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Abstract
Monoterpenes are secondary metabolites widely used in the �avors and fragrance industries and can
have their structure altered to enhance their applicability, such as producing epoxides, which are used as
synthetic blocks for pharmaceuticals. Epoxides are commonly synthesized by the use of inorganic acids
as catalysts, although the acid medium induces epoxide degradation. To overcome these limitations
biocatalysis is shown as an alternative, in view that lipases can perform the reaction in a non-acidic
medium. Related to, this work aimed to perform the synthesis of beta-Pinene epoxide using Pseudozyma
antarctica lipase B (Novozym®435) as biocatalyst and to determine the independent variables that
in�uence the reaction using experimental design tools. Different solvent systems were evaluated for until
72 h, in reactions with molar ratio of 2:2:1 (beta-Pinene, octanoic acid, and urea-hydrogen peroxide - UHP)
at 40°C, 250 rpm, and 10%(w/v) of the biocatalyst. Ethyl acetate showed higher conversion (40% in 24 h)
into the product without the formation of by-products. The atom economy (AE) was determined using
metrics of green chemistry and ethyl acetate proved to have a higher atom economy (67.8%), while the
other solvents that used octanoic acid as an acyl donor had 41.3%. In the following reactions, ethyl
acetate was maintained as the solvent, while the temperature, molar ratio, and the percentage of the
biocatalyst were varied. The increase in the molar ratio (beta-Pinene:UHP, 1:1) and percentage of
biocatalyst (20%w/v) resulted in 80% of the product after 3 hof reaction at 40°C. To evaluate the impact
of each independent variable, an FFD was performed by varying temperature, molar ratio, stirring, and
percentage of enzyme, in one level. All variables were statistically signi�cant, with different rates of
impact. Due to this, the same variables were maintained on the CCRD, varying in two levels. The
conversion ranged from good to excellent (32 - 93%). The independent variables that in�uenced the
direction were temperature > stirring > molar ratio. In conclusion, the combination of two different tools of
experimental design provided the development of an optimized model for beta-Pinene epoxidation,
achieving high yields within 3 h.

1. Introduction
Monoterpenes belong to a class of natural products chemically generated by the coupling of two
structural units containing �ve carbons atoms called isoprenes (Guimarães et al., 2013; Ruzicka, 1953).
These molecules, originated from the plant secondary metabolism, have an important role due to their
functions of defense, insecticidal and antimicrobial activity, communication, and production of hormones
(Dambolena et al., 2016; Brahmkshatriya and Brahmkshatriya, 2013). In addition, recent studies have
demonstrated the therapeutic activity (Mohamed et al., 2019; Dammak et al., 2019; Kang et al., 2016) and
industrial applications of several monoterpenes as substrates for the synthesis of fragrances, �avors,
and medicines (Juergens, 2014; Koziol et al., 2014). A strategy that has been used to increase the
reactivity of these compounds is conducting the synthesis of their epoxides derivatives, which are highly
reactive due to the oxirane ring inserted in the structure. The high reactivity of epoxides makes them
susceptible to functionalization in reactions with several nucleophiles or undergoing oxidation, being able
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to synthesize compounds as amino alcohols, diols, esters, and carbonyl compounds (Da Silva and
Nascimento, 2012).

Epoxides are commonly chemically produced using strong oxidizing agents, such as meta-
chloroperbenzoic acid (m-CPBA), or from the production of peracid in situ, from the reaction of hydrogen
peroxide with organic acids, catalyzed by inorganic acids (Goud et al., 2006). Chemical epoxidation, in
comparison to the enzymatic, has the limitation of leading to an epoxide degradation caused by the
excessively acidic reaction media, favoring the formation of by-products (Sánchez-Velandia et al., 2019).
To overcome these limitations the use of enzymes as catalysts is shown as a successful alternative.

