has increased
the interest in the use of essential oils as natural additives in foods to
replace the chemical ones, due to various properties presented by these
oils [1]. Essential oils are aromatic oily liquids obtained from plant
material (flowers, buds, seeds, leaves, twigs, bark, herbs, wood, fruits
and roots). Among the essential oils, the clove oil was reported to have
several activities, antimicrobial [2,3], antioxidant [4-7], antimutagenic
[8], antinflammatory [9], antiulcerogenic [10], antithrombotic [11],
anticarcinogenic [12] and antiparasitic [13]. Some authors attribute the
beneficial activities to its major compound, eugenol, characterized by
low solubility and stability [14-16].

Thus, to minimize the potent oxidative activity of eugenol,
various esters of eugenol related compounds can be synthesized by
esterification, for example, through group protection by acetylation
with acetic anhydride, in this case, the product is eugenyl acetate,
as reported by Chiaradia et al. [17] who studied the eugenyl acetate
production in a solvent-free system using Novozym 435 as catalyst,
with a conversion of 99%. Other authors also used acetylation with
acetic anhydride, but used different substrate and enzymatic catalyst
[17] or heterogeneous chemical catalyst [18,19].

The eugenyl acetate is classified as a flavoring substance belonging
to benzenediol chemical group, and is considered safe for use in food
by two reputable international committees related to food safety,
Joint FAO/WHO Expert Committee on Food Additives (JECFA)
and European Food Safety Authority (EFSA). The recommended
limits vary depending on the type of food, the highest concentrations
indicated 25 ppm for meat products and the lowest 2.83 ppm for
non-alcoholic beverages. Besides, this compound exhibits several
interesting properties such as antimicrobial [17], antioxidant [20],
anticarcinogenic [21], antiacaricidal [22], heart protective agent heart,
liver and lens of diabetic rats [23], inhibitors of tooth decalcification [24].

Though literature is somewhat vast regarding experimental
conditions for ester synthesis, there has been on the other hand

a continuous effort to maximize ester yield and quality of the
final product depending on the end use by changing the reaction
conditions such as nature of catalyst (chemical/biochemical) and
its concentration, reactants molar ratio, temperature, reactor type,
operation mode, reaction time, reaction system, etc. Furthermore,
discussion around environmental issues has been an unceasing concern
in various segments of world society, whether by governmental and
non-governmental organizations, researchers from different areas of
science or even by the industrial sector, have been intensively charged
in order to adapt their processes to systems environmentally friendly,
in addition, economical. Thus, processes that fall within the concept
of fine chemicals have been gaining prominence in the flavors and
fragrances market, representing a challenging goal for academic
research and industrial [18,25].

Heterogeneous catalysis is one of the most efficient way to achieve
clean transformations that are both environmentally and economically
acceptable, allowing operationally simple reactions to be performed
without toxic, corrosive or expensive reagents [18,26].

Several new heterogeneous catalysts have been employed to improve
the yield of esterification reactions. Yadav and Yadav [27] evaluated
the synthesis of eugenol benzoate using super acid UDCaT-5; natural
montmorillonite itself or exchanged with Na* cations, a wide variety
of primary, secondary, benzylic, allylic, homocyclic, and heterocyclic
alcohols has been acetylated with acetic acid [28], acetylation of
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a-methylene-B-hydroxy esters under zeolites and Amberlyst-15 [19],
producing triacetylglycerol with Amberlyst-35 [29].

Inthisstudy, twoheterogeneous catalysts were used: (i) the molecular
sieve 4 A shows high internal surface area and its pore prevent access
of molecules whose dimensions are greater than 4 A, to its interior,
providing different types of shape selectivity. The acid characteristics
are due to two types of sites, Bronsted and Lewis. Zeolites are used more
commonly in the oil industry, however, research has focused on their
ability to act as catalysts in a wide variety of reactions, many of them
extremely specific, and they are now extensively used in the industry
for this purpose. (ii) Amberlite XAD-16 is a non-ionic polymer resin
and operates by forming physical bonds with the adsorbed substance.
Its main applications are in sugar refining, gas adsorption, wastewater
treatment, separation and enrichment of pharmacologically active
natural products and purification of bioproducts.

In this context, this work aims at the synthesis of eugenyl acetate
through esterification by acetylation of eugenol present in clove oil,
testing the effectiveness of heterogeneous catalysts in solvent-free reaction.

Materials and Methods
Materials

Clove essential oil (Eugenia caryophyllus Leaf Oil), purchased from
Ferquima Industria e Comercio de Oleos Essenciais (Sao Paulo, Brazil),
and acetic anhydride (Vetec, 97% purity) were used as substrates for
the acetylation reactions. Molecular sieve 4 A (Merck Milipore Brazil)
and polymeric resin Amberlite XAD-16 (Sigma- Aldrich) were used as
catalysts for the acetylation reactions. The standard of eugenyl acetate
was obtained from Sigma-Aldrich (Fluka, 99% purity).

Heterogeneous acetylation

Eugenyl acetate was obtained by acetylation of acetic anhydride
with clove essential oil in solvent-free system. The acetylation reaction
was carried out in screw-capped flasks at various eugenol to acetic
anhydride molar ratios (mol:mol), temperature ("C) and amount of
catalyst (g.g"), according to the conditions defined in the experimental
design. After complete dissolution of the substrates, the catalyst was
added to the mixture. All experiments were carried out in a thermostatic
bath. After the reaction time, the catalysts were filtered and samples
were kept at 5°C until the determination of reaction conversion.

Sequential strategy of experimental designs

Molecular sieves 4A: To determine the best reaction conditions in
terms of eugenyl acetate production, a Central Composite Rotatable
Design 2*° (CCRD) with three independent variables: X, eugenol:acetic
anhydride molar ratio, X,, temperature ('C) and X,, amount of catalyst
(g-g") (Table 1) was carried out. The reaction time was kept constant
at 2 h (time fixed after a previous kinetic evaluation). The significant
differences were tested at the 95% confidence interval based in the
F-test. The statistical analysis was accomplished using software
Statistica version 7.0 (Statsoft Inc, USA).

