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Abstract—A laboratory-scale stirred basket reactor (SBR) was constructed to study the synthesis of an n-butyl oleate
ester using Novozym 435. An ester yield of approximately 98% was obtained after 6h using an equimolar substrate
ratio, 3.5 g of enzyme, a reaction temperature of 40 °C, and an impeller speed of 200 rpm. The kinetic data were mod-
eled as a ping-pong bi-bi mechanism using a non-linear regression technique. Statistical analysis of the results showed
that a model that incorporated the inhibitory effect of n-butanol yielded the best fit with the following parameters:
V,=24.8 mmol L™ min", K,, i acis=190.8 MM, K, . prano=544.7 mM, and K; ,, mno=158.3 mM. Mass transfer effects
on the enzyme kinetics were also studied, and the absence of internal and external diffusion limitations on the reac-
tion in the SBR was confirmed by considering calculated values of the Thiele modulus and the Damkohler number.
Novozym 435 exhibited satisfactory performance in repeated-batch experiments using SBR.
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INTRODUCTION

Global interest has directed industry towards the use of safer
processes that inflict less environmental damage. Direct enzymatic
catalysis is the preferred method for converting raw materials to
value-added products. Although much attention has been focused
on lipases, the use of these enzymes for synthesis is still new and
requires more experimental work. Oleochemical esters produced
from plant oils and related derivatives have advantages over min-
eral oil-based products because of their biodegradability and lower
toxicity [1-6]. The numerous potential usages of the oleochemical
ester n-butyl oleate have directed industrial attention toward this
compound. For example, this ester can be employed as a diesel addi-
tive, a plasticizer, a water-resistant agent, and in hydraulic fluid [7].

A wide variety of biochemical conversions are carried out using
immobilized enzymes, and the advantages of this usage are rein-
forced using an appropriate design of bioreactor (stirred tank, flu-
idized bed, packed bed, membrane, etc.). Among these designs,
which possess different geometrical characteristics, the packed bed
reactor has gained popularity, but the reactor suffers from major
weaknesses: laminar flow inside the fixed bed causes low rates of
mass and heat transfer; effluent particles may clog the bed; and
undesirable channeling may occur inside the bed. Moreover, the
widespread use of the stirred tank reactor does not rule out the
occurrence of undesirable effects of stirring (i.e., sensitive enzymes
respond to shear forces and the mechanical disruption of the bio-
catalyst particles would be very likely) [8].

Reactor design with respect to reaction kinetics has been described
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in the literature, and the stirred basket reactor (SBR), in which the
baskets are filled with catalyst particles, has been deemed suitable
for conducting heterogeneous catalysis experiments. The most salient
feature of this reactor configuration is that the high relative veloci-
ties between the particles and the surrounding fluid provided by
the high-speed rotating basket markedly reduce the external mass
transfer resistance. This mixing behavior also reduces the likeli-
hood of non-uniformity in the reaction medium occurring in the
axial or radial position. However, internal mass transfer effects are
still present in such a system. By using small catalyst particles and/
or by maintaining a low rate of conversion, it is possible to over-
come these limitations [9,10]. Therefore, the catalyst particles make
good contact with the substrate molecules because of adequate mix-
ing in the SBR, enhancing the hydrodynamics associated with the
behavior of the liquid phase. For biocatalytic processes in which an
immobilized enzyme is employed, enzyme integrity will likely be
retained and structural disruption avoided with the use of an SBR.

The catalytic synthesis of n-butyl oleate using Novozym 435
was investigated in this study by constructing and operating a lab-
oratory-scale SBR. The effect of certain operative factors on the
reaction rate was quantified for this novel reactor design. These
factors were the impeller speed, the amount of enzyme, the tem-
perature, and the molar ratio of the substrates. A kinetic model
with substrate inhibition was used to describe the reaction mecha-
nism, and the kinetic constants were determined based on statisti-
cal analysis. The effects of mass transfer resistance on the synthesis
of the ester were also evaluated.