It is known that several classes of enzymes are able to catalyze epoxidation reactions, such as
monooxygenases of the P-450 family, and chloroperoxidase (Colonna, 1993). However, these enzymes
have limitations in terms of industrial application, as they require speci�c cofactors and/or cannot
maintain catalytic activity in organic solvents. One way to subdue these conditions is to apply catalysts
such as the lipases that are included in the group of triacylglycerol hydrolases enzymes (EC 3.1.1.3).
Lipases present a wide range of advantages, including: the use of hydrogen peroxide as precursor for the
epoxide production; do not request cofactor; present high catalytic activity at mild temperatures
(Bornscheuer, 2006); are stable in organic solvents (Tang et al., 2016); and, when immobilized, they have
the possibility to be reused for several cycles (Moreira and Nascimento, 2007). In addition, they present
high stability and are able to recognize a high broad of substrates, being used for different reaction
process, including the epoxidation of different chemical class molecules.

A breakthrough in the biocatalytic synthesis of epoxides was reported by Björkling et al. (1990), in which
an immobilized lipase was applied to catalyze perhydrolysis, originating the peracid in situ from the
reaction of carboxylic acid and hydrogen peroxide. The peroxycarboxylic acid produced reacts with an
alkene, leading the corresponding epoxide. An example of a perhydrolysis reaction involving beta-pinene
as substrate is shown in Figure 1. In this biocatalytic type-process the peracid produced instantly reacts
with the alkene, avoiding the excessively acidic environment (Goud et al., 2006).

Based on this, this work had the aim to perform the epoxidation of beta-pinene using the immobilized
Pseudozyma (Candida) antarctica lipase B (Novozym®435 - N435) as biocatalyst, as well as to
determine the ideal solvent and the independent variables that cause in�uence in the reaction model,
employing tools of experimental design, such as temperature, stirring, molar ratio between the substrates
(monoterpene: octanoic acid: urea hydrogen peroxide), and the percentage of the biocatalyst. Also, it was
determined the kinetic parameters of the epoxidation reaction, such as Km and Vmax.

2. Methodology

2.1 Biocatalytic epoxidation of beta-Pinene

2.1.1. Solvent screening
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Epoxidation reactions were set at at 40°C and 250 rpm, in 4 mL glass vials from a mixture of 2 mmol of
beta-Pinene, 2 mmol of octanoic acid acyl donnor, 1 mmol of urea-hydrogen peroxide complex (UHP), 4Å
molecular sieves, and 10% (w/v) of the enzyme Novozym®435 (activity of 1422 U/mL) in relation to the
mass of monoterpene and octanoic acid, in 3 mL of solvent (cyclohexane, dichloromethane, acetonitrile
or ethyl acetate). In the reactions conducted in ethyl acetate, octanoic acid was not added, in view that
this solvent acts as an acyl donor, as described by Ankudey et al. (2006). The reactions were performed
up to 72 h and aliquots (50 µL) were collected in duplicate.

2.1.2. Variation of temperature, substrate molar ratio, and
enzyme amount
Sequential reactions with the selected solvent were performed in order to evaluate the in�uence of other
variables into the conversion for the epoxide product. Reactions were conducted in a 4 mL glass vial
using 3 mL of ethyl acetate as solvent/acyl donor. The molar ratio of beta-Pinene: UHP was changed to
1:1 (2 mmol of each reactant); the amount of N435 shifted in the range of 10-20% (w/v), and the
temperature was evaluated in the range of 40-60°C. The other parameters were kept constant and the
reactions were performed until 6 h.

2.2. The atom economy (AE) calculation
The atom economy (AE) was determined using metrics of green chemistry to de�ne the conversion
e�ciency of the epoxidation process concerning the atoms involved and the epoxide produced using
different solvents. Atom economy is calculated by dividing the product's molecular weight by the sum of
the molecular weights of starting materials (Equation S1) (Sheldon, 2018). Nevertheless, this metric does
not consider the solvent in the equation; for this, the E factor should be used since it considers all the
reactants used in the process, including the solvents and co-reactants (Equation S2).

