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Abstract: Petroleum based phthalate plasticizers encounter enormous claims to prohibit their production
due to their harmful health impacts when they are mixed with plastics. That is why efforts are being done to
find safer natural alternatives. We have investigated the reaction kinetics of the esterification epoxidation of
oleic acid and 2-ethylhexanol in the presence of hydrogen peroxide catalyzed using Candida antarctica lipase
(Novozym 435, Novozymes, Kobenhavn, Denmark). The product of this reaction is epoxidized 2-ethylhexyl
oleate, a non-phthalate green plasticizer. The kinetic model for this reaction follows a multi-substrate Ping-
Pong Bi-Bi mechanism with competitive inhibition by the alcohol. The reaction’s kinetic parameters were
found to be 0.76 M, 0.37 M, 0.08 M, and 37.20 mM/min for Michalis-Menten constant for oleic acid (K,,,),
Michalis-Menten constant for alcohol (K,,,), alcohol inhibition constant (K;,), and maximum reaction
velocity (V,...), respectively. Then the Gibbs function analysis of the transition state based on the Arrhenius
and Eyring equations was carried out. The internal diffusional limitations were found to be negligible as the
effectiveness factor took the value of almost unity. While the external mass transfer resistance had no effect
on the reaction due to operating at relatively high agitation speed and high temperature. This investigation
confirms that this reaction was only kinetically controlled.
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1 Introduction

Poly (vinyl chloride) (PVC)is one of the most predomi-
nant polymers in the marketing world due to its low pro-
duction cost and good mechanical properties. Plasticizers
are among the various additives that mixed with PVC
during processing. Plasticizers are utilized to impart flexi-
bility and elasticity to the stiff PVC by increasing the
spaces between polymer chains and reduce the interac-
tions between them" . Therefore, plasticized PVC finds ver-
satile applications in different areas, such as in medical
devices, toys, packing materials, and electronic compo-
nents.

Di (2-ethylhexyl) or Di octyl phthalate (DEHP or DOP)is
considered as the most used primary plasticizer in PVC
worldwide; accounting for more than 80% of the total plas-
ticizers market® . However, the European Union (EU) classi-
fied DEHP plasticizer as a repro-toxic compound and
strongly recommended finding a safer substitute, especially
in medical devices”. This was followed by passing the law

in Franceto prohibit manufacturing and trading food
packaging containing DEHP. This substitution could be
achieved by two approaches; the first would be to substi-
tute PVC with another polymer, such as polypropylene or
silicone; the other would be to replace phthalate plasticiz-
ers by non-phthalate ones”.

Several non-DOP plasticizers have been introduced to
the market in recent years; however, some of them are
derived from petroleum resources which face gradual de-
pletion. The production of bio-based plasticizers has re-
ceived much attention in recent decades because they are
renewable, biodegradable, and biocompatibleﬁ). Epoxidized
soybean oil, epoxidised sunflower, linseed and palm oils are
among the most widely used bio-based non-DOP plasticiz-
ers worldwide. In addition, it has been demonstrated that
epoxidized fatty acid esters of oleic acid such as di(2-eth-
ylhexyl) oleate (DEHO) possess high levels of compatibility
when mixed with PVC owing to their influence on tensile
strength, elongation and modulus” .
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Over the last decade, the largest ratio of fatty esters/
fatty acids epoxidation processes has been accomplished
by the conventional approach of modifying the unsaturated
chains through utilizing H,SO, and H;PO, as catalysts.
However, when these acidic conditions are employed, po-
lymerization of fats and by-product formation take place,
which generates dark-colored products that need further
purification”. In order to achieve such sustainable goals,
eco-friendly catalysts with higher selectivity are necessary
to be used. The enzymatic alternative biocatalyst showed
up as a valid substitute with a greener pathway in compari-
son to the chemical conventional approachg). As it avoids
the undesired side reactions, eliminates the need for a
solvent and requires a neutral pH levels which means that
downstream product separation is less costly. Furthermore,
it needs less temperature which decreases the thermal
demand of the process” 1

