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Abstract: The present paper demonstrates application
of biocatalysis to the synthesis of ethyl hexanoate, i.e.
pineapple flavour ester, in a solvent free system. In order
to evaluate the effect of various process parameters on
reaction conversion, response surface methodology (RSM)
complemented by central composite design (CCD) was
employed. A maximum conversion of 88.57% was obtained
while changing one factor at a time, at optimum conditions
of temperature (50 °C), enzyme dose (2%), molar ratio acid
to alcohol (1:3), speed of agitation 250 rpm and reaction time
of 120 min. Based on this RSM study, the optimum predicted
conditions were: 1:3.39 alcohol to acid ratio, 2.35% enzyme
loading and 48.83 2C, for a predicted conversion of 90.99%.
The activation energy for the enzymatic esterification was
determined and calculated to be 25.76 kJ/mol. The positive
values of Gibbs-free energy (AG), enthalpy (AH) and negative
value of entropy (AS) revealed that the esterification reaction
was non-spontaneous and an endothermic reaction. The
reaction seems to follow bi-substrate Ping Pong Bi Bi
mechanism with inhibition by both substrates.

Keywords: pineapple flavour, lipase, thermodynamics,
kinetics, response surface methodology

1 Introduction

In recent years, there has been an increasing demand for
flavoured compounds in industrial sectors, especially food
and beverage, cosmetic and pharmaceutical industries
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[1-4]. These compounds are generally short chain alkyl
esters which are characterized by their strong fruity
flavour and fragrance. Ethyl hexanoate is one of these
short chain ethyl esters, with an apple-pineapple flavour
[5,6]. Although most of the flavours are preferred to extract
from their natural sources, they are not generally used
due to the high cost of raw material and low extraction
yield. There are numerous ways for the synthesis of
organic esters and most of them have been briefly
studied by Yadav and Mehta [7]. Esters are conventionally
synthesized by esterification of carboxylic acid with an
alcohol, using sulfuric acid or para-toluene-sulfonic acid
as catalysts. However, the presence of an acid catalyst in
the final product makes it unacceptable by the end-users
of food and pharmaceutical industries. On the other hand,
the enzymatically synthesized flavours and fragrances in
a solvent free system are labelled as ‘natural’ and have
huge market demand [9-11]. Furthermore, enzymes give
high quality products and also consume lower energy
during the reaction. Additionally, the enzyme-catalysed
production of flavours and fragrances using solvent
free system is preferred over the use of organic solvents.
Reactions performed under solvent-free conditions can
decrease the production cost as well as the number
of downstream steps and thus facilitate its industrial
application [12,13].

Lipases are found to be very efficient catalysts
for esterification reactions. Among various lipases,
Candida antarctica lipase-B (CALB), is found to exhibit
high substrate specificity. For the last few decades,
the enzymatic synthesis of short chain esters has been
studied by different scientists using response surface
methodology (RSM) [14-17]. RSM is an efficient statistical
technique which has been successfully applied to study
and optimize the enzymatic synthesis of various esters
[18,19]. Recent large demands in natural pineapple flavour
has forced many researchers to work on its production
using enzyme catalyst. In literature, the synthesis of
hexanoic acid esters by transesterification of ethyl caprate
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in n-hexane using immobilized lipase from R. miehei with
96 % conversion in 96 h at 50 °C, was reported [20]. Ethyl
hexanoate was also synthesized with Rhizopus chinesis
CCTCC M201021 cells in non-aqueous phase (hexane)
and reported a conversion of 96.2% after 72 h [5]. Han et
al. (2009) and Jin et al. (2012) described the synthesis of
ethyl caproate catalysed by CALB-displaying S. cerevisiae
or Pichia pastoris whole-cells in presence of a solvent
(heptane), respectively [21, 22]. Thus, all the reported
experiments on enzyme catalysed pineapple flavour
synthesis mostly utilized solvents and also required long
reaction times, making the process tedious and costly.

The present work focuses on Novozym 435 catalysed
synthesis of ethyl hexanoate in solvent free conditions,
with optimization carried out using a central composite
design and RSM analysis. The various parameters affecting
the synthesis, such as the substrate molar ratio, enzyme
loading and the reaction temperature were studied. The
bi-substrate kinetic mechanisms namely Ordered Bi-Bi
mechanism and Ping Pong Bi Bi mechanism were tested
for the validation of the experimental data.