2.3 Fractional Factorial Design (FFD)
To evaluate the impact of the variables in the epoxidation reaction, it was performed a fractional factorial
experimental design. There were evaluated four variables (molar ratio β-pinene: UHP, temperature,
percentage of biocatalyst, and stirring) in two levels, as shown in Table 1. From the FFD, 11 experiments
were perfo[rmed (Table S1) setting 3 h of reaction, including the triplicate of the central point.
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Table 1
FFD experimental factors (+1: high level, 0:

intermediate, −1: lower level) of the independent
variables (24−1).

Independent variables -1 0 +1

Stirring (rpm) 150 200 250

Temperature (°C) 40 50 60

Molar ratio (beta-Pinene: UHP) 1:1 1:2 1:3

Enzyme (%) 10 20 30

2.4 Central Composite Rotatable Design (CCRD)
The results obtained by FFD indicated the impact of each independent variable, serving as background to
perform a further Central Composite Rotatable Design (CCRD). In this step, the four independent variables
were maintained and varied in two levels (-2, -1, 0, +1, +2), as shown in Table 2. From CCRD, there were
performed 27 experiments (Table S2) with triplicate of the central point. All reactions were conducted by 3
hours.

Table 2
CCRD experimental factors (+: higher level, 0: intermediate, −: lower

level) of the independent variables (24).
Independent variables -2 -1 0 +1 +2

Stirring (rpm) 200 225 250 275 300

Temperature (°C) 40 45 50 55 60

Molar ratio (beta-Pinene: UHP) 1:2 1:2,5 1:3 1:3,5 1:4

Enzyme (%) 5 10 15 20 25

2.5 Kinetic parameters
kinetic parameters (Km and Vmax) of the epoxidation reaction were established by setting the following
conditions: 20% (w/v) of N435 in relation to the mass of beta-Pinene, 2 mmol of beta-Pinene, 3 mL of
ethyl acetate, while the UHP concentration was evaluated in the range of 0.25 to 4 mmol. The reactions
were maintained for 3 hours at 40°C and 250 rpm.

2.6 Analytical procedure by gas-chromatography coupled to
mass spectrometry detector (GC–MS)
The epoxide conversion was determined by GC-MS (GCMS-QP2010 SE, Shimadzu) equipped with a
Quadrex capillary column (DB-5MS) (5% diphenyl dimethylsiloxane) capillary column (30 m x 0.25 mm,
0.25 µm �lm thickness, Agilent Technologies). Aliquots (50 µL) collected from the reaction media were
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diluted in ethyl acetate HPLC grade (450 µL) (1: 9) previous to analysis. The injector temperature was set
at 250°C, with helium (99.999%) as carrier gas at �ow rate of 1 mL.min−1, and injection of 1 µL of sample,
at a split ratio of 30. The column oven temperature program was set at 60°C and increased up to 260°C
at a ratio of 10°C.min−1, being held constant for additional 1 min, resulting in a total 21 min method. The
equipment was operated by electron impact ionization mode at 70 eV and scanned at the range of 40 to
600 m/z. The products were identi�ed comparing the obtained mass spectrum and the National Institute
of Standard and Technology (NIST) - version 05 - library.

2.7 Statistical analysis
The experimental designs and data processing were carried out using the software Statistica 10.0
(Statsoft, Inc., USA) according to the signi�cance level established to obtain the mathematical model.
The signi�cance of the regression coe�cients and the associated probabilities, p(t), were determined by
Student’s t test; the model equation signi�cance was determined by Fisher’s F test. The variance
explained by the model is given by the multiple determination coe�cients, R2.

3. Results And Discussion
Four solvents with different polarities were tested to determine the ideal system to conduct to beta-Pinene
epoxidation (item 2.1.1.), that were: ethyl acetate, cyclohexane, toluene, and acetonitrile. Reactions
conducted in acetonitrile, dichloromethane, and hexane, did not show the conversion to the desired
epoxide product, under the conditions studied (data not shown). This can be explained, among other, by
the need for long-chain fatty acids (C8-C12) as perhydrolysis substrate or, grater amount of reagents and
possibly more time-consuming reaction. Anyway, it is important to highlight that large quantity of acids in
the reaction medium can generate a biphasic system, limiting the access of the substrate to the enzyme
active site (Daniel, 2014).

