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ABSTRACT. Many food, cosmetic and pharmaceutical industries have increased their interest in short-
chain esters due to their flavor properties. From the industrial standpoint, enzyme reactions are the most
economical strategy to reach green products with neither toxicity nor damage to human health. Isoamyl
butyrate (pear flavor) was synthesized by isoamyl alcohol (a byproduct of alcohol production) and butyric
acid with the use of the immobilized lipase Lipozyme TL IM and hexane as solvents. Reaction variables
(temperature, butyric acid concentration, isoamyl alcohol:butyric acid molar ratio and enzyme
concentration) were investigated in ester conversion (%), concentration (mol L!) and productivity (mmol
ester g'! mixture . h), by applying a sequential strategy of the Fractional Factorial Design (FFD) and the
Central Composite Rotatable Design (CCRD). High isoamyl butyrate conversion of 95.8% was achieved at
24 hours. At 3 hours, the highest isoamyl butyrate concentration (1.64 mol L'!) and productivity (0.19 mmol
ester g'! mixture . h) were obtained under different reaction conditions. Due to high specificity and
selectivity of lipases, process parameters of this study and their interaction with the Lipozyme TL IM are
fundamental to understand and optimize the system so as to achieve maximum yield to scale up. Results
show that fusel oil may be recycled by the green chemistry process proposed by this study.
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Introduction

Although flavors may be produced via chemical syntheses, resulting products cannot be legally labeled as
natural ones. With the emergence of green chemistry as an alternative to conventional chemical methods,
biocatalysis has gained significance in the industrial biotechnology sector (Raghavendra, Panchal, Divecha,
Shah, & Madamwar, 2014). An alternative synthesis of flavor esters is biocatalysis with the use of enzymes as
catalysts (Barros, Azevedo, Cabral, & Fonseca, 2012).

Lipases (triacylglycerol hydrolase, EC 3.1.1.3) catalyze the hydrolysis of fats. Specificity and selectivity of
lipases are controlled by several factors (Khan et al., 2017). Under appropriate working conditions, lipases are
very active in esterification, alcoholysis and transesterification reactions (Sun & Liu, 2015). To lower enzyme
costs, some strategies, such as the use of agricultural and industrial residues as substrate for microbial
production of biocatalysts and immobilization of molecules to increase enzyme lifetime and stability, can be
applied (Oliveira, Watanabe, Vargas, Rodrigues, & Mariano, 2012).

Bioconversion in organic solvent media is very attractive, since it allows increase in reagent solubility,
besides making recovery of products easier. In addition, bioconversion typically has high product yields and
high enzyme stability (Perkins, Siddiqui, Puri, & Demain, 2016). Catalytic activity of lipases is strongly
influenced by the nature and polarity of organic solvents (Shieh & Chang, 2001). Using hydrophobic solvents in
the synthesis of flavor esters reduces inhibitory effects of short-chain aliphatic reactants on enzyme structure and
increases solubility of non-polar reactants and products (Corradini et al. 2017; Shieh & Chang, 2001).

Fusel oil has been used as raw material in the synthesis of short-chain esters catalyzed by enzymatic
methods (Kirdi, Ben Akacha, Messaoudi, & Gargouri, 2017). Skill of lipases in the synthesis of aroma esters
by esterification, with the use of fusel oil as a precursor, was studied by some authors (Giiveng, Kupucu,
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Kupucu, Aydogan, & Mehmetoglu, 2007; Anschau et al., 2011; Sun, Chin, Yu, Curron, & Liu, 2013; Vilas-Boas,
Biaggio, Giordani, & de Castro, 2017).

Optimization plays a significant role in the commercial success of the biotechnological industry based
on quality, cost and process. Only few studies have optimized production of isoamyl butyrate by different
lipases (Hari Krishna, Manohar, Divakar, & Karanth, 1999; Macedo, Pastore, & Rodrigues, 2004; Anschau
etal., 2011; Todero et al., 2015). So far, no study has simultaneously evaluated production and optimization
of the synthesis of isoamyl butyrate from fusel oil with the use of the immobilized lipase Lipozyme TL IM
in organic media.

Considering the high demand and benefits, an optimized process with high yields in the synthesis of
isoamyl butyrate is very important. This study aimed to optimize conditions, in terms of enzyme
concentration, temperature, acid butyric concentration and alcohol/acid molar ratio, of the synthesis of
isoamyl butyrate with immobilized lipase in organic media, by applying a sequential strategy of the Fractional
Factorial Design (FFD) and the Central Composite Rotatable Design (CCRD).

Material and methods

Material

Commercial Lipozyme TL IM (Thermomyces lanuginosus, immobilized on noncompressible silica gel) was
provided by Novozymes (Bagsveerd, Denmark) and employed as a biocatalyst in this study. All chemicals were
of analytical grade. Fusel oil was distilled to yield purified isoamyl alcohol.