Amberlite XAD-16: Initially, a complete factorial design was used
to verify the effects of eugenol:acetic anhydride molar ratio, reaction
temperature and amount of catalyst, in terms of eugenyl acetate
production (results not shown). To study the effect of the independent
variables on the ester production a complete factorial design with two
independent variables: Y|, eugenol:acetic anhydride molar ratio and
Y,, temperature (°C) was concieved, as shown in Table 2. The reaction
time was kept constant at 30 min (time fixed after a previous kinetic

evaluation). The significant differences were tested at 95% confidence
interval based on the F-test. The statistical analysis was accomplished
using software Statistica version 7.0 (Statsoft Inc, USA).

Kinetic study of heterogeneous acetylation

From the results obtained in the experimental designs, a kinetic
study was carried out using both catalysts, varying the eugenol to acetic
anhydride molar ratio, amount of catalyst and temperature, as shown
in Table 3. Samples were taken from the bulk reaction system without
agitation.

Activaction energy

The activation energy was determined using the Arrhenius equation
plot made on basis of In V vs 1/T and the value of activation energy was
calculated from:

— Ea l
lnk—lnA—(?j.[Tj 1)

where: k is constant reaction kinetics (h™); A is a pre-exponential
factor; E_the activation energy (cal mol™); R is the universal constant of
perfect gases (1.987 cal mol™ K™*) and T is temperature (K).

Reuse of catalyst

The reactions were conducted in thermostatic bath at the optimized
experimental conditions for each catalyst, defined previously. At the
end of each process, the reaction medium was filtered and the catalyst
washed with hexane (to remove residues) and dried at a temperature of
100 + 5°C for 4 h. The catalysts were stored at room temperature, and
the process repeated for each reuse determination of the catalyst.

Eugenyl acetate quantification

The analyses of the reaction conversion in terms of eugenol esters
were performed in a gas chromatography (Shimadzu GC-2010)
equipped with data processor, using a capillary column of fused silica
INOWAX (30 m x 250 ym x 0.25 pm), flame ionization detector
(FID), with the following temperature program: 40°C (8 min), 40-
180°C (10°C/min), 180-220°C (10°C/min), 220°C (5 min), injector
temperature 250°C, detector at 275°C, injection in the mode split,

Levels
Variables -1.68 -1 0 1 1.68
Eugenol 1:0.48 1:1 1:3 1:5 1:5.52
Temperature (X,) 38 45 55 65 72
Amount of Catalyst 0.03 0.1 0.2 0.3 0.37

Table 1: Experimental domain and level distribution of the variables used for
optimization of esterification yield.

Levels
Variables -1 0 1
Eugenol: Acetic anhydride molar ratio (Y,) 1:3 1:4.5 1:6
Amount of Catalyst (Y,) 0.025 0.100 0.175

Table 2: Experimental domain and level distribution of the variables used for
optimization of esterification yield with Amberlite XAD-16.

Molecular | Amberlite
Sieves 4A = XAD-16

Eugenol: Acetic anhydride molar ratio (mol: mol) | 1:1, 1:2, 1:3 | 1:1, 1:2, 1:3
Temperature (°C) 40, 50,60 | 45,55,65
Amount of Catalyst (g.g™') 0.1,0.2,0.3 0.1,0.2,0.3

Variables

Table 3: Variable Values for molecular sieves 4A and Amberlite XAD-16 used in
kinetic study.
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ratio of split 1:100, N, as carrier gas, injected volume of 1 uL of sample
diluted in dicloromethane (1:10). Reaction conversion was calculated
based on the reduction of area of limitant reagent on the basis of
reaction stoichiometry. This method was based on the that described
by Chiaradia et al. [17].

Eugenyl acetate identification

The product (eugenyl acetate) was purified in a rotary evaporator
under reduced pressure. After purification, the product was subjected
to '"H NMR analysis, in Nuclear Magnetic Ressonance equipment,
model Varian Mercury Plus AS-400 MHz, in 100 MHz, using TMS as
internal standard and chloroform-d, (CDCI,) as solvent.

Results

Optimization of eugenyl acetate production by molecular
sieve 4 A as calalyst

In the evaluation of using molecular sieve 4 A as catalyst for
eugenyl acetate production, a 2° Central Composite Rotatable Design
was executed. The variables studied were eugenol:acetic anhydride
molar ratio (X,), temperature (X,) and amount of catalyst (X,). Table 4
shows the matrix of experimental design with the coded and real values
of the independent variables with the experimental (EC) and predicted
(PC) conversion in eugenyl acetate. From this table it can be seen that
higher conversions were obtained in the experimental conditions of
trial 8 (96.9%) and 12 (97.7%).

From the matrix generated by the experimental data and assuming
a polynomial model, a predictive equation (eq 2) for eugenyl acetate
conversion, C_, was obtained by multiple regression analysis. In this
equation X is a molar ratio; X, is the temperature and X, is the amount
of catalyst.

C., (%) =84.43+10.63 X,-12.71 X?+15.42 X,-6.09 X2+19.45 X,-10.09 X2 (2)

In 2 h of reaction of eugenol with acetic anhydride, only the effects
of the interactions were not significant (p<0.05) in the conversion.
The three linear variables presented a positive effect, with the most
representative being the catalyst amount followed by temperature and
reactants molar ratio.

The analysis of variance (ANOVA) of the resulting empirical
model showed the value of the correlation coefficient (R?) of 0.99 and
F calculated 21 times greater than the F tabulated for the regression,
the model was then able to well represent the experimental data of
eugenyl acetate conversion in the range of the values investigated,
suggesting a satisfactory representation of the process by the empirical
model, as shown by the predicted conversion (column 6 and Table 4)
and standard error (column 7 and Table 4). With the validation of the
model it was possible to build the response surfaces, shown in Figure 1.