MATERIALS AND METHODS

1. Materials
Novozym 435 is a commercial immobilized lipase B from Can-
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Fig. 1. Schematic diagram of the stirred basket reactor system.

dida antarctica supported on a macroporous acrylic resin and was
provided as a gift from Novozymes A/S (Denmark-Tehran office).
The physical characteristics of Novozym 435 are as follows: bead
size 0.3-0.9 mm, surface area 80m’ g, and bulk density 0.42 g
mL™". Oleic acid (extra pure) was obtained from the Loba Che-
mie Co. The Merck Chemical Co. supplied n-butanol (=99%) and
n-hexane. All the other chemicals and reagents were of analytical
grade.
2. Reactor Construction and Experimental Setup

The stirred basket reactor used in the present study consisted of
a jacketed cylindrical glass vessel with an inner diameter of 105
mm and an inner height of 135 mm (Fig. 1). The basket impeller
was fabricated from perforated stainless steel and attached to a
central shaft. An appropriate amount of immobilized enzyme (Novo-
zym 435) was filled into each of the four compartments of the bas-
ket impeller. The shaft was driven by a variable-speed electric
motor, and the system was equipped with a controller (Janke &
Kunkel, IKA-WERK, RE166, Staufen, Germany). Four equally
spaced baffles were placed inside the reactor, which reduced vor-
tex formation considerably. The temperature of the reactor was
controlled by a circulating water bath (WiseCircu WCB-6). The
reflux condenser was connected to the reactor to avoid solvent loss.

Enzymatic synthesis of n-butyl oleate was in a batch mode in

the SBR in a working volume of 750 mL. The reaction mixture
consisted of the substrates oleic acid and n-butanol in an n-hex-
ane medium. The yield of n-butyl oleate ester was dependent on
several operational factors: impeller speed, amount of enzyme,
reaction temperature, and molar ratio of the substrates. Samples
were withdrawn from the reactor at regular time intervals, and the
unreacted oleic acid content was determined. Based on these val-
ues, the concentration of n-butyl oleate over the reaction time was
calculated. At the end of the reaction, the reactor was drained, and
the solvent was evaporated under reduced pressure (BUCHLI,
Rotavapor R-205, Vacuum controller V-800). The ester phase was
used for further analysis.
3. Kinetics Studies

Kinetics experiments were carried out in the SBR system by set-
ting the initial concentration of one substrate at a constant level
and varying the concentration of the other substrate. Therefore, the
series of experiments was designed in a binary matrix in which the
oleic acid and the n-butanol concentrations each ranged from 100
to 1,000 mM. For each run, the SBR impeller speed was 200 rpm, the
temperature was 40 °C and 3.5 g Novozym 435 was added. Table 1
shows the details of the experimental plan. In this manner; the effects
of both substrates on the rate of the enzymatic esterification reac-
tion were described by a ping-pong bi-bi mechanism. Competitive
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Table 1. Experimental plan for the modeling kinetics of the n-butyl oleate ester synthesis in the SBR using Novozym 435. The experimental
results (mean+SD) and the reaction rates predicted by the model are also shown

Exp. Oleic acid n-Butanol Initial reaction rate (mmol L™ min™")

