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Abstract

The enzymatic synthesis of cetyl caprate, a cosmetic grade ester was studied by esterification of cetyl alcohol and capric
acid using Fermase CALB™10000 under solvent free condition. The process parameters namely, temperature, enzyme
loading, molar ratio, agitation speed have been investigated and optimized to attain maximum yield of cetyl caprate.
The maximum yield of 91.9% was obtained in 80 min under optimized conditions of 50 °C temperature, 3% enzyme
loading, capric acid:cetyl alcohol ratio of 1:3, and 200 rpm stirring speed. The enzyme operational stability study reveals
that enzyme can retain its original activity for the synthesis of cetyl caprate and could be reused up to five to six times
without any notable loss of catalytic activity. The kinetics of the reaction was derived by employing non-linear regres-
sion consideration, and the experimental results and kinetic evaluation showed that reaction obeys ping-pong bi-bi
model. The kinetic parameters, V... =21.886 M/min/g catalyst, K,=1.194x 1072 M, K;=8.4512 M, K;;=2.02x 1072 M,
Kiz=3.55x10"*Mand SSE=4.31 x 10> measured from initial rate data were used to replicate experimental results with
good agreement. The thermodynamic parameters, i.e., change in enthalpy, Gibb's free energy, change in entropy was
evaluated at different operating temperatures. Thus, current research work strikes a significant imprint in the cosmetic

industry by synthesizing green and natural product using biocatalysis under solvent free condition.
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1 Introduction

Long chain esters with a chain length of 12 carbons or
more with higher boiling points are specifications of wax
esters. They hold excellent specific characteristics such as
emulsifying as well as stabilizing system. They are biocom-
patible and biodegradable having non-toxic nature and
the widespread application in various important cosmetic
formulations as emollients, moisturizers, and condition-
ing agents, are owed to its properties such as good fat
solubility, and wetting property at interfaces and smear-
ing the wax over the skin to give a moisturizing, soothing
property and not sticky or greasy feeling [1]. They can also
be used as additives auxiliaries, antifoaming agents, lubri-
cants, plasticizers, polishers, etc. [2, 3]. Petroleum-based

emollients are the environment-friendly alternative of the
esters derived from fatty acids. Consumer’s requirement of
the green and natural product along with the standards of
eco-friendly mindset is satisfied by using biocatalysis for
the synthesis of various commercially essential esters. Wax
esters synthesized via enzymatic pathway are reviewed
similar to natural wax esters and therefore can be used
safely and risk-free in cosmetic and food industries.

The most profoundly used class of biocatalyst for bio-
technological reaction for the synthesis of organic chemi-
cals is the lipase enzyme. They have achieved immense
significance in biocatalysis field as they have the poten-
tial to catalyze various organic synthesis in non-aqueous
media. Enzyme lipases are forthwith attracting a substan-
tial deal of interest to researchers and industrialists as they
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own extensive substrate stereoselectivity, chemoselectiv-
ity, and regioselectivity. The broad adaptability of lipase
catalysis in the synthesis of a cosmetic group of esters is
required to be explored and investigated. Naturally avail-
able wax esters through natural secretions of plants and
animal are typically high-priced as the sources are finite
[4]. Bio-chemical catalyzed routes have distinctive advan-
tages over chemical catalyzed reactions, and remarkable
considerations are driven towards enzyme catalysis cor-
relative to the customary chemical catalyzed approach,
particularly in the synthesis of flavor esters and cosmetic
esters [5].