Interestingly, within 24 hours of reaction using ethyl acetate as solvent, it was observed a conversion of
40% to the epoxide product (Spiro[biciclo[3.1.1]heptano-2,2'-oxirano). In grater reaction times, it was
observed the degradation of the epoxide and the formation of several by-products, such as ketone, enol,
and diol. It is also worth mentioning that no product formation was detected in the absence of the
biocatalyst regardless of the solvent system employed, ruling out the possibility of spontaneous reaction.

An advantage of using ethyl acetate as solvent is that it acts as an acyl donor to the perhydrolysis, being
unnecessary the use of other acids and avoiding the high acidity of the reaction medium (Ankudey et al.,
2006). In addition, it avoids the degradation of the epoxide caused by the acidic medium (MEYER-
WAßEWITZ et al., 2017). Besides, this capacity makes the method more environmentally friendly and
economically viable, in view that it is a low-cost reagent and easy to remove by evaporation in further
puri�cation steps.

The atom economy (AE) was determined to de�ne the e�ciency of the epoxidation process concerning
the atoms involved and the epoxide produced using different solvents (reactions with or without octanoic
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acid). From this, the reaction using ethyl acetate proved to furnish a higher atom economy (67.8%)
compared to the other that used solvents and octanoic acid as acyl donor (41.3%) (Table S3). In an eco-
friendly reaction, the E factor must be close to zero or as close as possible, which means no negative
environmental impact. On the other hand, the use of solvents increases the E-factor, whereas this
represents part of the amount of waste and contamination generated in synthetic reactions. For this
reason, the use of ethyl acetate as solvent and acyl donor reduces the use of reactants, decreasing the
environmental impact as shown by the reduced E-factor.

As ethyl acetate proved to be the most promising solvent, this solvent/acyl donor was employed in the
subsequent steps. To investigate the in�uence of the reaction variables on the conversion to the epoxide,
a new reaction was performed with an increase on the molar ratio from 1 mmol to 2 mmol (beta-Pinene:
UHP) (1:1) and temperature ranging from 40 to 60°C. In addition, the reaction time has been reduced to
up 6 h in order to avoid product degradation, since no higher conversions were observed after this time.

Among the temperatures investigated, 40°C showed the highest conversion (Figure 2). The increase in the
molar ratio resulted in a conversion of 66% to the product of interest within 3 hours of reaction. At 50 and
60°C, there were obtained 63 and 51% product conversions, respectively, which indicates that the increase
in temperature led to lower conversion to the beta-Pinene epoxide. However, it was discovered that there is
no signi�cant statistical difference among the temperatures tested (Tables S4 and S5). In order to
promote energy economy and avoid product and/or substrate degradation, further experiments were
performed at the reduced temperature employed, 40°C.

It is known that N435 presents high activity in the range of 30 to 80°C and higher temperatures are
generally related to an increase in catalytic activity, but, for sure, it strictly depends on the reaction model
(Bornscheuer, 2006). In this study, the increase in temperature resulted in less conversion to the product
of interest within the conditions employed probably due to the degradation of the main product. It was
realized that temperatures above or equal to 50°C seems to accelerate the degradation of hydrogen
peroxide (Aouf et al., 2014), leading to water formation, which acts as a nucleophile for the β-pinene
epoxide hydrolysis, and hence, for by-products formation (Skuridou et al., 2003).

Several studies have already demonstrated that, within certain concentration limits, the increase in the
hydrogen peroxide percentage the conversion to the product raises, such as observed for alpha-pinene
epoxide, as an example. Otherwise, high UHP concentrations can inhibit the enzyme and cause oxidation
of amino acids, causing enzyme inactivation (Abreu et al., 2012). Therefore, the sum of mild temperature
conditions and a low molar ratio of beta-Pinene: UHP are ideal conditions for conducting the reaction, in
agreement with the model proposed by Abreu et al. (2012).