Synthesis of esters

The enzymatic reaction was conducted in a 100 mL stoppered flask with 40 mL n-hexane (Aragao, Porto,
Burkert, Kalil, & Burkert, 2011) as working volume and glass beads. Different concentrations of butyric acid,
isoamyl alcohol and enzyme were added, depending on experimental conditions. Reactions were performed
at 180 rev min. (incubator model TE-420; Tecnal, Piracicaba, Brazil) at different temperatures (30-50°C), as
shown in Tables 1 and 2.

Experimental design and optimization

The 2v*! FFD - with four central points and 12 experiments — was used to study the synthesis of esters.
Variables under study were enzyme concentration, temperature, butyric acid concentration (BA) and
alcohol:acid molar ratio (MR). Table 1 shows the independent factors, levels (coded and uncoded values) and
respective responses.

Based on the FFD results, a second factorial design was studied in order to optimize variables levels in the
synthesis of esters (Table 2). The 2 CCRD, with 8 axial points, four central points and 28 trials, was used to
obtain a quadratic model. Factors and levels selected for the CCRD of the synthesis of esters were as follows:
temperature (30-50°C), enzyme concentration (5-30 g L!), butyric acid concentration (0.1-1.3 mol L!) and
alcohol:acid molar ratio (1:1-5:1). All trials were randomly conducted and the order was described in the first
columns of Tables 1 and 2.

Experimental data (Table 2) were analyzed by the response surface regression procedure to fit the
quadratic polynomial Equation 1, which predicted optimized parameter conditions, and to estimate
interaction among parameters:

Y =B+ Z Bix; + Z Bii x5 + Z.Bijxixij +e€ Q)

where:

Y is the response,

xi and xj are independent parameters,

Bo, Bi, Bii and B are constant coefficients of linear, quadratic and interaction effects,

respectively, x; and x; are linear terms,

x% is the quadratic term

and ¢ is the random error (residual term) (Talat, Prakash, & Hasan, 2009). All results were analyzed by the
Statistica software program version 7.0 (Statsoft, Inc., Tulsa, OK, USA).
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Determination of percentage yield, ester concentration and productivity

Samples of experiments were withdrawn at different time intervals (0, 3, 6, 18, 21 and 24 hours).
The yield was monitored by titration in order to estimate decrease in acid content (Anschau et al.,
2011). Isoamyl butyrate concentration (mol L™') and productivity (mmol ester g'! mixture. h) were
determined as described by Giivenc et al. (2007).

Results and discussion
21V4_1 FFD
Effect of parameters on percentage yield

Experiments submitted to the 2y*! FFD were carried out with three values of each independent variable
(Table 1). The synthesis was performed before 24 hours. Estimate of the main effect was obtained by
evaluating differences in the process caused by a change from low (-1) to high (+1) levels of the corresponding
variable (Burkert, Kalil, Maugeri Filho, & Rodrigues 2006; Rodrigues & Iemma, 2014).

Figure la shows relations among factors under study and yields. The synthesis exhibits positive effect
when temperature, enzyme concentration and MR increase 18, 43 and 17%, on average, respectively, from the
lowest to the highest levels (at 6 hours). No significant increase was observed in most trials after 6 hours
(Figure 1a). Acid concentration had negative effect, which resulted in reduction of 39% at 6 hours, a fact that
shows the importance of using low levels of acid and alcohol concentrations.

Trial 6 reached the lowest response (30.2%) at 18 hours with enzyme concentration and MR at level -1 and
temperature and BA at level +1 (Table 1). Only variable MR at 3 hours had no statistically significant effect (p
<0.10), while the other variables exhibited statistically significant effect in the synthesis (Figure 1a). Changes
in temperature, enzyme concentration and MR, from level -1 to level +1, increased response, while increase
in BA reduced conversion.

The central points (trials 9, 10, 11 and 12, in Table 1) reached 95% yield at 18 hours. A similar result (94%)
was reached at the same reaction time by a previous study which used commercial isoamyl alcohol, at 50°C,
0.1 mol L' BA, 20 g L't enzyme, MR of 3:1 and agitation at 180 rev min."! (Anschau et al., 2011). By comparison
with other studies, this study obtained very satisfactory results of yields in the synthesis of flavor in much
less time. Gamayurova, Shnaider and Jamai (2017) studied the esterification of fusel oil alcohols by butyric
acid in the presence of pancreatic lipase and lipase from Candida rugosa yeast. High yield (~94.0%) was
obtained at 24 hours, 30°C, when the acid/alcohol molar ratio was 1.0:(2.0-2.5) and the enzyme concentration
was 10 g L'l. Macedo et al. (2004) achieved maximum ester yield (75%) at 40°C, with 5.5% (w w!) of enzyme
and MR of 1.5:1 after 48 hours. In another study, yield reached 80% at 30°C, with 0.06 mol L'! BA, 3 g L*!
enzyme and MR of 1:1 at 180 rev min.™! (Aragao et al. 2011).