no.’ [A] (mM) (B] (mM) Experimental Predicted Residual

1 100 100 2.75+0.08 2.59 0.16

2 100 200 3.10+0.08 3.08 0.02

3 100 400 2.65+0.07 2.73 —-0.08

4 100 600 2.18+0.08 224 —0.06

5 100 800 1.82+0.06 1.87 —-0.05

6 100 1000 1.55+0.07 1.60 —-0.05

7 200 100 3.40+0.14 3.10 0.30

8 200 200 4.41+0.13 421 0.20

9 200 400 4.31+0.18 433 —-0.02
10 200 600 3.78+0.10 3.83 —-0.05
11 200 800 3.28+0.08 3.32 —-0.04
12 200 1000 2.87£0.13 291 -0.04
13 400 100 3.64%0.10 343 0.21
14 400 200 5.15+0.14 5.16 —-0.01
15 400 400 6.11+0.17 6.13 -0.02
16 400 600 5.97+0.17 591 0.06
17 400 800 5.44+0.15 543 0.01
18 400 1000 4.89+0.11 492 —-0.03
19 600 100 3.81+0.11 3.56 0.25
20 600 200 5.39+0.13 5.58 -0.19
21 600 400 6.70£0.11 7.12 -042
22 600 600 6.98%0.11 7.22 -0.24
23 600 800 6.94+0.11 6.87 0.07
24 600 1000 6.06+0.15 6.40 -0.34
25 800 100 3.73%£0.15 3.63 0.10
26 800 200 5.56+0.15 5.81 -0.25
27 800 400 7.98%0.23 7.74 0.24
28 800 600 8.08+0.23 8.13 —-0.05
29 800 800 8.12+0.23 7.93 0.19
30 800 1000 7.90£0.23 7.54 0.36
31 1000 100 3.52+0.15 3.67 -0.15
32 1000 200 5.87+0.17 597 -0.10
33 1000 400 8.30+0.24 8.17 0.13
34 1000 600 8.46+0.24 8.78 -0.32
35 1000 800 8.76+0.25 8.74 0.02
36 1000 1000 8.77+0.24 8.43 0.34

“For each run, the SBR impeller speed was 200 rpm, the temperature was 40 °C and 3.5 g Novozym 435 was added. The reaction volume was

set at 750 mL

inhibition is the focus of this mechanism and is shown in Scheme
1. Considering the inhibition by both substrates, the rate equation
is as follows [2,11]:

o Ve Al[B] o
[A][B] +KmA[B](1+ [EB;D +KmB[A](1+ [EA—])

i iA

where vis the initial rate of the esterification reaction; V,,,,, is the
maximum rate of the reaction; [A] and [B] are the initial molar
concentrations of oleic acid (A) and n-butanol (B), respectively;
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K, and K, ; are the Michaelis constants; and K4, and K;; are the
inhibition constants for oleic acid and n-butanol, respectively.
In the absence of substrate inhibition by oleic acid, Eq. (1) can
be modified as follows:
Ve Vil Al[B] @
(B + Ky 11 B )

i

The reaction kinetics for the enzymatic catalysis of two substrates
in the absence of an inhibitor has been defined as follows:
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Scheme 1. Ping-pong bi-bi mechanism for the lipase-catalyzed synthesis of n-butyl oleate ester in an SBR.

Vonax[A[B]

Y= TAIIBI + K, [B] + K p[A] 2

The initial reaction rate for each run was determined from the
slope of the initial linear portion in the plot of the amount of ester
produced versus time. The above-mentioned rate equations were
used to calculate the kinetic parameters by considering the experi-
mental data that fit the model by non-linear regression analysis.

4. Analytical Methods

The free fatty acid content in terms of unreacted oleic acid in
the test reaction mixture was determined by a colorimetric method
[12,13]. Cupric acetate-pyridine reagent was prepared by dissolv-
ing 5% (w/v) of cupric acetate in water, and after filtration, the pH
of the reagent solution was adjusted to 6.1 by adding pyridine.
Samples of the test mixture containing oleic acid were transferred
into 15mL test tubes and dissolved by adding 5 mL of isooctane
solvent followed by the addition of 1 mL of cupric acetate-pyri-
dine reagent. The tubes were vortexed vigorously for 90 s, and the
solutions were allowed to stand until the contents separated into
two phases. The absorbance of the upper phase was measured at
715 nm on a JASCO V-550 spectrophotometer, and the amount of
free fatty acid was determined with a standard curve of oleic acid
in the range of 5-50 pimol/5 mL isooctane.