Taking into account the data observed, the molar ratio and temperature parameters were maintained,
while the in�uence of the amount of biocatalyst was evaluated. Comparing to the previous experiment
with 10% (w/v) of N435, a reaction with 20% (w/v) was now performed. The reaction time was conducted
in up to 3 h as the enzyme can be inactivated at a faster rate when exposed to peracid and hydrogen
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peroxide for longer times and therefore the reduction of reaction time can better preserves it (MEYER-
WAßEWITZ et al., 2017).

The results (Figure 3) show that the increases in the percentage of biocatalysts resulted in enhanced
conversion, obtaining nearly 80% to the epoxide product in 3 hours reaction. This result agrees with the
observed by Skouridou et al. (2003) to the alpha-pinene epoxidation, in which the increase in the
percentage of biocatalyst provided the enhancement in the conversion to the product in the �rst 3 hours.
This effect is due to the increase of peracid production, the limiting agent of the reaction, which shifts the
reaction equilibrium in direction to the product formation (Goud et al., 2006). Although, it is relevant to
highlight that excessive peracid production might lead to a more acidic medium, able to degrade the
epoxide and inactivate the enzyme (Aouf et al., 2014).

A Fractional Factorial Design (FFD) was designed to investigate the correlation of each independent
variable and their impact on the conversion to the desired product. For this, the independent variables:
molar ratio beta-Pinene:UHP, temperature, percentage of biocatalyst, and stirring were considered. In order
to calculate the experimental error, each independent variable was varied in two levels (Table 2), with
triplicate at the central point.

Interesting results and conversions were obtained from the FFD (Table S1), demonstrating that all
independent variables investigated had statistical signi�cance (p <0.05), as shown in Table 3. The model
presented an error (R2) of 0.92, indicating that 92% of the reaction model can be explained by the
variables considered. The model also presented a low error (0.25), indicating high reproducibility of the
data obtained.

Table 3
Effect of the independent variables by Fractional Factorial

Design statistical analysis
Factor Effect Error P

Mean/Interaction 81.30 0.13 0.000002*

Curvature 18.46 0.48 0.000687*

Stirring (rpm) 8.11 0.25 0.000970*

Temperature (°C) 8.21 0.25 0.000946*

Molar ratio (beta-pinene: UHP) 17.39 0.25 0.000211*

Enzyme (%) -1.40 0.25 0.030986*

* Statistically signi�cant at 95% of con�dence level.

As shown in Table 4, the variable with the highest impact on the epoxidation of β-pinene was the molar
ratio between beta-Pinene and UHP, followed by temperature and stirring. Although the percentage of the
enzyme presented a negative value (-1,40), it was quite minor, suggesting that the range considered for
this variable was already near the ideal. The same effect was observed by Ranganathan et al. (2016),
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which used the Taguchi’s method of Experiments Design, and demonstrated that hydrogen concentration
and substrate concentration were the variables with the higher impact in the biocatalytic epoxidation of
limonene.

In general, it was expected that increasing stirring speed favors mass transfer in biocatalytic reactions, so
enhancing the conversion to the product of interest. However, high agitation might generate a �uid shear
process, causing degradation of the biocatalyst solid support (Bhalerao et al., 2018). The range applied
(150-250 rpm) to this FFD showed a low effect, probably because it is already in the optimal stirring
speed range, favoring mass transfer without causing degradation.

The Table S1 summirizes the real and coded values of the independent variables (24−1) applied for the
Factorial Fractional Design (FFD). In entry 8 (Table S1), for example, when there were used the highest
temperature (60°C), the molar ratio 1:3, stirring speed 250 rpm, and percentage of the enzyme 30%, 95%
of conversion to the epoxide was obtained. Entries 9 (200 rpm, 50°C, molar ratio 1:2, and 20% (w/v) of
enzyme) and 6 (250 rpm, 40°C, molar ratio 1:3, and 10% (w/v) of enzyme) have shown similar
conversions: 93% and 90%, respectively. Even though entry 8 had the highest conversion, entries 9 and 6
have similar results using less biocatalyst, making the epoxidation reaction more economically feasible.