Trial 8 (Table 1) reached the highest ester concentration (0.95 mol L!) at 18 hours, in which all variables were
at the high level (+1). Isoamyl butyrate concentration was below 0.50 mol L' in the other trials. The lowest
concentration (0.19 mol L') was observed in the trial with low BA (level -1). The reaction reached equilibrium in 6
hours and hydrolysis was not observed at any MR under study for 24 hours. All parameters had positive effect on
the synthesis when there was increase from the lowest levels to the highest ones (p < 0.10), as shown in Figure 1b.

Table 1. Coded levels and real values (in parentheses) of variables in the 2iv*! FFD and maximum responses.

Trial Variables Maximum Responses
T (°C) E(gL?) BA (M) MR PE (%) EC (molL') P (mmolg'. h)
1 -1 (30) -1(3) -1(0.1) -1(1:0) 71.1 0.10 0.01
2 +1(50) -1(3) -1(0.1) +1(3:1) 92.2 0.19 0.04
3 -1 (30) +1(20) -1(0.1) +1(3:1) 91.5 0.13 0.03
4 +1 (50) +1(20) -1(0.1) -1(1:1) 914 0.19 0.06
5 -1 (30) -1(3) +1(0.5) +1(3:1) 49.9 0.22 0.01
6 +1 (50) -1(3) +1(0.5) -1(1:1) 30.2 0.29 0.01
7 -1 (30) +1 (20) +1(0.5) -1(1:1) 475 0.21 0.05
8 +1 (50) +1(20) +1(0.5) +1(3:1) 95.3 0.95 0.15
9 0 (40) 0(11.5) 0(0.3) 0(2:1) 96.6 0.39 0.12
10 0 (40) 0(11.5) 0(0.3) 0(2:1) 93.7 0.22 0.07
11 0 (40) 0(11.5) 0(0.3) 0(2:1) 95.4 0.41 0.13
12 0 (40) 0(11.5) 0(0.3) 0(2:1) 96.1 0.51 0.14

ORP: order in which runs were performed; T: temperature; E: enzyme concentration; BA: butyric acid concentration; MR: alcohol:acid molar ratio; PE:
percent esterification; EC: ester concentration; P: productivity
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Figure 1. Effects of temperature (T), enzyme concentration (E), butyric acid concentration (BA), and alcohol:acid molar ratio (MR) on
percent esterification (a), ester concentration (b) and ester productivity (c).

Effect of parameters on ester concentration

A previous study achieved higher isoamyl butyrate concentration, but with commercial isoamyl alcohol,
at 50°C, 20 g L' enzyme, 0.5 mol L' BA and MR of 1:1 (Anschau et al. 2011). Giiveng¢ Kapucu, and Mehmetoglu,
(2002) investigated the effect of temperature, enzyme concentration and MR in the synthesis of acetate
isoamyl in an organic solvent-free system. The authors used 7.5% (g enzyme g! substrates, w w'!) of enzyme
at 30°C and MR of 2:1 to reach ester concentration of 3.04 mmol g! and 81% of yield.

Effect of parameters on ester productivity

Trial 8 reached the highest ester productivity (0.15 mmol ester g! mixture . h) at 6 hours of synthesis
(Table 1), the same period of ester concentration. In the other trials, maximum productivity was achieved at
3 hours. Effects of parameters are shown in Figure 1c. From the lowest to the highest levels, all variables under
analysis had positive effect. Temperature and enzyme concentration exerted the highest influence on
productivity while BA and MR were the parameters with the lowest influence on the synthesis of esters.

Gilivenc et al. (2002) evaluated isoamyl acetate productivity by using Novozym 435 lipase. Their results
were similar to the ones of this studyj, i. e., they found increase in productivity from 0.325 to 1.374 mmol g.
h and increase in enzyme concentration from 2.5 to 10% w w'!, at 30°C, MR of 2:1, at 150 rev min.™!.

Based on results of the FFD given to the three responses, the same variables were studied by the 2* CCRD
(Table 2). Although the temperature showed positive effect on responses under study, this variable was set at
the same level because of the enzyme denaturation risk. The level of BA was expanded: although negative
effect was found on ester conversion yield, the other responses had positive effects. Due to positive effects
shown on the three responses, levels of lipase and isoamyl MR were expanded.