Nuclear magnetic resonance (NMR) analyses were performed
using a Bruker DRX-500 spectrometer with tetramethylsilane (TMS)
as an internal standard. The samples were dissolved in deuterated
chloroform (CDCL) as the solvent. The 'H and "C-NMR spectra
were recorded at 500 and 125 MHz, respectively.

Further studies characterized the synthesized n-butyl oleate
ester according to measurements of its physicochemical proper-
ties. The density, kinematic viscosity, acid value, cloud point, pour
point, and flash point were determined by using standard proce-
dures described by the American Society for Testing and Materi-
als (ASTM).

5. Statistical Analysis

All experimental runs and samples from the SBR were per-
formed in duplicate, and the mean valueststandard deviation (SD)
were reported. The SD values were lower than 5%, and the data
variability in the relevant graphs is shown as error bars. The kinetic
parameters estimated from the experimental results were performed
by non-linear regression with a Marquardt-Levenberg algorithm.
In this method, the goal is to minimize the sum of squares of the
differences between the values predicted by the model and the
measured values. All statistical data analyses and non-linear curve

fitting were performed using SigmaPlot version 11, Systat Soft-
ware, Inc.

Tests of statistical significance are based on tests of a hypothe-
sis. The significance of the results is determined when the null
hypothesis is rejected. The p-value represents the probability of
committing a type I error in testing the hypothesis, which is based
on a t-test and the F-ratio (a type I error is defined as a decision
made by falsely rejecting a null hypothesis (H,) when H, is true).
The smaller the p-value is, the greater the probability that the
obtained result is significant becomes; p-values less than 0.05 were
considered indicative of statistical significance [14].

RESULTS AND DISCUSSION

1. Effects of Influential Factors on Ester Synthesis in the SBR

The enzymatic synthesis of n-butyl oleate ester in the SBR was
monitored for various impeller speeds ranging from 100 to 250
rpm, and the yield as the function of the reaction time is shown in
Fig. 2. The figure inset shows the dependence of the initial reac-
tion rate on the impeller speed. No rate change was observed at
speeds above 200 rpm. Increasing the speed of liquid mixing was
correlated with the decrease in the size of the dispersed substrate
molecules in the bulk phase. Increasing the interfacial area increases
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Fig. 2. Effects of the impeller speed on the lipase-catalyzed synthe-
sis of n-butyl oleate ester in the SBR. Reaction conditions:
enzyme amount, 3.5g; temperature, 40°C; and substrate
molar ratio, 1:1. The inset shows the initial reaction rate as
a function of the impeller speed.
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Fig. 3. Effects of the enzyme amount on the lipase-catalyzed syn-
thesis of n-butyl oleate ester in the SBR. Reaction conditions:
Impeller speed, 200 rpm; temperature, 40 °C; and substrate
molar ratio, 1:1. The inset shows the initial reaction rate as
a function of the amount of enzyme.

the probability of effective collisions between substrate molecules
and enzyme particles [15,16]. These observations indicate that mass
transfer limitations do not affect ester synthesis at a high mixing
speed (>200 rpm). The initial reaction rate of n-butyl oleate syn-
thesis was 6.98 mmol L' min™" at an impeller speed of 200 rpm.
After 4h of reaction, 94% of the oleic acid was utilized. Further
experiments were performed at an impeller speed of 200 rpm.