Optimization of eugenyl acetate production by amberlite
XAD -16 as calalyst

Analyzingtheinfluence of each variable of the previous experimental
design and aiming to maximize the production of eugenyl acetate, a 2?
full factorial design was performed using Amberlite XAD-16 as catalyst.
Since the temperature had no significant effect this variable was fixed at
55°C towards assessing the effect of eugenol to acetic anhydride molar
ratio and amount of catalyst on the reaction conversion to eugenyl
acetate. The amount of catalyst was not increased, and amounts above
0.2 g.g"! showed a pasty appearance of the reaction system.

Table 5 shows the matrix of the design with the coded and real

values of the independent variables and the experimental (EC) and
predicted (PC) conversion in eugenyl acetate. From this table it can
be seen that higher conversions were obtained in the experimental
conditions of trial 4 (97.8%) and 3 (92.0%).

From the matrix generated by the experimental data and assuming
a polynomial model, a predictive equation (eq. 3) for eugenyl acetate
conversion, C_, was obtained by multiple regression analysis. In this
equation X is the amount of catalyst.

C., (%) ="T4.171+24.625 X, 3)

The values obtained in the analysis of variance (ANOVA),
correlation coefficient (0.945) and F test (F calculated 2 times greater
than F tabulated), statistically validated the model with 95% confidence.
The experimental conversion data of eugenyl acetate in the range of
values studied were satisfactorily represented by the empirical model
as shown by the predicted conversion (column 5 and Table 5) and
standard deviation (column 6 and Table 5).

Kinetics of heterogeneous acetylation

The effects of eugenol to acetic anhydride molar ratio, temperature
and amount of catalyst were investigated on the kinetics of eugenyl
acetate production using molecular sieve 4 A and Amberlite XAD-
16 as catalysts. To evaluate the effect of eugenol to acetic anhydride
molar ratio on eugenyl acetate production using molecular sieve 4 A as
catalyst, the temperature was fixed at 55°C and the amount of catalyst
at 0.125 g.g! making possible the construction of experimental curves
of conversion versus reaction time, for eugenol to acetic anhydride
molar ratio of 1:1, 1:2 and 1:3, as presented in Figure la. From this
figure, it can be verified that an enhancement in molar ratio led to
higher conversions. Using molar ratio of 1:3, higher conversions were
obtained (85% and 98.6%, for reaction time of 180 and 360 minutes,
respectively). When the same eugenol to acetic anhydride molar ratios
were evaluated, using Amberlite XAD-16 as catalyst, temperature was
also fixed at 55°C and amount of catalyst was 0.2 g.g"'. Through Figure
2 it is possible to notice that an increase in molar ratio led to higher
conversions, as well as using molecular sieve 4 A. Using molar ratio
of 1:3, higher conversions (95.4%) were obtained in just 3 min. These
results are in agreement with those obtained in the experimental design

Trial X, X, X, EC(%) PC(%) | RED (%)
1 1:15 45 0.1 12.4 10.0 19.0
2 1:4.5 45 0.1 30.3 31.3 3.3
3 115 65 0.1 37.0 40.9 105
4 1:45 65 0.1 60.0 62. 36
5 115 45 0.3 52.6 48.9 6.9
6 1:45 45 0.3 65.2 70.2 7.7
7 1:1.5 65 0.3 80.4 79.8 0.8
8 1:4.5 65 0.3 96.9 101.1 43
9 1:0.48 55 0.2 27.9 30.7 10.0
10 1:5.52 55 0.2 72.6 66.4 8.5
1 1:3 38 0.2 40.2 414 2.9
12 1:3 72 0.2 97.7 93.2 46
13 1:3 55 0.03 24.9 23.3 6.5
14 13 55 0.37 90.4 88.6 1.9
15 13 55 0.2 84.3 84.4 0.2
16 13 55 0.2 84.3 84.4 0.3
17 13 55 0.2 84.2 84.4 0.3

2Relative Error Deviation (RED)=|(EC-EP)/EC| x 100.

Table 4: Matrix of the Central Composite Rotatable Design 23 (CCRD) with
responses in terms of eugenyl acetate conversion.
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that pointed out the molar ratio of 1:3 as being the most appropriate for
this reaction system.

The effect of amount of catalyst on eugenyl acetate conversion
was evaluated at 55°C maintaining the eugenol to acetic anhydride
molar ratio constant at 1:3, varying the amount of catalyst of 0.1, 0.2
and 0.3 g.g". The conditions were the same for both catalysts. When
molecular sieve 4 A was used as catalyst, conversions for the highest
amounts of catalyst (0.2 and 0.3 g.g"") were almost the same over the
kinetics, reaching approximately 92% of eugenyl acetate in 120 min
of reaction (Figure 2a) whereas for Amberlite XAD-16 as catalyst, the
highest conversions (95.4%) were obtained using 0.2 g.g" at only 3 min
of reaction (Figure 2b).

o ‘-;3 AR \R\ﬁ%“'a

To evaluate the effect of temperature on eugenyl acetate conversion,
using molecular sieve 4 A as catalyst, eugenol to acetic anhydride was
fixed at 1:3 and amount of catalyst at 0.125 g.g! varying the temperature
from 40 to 60°C, as presented in Figure 2a. The conversion increased
with increasing temperature and reached maximum conversion of
96.6 and 98.2% at 360 min of reaction at 50 and 60°C, respectively.
When Amberlite XAD-16 was used as catalyst, the same eugenol to
acetic anhydride molar ratio and amount of catalyst were used, while
(b) temperature ranged from 40 to 65°C, as presented in Figure 2b.

8583

Activation energy for acetylation of eugenol

From the kinetics at different temperatures (40 to 65°C) and fixed
amount of catalyst 0.125 (g.g") and eugenol to acetic anhydride molar
ratio 1:3, the activation energy (Ea) was estimated for molecular sieve 4
A and Amberlite XAD-16. Figure 3 shows the Arrhenius plot made on
the basis of In K vs 1/T. The value of activation energy was calculated
based on eq 1 and the Ea obtained was 2.40 kcal mol™ (Figure 3a) for
molecular sieve 4 A and 1.73 kcal mol™! (Figure 3b) for Amberlite XAD-16.

o e | RRERN

Reuse of the catalyst

The use of heterogeneous catalysts is motivated by several factors,
among which it can be highlighted the possibility of reuse. Based
on this argument, the cycles of reuse of the studied catalysts were
evaluated. After 10 reuses no loss of catalytic activity of molecular sieve

was observed, unlike the resin, in the second reuse, which decreased by
around 50% conversion.