Wax esters materials are held as commodity items in
cosmetic companies, and recently synthetic wax esters
synthesized via enzymatic pathway have acquired enor-
mous engrossment among cosmetic researchers with
respect to their use in cosmetic industries; also biocataly-
sis imparts standards and grades obligatory for cosmetic
use [6, 7]. The global market for cosmetics is exceeding as
numerous new cosmetic products introduced to the mar-
ket continues to spread out extensively. Natural wax esters
are versatile but burdened with accessibility and conveni-
ence. The organic processing industries of waxes have
different purposes such as plasticizing agents, emollients,
surfactants, solvents, etc. and specific applications can be
met by cetyl caprate which is an important commercially
available intermediate ester. Enzymatic synthesis has been
reported from shorts-chain acids and alcohols used as
flavor and fragrances compounds in foods to long chain
fatty acid wax esters used in large numbers of cosmetic
formulations as emollients and conditioning agents [5, 8].
Cosmetic products involve persistent use of synthetic wax
esters, and they can be synthesized by direct esterification
or transesterification. Literature reports about the enzy-
matic esterification of capric acid esters are confined. Syn-
thesis of enzyme catalyzed xylitol caprate using xylitol and
capric acid reached a conversion upto 74.05% in 29 h reac-
tion time in solvent free system [9]. The lipase catalyzed
synthesis of cetyl oleate reached equilibrium in 8 h to give
98% conversion at 40 °C, also retained 46% conversion rate
after reuse for 6-7 cycles [3]. The enzymatic esterification
of cetyl alcohol in the presence of candida lipase has been
reported to yield 98% conversion within 8 h [10]. The lipase
catalysed the synthesis of cetyl octanoate using cetyl alco-
hol as acyl acceptor gave a conversion of approximately
94% in the presence of n-hexane within 5 h reaction time
[11].

For many decades, cosmetic researchers have reported
the enzyme catalyzed the synthesis of fatty acid ester in
the presence of organic solvent [12-16]. Major attention
is urged on green biocatalysis synthesis pathway instead
of toxic chemical solvents, and there is a dearth of litera-
ture on enzyme catalysed synthesis of fatty acid esters,
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especially with a high cosmetic grade in solvent free sys-
tem. Recently extensive efforts are directed by researchers
and industrialist to synthesize esters in solvent free sys-
tem. In view of this, considerable work has been dedicated
towards the synthesis in SFS, as it simplifies the down-
stream processing, operates at mild reaction condition,
furnishes high purity compounds by evading high-budget
separation techniques [10].

Hence, it was thought worthwhile to study the esterifi-
cation reaction using lipase enzyme in solvent free system.
To date, there has been no report in past on the synthesis
of cetyl caprate with kinetic study and thermodynamic
study to the best of our knowledge. In the current pro-
tocol, we herein account the synthesis of cosmetic grade
ester, cetyl caprate using cetyl alcohol as acyl donor and
capric acid catalyzed by a commercial immobilised Can-
dida antarctica lipase (Fermase CALB™10000), employing
optimization, mechanism, thermodynamic study, reaction
condition for the kinetically controlled synthesis through
immobilised lipase mediated esterification.

2 Materials and methods
2.1 Materials

Analytical grade cetyl caprate (99.5%) was procured from
Thomas Baker (Chemicals) Pvt. Ltd., Mumbai. Capric acid
(98%) utilized in the reaction study was supplied from
Loba Chemie Pvt. Ltd., Mumbai. A commercial Candida
antarctica lipase B, Fermase CALB™10000 immobilized on
polyacrylate beads was obtained from Fermenta Biotech
Ltd., Mumbai. This enzyme has been selected as the activ-
ity of Novozym 435 and Fermase CALB™10000 are almost
similar, also Fermase is cheaper as compared to Novozym
435. Molecular sieves (4°A) were bought from M/s Merck
Ltd., Mumbai. The analytical grade ethanol, potassium
hydroxide, Phenolphthalein, sodium carbonate used for
analysis were purchased from Thomas Baker (Chemicals)
Pvt. Ltd., Mumbai.

2.2 Method
2.2.1 Esterification reaction

The customary esterification of cetyl caprate was per-
formed in a 50 ml flat bottom glass reactor furnished with
four baffles and three bladed turbine impeller for agita-
tion purpose. The glass setup was clamped on a thermo-
static water bath with a temperature control program.The
synthesis of cetyl caprate involves the addition of cetyl
alcohol and capric acid in a fixed molar ratio within the
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glass reactor to round up the volume of reaction up to
15 mL without making use of any solvent. The reaction
mass was stirred for 5 min to form a homogenous phase,
followed by the addition of a given amount of biocatalyst
and molecular sieves to start the process. The reactor con-
taining the reaction mixture was maintained at a specified
temperature and agitation speed. The reaction progress
was checked periodically and analyzed by standard acid
value method to determine percent conversion [17]. After
the first batch, the enzyme reusability was also taken into
account. The enzymes were separated from the reaction
mixture through filtration using Whatman filter paper, and
the enzymes were rinsed several times using acetone. The
washed enzymes were stored in a desiccator for a period
of 24 h until used for the next cycle.