2¢ CCRD
Yield maximization

The CCRD allowed us to evaluate the main variables of the enzymatic reaction. About 95% of conversion
was obtained. Trial 2 reached the highest yield (95.8%) at 24 hours with enzyme, BA and MR at level —1 and

Acta Scientiarum. Biological Sciences, v. 43, €54966, 2021



Aroma production with the use of lipases Page 5 of 13

temperature at level +1 (Table 2). In trial 20, with BA at level +2 (1.3 M), the yield reached only 30.9%. The
lowest response was found in trials 4 and 12 (14.2 and 9.7%, respectively), at 45°C, with 11.25 g L"! enzyme
and 1 M BA; MR ranged from 2:1 to 4:1, respectively (Table 2). At low enzyme concentrations, the MR did
not affect the response. At the same reaction conditions used in trial 12, but with increase in the enzyme
concentration to 23.75, trial 16 (with all variables at level +1) reached 44.9% of yield. Trial 15 differed from
trial 16 only at the temperature level and reached 90.2% at 35°C. Results show that very good conversions
can be achieved when work is carried out at room temperature, since it reduces energy production costs.

Table 2. Coded levels (real values) of variables in the 2* CCRD and maximum responses.

Variables Maximum Responses
ORP Trial T BA E PE EC P
MR
(9] o)) &Lh (%) (mol L'Y (mmol g™'. h)
14° 1 -1 (35) -1(0.4) -1(11.25) -1(2:1) 78.7 0.50 0.06
23° 2 +1 (45) -1(0.4) -1(11.25) -1(2:1) 95.8 0.70 0.12
2° 3 -1(35) +1(1.0) -1(11.25) -1@2:0) 93.4 0.58 0.06
3° 4 +1 (45) +1 (1.0) -1(11.25) -1(2:1) 14.2 0.26 0.01
6° 5 -1 (35) -1(0.4) +1(23.75) -12:1) 94.1 0.35 0.11
12° 6 +1 (45) -1(0.4) +1 (23.75) -1(2:1) 94.9 0.74 0.19
15° 7 -1 (35) +1 (1.0) +1(23.75) -1(2:1) 94.8 1.12 0.08
21° 8 +1 (45) +1 (1.0) +1(23.75) -12:1) 92.7 1.64 0.08
19° 9 -1(35) -1(0.4) -1(11.25) +1(4:1) 92.5 0.27 0.06
5° 10 +1 (45) -1(0.4) -1(11.25) +1 (4:1) 92.8 0.72 0.05
28° 11 -1 (35) +1 (1.0) -1(11.25) +1(4:1) 39.8 0.38 0.02
24° 12 +1 (45) +1 (1.0) -1(11.25) +1 (4:1) 09.7 0.17 0.02
1° 13 -1(35) -1(0.4) +1(23.75) +1(4:1) 90.5 0.30 0.10
11° 14 +1 (45) -1(0.4) +1(23.75) +1 (4:1) 92.7 0.69 0.11
8° 15 -1 (35) +1 (1.0) +1(23.75) +1 (4:1) 90.2 0.79 0.05
7° 16 +1 (45) +1(1.0) +1 (23.75) +1 (4:1) 44.9 0.78 0.03
26° 17 -2 (30) 0(0.7) 0(17.5) 0(3:1) 93.2 1.13 0.06
27° 18 2 (50) 0(0.7) 0(17.5) 0(3:1) 93.2 1.08 0.20
9° 19 0 (40) -2(0.1) 0(17.5) 0(3:1) 93.2 0.15 0.05
13° 20 0 (40) +2 (1.3) 0(17.5) 0(3:1) 30.9 0.57 0.03
20° 21 0 (40) 0(0.7) -2(5) 0(3:1) 39.0 0.31 0.05
18° 22 0 (40) 0(0.7) +2 (30) 0(3:1) 90.8 0.69 0.16
22° 23 0 (40) 0(0.7) 0(17.5) -2(1:1) 90.9 0.94 0.09
17° 24 0 (40) 0(0.7) 0(17.5) +2 (5:1) 90.6 0.44 0.03
10° 25 0 (40) 0(0.7) 0(17.5) 0(3:1) 92.4 0.55 0.06
25° 26 0 (40) 0(0.7) 0(17.5) 0(3:1) 92.3 0.42 0.07
4° 27 0 (40) 0(0.7) 0(17.5) 0(3:1) 92.2 0.80 0.05
16° 28 0 (40) 0(0.7) 0(17.5) 0(3:1) 92.4 0.56 0.08

ORP: order in which runs were performed; T: temperature; E: enzyme concentration; BA: butyric acid concentration; MR: alcohol:acid molar ratio; PE:
percent esterification; EC: ester concentration; P: productivity.