Confirmation of the formed ester

The 'H NMR spectra of both catalysts presented the characteristic
peaks for each coupling present in the structure of the eugenyl acetate.

100 . .
o Discussion
o
F . . . .
ﬁ 40 Optimization study for eugenyl acetate production
‘f‘; 40 In Table 5 and Figure 1 it is observed that higher temperatures and
% 20 amount of catalyst may lead to increased conversion of eugenyl acetate.
o
2 0 Trial Y, Y, EC (%) PC (%) | RED (%)
N 1 1:3 0.025 42.1 46.3 -10.0
T
. 2 1:6 0.025 49.2 52.8 7.3
2 in 3 1:6 0.175 92 95.6 -3.9
g B Al = o 4 13 0.175 97.8 102.0 43
B T A 40 5 1:4.5 0.1 78.6 74.2 5.6
¥ el I 20 6 1:45 0.1 79.5 742 6.7
.0 7 145 0.1 80 742 73

Figure 1: Response surfaces for eugenyl acetate conversion with
Molecular sieve 4A, catalyst vs molar ratio (a), catalyst vs temperature
(b) and temperature vs molar ratio (c).

aRelative Error Deviation (RED)=|(EC-EP)/EC]| x 100.

Table 5: Matrix of Experimental design format 2- using Amberlite XAD-16 catalyst,
response in terms of eugenyl acetate conversion.
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Increasing the molar ratio (Figure 1b and Figure 1c) no increase in the
conversion was observed. This fact can be relevant from an industrial
viewpoint since the process does not need a large amount of acetic
anhydride, facilitating the ester purification step. No significant effect
was observed regarding possible interaction among variables (cross
interactions). However, considering that conversion is lower at the
lowestlevel of temperature, this fact must be compensated by an increase
of the amount of catalyst in order to enhance the number of catalytic
sites available and therefore to enhance the probability of effective
collisions which, in turn, results in higher conversion. The same can
be observed at lower amount of catalyst, which must be counteracted
with increasing temperature. Increased molar ratio caused a decrease
in conversion, probably due to a decrease in reactant concentrations
as molar ratio increases causing a decrease of conversion. This fact was
also observed by Ochoa-Gémez et al. [30] in the synthesis of glycerol
carbonate optimization with CaO as catalyst.

From Table 5 it can be observed that only the amount of catalyst
was significant. As already mentioned the increase of molar ratio

100 - Y
A [ ]
[ ]
— 30
& A
2 50 -
3 ! . .
2 . .
= 40 .
g . ell
£ ° :
= o | ] ml2
al3
0 L 1 1 1 1 1
0 60 120 180 240 300 360
Time (min)
(ay)
100 . & H
i .
80 ] .
=
= ry
2 50
= n L
2
= 40 .
g [] 001
o
= o | 2
A3
0 1 1 1 1 1
0 60 120 180 240 300 360
Time (min)
(a3)
100
+ - :
i [ ]
— 80 - u .
= L]
5 ]
= 60 u
5 |
3
- e40°C
= 40 A om
5 u ms0°C
£ .
= 20 L A35°C
+60°C
0 L 1 1 1 1 1
0 60 120 180 240 300 360
Time (min)

decreases the concentration of reagents and may result in a decrease
in reaction conversion. Chiaradia et al. [17] studied the optimization
of eugenyl acetate synthesis by enzyme-catalyzed process. As in this
study, the optimized conditions were mild, however, approximately
100% conversion was reached at 6 h reaction time and when compared
to this work, such reaction time is 3 and 12 times higher when using
molecular sieve 4 A and Amberlite XAD-16, respectively.

Kinetic of heterogeneous acetylation

The substrates molar ratio is usually one of the most important
parameters in the esterification reactions. Since the reaction is
reversible, a raise in the concentration of one substrate (particularly,
acetic anhydride) can displace the chemical equilibrium, resulting
in higher conversions. On the other hand, high acetic anhydride

concentrations may reduce the reaction rate due to the inhibition effect
[31-34].

For both catalysts, higher conversions were obtained using 1:3
molar ratio, however, in only 3 min high conversions were achieved for

100 F . aa i A A
] u .
[ ]
80 | | ™ .
5 " .
95/ .
= 60 L4
= L ]
2
= 40
:;;. ell
= o4 | ml2
Al3
0

Time (i)
(by)
00 [~ m |
am B 1 4 z o
Ak .
.80 ° .
s .
k]
Z 60 g0
o
2
= 40
% ell
5] 20 mi2
403
O 1
0 10 20 30 40 50 60 70 30 20
Time (min)
(b3)
IR T TR t .
i g0
_ 80 fmg
é [ ]
2 &0
= 040 °C
3
= W45°C
= 40
o 450°C
ob
=R *35°C
+65°C
0

0 10 20 30 40 30 60 70 80 20
Time (i)

Figure 2: Molecular sieve 4A (a) and Amberlite XAD-16 (b) kinetics, varying eugenol:acetic anhydride molar ratio (1), catalyst amount (2) and temperature (3).
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Figure 3: Arrhenius graph for eugenyl acetate synthesis using molecular sieve 4A (a) and Amberlite XAD-16 (b).

Amberlite XAD-16 catalyst, since the use of molecular sieve needed 240
min for obtaining the same conversion. Chiaradia et al. [17] showed
a more pronounced effect for the first 4 h reaction, leading to 80%
conversion to eugenyl acetate in a esterification catalyzed by Novozym
435. The maximum yield of eugenyl acetate (>90%) was reached after
6 h of reaction at molar ratios of 1:3 and 1:5. In the study developed
by Palani and Pandurangan [35], the effect of amyl alcohol to acetic
acid molar ratio in a esterification catalyzed by molecular sieves Al-
MCM-41 was evaluated and 100% of conversion was obtained with
molar ratio of 1:2 and using higher molar ratios, reduction in the
production of esters was observed.