Volume of KOH utilised (without enzyme) — Volume of KOH utilised (with enzyme) %1

where V, is the volume of blank titrated against NaOH, V
is the volume of the samples titrated against the alkali, M
represents molarity of the NaOH from standardization, A
represents weight of the enzyme, T is the time of reaction
in minutes.

2.2.4 Titrimetric analysis

The synthesized product cetyl caprate was signified in
terms of percent (%) conversion. The percentage conver-
sion (%) of cetyl caprate was determined in terms of acid
value by calculating the residual capric acid in the reaction
mass by titration against 0.01 N KOH using phenolphtha-
lein indicator and by adding ethanol to stop the reaction.
The samples for analysis were titrated in triplicate for accu-
racy. Percent conversion was evaluated as follow:

00 )

Volume of KOH utilised (without enzyme)

2.2.2 Purification

The residual reaction mass was filtered through Whatman
filter paper to separate the lipase enzymes. The remain-
ing residue contained cetyl caprate, unreacted capric acid,
and unreacted cetyl alcohol. The unreacted capric acid was
offset and neutralized using a base such as a solution of
saturated sodium hydroxide, and cetyl alcohol that was
unreacted was eliminated by ethanol extraction [11]. The
purification process neutralizes unreacted acid so that the
product is free from acid for cosmetic use.

2.2.3 Lipase enzyme activity

The lipase enzyme activity was analyzed from the pro-
cedure outlined and reported in the literature [18]. The
stock solution comprised of 85.95 mL n-heptane con-
taining 2.7 mL butanol (0.33 M) and 1.35 mL butyric acid
(0.16 M). Based on this methodology, the weighed quan-
tity of enzyme lipase was added to a conical flask that
already contained 3 mL of stock solution. The conical flask
was mounted on the incubated shaker and kept at 40 °C,
50 °C and 60 °C with stirring speed of 150 rpm for 60 min.
After 1 h, the reaction was quenched with 1 mL of ethanol
and after adding phenolphthalein indicator, immediately
titrated against 0.02 M alcoholic potassium hydroxide
solution. The esterification activity was followed as,

(Vo — V) x M x 100

Enzyme activity (Ea) = AxT

(1)

2.2.5 FT-IR analysis

Fourier transfer infrared spectroscopy (FT-IR) (Shimadzu,
Miracle 10, and IR Affinity-1S) was approximated for iden-
tification of functional group present in the product. The IR
spectra of analytes were evaluated by using transmission
mode. The FT-IR spectra were scanned under the range of
around 500-4000 cm™'. The FT-IR spectra show a band at
about 1700-1600 cm™' which is assigned at 1720.12 cm™"
that can be accredited to stretching of carbonyl group
(-C=0) that supports the formation of product ester.

2.2.6 Statistical analysis

Statistical analysis is a useful mechanistic tool to explicate
and summaries the experimental results generated by
performing various experiments, and Microsoft excel was
used to analyze the results. The experimental study was
carried out in triplicate for accuracy and precision, and the
reports generated are illustrated as mean £ SD in the pre-
sent work. For a statistically significant outcome, P value
less than 0.05 are considerable.

3 Results and discussion

In order to gain a better understanding of reaction param-
eters governing the enzyme catalyzed synthesis of cetyl
caprate, the optimization studies for esterification of cetyl
alcohol and capric acid were conducted which includes
influence of various operational parameters such as effect
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Scheme 1 Cetyl caprate synthesis

of molar ratio, effect of enzyme loading, effect of tem-
perature, effect of agitation speed and reusability stud-
ies (Scheme 1). The details of each operating parameters
are discussed below.