2 Materials and methods

2.1 Materials

The Novozym 435 was obtained as gift samples from Novo
Nordisk, Denmark. Novozym 435 is a Candida antarctica
lipase immobilized on macroporous polyacrylic resin
beads and the nominal activity of the catalytic preparation
was 7000 PLU units per g dry weight (Propyl laurate
synthesis). One PLU enzyme unit corresponds to the
synthesis of 1 micromole propyl laurate per minute per
g of immobilized enzyme at 60 °C from lauric acid and
l-propanol.

The hexanoic acid, ethanol and n-decane were
purchased from S.D. Fine Pvt. Ltd, Mumbai. The potassium
hydroxide, sodium hydroxide, phenolphthalein indicator
and ethanol 96% were purchased from Thomas Baker
(Chemicals) Pvt. Ltd., Mumbai. All other chemicals used
in this study were of analytical grade and used further
without purification.

2.2 Methods
2.2.1 Enzymatic esterification
The experimental setup consisted of a glass reactor of 50

mL capacity equipped with three baffles and a six bladed
turbine impeller. The complete reactor assembly was

dipped in a water bath to maintain the reactor mixture
at a desired temperature with an accuracy of + 1°C. The
esterification reaction was carried out by chagrining
known amount of hexanoic acid (0.05 M) and ethanol
(0.05) in the reactor. The reaction was initiated by adding
the Novozym 435 (2 % w/w of total weight of substrate) as
a catalyst and molecular sieves (6% w/w of total weight of
substrate) as a scavenger for water produced during the
reaction. The reaction mixture was stirred at 250 rpm and
samples were withdrawn at known time internals. The
samples were further analysed by a titrimetric method
and the product was confirmed by gas chromatography.
The real molar concentrations of hexanoic acid [A] and
ethanol [B] were used directly in solvent free system as
8.0 M and 1713 M, respectively. The equimolar (4.86 M)
mixture of both the reactants [A] and [B] solution requires
[A] 6.2 cm®and [B] 2.9 cm?, respectively. In the same way,
all reaction mixtures were prepared based on a predefined
molar ratio.

2.3 Analysis
2.3.1 Titrimetric Analysis

The progress of esterification was determined by
measuring the unreacted hexanoic acid in the reaction
mixture by titration with 0.01 N KOH solution. The
phenolphthalein and ethanol was used as indicator and
a quenching agent, respectively. All the samples were
titrated thrice for accuracy. The acid value was calculated
by using following equation:

Acid value = 56.1 x Normality of KOH (M) x B (mL)

Weight of sample (g)
Where B is the burette reading in mL. The conversion (%)
was calculated as follows:

Conversion (%) = Vol KOH with enzyme - Vol KOH without enzyme

- x100 (1)
Vol KOH without enzyme

2.3.2 Gas chromatography

The percentage conversion of ethyl hexanoate was
confirmed by using GC (Chemito GC 8610) equipped with
a Flame ionization detector (FID), a packed column OV-107
(1/8” diameter, 3 m length) and nitrogen as the carrier
gas at the rate of 10 ml/min, air and hydrogen was used
at a flow rate of 300 ml/min and 10 ml/min, respectively.
The oven temperature programme was as follows: 50 °C
for 1 min, 5 °C/min increased up to 150 °C; 10 °C/min
up to 230 °C; then steady temperature for 10 min. The
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injector and detector temperature were 200 °C and 250 °C,
respectively. The gas chromatography method was used
for identification of the product.

2.3.3 Determination of initial rates of reaction

Initial rates of esterification were determined at various
reaction conditions, depending on the molar ratio. The
molar ratio of acid to alcohol varied from 3:1 to 1:4 in
integral successions. The temperature was maintained
at 60 °C with 5% (w/w) enzyme loading. Reactions
were carried out for 120 min at 250 RPM. Aliquots of the
reaction mixture were taken sequentially and analysed
by titrimetric analysis as discussed above. Conversion
data for <10% conversion was used to determine initial
reaction rates by plotting conversion verses time profiles.
Experiments were carried out by keeping the concentration
of one of the substrates constant and was carried out in a
solvent free system in either a specific or random manner,
to form a complex varying the concentration of the other
and vice versa.