The higher catalysts amounts tested (0.2 and 0.3 g.g") for molecular
sieve 4 A showed no difference in the conversions, this may be due
to the fact that above a certain catalyst concentration the number of
active sites was larger than actually required by the reactants. At the
lowest catalyst concentration the conversion was 56.2% in 120
minutes. For Amberlite XAD-16 the best conversion was obtained
with 0.2 g.g’ amount of catalyst and while the lowest conversion
was obtained for 0.3 g.g" of catalyst. This may be due to the paste
appearance of the reaction medium, which probably hindered
the mobility of substrates, hindering the progress of the reaction.
Yadav and Yadav [27] studied the esterification of benzoic acid
with eugenol using 5 UDCaT as heterogeneous catalyst and also
observed that increasing the catalyst concentration did not increase
the conversion, as observed in the present study, where no increase
in esters conversion was observed when the catalyst concentration
increased from 0.2 to 0.3 g.g™".

The increase in temperature can reduce the viscosity of the mixture
increasing the solubility and enhancing the diffusion process of the
reactants, thereby reducing mass transfer limitations and enhancing
the interaction between catalyst particles and substrates.

In the kinects when we compare different temperatures using
Amberlite XAD-16 (Figure 2b), increasing the temperature from 45 to
55°C causes an increase in conversion. This behavior was also observed
in the kinect study using molecular sieve 4 A as catalyst (Figure 2a).
Higher temperatures usually promote and increase the number of
collisions between catalyst and substrate, resulting in a faster reaction.
Moreover, the increased temperature reduces the viscosity of the
mixture and enhances the diffusion process, favoring the interaction
between the catalyst and substrates. On the other hand, for Amberlite
XAD-16, when increasing the temperature to 65°C, there was a decrease
in conversion, which may be due to the relatively weak interaction

between the solute and the resin, thus decreasing the attractive forces
and accordingly the reaction rate.

Activacion energy

The activation energy is the minimum kinetic energy that reactants
must have for that product formation occurs. Therefore, processes with
low activation energy occur faster, while processes with high activation
energy are slower. Therefore, molecular sieve 4 A proved to be an
interesting catalyst for the acetylation of essential clove oil and acetic
anhydride, once the activation energy obtained in this study (2.27 kcal
mol’) was lower than that found by several authors. Basri et al. [36]
obtained an Ea of 4.02 kcal.mol for the production of ethyl esters
using Lipozyme TL IM. Khor et al. [37] also used the Lipozyme TL IM
as a catalyst in the production of ethyl esters and obtained an Ea of 5.3
kcal.mol™. Yadav and Yadav [27] evaluated the production of eugenyl
benzoate catalyzed by UDCaT 5, a solid catalyst, and obtained an Ea of
9.36 kcal.mol™. Akyal¢in and Altiokka [38] studied the esterification
kinetics of acetic acid with octanol catalyzed by Amberlyst 36 and
obtained the activation energy of the reaction of 5.95 kcal.mol. Yu and
Li [39] obtained an activation energy of 5.56 kcal. mol in the esterification
of propyl gallate acid and propanol, catalyzed by tannase from Aspergillus
niger. The Ea found for Amberlite XAD-16 was 1.73 kcal mol?, which is
31% lower when compared with the Ea of molecular sieve 4 A.

Reuse of the catalyst

The molecular sieve 4 A did not lose the activity after 10 reuse
cycles, unlike what was found for Amberlite XAD-16 , in the latter,
an adsorbent resin, the active sites were impregnated by substrates
or by washing with hexane, this fact can be observed in weighing the
catalyst after the reaction, with higher mass compared to the initial
mass. However, most heterogeneous catalysts can have their active sites
regenerated with simple methodologies, but more investigation on this
catalyst is needed.

Pande and Samant et al. [40] studied the reusability of Amberlyst
15 in the synthesis of 4-bromo phenyl acetate and after 4 cycles no
loss of catalytic activity was observed. Yadav and Thathagar [41] also
observed no loss of activity for Indion-170 resin after 3 cycles during
synthesis diethyl maleate. The loss of catalytic activity was also not
observed during the esterification of benzoic acid and eugenol using
heterogeneous catalyst UDCaT-5 [27].

Thus, Amberlite XAD-16 showed great potential for the synthesis
of eugenyl acetate since in only 3 minutes of reaction it was obtained
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95.4% conversion using 0.2 g.g" catalyst , eugenol to acetic anhydride
molar ratio of 1:3 acetic and temperature of 55°C. The experimental
conditions tested for achieving a 100% conversion, along with simple
methodology and mild reaction conditions, showed the feasibility
of this processing industrial synthesis. Furthermore, there is the
possibility of recycling and/or regeneration the catalysts tested, and
the purification step can be simplified, because the reaction does not
require large amounts of excess substrate, being possible to achieve
high conversions in reduced time, in a solvent-free system, using
a reduced amount of catalyst and reactant, the reaction system does
not require shaking. The advantages presented by these catalysts are
of great importance from the industrial standpoint, because they are
environmentally acceptable and economical.

Conclusions

The analytical methodology for the synthesis of eugenyl acetate was
effective in quantifying the ester produced by the esterification reaction
using the molecular sieve catalyst 4 A and Amberlite XAD-16. Through
the results of the experimental designs it was possible to establish the
variables with major effect on the reaction conversion. The highest
conversions obtained within the range of experimental conditions
investigated were about 100% for both catalysts. The mathematical
models obtained satisfactorily represented the experimental data. In
kinetic studies it was possible to evaluate the behavior of the variables
temperature, molar ratio (eugenol:acetic anhydride) and catalyst
concentration, relative to the conversion of eugenyl acetate, and
the initial specific rate of the reactions. In the reuse of catalysts, the
molecular sieve, after 10 cycles, showed no loss of catalytic activity, as
Amberlite led to a drastic decrease in the conversion of eugenyl acetate
after only three cycles. Results showed that both catalysts are effective
for producing ester eugenyl acetate. The heterogeneous catalysis has
the advantage of simplicity in the separation and purification of the
reaction products step. It is possible to use smaller amounts of reactants
in solvent-free reactions, and the possibility of reuse and regeneration.
Hence, these catalysts fall within the concept of green chemistry, with
great potential for application in industrial processes.