3.1 Effect of temperature

The influence of temperature on cetyl caprate synthesis
by immobilized lipase was examined accurately by vary-
ing it from 40 to 55 °C (40 °C, 45 °C, 50 °C, 55 °C). The tem-
perature of the reaction is considered to be a significant
variable affecting the conversion rates and possible dena-
turation and deactivation of catalytic activity of enzyme
lipase. Previous work on enzyme catalyzed synthesis
reported that optimum reaction temperature is required
to drive the reaction successfully in the forward direction
and obtain better conversion yields. The use of biocatalyst
needs mild temperature set up that can be easily main-
tained. The temperature study in biocatalysis casts light
on the molecular collision interaction as well as substrate
solubility. A closer examination of the effect of tempera-
ture in Fig. 1a depicts that percent conversion increased
from 61.35 to 91.98% as the temperature increased from
40 to 55 °C. The conversion obtained at 40 °C and 45 °C was
61.35% and 77.22% respectively. At lower temperature,
the enzyme and substrate show poor molecular collision
interaction that eventually leads to poor conversion. Due
to this poor interaction, all the enzyme particles are not
used up by the reactive species. At higher temperature at
50 °C the enzyme and substrate possess strong molecu-
lar interaction, and at 50 °C the esterification reaction was
found to be highly effective with 91.98% yield in 80 min
reaction time. The higher temperature brings out a higher
conversion, elevating the molecular interaction between
enzyme catalyst and the substrate by abating the viscos-
ity of the reaction mixture. The results obtained at 55 °C
was almost the same as obtained at 50 °C and showed a
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Fig. 1 Effect of temperature on conversion (a) and initial rate ver-
sus temperature (b). Reaction condition: time-80 min, enzyme
dose-3% w/w, capric acid:cetyl alcohol ratio-1:3, speed of agita-
tion-200 rpm

marginal improvement in the conversion. Therefore, the
systematic optimization of temperature indicates that
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the esterification reaction proceeded efficiently at 50 °C
and followed for further experimental studies. Figure 1b
reveals that the initial rate of reaction increased from
0.06 M/min/g catalyst to 0.15 M/min/g catalyst as the tem-
perature increases from 40 to 50 °C however the initial rate
of reaction reduces at 55 °C.

For esterification reaction catalyzed by Fermase CAL B,
the activation energy was calculated using the rate con-
stant at different temperatures altering from 40 to 55 °C.
Activation energy is the lowest energy entails to modify
a typical steady species to an unstable species and the
energy requisite for configuration of transition state from
reactants. It is the deviation among the reactant state and
the product state. For the existing scheme, the Arrhenius
plot was formulated on the basis of data of initial rate ver-
sus reciprocal of temperature in order to figure out the
activation energy of esterification of cetyl caprate [19]. The
fundamental Arrhenius equation is as follow;

InK=—-E,/RT+InA

Here A represents the frequency factor; K represents the
reaction rate constant; E, denotes as the activation energy
(kJ/mol), and T is the temperature.

As seen from Fig. 2, the rate statistics at various tem-
peratures extending from 40 to 55 °C have been studied
by using 3% enzyme dose, the molar ratio (acid:alcohol)
1:3 and stirring speed of 200 rpm. The activation energy
for cetyl caprate synthesis catalyzed by immobilized
lipase was found to be 11.0 kcal/mol (45.99 kJ/mol), that
in particular fall in between the scale of enzyme catalyzed
reactions, proportionate to that reported in the literature
[12, 20]. The activation energy value for esterification of
oleic acid and decanol using Novozym 435 as a catalyst
in hexane medium is reported as 16.24 kcal/mol [21]. The

uT

0.903 0.00305 0.0031 0.00315 0.0032 0.00325

InK
&

R?=0.9607

-3.5

Fig.2 Arrhenius plot for esterification of cetyl caprate for obtaining
the activation energy

minimal activation energy estimate indicates superior
catalytic proficiency of immobilized lipase [22].