2.3.4 Kinetics and mechanisms of the esterification
reaction

To determine the kinetic parameters of the esterification,
several experiments were carried out by varying the ratio
of hexanoic acid to ethanol from 3:1 to 1:4. As per Ping
Pong Bi Bi mechanism, two substrates; hexanoic acid [A]
and ethanol [B] were initially bound to the immobilized
lipase [E] to form a complex [AEB]. This ternary complex
then isomerises to form another complex [EPQ], which
releases product [P] and water [Q]. Kinetic parameters
were determined graphically. The general rate equation
for the Ping Pong Bi Bi mechanism, can be proposed as
follows [23]:

= VinaxL41B] Q)
° [Al[B]+ KglA]l + (1 +[Al/K.) + K4[BI(1 + [B)/K5)

DE GRUYTER

And for the Ordered Bi Bi mechanism [23]:

v = Vma:{[AJ [5] (3)
" [AI[B]+ Kgl4] + K, [B](1+ [B]/K,y) + KiuKs(1 + [BI/K))

Where, v, is the initial reaction rate; V__ is the
maximum reaction rate; [A] is the hexanoic acid
concentration and [B] the ethanol concentration; K, and
K, are the Michaelis Menten constants of hexanoic acids
and ethanol; K, and K, are the inhibition coefficients of
the acid and alcohol, respectively.

2.3.5 Modelling Studies through RSM

The solvent free synthesis of ethyl hexanoate was carried out
by using immobilized Candida antartica lipase. To evaluate
optimum conditions, the reaction was studied by one factor
at a time. The effect of time, enzyme loading, temperature,
molar ratio and speed of agitation was studied in a solvent
free system. The lipase catalyzed synthesis of flavour
involves interactions among several variables, therefore
traditional methods were inefficient for optimization of
the reaction. Response surface methodology (RSM) is a
statistical model approach for empirical modelling which
evaluates the effect of individual and interaction effects
of the process parameters on the corresponding response
value. In preliminary single factor method, the molar ratio,
enzyme loading and temperature were found as significant
parameters affecting esterification conversion, which were
further selected for response surface methodology. Design
Expert 7.0 software was used for designing the experiments
and for analysis of the data. According to a central
composite design (CCD), 20 experiments were performed in
this reaction study to find the optimum combination and
effect of parameters on the enzymatic synthesis of ethyl
hexanoate. Table 1 shows the independent factors, levels
and experimental design in terms of coded and uncoded
variables [17,24]. Experimental data from the CCD was
analysed using regression analysis and fitted to a second-
order polynomial model in order to identify all possible
interactions of selected factors with a response function as

Table 1. Variables and their levels employed in the central composite design method for optimal ethyl hexanoate production in solvent-free

system

Levels
Variable -1 0 +1
Molar ratio (acid: alcohol) 1:2 1:3 1:4
Enzyme loading (% w/w) 1.5 2 2.5
Temperature (°C) 40 50 60
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follows:

n—1l n

Y=hb,+ Zb*’X" + Zb,.,.xf + Z Z b XX,
i=1 i=1

i=1 j=i+l

%)

Where Y is the response (percentage conversion),b_ is
the constant coefficient, b, b,, bi]. are coefficients for the
linear, quadratic, and interaction effects, respectively; Xi
and Xj are the independent variables. The fit of the model
was evaluated by means of two diagnostic residuals: the
multiple or adjusted coefficient of determination (R? and
R’adj respectively) and analysis of variance (ANOVA).

2.3.6 Determination of activation energy and
thermodynamic parameters

The Arrhenius equation gives a relationship between the

specific reaction rate constant (k), absolute temperature
(T) and the energy of activation (E)) as:

K =4exp [— E—f]

i (5)

Where A is the frequency factor and R is the universal

gas constant (J/mol/K). This equation is rewritten as [25].

Ink = [ E—“r] +Ind

R (6)
Three reaction temperatures were used (as mentioned
in Table 1) in our statistical experimental design.
Experiments were conducted using optimum values of
enzyme loading and ethanol to hexanoic acid molar ratio
(as determined from the statistical experimental design)
at these three reaction temperatures. The Arrhenius Plot
of In (k) versus reciprocal absolute temperature (1/T) can
be used to determine activation energy.