Results of this study were compared to the ones of previous studies reported in the literature regarding
the synthesis of flavor esters by esterification reaction, including isoamyl butyrate. According to Macedo et
al. (2004), increase in the alcohol concentration up to 4:1 resulted in decrease in isoamyl butyrate yield of
18.45%, after 48 hours of synthesis. On the other hand, enzyme concentrations up to 10% (w w!) increased
the yield to 32.2%. Vilas-Boas et al. (2017) studied the esterification reaction of isopentanol obtained from
fusel oil with caprylic acid in solvent-free medium. The authors reached 82% of conversion of isopentyl
caprylate using immobilized lipase and stated that reaction temperature of 45°C with the use of excess
caprylic acid (molar ratio fusel oil to caprylic acid of 1:1.5) increase ester conversion.

Hari Krishna et al. (1999) reported the optimization of the synthesis of esters catalyzed by immobilized
Mucor miehei lipase (Lipozyme IM-20). Under optimal conditions, ester conversion of 98% was reached at 1 M
acid and 1.25 M alcohol in hexane medium after 60h of reaction. In another study, Mucor sp. crude lipase
preparations from Rhizopus sp. and Geotrichum sp. were also tested in the synthesis of esters in a solvent-free
system (Todero et al., 2015). Conditions that maximize the reaction were determined by the CCRD and
maximum ester conversions of 30.8 and 76% were observed after 48 hours in esterification reactions catalyzed
by Geotrichum sp. and Rhizopus sp. lipases, respectively. In an interesting study, Bansode and Rathod (2014)
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reported the application of ultrasound irradiation to improve the synthesis of this ester catalyzed by Novozym
435 (Candida Antarctica lipase). Results showed significant increase in ester conversion in the ultrasonic
assisted reaction, by comparison with the one carried out by a conventional stirred reactor. Under optimal
conditions, ester conversion of 96% was reached after 3 hours of reaction performed with 0.16 M butyric acid
and 0.33 M isoamyl alcohol in heptane medium.

Porcine pancreatic immobilized lipase (PPL) was used in the synthesis of butyl butyrate (pineapple
flavor) (Silva et al., 2014). Factors that influence the reaction were optimized by the CCRD. Maximum
ester conversion around 93% was reached after 2 hours of reaction performed at 250 mM of each
substrate. Todero et al. (2015) synthesized isoamyl butyrate using immobilized Thermomyces lanuginosus
lipase in a non-aqueous medium. Under optimal experimental conditions (biocatalyst concentration of
30% m vl 45°C, agitation of 240 rpm and molecular sieve concentration of 40% m v'!), maximum ester
conversions around 96 and 76% were reached with 500 and 2000 mM substrate concentration,
respectively.

Generally, increments in BA are lower than the esterification capacity of enzymes, as observed in the
synthesis of flavors, such as isoamyl isovalerate (Chowdary, Ramesh, & Prapulla, 2000), isoamyl acetate (Hari
Krishna & Karanth, 2001) and ethyl esters of short-chain fatty acids (Gawas, Lokanath, & Rathod, 2018). Low
conversions reported at high BA may be explained either by the inhibition by high acid or alcohol
concentrations or by water accumulation in the synthesis, favoring hydrolysis. Alcohols are inhibitors of acids
and lipases, resulting in acidification of the medium and enzyme inactivation (Chowdary et al., 2000). Hari
Krishna and Karanth, (2001) also confirmed enzyme inactivation in investigations into enzyme activity
recovered after the end of the reaction, which proved that lipase incubated with 2 M BA did not show any
appreciable esterification activity after recovery.

Enzyme concentration is an important response in the esterification of fatty acid esters. The positive effect
shown by enzyme concentration on butyric ester production observed by this study is in accordance with
other studies which produce flavor esters with the use of lipases (Aragao et al. 2011; Ates, Tiirk, Bayraktar, &
Gilivenc, 2013; Rodriguez-Nogales, Roura, & Contreras, 2005).

The mathematical model obtained after fitting the function to the data may not describe experiments
adequately. To verify the statistical validity and the lack-of-fit of models, Fisher F-tests were performed
and the ANOVA was carried out in the first order model or linear model (1 to 16 trials more central points
25 to 28 trials) and the second order model or quadratic model (1 to 28 trials). To evaluate whether the
mathematical model satisfactorily fits observed data, residuals need to be checked first. In a study of
residuals, many types of misfits of the model can be discovered. To verify the validity of the model, a
significance test of regression should follow, to compare regression variance with residual one. The
quadratic model construction for yield (percent esterification — PE) was found to be predictive, with
significant value 2.9-fold higher than the tabular value of F and satisfactory regression coefficient (Table
3). It shows that the model (Equation 2) is well fitted by the experimental data. Significant effects are
highlighted in bold and non-significant parameters (p > 0.05) were added to lack-of-fit in the analysis of
variance.