The rate of the biocatalytic reaction (the enzyme saturation
kinetics) is governed by the amount of enzyme. Four different
amounts of enzyme ranging from 2.5 to 4 g, with a working vol-
ume of 750 mL for the SBR (equivalent to 1.97-3.15w/w of oleic
acid), were used in this study (Fig. 3). The linear dependence of
the initial reaction rate on the enzyme amount shown in the inset
of Fig. 3 indicates that ester synthesis was kinetically controlled.
The rate increased from 2.96 to 8.79 mmol ™" min™" for enzyme
levels of 2.5 to 4 g, respectively. The probability of a collision be-
tween a substrate and an enzyme in a test solution increases with
the amount of enzyme, but the enzyme content does not change
the equilibrium position of a reaction; it only reduces the time
required to reach equilibrium [1]. The results shown in Fig. 3 indi-
cate that the amount of ester yield did not change considerably
beyond 4 h at an enzyme mass greater than 3.5 g (i.e., equilibrium
position). Therefore, the experiments were further directed by
loading 3.5 g of Novozym 435 into the basket compartment of the
impeller.

Fig. 4 shows that an increase in the reaction temperature from
30 to 45°C increased the initial reaction rate from 4.71 to 7.58
mmol L™ min™". The highest yield of the ester (96%) was obtained
after 5h at 40°C, and no difference in the yield at 45°C was
observed. The dependence of the reaction rate (1) on temperature
(T) was determined according to the Arrhenius equation [9]:

—E,(1
Inv= ?<T) +InA (4)
The value of the activation energy (E,) was calculated to be 25.6 k]
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Fig. 4. Effects of temperature on the lipase-catalyzed synthesis of n-
butyl oleate ester in the SBR. Reaction conditions: Impeller
speed, 200 rpm; enzyme amount, 3.5 g; and substrate molar
ratio, 1: 1. The inset shows the initial reaction rate as a func-
tion of the temperature.

mol . The frequency factor (A) in the equation is defined as the
reaction rate parameter at a given temperature. In fact, the colli-
sion frequency is affected by the concentration of the reactant
molecules and the rapidity of the movement of these molecules,
the kinetic energy of which depends on temperature. Considering
that proteins have a marginally stable structure in their native state,
increasing the reaction temperature beyond a certain level nega-
tively affects enzyme functionality (i.e., enzyme inactivation) [16,17].
The synthesis of n-butyl oleate ester in n-hexane was examined in
a previous study using nylon-immobilized lipase from Candida
rugosa, in which the reported E, value was 37kJ mol ™" [18]. In
another study, Novozym 435 was used for the catalytic synthesis of
cinnamyl acetate in non-aqueous medium, in which the activa-
tion energy was 27.2kJ mol ' [19]. The preferred role of Novozym
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Fig. 5. Effects of the substrate molar ratio on the lipase-catalyzed
synthesis of n-butyl oleate ester in the SBR. Reaction condi-
tions: Impeller speed, 200 rpm; enzyme amount, 3.5 g, and
temperature, 40 °C. The inset shows the initial reaction rate
as a function of the substrate molar ratio.
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435 in the SBR in the present study can be determined by com-
paring these E, values.

The molar ratio of n-butanol to oleic acid was varied from 0.33
to 1.67 at a constant concentration of oleic acid (600 mM) to study
the effect of the substrate on the yield of the ester and the reaction
rate. As shown in the inset of Fig. 5, the initial reaction rate in-
creased with the molar ratio up to an equimolar concentration of
the test alcohol and fatty acid substrates. At this point, the highest
ester yield of approximately 98% was obtained after 6 h. The reac-
tion did not advance at a molar ratio greater than 1.33. This de-
creasing trend can be attributed to the relationship between lipase
and alcohol during the ester synthesis, which could be quantified
by considering the substrate inhibition effect. In other words, the
inactive complex that is usually formed between the lipase and
alcohol is a type of barrier (or dead-end complex) to the continua-
tion of the reaction that has been well described in the literature in
terms of ester synthesis [18,20]. Hydrogen bonding of alcohol,
which has hydrophilic characteristics, might lead to the exclusion
of water from the enzyme microenvironment; thus, the sensitivity
of the enzyme to natural denaturation increases markedly [7].
Thus, the adjacent alcohol molecules are a real barrier to the diffu-
sion of the enzyme towards oleic acid, which is a hydrophobic
substrate.