The thermodynamic parameters for enzymatic
esterification were determined using the Eyring equation

as follows [26] :
o= [l -2

T R (7)
AH = Ea — RT )
AG = AH—-TAS ©)

Where h = Planck’s constant (6.626x10%* ].s), k, _
Boltzmann constant (1.381x102 J/K), k = rate constant at
temperature T, AH = Enthalpy of activation, AS = Entropy
of activation, R = universal gas constant, and AG = Gibbs
free energy. The values obtained from Arrhenius analysis
can be substituted into the above set of equations to
yield thermodynamic parameters, viz. AH, AS and AG in
association with enzymatic esterification reaction.

3 Results and discussion

3.1 Effect of one factor at a time experiments
for ethyl hexanoate synthesis

3.1.1 Effect of reaction time

Figure 1 represents the time progression for the enzymatic
esterification of ethanol and hexanoic acid with 1:1
substrate ratio by Novozym 435 (2 %) at 50 °C up to 150
min. It was observed that percentage conversion of ethyl
hexanoate reached up to 73.6% in the initial 120 min and a
marginal change in conversion was observed after 120 min.
This attributes to the reversible nature of the esterification
reaction. Similarly, the slow rate of reaction after the
initial hours was due to accumulation of the reaction
product on the active site of enzyme that reduces the
surface area/active site available for the reaction. A similar
trend was observed in previous enzymatic esterification
reactions [27,28]. Thus, all experiments were performed
for 120 minutes to study the various parameters. The ethyl
hexanoate production was confirmed by GC analysis and
illustrative chromatograms for O min and 120 min reaction
are represented in Figure 2(a) and 2(b), respectively.

100
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Figure 1. Effect of reaction time on % conversion at hexanoic acid
to ethanol ratio 1:1, temperature 50 °C, agitation speed 250 rpm,
enzyme loading 2 %, molecular sieves 6 %

3.1.2 Effect of substrate ratio
The molar ratio of hexanoic acid to ethanol was varied

from 3:1 to 1:4 at an enzyme loading of 2% (w/w),
temperature of 50 2C and 250 RPM. Modifying the ratio
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Figure 2 (a). The illustrative chromatogram of ethyl hexanoate synthesis for 0 min reaction and (b) The illustrative chromatogram of ethyl

hexanoate synthesis at 120 min reaction.

of hexanoic acid to ethanol from 1:1 to 1:4, increases
conversion i.e 88.57 % (Figure 3a) and the rate i.e. 0.35 M/
min/g-enzyme (Figure 3b) of the reaction up to a ratio of
1:3. The active sites of enzymes are occupied by ethanol
at 1:3 ratio and excess ethanol may not increase the rate
of the reaction since no active sites are available beyond
certain level of ethanol [29]. By increasing ratio to 1:4, the
rate of reaction (0.28 M/min/g-enzyme) and conversion

decreases; which can be attributed to the inhibitory effect
of ethanol on the enzyme. Further, the amount of hexanoic
acid was increased to obtain the ratio of hexanoic acid
to ethanol as 2:1 to 3:1. It has been found that the rate of
reaction and conversion decreased with higher hexanoic
acid (Figure.3a-3b). This might be due to the substrate
becoming adsorbed on the catalyst active site or inhibition
of catalyst because of abundance substrate [30]. This kind
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of inhibition by hexanoic acid was also reported by earlier
report [20]. In order to interpret the effects with regard to
the kinetics of the reaction, Ping Pong Bi Bi and Ordered
Bi Bi mechanism studies were conducted as discussed in
section 3.6.

3.1.3 Effect of temperature

Experiments were also performed to identify the optimum
reaction temperature and it was found that as the
temperature increases from 40 °C to 50 °C, the conversion
increases (Figure S1). It was observed that maximum
conversion of 88.57 % was obtained at 50 °C which
decreased to 80.2% at 60 °C. This may be attributed to the
denaturation of enzyme at high temperature [30].