3.2 Effect of enzyme loading

The enzyme has an intriguing potential of prosecuting a
distinctly specific and efficient catalysis reaction. Enzyme
loading is a critical parameter in view of the outcome of
economic viability and practicability. The effect of enzyme
amount on synthesis of cosmetic ester was tested from 2
10 3.5% (2%, 2.5%, 2.8%, 3.0%, and 3.5%) under optimised
condition. It is illustrated in Fig. 3a that the overall con-
version increased from 63.75 to 91.91% with increasing
catalyst loading from 2 to 3% and maximum conversion
of 91.91% has been achieved with 3% enzyme loading.
The amount of enzyme loading beyond 3% w/w did not
show a significant increase in the percent conversion of
cetyl caprate as the excess enzyme does not contribute
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Fig. 3 Effect of enzyme loading on conversion (a) and initial rate
versus enzyme loading (b). Reaction condition: time-80 min, tem-
perature-55 °C, capric acid:cetyl alcohol ratio-1:3, speed of agita-
tion-200 rpm
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to enhance conversion due to unavailability of substrate.
Also, excessive use of enzyme beyond optimum quan-
tity at 3.5% may lead to agglomeration of immobilised
enzyme lipase in absence of any solvent and possibly
hamper the mixing and mass transfer limitation [11, 23].
Figure 3b brings to view that the initial rate of reaction
(0.15 M/min/g catalyst) is predominant with use of 3%
(w/w) of enzyme dose while the initial rate of reaction
drops beyond 3% (w/w) enzyme dose. A similar type of
correlation for conversion rate in terms of the amount of
enzyme catalyst used was witnessed for the synthesis of
ethyl-3-phenylpropanoate [24]. The behavior of excess
optimum amount of immobilized lipase for higher conver-
sion has also been reported [25]. Thus taking into account
the economic feasibility, the excess use of biocatalyst was
confined and concluded that 3% w/w as an optimum
enzyme loading.

3.3 Effect of molar ratio

The impact of varying the molar ratio of capric acid:
cetyl alcohol catalyzed by immobilized lipase was stud-
ied in the range between 1:1 to 1:4, i.e. (1:1, 1:2, 1:3. 1:4)
and the reaction volume was sustained at 15 cm®. In the
ongoing research, the end result of the influence of the
molar ratio on the conversion rate has been laid out in
Fig. 4a. The results delineate that a maximum percentage
conversion of 91.3% and a determined rate of reaction
were performed with 1:3 molar ratio of capric acid: cetyl
alcohol in 80 min. The percentage conversion increased
together with an improvement in a molar ratio of sub-
strate to a definite quantity. The percentage conversion
was increased from 63.9 to 91.3% by increasing the capric
acid:cetyl alcohol concentration from 1:1 to 1:3 and a maxi-
mized conversion was achieved at 1:3. With increasing the
alcohol concentration, the availability of substrate towards
the catalytic site of enzyme increases and assists to ease
the esterification for higher conversion [26, 27]. The initial
rate depicted in Fig. 4b reveals that initial rate arrives at
a maximum value of 0.15 M/min/g catalyst from 0.05 M/
min/g catalyst and over again begin to drop that can be
substantiated to inhibition caused by acid with extreme
concentration. The gradual decrease in conversion beyond
1:3 could be imputed to some kind of steric interference or
specificity of immobilized lipase towards the substrate [14,
28]. The lower conversion rate at higher molar ratio attrib-
uted to consequences of cetyl alcohol over the enzyme
activity [29, 30]. Since the reaction is carried out in sol-
vent free system, substrate polarity is believed to be the
most crucial factor in balancing enzyme stabilization [31].
Cetyl alcohol comprises a hydrophobic tail with a polar
head. As the enzymes are hydrophobic, the hydrophobic
core of the enzyme preferentially may interact with the
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Fig. 4 Effect of molar ratio of capric acid and cetyl alcohol on con-
version (a) and initial rate versus molar ratio (b). Reaction condi-
tion: time-80 min, temperature-55 °C, enzyme dose-3% w/w, speed
of agitation-200 rpm

hydrophobic tail of alcohol by increasing the residence
duration of cetyl alcohol. The immobilization of enzyme
was carried on polyacrylate beads possessing hydrophilic
nature and possibly will entrap the water molecule deep
within the immobilized support. The concentration of
water and its residence duration on the microenviron-
ment of the active enzyme surface is greater than that of
the substrate. The hydrophobic/hydrophilic interaction
breakdown can attribute to change in the protein struc-
ture of lipase. The higher concentration of alcohol at 1:4,
i.e., beyond optimum value might slow down the reaction
rate due to a steady distribution rate of cetyl alcohol on
the active catalytic surface. Thus, the definite redundant
nucleophilic concentration of 1:3 has been optimized and
recruited in the given reaction.
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3.4 Effect of agitation speed