The application of the Fractional Factorial Design provided the background to the development of a
Central Composite Rotatable Design (CCRD), aiming to deeply understand the effect of the independent
variables and their in�uence on the β-pinene epoxidation. The variables with positive impact (molar ratio,
stirring) had the values increased in the CCDR, while the percentage of the enzyme, that showed a
negative impact, the new values attributed were less than in DFF. Despite the positive impact of
temperature, the interval was not modi�ed due to technical limitations of the equipment used. The CCRD
was designed with 16 factorial points, 8 axial points, and 3 center points.

CCRD results have shown that solely the independent variable enzyme amount does not exhibit a
statistical signi�cance in the biocatalytic synthesis of the epoxide of interest, in agreement with the
previously visualized in the FFD. It corroborates that the model is already being conducted with an ideal
mass of biocatalyst. Also, regarding the impact of the other three independent variables, it was observed,
by the Pareto's Graphic (Figure S2), that they signi�cantly in�uence the process (p<0.05), in this order and
magnitude: temperature (-24.0820) > stirring (+10.5425) > molar ratio (-7.8835). This result differed from
the obtained by FFD, which might be caused by the higher range applied, showing the relevance of
combined experimental planning designs.

The analysis of variance (ANOVA) also shows the magnitude of the model, in which the F calculated
(13.2) showed to be higher than F tabulated (2.6), supporting the experimental validity. The model also
demonstrated higher conversions using less biocatalyst, as seen in entries 9 and 19, which achieved
92.7% of β-Pinene epoxide using 20% w/v and 15% w/v of biocatalyst, respectively. Also, it is important to
highlight that both entries were conducted in mild temperatures (45°C and 40°C) and with a molar ratio of
2,5 and 3.0, respectively.
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It was observed that the temperature and molar ratio had a negative impact on the model. In this context,
it’s important to highlight that higher conversions (>90%) were obtained at mild temperatures (45°C) and
using a molar ratio in the range of 1:2.5-1:3.5. These results are demonstrated by the Surface response
graphic (Figure 4). The impact of the molar ratio was close to zero, indicating that the values are already
near the ideal, which means that the reaction can be conducted using these conditions and resulting in
high conversions. The reduction in the use of UHP is also important to maintain the viability of the
biocatalyst since a high concentration of this oxidant agent can induce degradation.

The only independent variable with a positive impact was the stirring (+10.54). The agitation speed is
important in heterogeneous catalysis since it favors the mass transfers and the progression of the
reactions to form the product of interest. As observed by Sun et al.(2011), the increase of stirring speed
from 150 rpm to 300 rpm increased oxirane percentage formation. The same can be seen for the
proposed model, in which the increase of stirring speed results in the improvement of conversion, in the
range applied in the study. The response surface graphic (Figure 5) demonstrates that the increase of
stirring and the reaction in mild temperatures result in conversions around 100%.

In order to evaluate the kinetics parameters of the reaction, the UHP concentration was ranged between
0.25 to 4 mmol, while the temperature (40°C), percentage of biocatalyst (20%w/v), and stirring (250 rpm)
were kept constant. From these reactions there were determined the initial rate (Table 3), the maximum
speed (Vmax of 10.7 mmol.min−1, Table S7 and Figure S1), and the Michaelis-Menten constant (Km of
30.1 mmol, Figure S1).

Table 4
Kinetics parameters of beta-Pinene epoxidation reaction with different UHP concentrations

UHP concentration (mmol) Initial rate, V0 (mmol. min−1) Conversion (%)

0.25 8.88.10−2 22

0.5 0.103 35

1 0.321 52

2 0.642 77

3 0.752 88

4 3.73 78

Epoxidation reaction conditions: 2 mmol of β-Pinene, 0.25 to 4 mmol of UHP, 20% (w/v) of
Novozym®435, in 3 mL of ethyl acetate, 250 rpm and 40°C for 3 h. Reactions were conducted in
duplicate.