3.1.4 Effect of enzyme loading

The effect of enzyme loading was studied with loadings
from 1.5 % to 2.5% (w/w) as showed in Figure S2. The
experiments were carried out by varying the amount of
enzyme loading at fixed molar ratio 1:3 of hexanoic acid to
ethanol, temperature of 50 °C and at 250 rpm. The overall
conversion increased to 88.57 % with an increase in the
enzyme loading up to 2%. However, further increase in
enzyme loading (2.5%) declined the percentage conversion
to 82.64% as excess amount of enzyme may increase the
viscosity of solution and reduce the mass transfer [29].

q 100
T T 1
80 1 : :
z : ;
=60 & k ] S
= L .
.2
¥ H
g 40 =
E I =l
=1 H
] ! H
20 | uy
0w
0 30 100 150
Time (min)
+1:01 m1:02 41:035 e01:04 :02:01 x03:01

3.1.5 Effect of speed of agitation

The speed of agitation from 150 rpm to 350 rpm was varied
by keeping other parameters constant. The 250 rpm was
selected as the optimum speed of agitation with maximum
conversion 88.57% (Figure S3). Beyond 250 rpm, there
was marginal conversion and the conversion graph shows
plateau. This is indicated that the external mass transfer
resistance is negligible at 250 rpm and reaction becomes
rate controlled.

It was observed that the conversion was significantly
affected by substrate ratio, enzyme loading and
temperature which can be optimized through RSM,
whereas the reaction time and speed of agitation were
chosen constant as 120 min and 250 rpm, respectively.
The three-level-three-factor CCD requiring 20 experiments
were employed to optimize the significant parameters
(Table 2). The variables and their levels selected for the
study of ethyl hexanoate synthesis were hexanoic acid to
ethanol molar ratio (1:2 to 1:4), enzyme dosage (1 to 3 %
w/w), and reaction temperature (40 to 60 °C).

3.2 Modelfitting and Analysis of Variance
(ANOVA)

RSM is a useful statistical technique used to optimize the
various parameters for synthesis of ethyl hexanoate. The
composition of various runs of the CCD (in term of coded
factors), actual and predicted responses for synthesis of
ethyl hexanoate is given in Table 2. All 20 experiments
were carried out in random order to avoid bias. The
ANOVA done after fitting the data to the various models
(linear, two factorial, quadratic and cubic) showed that

0.4
' ;
203 - t
§ t
hp
& ¢
402 | L3
%
3
~
P01
5
!
0 T T T T T T
1:1 1:2 1:3 1:4 21 31
Mole ratio

Figure 3.(a) % Conversion vs. time and (b) Initial rate vs. mole ratio (hexanoic acid to ethanol from 1:1 to 3:1) under following conditions:
time- 120 min, temperature- 50 °C, enzyme loading - 2 % w/w, speed of agitation- 250 rpm and molecular sieves- 6 % w/w.
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the esterification reaction carried out for the formation of
ethyl hexanoate was best described by a quadratic model
equation. The equation of the model obtained based on

the coded values is as follows:
Y=8988+328+4 + 151+*B+ 093+C — 1.12+A+*B—055%#A=C+ 0.16*B
#C— 273+A% — 088+ BZ— 1.84=C?

3]
Here, Y represents % Conversion, A= Molar ratio (MR),
B= Enzyme (E) and C= Temperature (TEMP).
The ANOVA for the model is as shown in the Table
3. The acceptability and significance of the model are

DE GRUYTER

generally checked by model F values, p-values and
adequate precision. According to the Table 3, the F-value
(29.26) with a p-value less than 0.0001 implies that the
model is significant. There is only a 0.01% chance that a
“Model F-Value” this large could occur due to noise. Values
of “Prob > F” less than 0.0500 indicates model terms are
significant. The coefficient of determination (R?) turned
out to be 0.9634, which showed the suitability of the
model to represent the relationship between the reaction
parameters. The value of R%adj was 0.9305 indicating the
significance of the model. Adequate precision gives the