References

1. Ismaiel A, Pierson MD (1990) Inhibition of Growth and Germination of C.
botulinum 33A, 40B, and 1623E by Essential Oil of Spices. J Food Sci 55:
1676-1678.

2. Cai L, Wu CD (1996) Compounds from Syzygium aromaticum possessing
growth inhibitory activity against oral pathogens. J Nat Prod 59: 987-990.

3. Liu H, Chen G, Jiang H, Li Y, Luque R (2012) From alkyl aromatics to
aromatic esters: efficient and selective C-H activation promoted by a bimetallic
heterogeneous catalyst. Chem Sus Chem 5: 1892-1896.

4. Lis-balchin M, Deans SG, Eaglesham E (1998) Relationship between bioactivity
and chemical composition of commercial essential oils. Flavour Fragr J 13: 98-
104.

5. Dorman HJ, Deans SG (2000) Antimicrobial agents from plants: antibacterial
activity of plant volatile oils. J Appl Microbiol 88: 308-316.

6. Shan B, Cai YZ, Sun M, Corke H (2005) Antioxidant capacity of 26 spice
extracts and characterization of their phenolic constituents. J Agric Food Chem
53: 7749-7759.

7. Jirovetz L, Buchbauer G, Stoilova |, Stoyanova A, Krastanov A, et al. (2006)
Chemical composition and antioxidant properties of clove leaf essential oil. J
Agric Food Chem 54: 6303-6307.

8. Miyazawa M, Hisama M (2003) Antimutagenic activity of phenylpropanoids
from clove (Syzygium aromaticum). J Agric Food Chem 51: 6413-6422.

9. Kim HM, Lee EH, Hong SH, Song HJ, Shin MK, et al. (1998) Effect of Syzygium
aromaticum extract on immediate hypersensitivity in rats. J Ethnopharmacol
60: 125-131.

20.

2

=

22.

23.

24.

2

(&

26.

27.

28.

29.

30.

3

=

32.

.Li'Y, Xu C, Zhang Q, Liu JY, Tan RX (2005) In vitro anti-Helicobacter pylori

action of 30 Chinese herbal medicines used to treat ulcer diseases. J
Ethnopharmacol 98: 329-333.

. Srivastava KC, Malhotra N (1991) Acetyl eugenol, a component of oil of cloves

(Syzygium aromaticum L.) inhibits aggregation and alters arachidonic acid
metabolism in human blood platelets. Prostaglandins Leukot Essent Fatty
Acids 42: 73-78.

.Zheng GQ, Kenney PM, Lam LK (1992) Sesquiterpenes from clove (Eugenia

caryophyllata) as potential anticarcinogenic agents. J Nat Prod 55: 999-1003.

.Yang YC, Lee SH, Lee WJ, Choi DH, Ahn YJ (2003) Ovicidal and adulticidal

effects of Eugenia caryophyllata bud and leaf oil compounds on Pediculus
capitis. J Agric Food Chem 51: 4884-4888.

.He M, Du M, Fan M, Bian Z (2007) In vitro activity of eugenol against Candida

albicans biofilms. Mycopathologia 163: 137-143.

. Campaniello D, Corbo MR, Sinigaglia M (2010) Antifungal Activity of Eugenol

against Penicillium, Aspergillus, and Fusarium Species. J Food Prot 73: 1124-
1128.

. Devi KP, Nisha SA, Sakthivel R, Pandian SK (2010) Eugenol (an essential oil

of clove) acts as an antibacterial agent against Salmonella typhi by disrupting
the cellular membrane. J Ethnopharmacol 130: 107-115.

. Chiaradia V, Paroul N, Cansian RL, Junior CV, Detofol MR, et al. (2012)

Synthesis of eugenol esters by lipase-catalyzed reaction in solvent-free system.
Appl Biochem Biotechnol 168: 742-751.

. Sartori G, Ballini R, Bigi F, Bosica G, Maggi R, et al. (2004) Protection (and

deprotection) of functional groups in organic synthesis by heterogeneous
catalysis. Chem Rev 104: 199-250.

. Sa MM, Meier L, Fernandes L, Pergher SBC (2007) Acetylation of a-methylene-

B-hydroxy esters under heterogeneous catalysis: A regioselective preparation
of Morita-Baylis-Hillman acetates. Catal Commun 8: 1625-1629.

Lee KG, Shibamoto T (2001) Inhibition of malonaldehyde formation from blood
plasma oxidation by aroma extracts and aroma components isolated from clove
and eucalyptus. Food Chem Toxicol 39: 1199-1204.

. Carrasco A, Espinoza C (2008) Eugenol and its synthetic analogues inhibit cell

growth of human cancer cells (Part I). J Braz Chem Soc 19: 543-548.

Pasay C, Mounsey K, Stevenson G, Davis R, Arlian L, et al. (2010) Acaricidal
activity of eugenol based compounds against scabies mites. PLoS One 5:
e12079.

Shukri R, Mohamed S, Mustapha NM (2010) Cloves protect the heart, liver and
lens of diabetic rats. Food Chem 122: 1116-1121.

Marya CM, Satija G, JA, Nagpal R, Kapoor R, et al. (2012) In vitro inhibitory
effect of clove essential oil and its two active principles on tooth decalcification
by apple juice. Int J Dent 2012: 759618.

. Teixeira V (2004) Synthesis and characterization of chloromethylated styrene-

divinylbenzene copolymers. Polimeros 14: 267-273.

Corma A, Garcia H (2003) Lewis acids: from conventional homogeneous to
green homogeneous and heterogeneous catalysis. Chem Rev 103: 4307-4365.