To develop a detailed knowledge about the proposed es-
terification and epoxidation reactions using biocatalyst and
also for the future design of the large-scale process, a
kinetic study should be established. According to litera-
ture, most of the research studies done on enzymatic kinet-
ics using Novozym 435 as a catalyst were related to fatty
acids esterification or triglycerides transesterification reac-
tions. Different models were proposed through these
studies. Galgali et al. Wstudied the kinetics of citronellol
laurate production by ultrasound-assisted esterification
using Novozym 435 as a catalyst where it could be found
that the experimental data fitted the ordered Bi-Bi kinetic
model obtained well. Heeres et al.'*have developed a
generic model based on second order reaction kinetics
where it proved its ability to fit the observed data and rep-
resent the reaction kinetics of the solvent-free lipase-cata-
lyzed production of (meth)acrylate monomers very well.
Encinar et al.'”synthesized biodiesel using Novozym 435
as biocatalysts after sunflower oil transesterification with
methanol. Through this investigative study, different
mechanisms were proposed to describe reaction kinetics
parameters such as Michaelis—-Menten, competitive inhibi-
tion and Ping-Pong Bi-Bi, and mechanisms' . Another re-
search was carried by Bansode et al. 14), who used immobi-
lized lipase to achieve an isoamyl butyrate conversion of
96% under mild operating conditions. The authors found
that the esterification reaction followed Ping-Pong Bi-Bi
mechanism with alcohol inhibition. Moreover, a kinetic
model was set up for enzymatic biodiesel production for
castor oil using Novozym, it was found that at higher
alcohol to oil molar ration, no inhibition was detected and
the reaction followed the Ping-Pong mechanism' .

Although there are many proposed kinetic data and re-
searches for biochemical reactions, there are insufficient
data for the synthesis of E-2-EHO as well as a kinetic study
of it. Accordingly, this work aimed to study the kinetics and
Gibbs function of the production of E-2-EHO through es-
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terification-epoxidation reaction over Novozym 435. In ad-
dition, different possible mass transfer limitations were
studied. The kinetic data was used to implement analysis
of Gibbs function for the reaction in the transition state.
The novelty of this work is that it introduces the kinetic
and Gibbs function studies of enzymatic esterification-ep-
oxidation reactions in order of producing green E-2-EHO
plasticizer for the first time to the best of our knowledge.
From an engineering perspective, this study will help the
designers to design a suitable reactor with exact size and
dimensions in order to perform the reactions properly.

2 Material and Methods
2.1 Materials

Novozym 435(10,000 U/g; propylarate units PLU)
Candida antarctica Lipase B(CALB)in the form of dried
powder, physically immobilized by macroporous support,
Lewatit VPOC 1600 was provided by Novozymes A/S (Ko-
benhavn, Denmark) . 2-ethyl-1-hexanol > 99%, molecular
sieves, 4 A, beads 8-12 mesh, were purchased from Sigma
Aldrich (St. louis, MO, USA). Oleic acid 70% (Gas Chro
fatty acids composition: oleic acid 70.38%, palmitic acid
4.32%, stearic acid 6.33%, linoleic acid 18.97% ), hydrogen
peroxide 50%, and sodium hydroxide were purchased
from Middle East Co.(Cairo, Egypt). All other reagents
were of analytical grade.

2.2 Kinetic study

Before conducting the kinetic and Gibbs function
studies, the factors affecting the proposed esterification
epoxidation reaction were previously studied and opti-
mized. The optimum conditions were found to be a reac-
tion temperature of 65C , molar ratio of H,0,/C = C of fatty
acids of 0.5:1, alcohol to fatty acid molar ratio of 4:1 and
enzyme load of 4 % of the mixture weight. Based on the
optimization study, all kinetic experiments were conducted
at a fixed hydrogen peroxide (H,0,) concentration of 0.5
mM. This concentration was chosen on the basic of avoid-
ing the enzyme inhibition caused by higher concentrations
of H,0,. Also, H,0, was added to the reaction mixture step-
wise for the same reason of avoiding enzyme inhibition.
Stock solutions of oleic acid and 2-ethyl hexanol were pre-
pared with concentrations of 1,2,3 and 4 M by using isobu-
tyl alcohol. The concentrations of 1,2,4 M for the fatty acid
and alcohol were used to develop the kinetic model, while
the 3 M concentration was used for testing and validating
the model. The effect of the alcohol and oleic acid concen-
trations on the initial rate of reaction was investigated by
fixing the concentration of one substrate at a constant
value and varying the concentrations of the other. The
analysis of reaction progress and changes in rates were
carried by monitoring the depletion of fatty acids titrimetri-
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cally through withdrawing aliquots of reaction mixture
each 10 minute as shown in Equation(1).
N-N'

Reaction Progress (%) ==~ X100 (1)

where:

N: the volume of NaOH depleted before the reaction.