Table 2. Composition of the various runs of the CCD (in term of coded factors), actual, and predicted responses for synthesis of ethyl

hexanoate.
Exp. No. Variables

Molar Enzyme Temperature Actual Predicted

Ratio (%) Q) Conversion (%) Conversion (%)
1 1:2 1.50 40.00 76.77 77.56
2 1:4 1.50 40.00 87.63 87.46
3 1:2 2.50 40.00 81.50 82.50
4 1:4 2.50 40.00 86.88 87.91
5 1:2 1.50 60.00 80.12 80.19
6 1:4 1.50 60.00 87.80 87.90
7 1:2 2.50 60.00 84.50 85.77
8 1:4 2.50 60.00 88.68 88.99
9 1:1.32 2.00 50.00 78.98 77.65
10 1:4.68 2.00 50.00 88.91 88.68
11 1:3 1.16 50.00 84.80 84.86
12 1:3 2.84 50.00 90.54 89.92
13 1:3 2.00 33.18 84.17 83.12
14 1:3 2.00 66.82 86.74 86.23
15 1:3 2.00 50.00 90.11 89.88
16 1:3 2.00 50.00 89.12 89.88
17 1:3 2.00 50.00 90.27 89.88
18 1:3 2.00 50.00 89.97 89.88
19 1:3 2.00 50.00 90.58 89.88
20 1:3 2.00 50.00 88.98 89.88
Table 3. ANOVA test for percentage conversion of ethyl hexanoate.

Sum of DF Mean Fvalue Prob > F

Source Squares Square
Model 324.80 9 36.09 29.26 <0.0001 significant
A 146.96 1 146.96 119.16 <0.0001
B 31.00 1 31.00 25.13 0.0005
C 11.70 1 11.70 9.49 0.0116
A2 81.28 1 81.28 65.90 <0.0001
B2 11.19 1 11.19 9.07 0.0131
c2 48.84 1 48.84 39.60 <0.0001
AB 10.08 1 10.08 8.17 0.0170
AC 2.40 1 2.40 1.94 0.1934
BC 0.20 1 0.20 0.17 0.6922
Residual 12.33 10 1.23
Lack of fit 10.25 5 2.05 4.93 0.0524 not significant
Pure Error 2.08 5 0.42
Cor Total 337.13 19
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measure of the signal-to-noise ratio and should preferably
be greater than 4. In the present work, the ratio has a
value of 15.741, which confirms that the models can be
successfully used for the enzymatic synthesis of ethyl
hexanoate. Table 3 gives the values of the model terms.
Out of them, the terms A, B, C, A2, B2, C2, AB are seen to
be significant. Values greater than 0.10 indicates that the
model terms are not significant. Figure 4 shows the normal
probability plot which describes the relationship between
the actual values of conversion yield and those predicted
by the model. A linear distribution was inspected, which
gave the confirmation of a well-fitting model. The effect
of reaction parameters on the ester synthesis was then
studied using equation [3].

3.3 Effect of parameters and optimum
conditions

According to ANOVA, the relationships between
temperature and other reaction parameters were studied
by a series of contour plots which were generated from the
predicted model. The plots efficiently indicate the effect
of the reaction parameters on the synthesis of the ester.
Figure 5 depicts the combined effect of the enzyme loading
and the molar ratio on the % conversion at a constant
temperature of 50 °C, 250 rpm and 120 min reaction time.
The lower conversion was observed when the enzyme

Dheesin - B per t Sof twh are

loading was 1.5% and the molar ratio was 1:2. While an
increase in enzyme loading from 1.5 to 2 %, increases
the percentage conversion. However, further increase in
enzyme loading decreases the percentage conversion with
an increase in the alcohol to acid ratio. Alcohols have
been reported to be competitive inhibitors of lipases, so
an increase in ethanol amount would inhibit the enzyme
activity and decrease the percentage conversion of ethyl
hexanoate [29,31]. By the inspection of the plot, we can
understand that a maximum conversion (~89%) was
obtained with 2% of enzyme loading and acid to alcohol
molar ratio in the range 1:3-3.5.

Figure 6 depicts the effect of temperature, enzyme
loading and their mutual interaction on % conversion
of ethyl hexanoate at substrate ratio 1:3 to 250 rpm and
120 min reaction time. It is well known that the collisions
between enzyme and substrate molecules increase with
an increase in temperature that gives a higher reaction
rate and conversion. It was observed that the conversion
increases with enzyme loading from 1-2% (w/w) due to
an increase in the number of active sites [32]. The highest
conversion could be attained when the enzyme loading was
taken as 2% at temperature of 50 °C. The rate of reaction
was found to decrease with an increase in temperature
from 50 to 60 °C because of disruption of enzyme tertiary
structure and denaturation at higher temperature [33, 34].
However, with an increase in the enzyme amount above 2
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Figure 4. Normal probability plot of studentized residuals for the purpose of checking the normality of the residues
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Figure 6. Contour plot showing the relationship between the temperature, enzyme loading and the % conversion

%, there was no considerable increase in the percentage
conversion due to unavailability of the substrate.