The Pearsons correlation coefficient (r) used in the present study
only indicates the strength of the linear relationship between the
test variables. So, even in the absence of this relationship (r=0), the
possibility of a curvilinear relationship between the variables can-
not be ruled out [21]. According to the results shown in the insets
of Figs. 2-5, the values of r are as follows: r=1 for enzyme amount,
r=0.99 for temperature, r=0.93 for impeller speed, and r=0.37 for
substrate molar ratio. The low value of r for the latter case cannot
exclude the presence of a non-linear relationship between the sub-
strate molar ratio and initial reaction rate.

2. Mass Transfer Effects

An assessment of a reactor’s performance actually depends on
both the reaction kinetics and the mass transfer limitations of the
biocatalytic process. The extent of the latter could be reduced by
carrying out the bioprocess close to the intrinsic properties of the
biocatalyst. Fluctuations in substrate/product concentrations during
a reaction are indicative of molecular transfer resistance that occurs
between the bulk and the surface of the biocatalyst (i.e., the inter-
particle diffusion effect or external mass transfer). Diffusion of the
substrate/product molecules within the biocatalyst is indicative of
mass transfer limitations inside the catalyst (ie., the intraparticle
diffusion effect or internal mass transfer) [22].

The external mass transfer effect was determined by calculat-
ing the solid-liquid mass transfer coefficient (Kg) [9]:

Sh=2+0.6Re; S (5)

The correlation was defined by the following dimensionless num-
bers [9]:

D
Re, (Reynolds number) = —P—ZL/)L (6)
L
Sc (Schmidt number)= 2L 7)
Prlar

Sh (Sherwood number) = KauD, 8)
DAL

where D, is the particle diameter (cm), which is equal to 0.06 for
Novozym 435; u,, is the particle velocity relative to the bulk liquid
(cms'); and p; and 44 are the density (g cm ™) and the viscosity
of test liquid mixtures (g cm™'s "), respectively. The value of the
oleic acid diffusivity in n-hexane (D,;, cm” s™') was determined
according to the Wilke-Chang expression [23]:

T(M) 2
8% ©)

nv

D, =7.4x10

where T is the absolute system temperature in Kelvin, M is the
molecular weight of the solvent (g mol ') and 7 is the solvent vis-
cosity (cP). The association factor of the solvent (x) is equal to 1
for n-hexane as an unassociated liquid. The molar volume of the
solute at the normal boiling point (V,, cm® mol™") is determined
using the Tyn-Calus equation [24]:

V,=0.285x V' (10)

where V. is the critical volume of oleic acid estimated by the Joback-
Reid method (V,=1047.5cm’® mol ') [25]. By setting V. equal to
416.8 cm® mol ™', the diffusivity of oleic acid can be determined
using Eq. (9) (D,=2.1587x10°cm’ s'). At this stage, using the
concentrations of the reaction components (oleic acid and n-buta-
nol in n-hexane solvent) given in Table 1, the two dimensionless
numbers Re and Sc were determined (Egs. (6) and (7)), and the
Sherwood number was then computed using Eq. (5). Subsequently,
the mass transfer coefficient, K, was determined using Eq. (8);
the value ranged from 1.89x107 to 2.21x107>cm s . These coef-
ficients allowed for the determination of the Damkohler number
(Da is the observable value of this dimensionless number) to
quantitatively describe the external mass transfer effects [22]:

14

Da=
KgaS,

(11)

where vis the initial reaction rate, a. is the external surface area to
volume of the biocatalyst and S, is the initial substrate concentra-
tion (ie., oleic acid). The values of Da ranged from 0.3x10™* to
2.3x10*; therefore, the mass transfer resistances were not notable.
To compare the mass transfer rate to the reaction rate, the exter-
nal effectiveness factor (77;) was used [26]:

77E:|:2—]1)—;(A/1+4Da—1):| (12)

Because the value of 77; lies between 0.9997 and 0.9999 for the
experiments specified in Table 1, the external mass transfer effects
were unimportant in this study.