PE(%) = 92.32 - (5.68xT) - (0.11xT%) - (15.70xBA) - (7.90xBA?) @
+ (11.73%E) -(7.19xE?) - (4.42xMR) - (0.73xMR?) - (11.07xTxBA)

A model fits experimental data well if it shows significant regression and non-significant lack-of-fit. Most
variation observed should be described by the regression equation while remaining variation will certainly be
due to residuals. Residuals are mostly related to the random fluctuation of measurements (pure error), rather
than lack-of-fit, which is directly related to the quality of the model.

The analysis of variance provides information not only on the accuracy of the fit but also on its
significance. In the process of model fitting, sums of squares are calculated for each factor and for residuals.
On the basis of the calculated F-value, the coefficient degree of freedom and the residual degree of freedom,
minimal significant F-value and p-value can be acquired from statistical tables (Witek-Krowiak, Chojnacka,
Podstawczyk, Dawiec, & Pokomeda, 2014).
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Table 3. ANOVA in the CCRD for responses of percent esterification (PE), ester concentration (EC) and ester productivity (EP).

Page 7 of 13

Order

Source of

Response model Variation SQ DF MS F-value R R?
Reg 12226.33 10 1222.6 4.6 0.91 0.83
Res 2410.76 9 267.9
First L.f. 2410.74 6 401.8
P.E. 0.03 3 0.009
PE Total 14637.09 19
Reg 17386.06 14 1222.6 7.4 0.94 0.88
Res 2182.00 13 267.9
Second L.f. 2182.56 10 218.25
P.E. 0.03 3 0.009
Total 19568.06 27
Reg 1.88 10 0.19 6.0 0.93 0.87
Res 0.28 9 0.03
First L.f. 0.21 6 0.03
P.E. 0.07 3 0.02
EC Total 2.16 19
Reg 2.72 14 0.19 6.7 0.93 0.87
Res 0.38 13 0.03
Second L.f. 0.30 10 0.03
P.E. 0.07 3 0.02
Total 3.09 27
Reg 0.030 10 0.003 9 0.95 0.90
Res 0.003 9 3x10*
First L.f. 2x1073 6 4x10*
P.E. 5x10* 3 1x10*
EP Total 0.033 19
Reg 0.051 14 0.004 4.3 0.90 0.81
Res 0.011 13 8x10™
Second L.f. 0.01 10 1x1073
P.E. 5x10™ 3 1x10*
Total 0.062 27

Reg: Regression. Res: Residual. L.f.: Lack of fit. P.E.: Pure error. R: Regression coefficient. SQ: Sum of squares. DF: Degree of freedom. MS: Mean Square.
Fo.os; 10,00 3.14; Fo0s;1413: 2.55.

Based on Equation 2, contour plots were built (Figure 2). Low BA at low temperature increases yield (Figure
2a). Low MR is also required to obtain high yield at low temperature (Figure 2b). In contrast, at fixed BA and
MR, conversion rises with high (0 and 1 level) enzyme concentration (Figure 2c) and low temperature (-2
level). Figure 2d shows effects of enzyme and BA on yield. When BA was high (+2 level), conversion hardly
occurred at low enzyme concentration; it may have happened due to substrate inhibition or enzyme
denaturation. Acids may lead to enzyme inactivation due to acidification of the reaction. Shieh and Chang
(2001) reported that high substrate molar ratio decreased percentage yield due to lipase inhibition by
production of acetic acid from triacetin release.

Temperature normally affects various equilibrium processes of the esterification synthesis, including
alcohol, acid and ester binding, solubility and partitioning of the acid between the micro-aqueous enzyme-
water-solvent interface and the dissociation equilibrium of the acid (Hari Krishna et al., 1999). While the
binding equilibrium decreases with increase in temperature, acid dissociation and solubility increase with
temperature, resulting in unfavorable esterification conditions.

When low BA (-2 level) with high MR (+2 level) and high enzyme concentration (+1 level) with low MR
(Ievel - 2) were used, higher response was achieved (Figure 2e and Figure 2f). Considering resulting contour
plots, conditions to maximize the yield were 17.5 to 23.7 g '! (0 and +1) enzyme, 0.1 M (level —-2) BA, 30-35°C
(level 0 and —1) and MR of 1:1 (level -2).

Ester concentration maximization

Trial 8 resulted in the highest flavor ester concentration (1.64 mol L-!) at 24 hours (Table 2) in which
temperature, enzyme concentration and BA were at level +1 and MR was at level —1. This result was
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slightly lower than the highest ester concentration achieved by the FFD. Trial 19 reached the lowest
ester concentration (0.15 mol L) even with high yield (93.2%). The importance of MR on flavor ester
concentration can be observed in trials 23 and 24, which varied MR from level -2 to +2 with the other
variables at central point, reaching 0.44 and 0.94 mol L™!, respectively. Temperature was the variable
with less influence on ester concentration, reaching 1.13 and 1.08 (level -2 and +2, respectively).
Butyric acid showed positive effect on ester concentration when levels ranged from -2 and +2 (0.15 to
0.57 mol L'}, respectively), although it resulted in less yield (93.2 and 30.9%, respectively) at the same
levels of BA.