The results (Table 4) show that the highest conversion was obtained when 3 mmol of UHP was applied,
being possible to reach 88.3% of the epoxidated product. Although, its initial rate (V0) was lower than
when employing 4 mmol of UHP. Despite this condition (4 mmol of UHP) presented a higher initial rate
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(V0), the speed was not conserved throughout the process. The same effect was also described by Salvi
and Yadav (2020) on the kinetics of limonene epoxidation using hydrogen peroxide and octanoic acid as
acyl donor. With the increase of the concentration of oxidizing agent, the reaction rate decreased over
time. The UHP concentration of 4 mmol exceeds the limit proposed by Mashhadi et al. (2018), which
demonstrated that for each 1 mmol of fatty acid, 1.61 mmol of an oxidizing agent should be used, which
may have caused enzymatic inactivation. Also, these results can be compared with Ranganathan and
Sieber (2017), that also used ethyl acetate as an acyl donor in the epoxidation reaction of alpha-pinene,
molar ratio of 0.2:7.5 (alpha-pinene:H2O2) and 40 mg of N435, resulting in a rate of 5.49×10−4

mmol·min−1·mg−1. Although alpha-pinene is more reactive than beta-pinene, because of the higher degree
of double bond substitution (Swern, 1947), the reaction presented a slower reaction rate, indicating that
the excess of hydrogen peroxide is, probably, reducing the activity of the enzyme.

4. Conclusion
The work demonstrated that ethyl acetate was the ideal solvent to conduct the reaction, among the tested
solvents, due to the ability to act as a solvent and an acyl donor. Furthermore, when applied metrics of
green chemistry, the dual activity of ethyl acetate makes this solvent more environmentally friendly, as
can be seen by the high Atomic Economy and low E-value. After this, it was evaluated the unifactorial
impact of independent variables, by increasing the molar ratio, the percentage of biocatalyst, and the
temperature. So, by the increase of biocatalyst and the molar ratio, the conversion increased to 80% of
the product after 3 hours of reaction. The kinetics parameters also demonstrated that the enzyme has a
high a�nity to the substrate (hydrogen peroxide) and can reach high conversion rates in only a few
minutes of reaction, as can be seen by the V0, Km and Vmax parameters. To better understand the
correlation between these variables, an FFD was proposed to evaluate four independent variables
(stirring, temperature, molar ratio, and percentual of biocatalyst), which demonstrated that all were
statistically and with different rates of impact. Then the model continued to be optimized using a CCRD
that considered these independent variables, which resulted in an optimized model with entries that
achieved conversions in the range of good to excellent (30-92.7%).
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Figure 1

Biocatalytic epoxidation of beta-Pinene mediated by Novozym®435.



Page 16/17

Figure 2

Biocatalytic reaction of beta-Pinene to produce β-pinene epoxide (%) at different temperatures over time.
Epoxidation reaction conditions: molar ratio 1:1 (beta-Pinene: UHP), the concentration of 2 mmol of beta-
pinene, 10% (w/v) of Novozym®435, in 3 mL of ethyl acetate, 250 rpm and 40, 50 or 60°C for 6 h.
Reactions were conducted in duplicate. 

Figure 3

Biocatalytic reaction of beta-Pinene to produce β-pinene epoxide (%) with different biocatalyst amounts
over time. Epoxidation reaction conditions: molar ratio 1:1 (beta-Pinene: UHP), the concentration of 2
mmol of beta-Pinene and 2 mmol of UHP, 10 or 20% (w/v) of Novozym®435, in 3 mL of ethyl acetate, 250
rpm and 40°C for 3 h. Reactions were conducted in duplicate. Control reactions without enzymes did not
result in an epoxidated product.

Figure 4

Response surface for the epoxidation reaction catalyzed by N435 in function of the molar ratio and
temperature.

Figure 5
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Response surface for the epoxidation reaction catalyzed by the N435 in function of the temperature and
stirring.
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