N': the volume of NaOH depleted after the reaction.

It should be mentioned here that all experiments were
measured in triplicate and the reaction progress values
were determined as the mean value of the three measure-
ments.

Reaction rates were calculated by converting the fatty
acids conversion values into concentrations which then fed
to the numerical differentiation formula developed by Car-
nahan et al.'”. The kinetic parameters were estimated
graphically using reciprocal analysis of Lineweaver—Burk
from the slope of the plots of 2-ethylhexyl alcohol or oleic
acid rates versus concentration. Also, all substrates kinetic
parameters were analyzed by Ping-Pong Bi-Bi mechanism
and then fitted into the reaction rate equation depending
on this mechanism. The Ping-Pong Bi-Bi approach is char-
acterized by the transformation of the enzyme into an in-
termediate form (transition state) when the product is re-
leased from the first substrate. The enzyme contained in
its original form at the end of the reaction as it is involved
in the reaction and is not consumed. Another main feature
of the Bi-Bi model is that one product is formed and re-
leased before binding with the second substrate.

All experiments were performed in a sealed double
jacket reactor at operating volume of 10 mL and constant
operating conditions of 65C, molar ratio of H,0,/C=C of
fatty acid 0.5:1, 0.425 g molecular sieves/g oleic acid, and
200 rpm. To characterize the resulted product, H' NMR
analysis was performed and it was found that both 2-ethyl
hexyl oleate ester and epoxidized 2-ethyl hexyl oleate were
formed (Figure S1 is presented in supplementary material
section).

2.3 Gibbs function study

The activation energy for the proposed enzymatic esteri-
fication-epoxidation reaction was estimated by applying
the Arrhenius equation using the temperature range
between 45C and 65C . Equation (2)illustrates the quanti-
tative relationship between activation energy (¥,), rate
constant (k) , and temperature (7') of assay

Ln(k) =ln A—E,$/RT 2)

where:

k: rate constant(h ),

A: pre-exponential factor (h ™),

E,: activation energy (kJ mol "),

R: ideal gas constant (8.31447 J K~ ' mol "),

T- absolute temperature (K), and

The notation § refers to the transition state for the enzy-

matic reaction.

To evaluate the activation energy at the transition state,
a graph of In k versus 1/T is plotted to obtain the slope
(—E,$/R)and In A is the intercept of this plot. The other
parameters, such as activation enthalpy change and activa-
tion entropy change were calculated by applying Eyring’s
activated complex theory (ACT)'”, which is described
mathematically in Equation (3).

Ln(k/T) = [In(kyh) + (AS$/R)] — (AH$/R) (1/T) (3)

where:

ky: Boltzmann constant (1.38065 % 10™* JK ™),

h: Planck’s constant (6.62608 X 10" J s),

AHS: is the enthalpy of activation (kJ mol '),

AS§: entropy of activation (J mol ' K™ '),

Accordingly, Gibbs free energy can easily be calculated
from the Gibbs free energy equation presented in Equation

(4).
AG§ = AH§ — TAS$ (4)

3 Results and Discussion
3.1 Kinetic study

An optimization study was conducted first before study-
ing the kinetics of the synthesis of E-2-EHO and the reac-
tion variables were analyzed by response surface method-
ology (RSM). The optimum operation conditions were a
temperature of 65T, enzyme load of 4 wt.%, alcohol to
oleic acid molar ratio of 4:1, hydrogen peroxide to C=C of
fatty acids molar ratio of 0.5:1, molecular sieve/g acid of
0.425 g and reaction time of 2 h. These conditions recorded
a maximum experimental fatty acids conversion of 94.2%.
Afterword, the kinetic study was performed at the
optimum conditions' .