Yadav GD, Yadav AR (2012) Insight into esterification of eugenol to eugenol
benzoate using a solid super acidic modified zirconia catalyst UDCaT-5. Chem
Eng J 192: 146-155.

Chaudhari N, Landin AM, Roper SD (2000) A metabotropic glutamate receptor
variant functions as a taste receptor. Nat Neurosci 3: 113-119.

Liao X, Zhu Y, Wang SG, Li Y (2009) Producing triacetylglycerol with glycerol
by two steps: Esterification and acetylation. Fuel Process Technol 90: 988-993.

Ochoa-Gémez JR, Gomez-Jiménez-Aberasturi O, Maestro-Madurga B,
Pesquera-Rodriguez A, Ramirez-Lépez C, et al. (2009) Synthesis of glycerol
carbonate from glycerol and dimethyl carbonate by transesterification: catalyst
screening and reaction optimization. Appl Catal A Gen 366: 315-324.

. Burham H, Rasheed RAGA, Noor NM, Badruddin S, Sidek H (2009) Enzymatic

synthesis of palm-based ascorbyl esters. J Mol Catal B Enzym 58: 153-157.

Chang SW, Yang CJ, Chen FY, Akoh CC, Shieh CJ (2009) Optimized synthesis
of lipase-catalyzed Il-ascorbyl laurate by Novozym® 435. J Mol Catal B Enzym
56: 7-12.

J Chem Eng Process Technol
ISSN: 2157-7048 JCEPT, an open access journal

Volume 6 ¢ Issue 4 + 1000247


http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2621.1990.tb03598.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2621.1990.tb03598.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2621.1990.tb03598.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/8904847
http://www.ncbi.nlm.nih.gov/pubmed/8904847
http://www.ncbi.nlm.nih.gov/pubmed/23001838
http://www.ncbi.nlm.nih.gov/pubmed/23001838
http://www.ncbi.nlm.nih.gov/pubmed/23001838
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291099-1026%28199803/04%2913:2%3C98::AID-FFJ705%3E3.0.CO;2-B/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291099-1026%28199803/04%2913:2%3C98::AID-FFJ705%3E3.0.CO;2-B/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291099-1026%28199803/04%2913:2%3C98::AID-FFJ705%3E3.0.CO;2-B/abstract
http://www.ncbi.nlm.nih.gov/pubmed/10736000
http://www.ncbi.nlm.nih.gov/pubmed/10736000
http://www.ncbi.nlm.nih.gov/pubmed/16190627
http://www.ncbi.nlm.nih.gov/pubmed/16190627
http://www.ncbi.nlm.nih.gov/pubmed/16190627
http://www.ncbi.nlm.nih.gov/pubmed/16910723
http://www.ncbi.nlm.nih.gov/pubmed/16910723
http://www.ncbi.nlm.nih.gov/pubmed/16910723
http://www.ncbi.nlm.nih.gov/pubmed/14558756
http://www.ncbi.nlm.nih.gov/pubmed/14558756
http://www.ncbi.nlm.nih.gov/pubmed/9582002
http://www.ncbi.nlm.nih.gov/pubmed/9582002
http://www.ncbi.nlm.nih.gov/pubmed/9582002
http://www.ncbi.nlm.nih.gov/pubmed/15814268
http://www.ncbi.nlm.nih.gov/pubmed/15814268
http://www.ncbi.nlm.nih.gov/pubmed/15814268
http://www.ncbi.nlm.nih.gov/pubmed/2011614
http://www.ncbi.nlm.nih.gov/pubmed/2011614
http://www.ncbi.nlm.nih.gov/pubmed/2011614
http://www.ncbi.nlm.nih.gov/pubmed/2011614
http://www.ncbi.nlm.nih.gov/pubmed/1402962
http://www.ncbi.nlm.nih.gov/pubmed/1402962
http://www.ncbi.nlm.nih.gov/pubmed/12903940
http://www.ncbi.nlm.nih.gov/pubmed/12903940
http://www.ncbi.nlm.nih.gov/pubmed/12903940
http://www.ncbi.nlm.nih.gov/pubmed/17356790
http://www.ncbi.nlm.nih.gov/pubmed/17356790
http://www.ncbi.nlm.nih.gov/pubmed/20537272
http://www.ncbi.nlm.nih.gov/pubmed/20537272
http://www.ncbi.nlm.nih.gov/pubmed/20537272
http://www.ncbi.nlm.nih.gov/pubmed/20435121
http://www.ncbi.nlm.nih.gov/pubmed/20435121
http://www.ncbi.nlm.nih.gov/pubmed/20435121
http://www.ncbi.nlm.nih.gov/pubmed/22864649
http://www.ncbi.nlm.nih.gov/pubmed/22864649
http://www.ncbi.nlm.nih.gov/pubmed/22864649
http://www.ncbi.nlm.nih.gov/pubmed/14719975
http://www.ncbi.nlm.nih.gov/pubmed/14719975
http://www.ncbi.nlm.nih.gov/pubmed/14719975
http://www.sciencedirect.com/science/article/pii/S1566736707000325
http://www.sciencedirect.com/science/article/pii/S1566736707000325
http://www.sciencedirect.com/science/article/pii/S1566736707000325
http://www.ncbi.nlm.nih.gov/pubmed/11696393
http://www.ncbi.nlm.nih.gov/pubmed/11696393
http://www.ncbi.nlm.nih.gov/pubmed/11696393
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-50532008000300024
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-50532008000300024
http://www.ncbi.nlm.nih.gov/pubmed/20711455
http://www.ncbi.nlm.nih.gov/pubmed/20711455
http://www.ncbi.nlm.nih.gov/pubmed/20711455
http://www.sciencedirect.com/science/article/pii/S0308814610003870
http://www.sciencedirect.com/science/article/pii/S0308814610003870
http://www.ncbi.nlm.nih.gov/pubmed/22997520
http://www.ncbi.nlm.nih.gov/pubmed/22997520
http://www.ncbi.nlm.nih.gov/pubmed/22997520
http://www.scielo.br/scielo.php?pid=S0104-14282004000400013&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0104-14282004000400013&script=sci_arttext
http://www.ncbi.nlm.nih.gov/pubmed/14611265
http://www.ncbi.nlm.nih.gov/pubmed/14611265
http://www.sciencedirect.com/science/article/pii/S138589471200424X
http://www.sciencedirect.com/science/article/pii/S138589471200424X
http://www.sciencedirect.com/science/article/pii/S138589471200424X
http://www.ncbi.nlm.nih.gov/pubmed/10649565
http://www.ncbi.nlm.nih.gov/pubmed/10649565
http://www.sciencedirect.com/science/article/pii/S0378382009000654
http://www.sciencedirect.com/science/article/pii/S0378382009000654
http://www.sciencedirect.com/science/article/pii/S0926860X09005250
http://www.sciencedirect.com/science/article/pii/S0926860X09005250
http://www.sciencedirect.com/science/article/pii/S0926860X09005250
http://www.sciencedirect.com/science/article/pii/S0926860X09005250
http://www.sciencedirect.com/science/article/pii/S1381117708002646
http://www.sciencedirect.com/science/article/pii/S1381117708002646
http://www.sciencedirect.com/science/article/pii/S1381117708000854
http://www.sciencedirect.com/science/article/pii/S1381117708000854
http://www.sciencedirect.com/science/article/pii/S1381117708000854