Figure 7 shows the combined effect of temperature
and molar ratio on the percentage conversion at 2 %
(w/w) enzyme loading in 120 min. An increase in ethanol
amount (up to acid to alcohol 1:3) increases the percentage
conversion of ester. Thus, a higher molar ratio of acid
to alcohol (1:3) was chosen so that the alcohol can act
as a solvent for the acid. The excess alcohol can reduce
the viscosity of the substrate and enhance the rate of
reaction. Further increase in the amount of alcohol (1:4)
decreases the percentage conversion at high temperature.
This indicates that ethanol is a terminal inhibitor of the
enzyme and its effect can increase at high temperature
[35, 36]. Table 4 shows the multiple solutions to the range
of input parameters and responses with desirability for
enzymatic synthesis of ethyl hexanoate.

3.4 Optimum Conditions and validation of
model

The maximum conversion predicted by design expert
software was 90.99 % at the conditions of 48.83 ©C, 2.35 %
enzyme amount and 1:3.39 acid: alcohol molar ratio in 120
min reaction time. However, the conversion of 90.54% was
obtained when the experiment was conducted at similar
conditions. In order to validate the predictions made by
the model, experiments were conducted in triplicate at
the optimum process conditions given by the model for
120 min. As the experimental conversion obtained under
these conditions was ~ 90.54 %, which is very close to the
maximum predicted value of 90.99 %, it can be concluded
that model Eqn. (2) predicts the percentage conversion
very appropriately.
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Figure 7. Contour plot showing the relationship between temperature, molar ratio and the % conversion

Table 4. Solution to the range of input parameters and responses with desirability for enzymatic synthesis of ethyl hexanoate
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Solutions Molar Ratio Enzyme Loading Temperature Percentage Conversion (%) Desirability
Number (M) (%) (°Q)
1 1:3.39 2.35 48.83 90.99 1
2 1:3.29 2.29 48.28 90.82 1
3 1:2.84 2.23 48.03 89.61 1
4 1:3.40 1.63 52.46 89.58 1
5 1:2.59 2.31 53.14 89.23 1
. . 235
3.5 Eff.ect of activation energy and thermo- 000295 0003 000305 00031 000315 00032 0.00325
dynamic parameter 27
29
The Arrhenius plot (Figure 8) was plotted in the range of
313-333 K to find the activation energy as 25.76 k]/mol (6.15 3 y =-3098.4x +6.0582
kcal/mol). This value lies within the distinctive range i.e. =33 R#=09931
5-15 kcal/mol of enzyme catalytic reaction [37]. Figure 8 i
=3.J
showed an acceptable linear fit and AH was appraised
from the slope of the curves and AS was calculated from 3.7
the intercepts. The values of AH, AS and AG obtained from 39
the experimental data have been shown in Table 5. The iy

negative value of AS indicates that the product is more
ordered as compared to the reaction. The positive value
of AG indicates that the reaction was non-spontaneous in
nature. The positive value of AH shows that external heat

1T (K)

Figure 8. Arrhenius plot of In (k) vs 1/T for the esterification for hexa-
noic acid to ethanol molar ratio of 1:3 with 2% (w/w) enzyme loading

Table 5: Thermodynamic parameters for enzymatic esterification reaction.

Term Description Values for esterification (Present work) Ferrao-Gonzales et al. (2011)
Ea Energy of activation (kJ/mol) 25.76

313K 323K 333K
AH Enthalpy of activation (kJ/mol) 23.16 23.08 22.99 111
AS Entropy of activation (kJ/mol/K) -0.277 -0.275 -0.273 -98.0
AG Gibb’s free energy (kJ/mol) 109.97 111.82 113.88 109
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is required to carry the reactants towards the transition
state so as to form the products. The positive values of AH
for enzymatic reactions illustrate the endothermic nature
of the reactions. The similar trends for thermodynamic
parameters were observed by the Ferrdo-Gonzales et al.
during the enzymatic production of ethyl esters [38]. The
reaction temperature had a strong influence on the rate
of ester production because of endothermic nature of the
reaction. Therefore, a suitable reaction temperature needs
to be selected for maximum conversion of ester.