Kinetics experiments were conducted at a constant low
hydrogen peroxide concentration, since this showed a sig-
nificant effect on enzyme inhibition in the optimization
study. It was observed that at fixed alcohol and H,O, con-
centrations, the initial rate increases as oleic acid concen-
tration increases. While at fixed oleic acid and H,0O, con-
centrations, when the alcohol concentration increases, the
initial rate decreases which indicates the inhibition of es-
terification and epoxidation reactions at higher alcohol
concentrations. These observations, are distinctive for
enzyme kinetics with competitive inhibition by alcohol at
the concentration ranges studied. This comes into agree-
ments with the findings of similar researches that stated
that the alcohol has a competitive inhibition pattern over
the Novozym 435 at high concentrations'” 2 All reaction
rates were calculated by applying the numerical differentia-
tion formulas since the data points in the independent
variable are equally spacedle). Every result point represents
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the mean from triplicate estimation and the error bars rep-
resent the standard deviation.

The kinetics of the enzymatic reaction was analyzed by
means of a Lineweaver—-Burk approach to estimate the
kinetic parameters and to gain an insight into the reaction’s
mechanism. Figures S2 and S3 illustrate the Lineweaver—
Burk reciprocal plots for the initial reaction rates versus
oleic acid concentrations and the initial reaction rates
versus alcohol concentrations, respectively at fixed hydro-
gen peroxide concentration (figures are presented in the
supplementary material). The values of determination co-
efficients (R*) were between 0.912 and 0.985. Figure S1 de-
lineates that the plot profile seems to be parallel for differ-
ent oleic acid concentrations, indicating that there is no
significant inhibition taking place within this concentration
range (1, 2 and 4 M). These findings were in agreement
with what found by Basri et al. 2V The slopes of the recip-
rocal plot in Fig. S1 are approximately equal, in spite of
changing the substrate concentration, which implies that
the reaction proceeds through series of binary complex-
6820).

Figure S3 illustrates that different lines intersect at 1/
V..ax for higher alcohol concentration; greater than 1 M and
the slope for these curves increases with increasing alcohol
concentration. These observations are characteristic of
alcohol inhibition in two-step transfer reactions, which
have been confirmed by plotting the slopes of the inter-
secting lines against the alcohol concentration, obtaining a
straight line as illustrated in Fig. S3. Based on the previous
results, it can be stated that the esterification-epoxidation
reaction can follow a Ping-Pong Bi-Bi model with alcohol
inhibition. Equation (5) can be used to calculate the kinet-
ics parameters based on the proposed model of Ping-Pong
Bi-Bi*. Results obtained by Cavallaro et al. »)are consis-
tent with the kinetic results obtained in this research
except that the authors reported an inhibition role for the
oleic acid, this may be due to using different oleic acid to
alcohol molar ratios.

Vi [O] [A]
Al
K,.[0]+K,,[A] ‘1+ I [ +[0][A]
Where V is the initial rate; [OJand[A]are the concentra-
tions of oleic acid and 2-ethyl hexanol, respectively; V.. is
the maximum reaction velocity; K,,, and K,,, are the Mich-
alis-Menten constants for oleic and 2-ethyl hexanol, re-
spectively; and K, is the alcohol inhibition constant.

The parameters of the proposed enzymatic reaction ki-
netics were graphically determined and are tabulated in
Table 1. The K,,, value estimated for the alcohol is half the
K, value estimated for oleic acid, which indicates the
higher affinity of the enzyme to the alcohol than to the
acid. K,, was determined graphically by plotting the slopes
intersecting line in Fig. S2 versus alcohol concentration20>,
which is illustrated in Fig. 1. The plot in Fig. 1 resulted in a

V=

(5)

730

'B ” & B ®
§ N - i
2 ------------- 20
K
2 15
=
& 10
Q.
2 5
wv
6
3 2 1 0 R 3 : - :
[AIM

Fig. 1 Plot of dissociation constant K,, for the enzymatic
esterification epoxidation reaction of oleic acid and
2-ethylhexyl alcohol in the presence of hydrogen
peroxide.