Citation: Laroque DA, Loss RA, Silva MJA, Pereira GN, Valerio A, et al. (2015) Synthesis of Eugenyl Acetate in Solvent-Free Acetylation: Process
Optimization and Kinetic Evaluation. J Chem Eng Process Technol 6: 247. doi:10.4172/2157-7048.1000247

Page 8 of 8

33.Lv L, Pan Y, Li YQ (2007) Biosynthesis of ascorbyl benzoate in organic inhibition studies of lipozyme TL IM in biodiesel production via enzymatic
solvents and study of its antioxygenic and antimicrobial properties. Food Chem transesterification. Bioresour Technol 101: 6558-6561.

101: 1626-1632. - - ) L
38. Akyalgin S, Altiokka MR (2012) Kinetics of esterification of acetic acid with

34.Hsieh HJ, Nair GR, Wu WT (2006) Production of ascorbyl palmitate by 1-octanol in the presence of Amberlyst 36. Appl Catal A Gen 429-430: 79-84.

surfactant-coated lipase in organic media. J Agric Food Chem 54: 5777-5781. . L X .
39. Yu XW, Li YQ (2006) Kinetics and thermodynamics of synthesis of propyl

35. Palani A, Pandurangan A (2005) Esterification of acetic acid over mesoporous gallate by mycelium-bound tannase from Aspergillus niger in organic solvent. J
Al-MCM-41 molecular sieves. J Mol Catal A Chem 226: 129-134. Mol Catal B Enzym 40: 44-50.

36. Basri M, Kassim MA, Mohamad R, Ariff AB (2013) Optimization and kinetic 40. Pande MA, Samant SD (2012) Recent advances in InCl,-catalyzed one-pot
study on the synthesis of palm oil ester using Lipozyme TL IM. J Mol Catal B organic synthesis. Recycl Catal 1: 13-16.

Enzym 85-86: 214-219. o o
41. Yadav GD, Thathagar MB (2002) Esterification of maleic acid with ethanol over

37.Khor GK, Sim JH, Kamaruddin AH, Uzir MH (2010) Thermodynamics and cation-exchange resin catalysts. React Funct Polym 52: 99-110.

-

J Chem Eng Process Technol

ISSN: 2157-7048 JCEPT, an open access journal Volume 6 « Issue 4 « 1000247


http://www.sciencedirect.com/science/article/pii/S0308814606003384
http://www.sciencedirect.com/science/article/pii/S0308814606003384
http://www.sciencedirect.com/science/article/pii/S0308814606003384
http://www.ncbi.nlm.nih.gov/pubmed/16881677
http://www.ncbi.nlm.nih.gov/pubmed/16881677
http://www.sciencedirect.com/science/article/pii/S1381116904006624
http://www.sciencedirect.com/science/article/pii/S1381116904006624
http://www.sciencedirect.com/science/article/pii/S1381117712002652
http://www.sciencedirect.com/science/article/pii/S1381117712002652
http://www.sciencedirect.com/science/article/pii/S1381117712002652
http://www.ncbi.nlm.nih.gov/pubmed/20363621
http://www.ncbi.nlm.nih.gov/pubmed/20363621
http://www.ncbi.nlm.nih.gov/pubmed/20363621
http://www.sciencedirect.com/science/article/pii/S0926860X12002141
http://www.sciencedirect.com/science/article/pii/S0926860X12002141
http://www.sciencedirect.com/science/article/pii/S1381117706000804
http://www.sciencedirect.com/science/article/pii/S1381117706000804
http://www.sciencedirect.com/science/article/pii/S1381117706000804
http://www.sciencedirect.com/science/article/pii/S0040402012010319
http://www.sciencedirect.com/science/article/pii/S0040402012010319
http://www.sciencedirect.com/science/article/pii/S138151480200086X
http://www.sciencedirect.com/science/article/pii/S138151480200086X

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	Materials 
	Heterogeneous acetylation 
	Sequential strategy of experimental designs 
	Kinetic study of heterogeneous acetylation 
	Activaction energy 
	Reuse of catalyst 
	Eugenyl acetate quantification 
	Eugenyl acetate identification 

	Results
	Optimization of eugenyl acetate production by molecular sieve 4 Å as calalyst 
	Optimization of eugenyl acetate production by amberlite XAD -16 as calalyst 
	Kinetics of heterogeneous acetylation 
	Activation energy for acetylation of eugenol 
	Reuse of the catalyst 
	Confirmation of the formed ester  

	Discussion
	Optimization study for eugenyl acetate production 
	Kinetic of heterogeneous acetylation 
	Activacion energy 
	Reuse of the catalyst 

	Conclusions
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	References