4 Kinetic analysis of the process
based on initial rate measurement

The effect of substrate concentrations; i.e. ethanol and
hexanoic acid on the rate of reaction by using Novozym
435 in solvent free condition was investigated. The Ping
Pong Bi Bi and Ordered Bi Bi mechanisms were studied.
The initial reaction rates were appraised from the slope of
ethanol or hexanoic acid concentration versus time plots
[29]. Figure 3(b) shows the initial rate verses concentration
of acid using experimental data. As hexanoic acid
concentration increased from 2.79 M (B:A = 4:1) to 6.93 M
(B:A = 1:3); the initial velocity reached its highest value
(0.35 M/min/g catalyst) from 0.31 Mol/min/g enzyme
and again started decreasing. The kinetic constants were
evaluated by non-linear regression with minimization of
sum of square of errors (SSE) using Microsoft Excel 2013
[34]. It was observed that SSE was minimum for the Ping
Pong Bi Bi model than that of Ordered Bi Bi. Chowdary
et al. [20] discussed the synthesis of ethyl hexanote by
transesterification of ethyl caprate with hexanoic acid
in n-hexane using an immobilized Rhizomucor miehei
lipase (RML) for which they had found a Ping Pong Bi
Bi mechanism with competitive inhibition by hexanoic
acid. In the present work it was observed that the reaction
mechanism follows Ping Pong Bi Bi mechanism with
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inhibition of ethanol above certain concentrations and
clear inhibition by hexanoic acid. The kinetic constants
for the Ping Pong Bi Bi and Ordered Bi Bi are shown in
the Table 6 and Figure 9. The best fit model parameters
were obtained by non-linear regression for Ping Pong
Bi Bi mechanism with acid and alcohol inhibition were
V = 629 x 102 M/min/g enzyme, K, = 0.0883 M,

K, = 00651 M, K, = 00022 M, K, = 0.0088 M

B
and SSE = 0.58x102. The predicted initial rates were
calculated by using the parameters in Table 6 for the
ternary model and are compared against the experimental
values for different substrate concentrations (Figure
10). There was an excellent match for Ping Pong Bi Bi
mechanism between predicted and experimental, proving

the validity of the model.

5 Conclusion

Ethyl hexanoate ester synthesis using immobilized
Candida antarctica lipase was successfully performed
and the modelling of the synthesis was done by central

0.4
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&
&
E
—
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]
g
=
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Acid concentration (Mol)
—o—Experimental Ping pong Bi Bi Ordered Bi Bi

Figure 9. Comparison of calculated initial rates by the all mechanism
with the experimental values.

Table 6: Comparison of calculated evaluated kinetic parameters for all mechanisms.

Ping Pong Bi—Bi (present work)  Chowdary et. al. (2003)

Model/Parameters Ordered Bi-Bi (present work)
Vmax (M/min/g-enzyme) 12.434

KA (M) 1.6 x 10°

KB (M) 5.1493

KiA (M) 0.0086

KiB (M) _

Ki (M) 1.6870

SSE 0.017

6.29 x 10? 1.861
0.0883 0.08468
0.0651 0.0135
0.0022 0.550
0.0088 3.07

0.58 x 10
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Figure 10. Parity plot for enzymatic kinetic model

composite design and response surface methodology. The
R? obtained after the model fitting was 0.96 and ANOVA
implied that the model had satisfactorily indicated and
explained the real relationship of the reaction parameters.
As compared to a one factor at a time method, the statistical
optimization method gave ~2-3% increase in conversion.
The molar ratio, enzyme loading and temperature
illustrated a significant effect on the esterification
reaction. The activation energy was calculated as 25.76
kJ/mol which is in the range of enzymatic reactions. The
thermodynamic parameters predict the non-spontaneous
and endothermic nature of enzymatic synthesis of ethyl
hexanoate. The esterification reaction seems to follow a
Ping Pong Bi Bi mechanism with competitive inhibition
by acid and alcohol. Overall, the data obtained here will
be further useful for future up-scaling of the enzyme
catalysed of pineapple flavour.
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