Table 1 Kinetic parameters for the enzymatic
esterification epoxidation reactions of oleic
acid and 2-ethylhexyl alcohol, the values with
significance level of £5%.

Parameter Value
KoM 0.76
K,. M 0.37
K. M 0.08

V ey MM/min 37.20

linear relation which demonstrates one-site inhibition.
From Table 1, it can be seen that the value of K, is ap-
proximately four and half times that of K, indicating that
the reaction ends with a dead-end inhibition complex. No
observed decline in the reaction rate was observed at low
alcohol concentration, while the rate increased as the oleic
acid concentration increased; thus, supporting the prior
claim.

A similar mechanism was proposed for the enzymatic es-
terification reaction between glycerol and free fatty acids
that is present in crude Jatropha oil by immobilized
lipase2°>. Also, the esterification of alanine and glucose cat-
alyzed by Rizomucor miehei lipase and suggested a Ping-
Pong Bi-Bi mechanism with competitive inhibition by
glucose during this enzymatic reaction?”. Liu and Duan®
have established a mathematical model describing trans-
esterification reaction rate of epoxidized soybean oil to
form epoxy of methyl ester through using methanol and
Novozym 435 as biocatalyst. In this study, they found that
the alcohol has an inhibition effect over the enzyme with
an alcohol inhibition constant of 0.0004 M. This result
comes into agreement with the current study in the fact of
the similar alcohol inhibition case but with highest obtained
value (K;,=0.08). This may be due to using different
alcohol concentrations or it could be because of that
2-ethyl hexyl alcohol is more aggressive over Novozym 435
than the methanol. Chowdary and Prapulla%)found that
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Fig.2 Schematic diagram of the Ping-Pong Bi-Bi mechanism of lipase-catalyzed epoxidation reaction with competitive
inhibition by alcohol[k]. E, enzyme; O, oleic acid; A, Alcohol; P1, water; P2, E-2-EHO; (EA), dead-end inhibition

complex.

there was an inhibition effect for ethanol over Rhizomucor
miehet lipase during the esterification reaction. In their
research, it was recorded that the alcohol has an associa-
tion constant with different values due to using different
solvents, where the K, for the alcohol was decreased by
50% from 0.645 M to 0.256 M when enhancing the solva-
tion. The higher K, value obtained in this research maybe
due to using different solvent (isobutyl alcohol), which has
different polarity.

The proposed mechanism is illustrated in Fig. 2. Firstly,
the enzyme (E)reacts with oleic acid (O)to form an oleic-
enzyme compound (EO). After isomerization of this com-
pound, water (P1); which is the first product; is released.
Then the second substrate, 2-ethyl hexanol (A), is attached
to the complex (EO) to form oleic—enzyme—alcohol complex
(EOA). The second product (P2)is formed via epoxidation
forming an epoxide—enzyme complex (EP2)and then this
product is released from the complex regenerating free
enzyme (E). The bond formed between the alcohol and the
enzyme and then the oleic—enzyme complex is irreversible,
leading to the formation of an inactive dead-end complex
(EA).

Finally, the validation of the Ping-Pong Bi-Bi model with
alcohol inhibition for this reaction was examined by com-
paring the values of initial rates, obtained after applying
the kinetic constants obtained in Table 1 to the proposed
model illustrated in Equation (5)for the reaction system,
with those obtained experimentally. Figure 3 shows a plot
comparing the predicted and experimental values of initial
rates, where it can be observed that the coefficient of de-
termination takes a value of 0.994. These outcomes affirm
the conformity of the proposed model with the experimen-
tal results.

3.2 Mass-transfer resistance

This study examines the resistances of different mass-
transfer to demonstrate the independence of the reaction
from both external and internal diffusion. In addition, it
demonstrates that the reaction conditions, as well as the
biocatalyst properties, suppressed those mass-transfer re-
sistances. It is worthy of mention that the possible condi-
tions that eliminated external mass transfer resistance, by
decreasing the viscosity of the reaction medium hence fa-

g 0.06 P
= 0.05
£
£ o004 .
g£E oo03 e
22 o o
5 **
e 0.01
x
w

0

0 0005 00l 0015 002 0025 003

Predicted initial rate (M/min)

Fig. 3 Predicted versus experimental values of initial rate
of reaction for the enzymatic esterification
epoxidation reaction of oleic acid and 2-ethylhexly
alcohol in the presence of hydrogen peroxide.