In the ongoing esterification reaction, the reaction mix-
ture comprised of liquid phase containing reactants and
solid phase of immobilized enzyme lipase and the exter-
nal mass transfer resistance is effectively experienced
while using immobilized lipase system. To evaluate the
effect of external mass transfer limitation on esterification
reaction between cetyl alcohol and capric acid catalyzed
by immobilised lipase enzyme, the reactions were per-
formed with different agitation speed [32]. The effect of
agitation on the reaction medium was examined by rang-
ing speed from 100 to 250 rpm. The Fig. 5a depicts the
extent of esterification and the conversion increases with
increase in the stirring speed from 100 to 200 rpm. The
percent conversion obtained with a further lower stirring

A 100

% conversion

0 20 40 60 80 100

Time (minutes)

—#—100rpm —4—150rpm —#—200rpm —@—250 rpm

=

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04

Initial rate (M/min/g catalyst)

0.02

0 50 100 150 200 250 300

Speed of agitation (Rpm)

Fig.5 Effect of agitation speed on conversion (a) and initial rate
versus speed of agitation (b). Reaction condition: time-80 min,
temperature-55 °C, enzyme dose-3% w/w, capric acid:cetyl alcohol
ratio-1:3

speed of 100 rpm and 150 rpm was 62.91% and 75.15%
respectively and at 200 rpm stirring speed a maximum
conversion of 91.19% was achieved. The agitation speed of
200 rpm intermix the reactants by an increment in collision
amongst the particles and the overall reaction rate intensi-
fies in the relatively lesser duration of time, due to reduc-
tion in the external mass transfer resistance. As noticed in
Fig. 5b, the initial rate of reaction increased from 0.08 M/
min/g catalyst to 0.16 M/min/g catalyst as the speed of
agitation increased from 100 to 200 rpm. Besides, there
was an insignificant decline in the percentage conversion
at 250 rpm. This can be elucidated to higher stirring speed
that may trigger the enzyme particle to propel outside the
liquid reaction mixture resulting the enzyme particles to
project towards the wall of the reactor. Moreover, agitation
speed beyond 200 rpm may also lead to shearing of immo-
bilized enzyme and undergo decay of enzyme leading to
loss of enzyme activity. Hence, the speed of agitation of
200 rpm has been investigated as optimal and well-chosen
for further studies.

3.5 Enzyme reusability

To make the method economically applicable, the reus-
ability of the immobilized lipase was checked by using the
recovered enzyme for successive cycles under optimized
reaction condition. After completion of each cycle, the
crude reaction mixture was strained and filtered with the
help of Whatman filter paper and washed several instants
with acetone in order to eliminate the remains of product
or reactants and preserved overnight in desiccators for
drying at room temperature before reuse. The recycled
enzyme was reused to determine the reusability. As seen
in Fig. 6 the immobilized lipase retained proportionate
activity up to 6 cycles for cetyl caprate synthesis. The rela-
tive decline in conversion beyond 6 cycles can be attrib-
uted due to deactivation of the enzyme by the use of cetyl
alcohol. Moreover, loss of enzyme during the workup pro-
cess may reduce the subsequent conversion rate [33, 34].

4 Kinetic modeling and mechanistic study

The influence of concentration of substrate towards the
rate of reaction between capric acid and cetyl alcohol was
evaluated in the presence of immobilized enzyme lipase
in SFS. To compute initial rates, trials were performed by
varying the cetyl alcohol concentration, and the total vol-
ume of the reaction was kept constant at 15 cm?in solvent
free condition. The initial reaction rate was calculated and
plotted from the records of reaction duration and initial
rates with respect to acid concentration were plotted [35].
The Lineweaver-Burk plot of reciprocal of rate against
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Fig. 6 Reusability study of lipase for cetyl caprate synthesis. Reac-
tion conditions: time-80 min, temperature-55 °C, enzyme dose-
3% w/w, capric acid:cetyl alcohol ratio-1:3 and agitation speed-
200 rpm
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Fig.7 Lineweaver-Burk plot

reciprocal of acid concentration is depicted in Fig. 7. As
seen in Fig. 7 the initial rate increases at low concentra-
tion of alcohol and contrary is the situation when the con-
centration of cetyl alcohol is higher, which implicits that
cetyl alcohol acts as an inhibitor. It can be considered that
the deactivation of enzyme lipase can be caused by cetyl
alcohol.