(b)
1.3
a
5 3
= 1.0 [
= =
E 3
. -
S E
w [=]
04 o
g =
5] | Ee
0.1 B < s
3 <52 30 35 40 45 50 Il <100
30 35 40 45 505<:a B <30
Temperature (°C)
Temperature (°C)
(<) @
30 = .
== <
=) g
2 S
ol &
=) B
i z
= (=]
£ 175 8
Y <
g 112 =
5 = £
= <100 E]
= B <50 A o
50 . I <60 50 112 175 237 3oo0M<®
30 35 40 45 50 [ <40 : y -ﬂfﬂ
Temperature (°C) O<» Enzyme Concentration (gL~ EE <20
(e)
51
2 o
e =
B 2 41
[=] o]
= o
= =
= g 3:1
E 5
g - £ 21
< <100
Il <50 % . <10
— 4 <
B < 40 11 i <0
0.1 0.4 0.7 1.0 13 <2 5.0 11.2 175 237 300 E<#»
Butyric Acid Concentration (M) Enzyvme Concentration (g LY

Figure 2. Contour curves of effects in the percent esterification — PE (%) of (a) temperature X butyric acid concentration (enzyme
concentration and alcohol:acid molar ratio at level 0); (b) temperature X alcohol:acid molar ratio (enzyme concentration and butyric
acid concentration at level 0); (c) temperature X enzyme concentration (alcohol:acid molar ratio and butyric acid concentration at level
0); (d) enzyme concentration X butyric acid concentration (alcohol:acid molar ratio and temperature at level 0); (e) butyric acid
concentration X alcohol:acid molar ratio (enzyme concentration and temperature at level 0); and (f) enzyme concentration X
alcohol:acid molar ratio (butyric acid concentration and temperature at level 0).

The analysis of the main effects throughout the synthesis showed that no variable (at the levels under study)
had any significant effect. However, when the analysis was performed with the maximum value of each trial, flavor
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ester concentration increased on average 0.30 mol L ™! when temperature was increased from 30 to 50°C. Besides,
when MR increased from 1:1 to 5:1, ester concentration increased on average 0.26 mol L.

In the analysis of variance, the resulting model was predictive for the linear and quadratic regression
(with the same R? value) and with statistically significant values, higher than tabular values of F (Table
3). However, the ratio F-value/Ftab was higher in the quadratic model (2.6x) than in the linear model
(1.9x). Thus, the second order model (Equation 3) was used to fit the experimental data. Significant
effects are highlighted in bold and parameters that were not significant (p > 0.05) were added to lack -of-
fit in the analysis of variance.

1
EC (%) = 0.58 + (0.05%T) + (0.12xT?) + (0.09xBA) - (0.06xBAZ)

+(0.15xE) -(0.03xE?) - (0.12xMR) + (0.02xMR?) - (0.09xTxBA) )

+(0.07xT=E) -(0.01xTxMR) + (0.19xBAxE) - (0.07xBAxMR) - (0.05xExMR)

In the analysis of the statistical validity and the lack-of-fit carried out by Fisher F-tests, the model for the
response was significant and appropriate to express the relation among ester concentration and significant
variables, with a very small p-value (0.05) and a good determination coefficient (R*). The model shown in
Equation 3 is an empiric relation among flavor ester concentration and the factors temperature (T), butyric
acid concentration (BA), enzyme concentration (E) and alcohol:acid molar ratio (MR).

The best way to verify relations among parameters, their interactions and three responses is to analyze
contour plots constructed by the predicted model. Each contour curve (Figure 3) exhibited combinations of
two variables, whereas the other one kept its respective central point (level 0). Figure 3a shows that increase
in BA and temperature increases ester concentration. In contrast, low MR is required to obtain higher ester
concentration by elevating the temperature (Figure 3b). The response increases with increment in enzyme
concentration at fixed BA and MR and at high temperature (+2 level) (Figure 3c). Figure 3d shows that, when
BA was at level 21, flavor ester concentration was very low at low enzyme concentration.

Higher isoamyl butyrate concentration was achieved (Figure 3e and Figure 3f) when high BA or high
enzyme concentration were used with low MR. Therefore, conditions of variables to maximize ester
concentration were set at 30.0 g L'! enzyme, BA of 1.3 M, 50°C and MR of 1:1.