Table 2 Reaction mixture average physical properties.

Property Value
Viscosity, p (Pa.s) 5.34%10°
Density, p (kg/m’) 850
Diffusivity (oleic acuzi in reaction mixture) 19%10°
(m’/s)

cilitating the transport and collision of molecules to com-
plete the conversion, are operating at relatively high tem-
perature and using alcohol in excess with lower
concentration range that would not have any inhibition
effect on the reaction. Moreover, proper agitation improves
and maximizes the contact between reactants of different
phases inside reaction vessel”” . Intra-particle diffusion can
be enhanced by using fine biocatalyst particles and thus it
is possible to eliminate limitations from mass-transfer.
3.2.1 External mass-transfer resistance

The Stocks—FEinstein equation was used to calculate the
diffusivity presented in Table 2 Further through the re-
action, the increasing ester and epoxy concentrations
result in decreasing the diffusivity of oleic acid in the
mixture; but it is still around the value of 1.9 X 10™’ m%s.
Epoxidised ester has a very low effect on medium viscosity
during the reaction so it can be neglected due to using rela-
tively excess alcohol concentrations.

After determining the acid diffusivity in the reaction
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medium, mass-transfer coefficients can be calculated
through Sherwood number which could be determined uti-
lizing the correlation of Frossling, as shown in Equation

(6):
Sh=2+0.6 % Re" % Sc"” (6)

Prior to employing the Frossling correlation, Schmidt
and Reynolds numbers are estimated from Equations(7)
and (8) shown below:

kd %
Re:p (Z u (7

- H
s P *Dyp ®)

Where, p, 1, D,p, d, and U are average medium density
[kg/m’], average medium viscosity[kg/m.s], average oleic
acid diffusivity in reaction medium[m?*s], catalyst particle
size[m], medium linear velocity[m/s], respectively. Linear
velocity Ulm/s]can be calculated by multiplying the
angular velocity by reactor diameter. Reactions were done
under an agitation speed of 200 rpm inside a reactor of an
approximate diameter of 0.04 m while the maximum parti-
cle size of catalyst was 0.3 mm, so the linear velocity of the
biocatalyst particles was 0.42 m/s. Using these values and
the values in Table 2, Reynolds and Schmidt numbers were
calculated to be 20 and 3313.4, respectively. By substitut-
ing in the correlation of Frossling, the Sherwood number is
calculated to be 42 approximately; hence the mass-transfer
coefficient could be obtained using Equation (9). The re-
sultant value of the mass-transfer coefficient (Kyy)is about
0.016 m/min.

sy = Bur iy (9)

Dy

To ensure that the kinetic study is intrinsic and that no
external mass-transfer limitations take place during the re-
action, time constants of both reaction ¢, and diffusion ¢,
should be calculated and compared. Equations (10)and
(11)represent the mathematical formulae of these coeffi-
cients.

— DAB
Ly o (10)
Co
= 11
t) Vobs < )

Where, V,,,[ M/minlis the observed initial rate of reaction
and C,[M]is the initial concentration of oleic acid. It was
found that ¢,<t,, as t, and ¢, take the values of 1 X 10~ and
10 min, respectively, meaning the negligibility of the exter-
nal resistance of mass transfer is, verifying the earlier hy-
pothesis that the reaction is independent of external diffu-
sion.

The internal mass transfer could be calculated, in order
to confirm the total reaction dependence on surface reac-
tion and its independence from mass-transfer resistance.
3.2.2 Internal mass-transfer resistance

In this study, internal mass-transfer resistance is dis-
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cussed to investigate its role as a rate-limiting process
compared to the reaction rate on the biocatalyst surface.

MacLeod investigated the relation between the particles
size of a catalyst and effectiveness factor™. For example,
the effectiveness factor (n)for a reaction of transesterifica-
tion was reached a value close to the unity for particle sizes
up to 1 mm when the oil diffusivity value is 5% 10~ m*s
(diffusing of oil in methanol). Employing this to our study
(0.3 mm of maximum particle size and 1.9X 10™° m%s of
diffusivity), it can be deduced that the effectiveness factor
becomes of unity, indicating the insignificance of the resis-
tance of internal mass-transfer.