With the intention to assess the kinetics of the lipase
catalyzed esterification reaction, various bi substrate

SN Applied Sciences

A SPRINGERNATURE journal

models, such as random bi-bi, ping pong bi-bi, ordered
bi-bi were selected. The calculations were examined with
non-linear regression by using MS excel 2010 for the above
mentioned models. It is seen that the sum of square (SSE)
was minimum in the case of ping-pong bi-bi model with
inhibition by cetyl alcohol and the SSE value was higher
for the other two models. On the contrary, ordered bi-bi
and random bi-bi models does not show good fit and
some unambiguous kinetic parameters showed imprac-
tical and insignificant values [36, 37]. The estimated
kinetic parameters determined by ping pong bi-bi model
were V, . .=21.89 M/min/g catalyst, K,=1.19x 1072 M,
Kz=8.45 M, K;,=2.02x 1072 M, K;=3.55x10"* M and
SSE=4.31x 107>, In view of this, it can be inferred that the
reaction obeys and follows ping-pong bi-bi mechanism
with inhibition by cetyl alcohol. Considering the associa-
tion to the traditional mechanism of lipase catalyzed ester-
ification, it can be postulated that capric acid (A) binds to
the enzyme lipase (E) to constitute Enzyme-Acid complex
(EA). The complex release water as the initial by product
(P) and reformed enzyme (E) before second substrate, cetyl
alcohol (B) attach with an enzyme (F) to present another
complex (FB). The unstable complex further isomerizes
to yield product cetyl caprate ester (Q) and free enzyme
(E). The rate equation for ping pong bi—-bi model is given
below as follow:

E=AEA Pl F B E B E QM + @

The equation of the initial rate is represented below as
follows:

_ Vinax [AIB]
[AI[B] + Kg[A] + (1 + [A1/Kys) + Ku[BI(1 + [B1/Kig)

Yo

v, is the reaction rate, V,,,, is the maximum rate of reac-
tion, [A] is the initial concentration of cetyl alcohol, [B] is
the initial concentration of capric acid, KA is Michaelis con-
stant for cetyl alcohol, KB is Michaelis constant for capric
acid, KiA, inhibition constant for cetyl alcohol, and KiB is
the inhibition constant for capric acid.

The assessment between experimental and predicted
rates are plotted and compared in Fig. 8a. It can be seen
from Fig. 8b that the initial rate of reaction is increased
together with the corresponding rise in acid concentra-
tion and a higher initial rate has been obtained at approxi-
mately 0.07 M/min/g of catalyst. It is observed from Fig. 8a,
b that ping pong bi-bi model shows excellent match with
experimental rates, thus demonstrating the plausibility
of the model. The correlation table of kinetic parameter



SN Applied Sciences (2019) 1:949 | https.//doi.org/10.1007/542452-019-0955-9

Research Article

A 0.12

0.1 i
0.08 *

0.06 <

Predicted rate

0.04

0.02

o>

0 0.02 0.04 0.06 0.08 0.1 0.12
Experimental rate
®Random Bi-Bi

A Ping-Pong Bi-Bi Ordered Bi-Bi

B 0.12 1
w 011 ™
£
£ 0.08 ¢
E »
0.06 - =
g [
= 0.04 -
=
= 002 - ]
0 T T T )
0 2 4 6 8
Acid concentration
#Random Bi-Bi MPing pong bi bi ordered bi bi X Experimental

Fig. 8 Parity plot of predicted rate versus experimental rate (a) and
comparison of initial rate versus acid concentration in case of all
three models with experimental results (b)

Table 1 Comparison table of kinetic parameter values for the cetyl
caprate synthesis

Parameters Kinetic model

Random bi-bi  Ping Pong bi-bi  Ordered bi-bi
Vm (M/min/g)  1.70427 21.886 12.3211
KB (M) 7.0197%x107"  8.45123 7.306%107"
KA(M) 1.198948 1.194% 1072 1.1032
KiA (M) 14.8832 2.02x1072 1.5208x 107"
KiB (M) - 3.55x107* -
Ki (M) - - 1.805x1073
SSE 5.18x107* 431x107° 1.14x107*

statistics for the synthesis of cetyl caprate is illustrated in
Table 1.