Ester productivity maximization

Among the 28 trials, the one that showed the highest yield was trial 18; it reached 0.20 mmol ester g
mixture . h at 3 hours with all the other variables at level 0, except temperature, which was at the highest level
(+2). In general, productivity decreased after 6 hours. Todero et al. (2015) also achieved maximum conversion
at the early stages of the incubation period of isoamyl isovalerate synthesis from Rhizomucor miehei lipase in
organic solvent media.

Isoamyl butyrate concentrations and productivities showed no variable with any significant effect
throughout the synthesis. However, when the analysis was performed with the maximum value of each trial,
ester productivity increased on average 0.02 mmol g'!. h when temperature was increased from 30 to 50°C. In
contrast, ester productivity decreased on average 0.03 mmol g! . h when MR increased from 1:1 to 5:1.

Despite similar values of percentage yield (95.8% in the CCRD and 96.6% in the FFD), the 2* CCRD
stands out with higher values of isoamyl butyrate concentration and productivity. This study also found
higher responses than the ones of a previous study (Anschau et al., 2011), which reached 93% of yield,
1.156 mol L'! and 0.024 mmol ester g'! mixture.h of productivity by using isoamyl alcohol from fusel oil,
21 g L' enzyme, 0.5 M BA, MR of 1:1 and 30°C.

In the analysis of variance, the models obtained for ester productivity were predictive for linear and
quadratic regression and with statistically significant values, higher than the tabular ones of F (Table 3).
However, determination coefficient value and the ratio F-value/Ftab was higher in the linear model (R%>=0.90
and F-value=2.9x Ftab) than in the quadratic one (R? = 0.81 and F-value = 1.6x Ftab ). Thus, the first order
model (Equation 4) was used to fit the experimental data. Significant effects are highlighted in bold and non-
significant parameters (p > 0.05) were added to lack-of-fit in the analysis of variance.
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1
EP (m;lo ) = 0.07 + (0.004xT) - (0.023BA) + (0.02xE)

4
- (0.02xMR) - (0.01xTxBA) + (0.004xTxE) -(0.01xTxMR) ®
- (0.005xBAXE) + (0.003xBAxMR) - (0.004xExMR)
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Figure 3. Contour curves of effects in ester concentration — EC (mol L) of (a) temperature X butyric acid concentration (enzyme
concentration and alcohol:acid molar ratio at level 0); (b) temperature X alcohol:acid molar ratio (enzyme concentration and butyric
acid concentration at level 0); (c) temperature X enzyme concentration (alcohol:acid molar ratio and butyric acid concentration at level
0); (d) enzyme concentration X butyric acid concentration (alcohol:acid molar ratio and temperature at level 0); (e) butyric acid
concentration X alcohol:acid molar ratio (enzyme concentration and temperature at level 0); and (f) enzyme concentration X
alcohol:acid molar ratio (butyric acid concentration and temperature at level 0).

Based on Equation 4, contour plots were built (Figure 4). Low BA and MR (-1 level) at high temperature (+1
level) increase ester productivity (Figures 4a and 4b). In the same way, at fixed BA and MR, conversion rises
with high (+1 level) enzyme concentration (Figure 2c) and temperature (+1 level). Figure 4d shows that low
BA (-1) with high EC(+1) increased response. Figures 4e and 4f showed, respectively, that low MR (-1 level)
low BA (-1) and high EC (+1) increase ester productivity. Therefore, conditions of variables to maximize ester
concentration were set at 23.7 g L'! enzyme, BA of 0.4 M, 40°C and MR of 2:1.
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Figure 4. Contour curves of effects in ester productivity — EP (mmol g!. h) of (a) temperature X butyric acid concentration (enzyme
concentration and alcohol:acid molar ratio at level 0); (b) temperature X alcohol:acid molar ratio (enzyme concentration and butyric
acid concentration at level 0); (c) temperature X enzyme concentration (alcohol:acid molar ratio and butyric acid concentration at level
0); (d) enzyme concentration X butyric acid concentration (alcohol:acid molar ratio and temperature at level 0); (e) butyric acid
concentration X alcohol:acid molar ratio (enzyme concentration and temperature at level 0); and (f) enzyme concentration X
alcohol:acid molar ratio (butyric acid concentration and temperature at level 0).

Conclusion

This comprehensive study used a factorial design and mathematical and statistical techniques to improve
and optimize the enzymatic reaction of isoamyl butyrate from isoamyl alcohol derived from fusel oil. This is
the first report of the optimization of isoamyl butyrate from fusel oil with the use of the immobilized lipase
Lipozyme TL IM in organic media. Lipase stability in organic solvents makes its use commercially feasible in
esterification reactions. These results with innovative strategies are capable of playing an important role in
enhancing the quality of the new products and protecting the environment.
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