Another method to confirm the negligibility of the inter-
nal mass transfer resistance is through calculating the
Thiele modulus (¢)and then calculate the effectiveness
factor n to check whether it is equal to unity. The Thiele

modulus takes the form presented in Equation (12)%”.

— I/obs R 2
b= * ) (12)
Where, V,,, is the observed initial rate of reaction, R is
the average radius of catalyst particles and C, is the initial
concentration of oleic acid. Substituting the values of each
parameter in Eq. 11 gives a Thiele modulus of about
0.1054, which is a low value. The value of Thiele modulus
can then be used in Equation (13) to calculate the effective-
ness factor; the value was found to be about 0.9993, imply-
ing the negligibility internal mass-transfer resistance.

_3 _1
n ¢*(tanh¢ ¢) (13)

In other previously performed studies, researchers have
studied the effect of mass transfer resistances on the enzy-
matic esterification reactions and proved that they have
negligible contribution on reaction progress. For example,
Gofferjé et al. “tried to minimize external mass transfer
during enzymatic esterification of free fatty acids and glyc-
erol in crude Jatropha oil by using Rhizomucor miehet
lipase by operating at relatively higher temperatures such
as 60C and stirring rate of 300-400 rpm. In addition, it was
proved that the reaction did not suffer from internal mass
transfer resistances as the calculated effectiveness factor
for this reaction system reached unity. Also, Todero et al.” )
proved that there are no effects for external and mass
transfer resistances on the production of isoamyl butyrate
by immobilized TLL and the reaction rates were controlled
by the enzyme kinetics. Al-basir et al.”” obtained a mathe-
matical model for biodiesel production from jatropha
curcas oil by utilizing enzyme, this model shown that mass
transfer resistances can be inhibited by the aid of appropri-
ate agitation levels.

Moreover, in another study where transesterification of
glycerides for biodiesel production was conducted in pres-
ence of enzymatic catalyst, external and internal diffusional
resistances were examined™ . In the case of studying ex-
ternal mass transfer, diffusive time (time constant of diffu-
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sion) and kinetic time (reaction time constant)were calcu-
lated and compared to each other; where it was found that
the kinetic time is much longer than the diffusive one
which means that the external diffusional resistance can be
neglected. With respect to the internal resistances, it was
stated that they did not exist as the enzymes were immobi-
lized on the surface of the support used; hence, the reac-
tion took place only on the catalyst surface without any
need to any internal transport of molecules. With respect
to the possible mass transfer limitation of free water on
Novozym 435, molecular sieves were added to continuously
adsorb the waters in the aqueous phase. Dang et al. re-
ported that the decrees of water content in the medium
would lead to increased percentage of conversion in the
esterification reaction of oleic acid and fructose catalyzed

by Rhizomucor miehei lipase™ 0.

3.3 Gibbs function study

Activation energies for esterification epoxidation reac-
tion for the production of 2-ethylhexyl oleate was estimat-
ed from the Arrhenius plot as shown in Fig. 4, which yields
straight lines with determination coefficients (R*) varying in
the range 0.975-0.999. For Michaelis-Menten constants for
oleic acid, alcohol and maximum reaction rate, the increas-
ing trends are observed up at 65C, but at 70C they de-
crease, indicating the possible thermal deactivation of the
enzyme at higher temperatures. Similar values were ob-
tained when used Novozym435 from Aspergillus niger
source as catalyst in the process of esterification of oleic
acid. In the present study, the rate equation constants at
different temperatures from 318 to 338 K were obtained
with enzyme loading 4 wt.%, molar ratio 2-ethyl hexanol/
oleic acid 4:1 and H,O,/oleic acid 0.5:1, 0.425 g molecular
sieve/g oleic acid, and stirring at 200 rpm34>. The activation
energies (E,§) calculated were 20.45, 50.45, 17.6 and 63.13
kJ/mol for oleic acid reaction, alcohol reaction, alcohol in-
hibition reaction, and maximum reaction rate, respectively.
The previous findings clearly indicated that the inhibition
reaction by alcohol has the lowest activation energy, which
means that it is the easiest reaction taking place among
these reactions. This confirms the results obtained from
kinetic studies that there is an inhibition taking place due
to alcohol.