5 Thermodynamic viewpoint

The thermodynamic feasibility study of kinetic data was
carried out by using Erying equation. By integrating the
basic thermodynamic equation and substituting the rel-
evant values, additional values of AH, AS, and AG of the
reaction were derived. Throughout the reaction, enzyme
lipase can deflate the free energy, which is essential to dis-
charge the product along with a combination of reacting
groups [38]. Thus enzymes even out the transition state;
pace up reaction rate and the energy obstacle to conquer
is marked down. The minimal activation energy was noted
for a refined protocol that suggested (a) improved cata-
lytic performance (b) decreased energy pre-conditions (c)
substantial rate of reaction for the given system in com-
parison to various other catalyzed reaction [39-41]. Ther-
modynamic aspect can contribute the notable evidence
with respect to reaction practicability of various biocata-
lysed approach [42]. The enthalpy change (AH) indicates
unconstrained re-order and randomness of lipase cata-
lyzed system; the minimal AH value was found 43.31 kJ/
mol which can be attributed to facile transition state for-
mation and the enthalpy change obtained is positive for
various temperatures. Similar values for enthalpy change
can be seen for the synthesis of cetyl oleate catalyzed by
lipase immobilized on glutaraldehyde-activated rice husk
particles, indicating that the reaction is endothermic in
nature [39]. As per the second law of thermodynamics, the
entropy of activation (AS) designates the analysis of local-
ized disorderness of the reaction system. With the progress
of the reaction, the reactants are utilized, leading to the
formation of enzyme-substrate complexes (ES) and dep-
rivation of entropy accompany with the liberation of both
translational and rotational energies. Consequently, the
entropy is explicit as a negative value (—0.25 kJ/mol K),
which suggests favorable and impulsive complex forma-
tion [43]. The practicality and simplicity of reaction are
appropriately defined in terms of free energy change of
activation (AG). The feasibility of reaction is more with
the lower free energy change of reaction [37]. The Gibb's
free energy change (AG) was determined as 126.06 kJ/
mol, which revealed no alteration at different operating
temperatures. The rate data at different temperatures and
energy of activation are shown in Table 2.
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Table 2 Energy of activation and thermodynamic parameter at dif-
ferent temperature

Parameter Temperature (K)

313 318 323 328

Energy of activation, Ea (KJ/ - - 4599 -

mol)
Enthalpy change (AH) KJ/mol =~ 4339 4334 4330 43.27
Entropy change (AS) KJ/molK  -0.255 -0.256 —-0.256 —0.256
Free energy change (AG) KJ/ 12350 124.78 126.06 127.34

mol

6 Conclusion

The present study validates that the synthesis of
cetyl caprate, a cosmetic value ester using Fermase
CALB™10000, a commercial immobilized Candida antarc-
tica lipase, has been accomplished using cetyl alcohol and
capric acid in short duration time. The influence of differ-
ent operating parameters has been studied under solvent
free condition, and the highest percentage conversion of
cetyl caprate ester (95%) was achieved under optimal con-
ditions of 3% w/w of enzyme dose, 60 °C temperature for
80 min at a stirring speed of 200 rpm with 1:3 molar ratio.
The immobilized lipase was reused up to 5-6 cycles reserv-
ing its respective actual activity. The energy of activation
was found to be 45.99 kJ/mol. The thermodynamic param-
eters were estimated at various temperatures. Enthalpy
change (AH) and Gibbs free energy change (AG) were
enumerated as 43.30 kJ/mol and 126.06 kJ/mol respec-
tively. The entropy change (AS) was found as —0.25 kJ/
mol k. The enzymatic synthesis of cosmetic ester is recog-
nized as favorable greener and environmentally friendly
approach and cosmetic ester can be used as a cosmetic
ingredient in various commercial cosmetic formulations.
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