As mentioned before, parameters (AH§ and AS§)were
determined by using the activated complex theory (ACT),
described in Equation(3)*. Figure 4 displays the linear
regression of the data obtained by Equation (3) for different
associated reactions in the esterification-epoxidation reac-
tion, which matches the expectation for a single rate-limit-
ed thermally activated process%). It was found that the
value of AH is positive; this can be attributed to the endo-
thermic nature of the lipase catalyzed reactions™ *¥. As
the reaction proceeds, the enzyme—substrate complex con-
centration increases due to consumption of substrates. Ac-

0 YT
0.0029 0.00295 0.003 0.00305 0.0031 0.00315 0.0032

-2
y =-7593.6x +19.2

R?=0.99
-4

-6 —@— Arrhenius plots

In (k), In(k/T)

=@ Linear regression
-8 y=-7265.9x+12.4

R?=0.99
-10 .\G\‘

-12

Fig. 4 Arrhenius plot and the Linear regression of ln k/T
as a function of temperature for esterification
epoxidation reaction of 2-ethylhexyl ester
catalyzed by Novozym 435 at enzyme loading 4
wt. %, molar ratios of 2-ethyl hexanol/oleic acid 4:1,
and H,0,/C=C of fatty acids of 0.5:1, 0.425 g
molecular sieve/g oleic acid, and stirring at 200 rpm.

Table 3 Parameters for the transition state of enzymatic
esterification epoxidation reaction for
epoxidised 2-ethylhexyl oleate, the values with
significance level of £5%.

Temperature (K)
Parameters
318 328 338
k 0.009  0.018  0.037
Activation Energy (kJ/mol) 63.1
Enthalpy change (kJ/mol) 60.4
Entropy change (kJ/mol.K) —0.095

Gibbs Function (kJ/mol) 90.5 91.5 92.4

cordingly, entropy change was found to have a negative
value which means non-spontaneous complex formation® .
Negative entropy change is common for adsorption of mol-
ecules onto the surface of solid catalyst or adsorbent and
in the case of polymerization as well. It is possible to calcu-
late Gibbs free energy (AG$) from the enthalpy and entropy
change of the transition state with the aid of the Gibbs free
energy equation as shown in Equation(4). All parameters
are shown in Table 3, which illustrates the effect of tem-
perature changes on Gibbs free energy (AG)for the studied
reaction. The values of (AG) were slightly affected and were
found to be around 90.5, 91.5, 92.4 kJ/mol at 318, 328, 338
K, respectively. It should be noticed that all the (AG) values
are positive which assures the non-spontaneous nature of
the esterification-epoxidation process.

4 Conclusion
In this paper, the kinetics of enzymatic esterification-ep-
oxidation of oleic acid and 2-ethyl hexanol in the presence
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of hydrogen peroxide using Novozym 435 as biocatalyst
was studied. Reactions were performed at operating
volume of 10 mL and constant enzyme loading, hydrogen
peroxide to carbon double bond ratio and agitation speed;
while the reaction temperatures varied from 318 to 338 K.
The kinetics of this enzymatic reaction was found to follow
a Ping-Pong Bi-Bi model with alcohol inhibition. After ap-
plying this model and determination its parameters as well
as comparing its predicted values with the experimental
ones, it was found to be an adequate representative of the
enzymatic esterification-epoxidation reaction as the deter-
mination coefficient took the value of 0.994. In addition, it
was found that the reaction is not limited by diffusion, after
examining both external and internal mass-transfer resis-
tances, where the reaction was found to be only kinetically
controlled. The analysis of Gibbs function confirmed the
endothermic nature of the reaction, as the enthalpy of acti-
vation take positive value. In addition, the entropy changes
were found to take negative values; this is consistent with
the fact that the formation of epoxy molecules from oleic
acid and alcohol ester molecules and adsorption of both
acid and alcohol molecules on the enzyme surface are fol-
lowed by decreases of entropy and freedom.
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