The occurrence of internal mass transfer diffusion was evalu-
ated by determining the Thiele modulus (@is the observable value
of this dimensionless number) [22]:

__V Xg)z
-5 So( x (13)

where Dy is the effective diffusivity of the substrate within the cat-
alyst pores (cm” s™') and V, and A, are the volume (cm’®) and the
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surface area (cm’) of the catalyst particles, respectively. Assuming
that Novozym 435 is spherical, the following expression can be
used to determine @ [22]:

=Y (52)2 (14)
" DgS,\ 3

The catalyst particle porosity (&), tortuosity (7), and the constric-
tion factor (o;) are all important in quantifying the value of Dy:

DE:DLLfL”f 15)
The values of &, 7 and o for Novozym 435 are 0.5, 6, and 1,
respectively [27]; thus, Dy was estimated to be 1.7989x10°cm’ ™.
Thereafter, @ was determined to range from 0.0033 to 0.0287
during the experimental runs shown in Table 1. These small val-
ues of @ indicate that intraparticle diffusion was negligible. More-
over, the following expression can be used to describe the internal
effectiveness factor (77,) in terms of the @index [22]:

= %ﬁ(taniﬁqﬁ_ﬁ (16)

The values of 7; are range from 0.9995 to 0.9999. All of these cal-
culations indicate that the reaction is kinetically controlled.
3. Kinetic Modeling

Scheme 1 graphically presents the ping-pong bi-bi mechanistic
model described for the lipase-catalyzed reaction in which the n-
butyl oleate ester was synthesized using n-butanol and oleic acid
substrates. The binding of lipase to the oleic acid and the forma-
tion of the acyl-enzyme complex (E.OIA) is coupled to the rele-
vant isomerization with the concomitant release of the first product
(water). With n-butanol as the second substrate, the transforma-
tion continues through formation of a binary complex: the com-
bined form of the acyl-enzyme with the alcohol (EOIA.BuOH).
The reaction progresses with the isomerization of the tertiary
complex and the associated release of the n-butyl oleate ester as
the second product. The regeneration of the enzyme completes
the catalytic cycle, and the catalysis can be continued by further
reaction with E, OlA, and BuOH [18,28].

To kinetically model a reaction with two substrates requires sets
of experiments in which the concentration of one substrate is var-
ied while that of the other is held constant, as presented in Table 1.
Lineweaver-Burk plots of the reciprocal of the initial reaction rate
versus the reciprocal of the oleic acid and n-butanol substrate con-
centrations are shown in Fig. 6. The applicability of the ping-pong
bi-bi mechanism is clearly evident at low concentrations of butyl
alcohol (ie., parallel lines on the double reciprocal plot) (Fig. 6(b)).
However, at high levels of n-butanol (low values of reciprocal of
the alcohol concentration), the lines in the plot are concave
upward, which is indicative of alcoholic inhibition. Fig. 6(a) indi-
cates no inhibition with oleic acid as a substrate.

Egs. (1)-(3) were derived based on the fundamental concept of
the catalytic reaction with two substrates, and the kinetic parame-
ters were determined using a non-linear regression technique
(Marquardt-Levenberg algorithm). The strategy for parameter cal-
culation in this algorithm is to find the lowest value for the resid-
ual sum of squares (RSS), which is used as an index for the ability
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Fig. 6. Double-reciprocal plot of the initial reaction rate of the enzy-
matic synthesis of n-butyl oleate as a function of the oleic
acid concentration at the fixed levels of n-butanol (a) and as
a function of the n-butanol concentration at fixed levels of
oleic acid (b). The solid lines represent the corresponding
values predicted by the model.

of the model to estimate the experimental data. The iterative curve
fitting process employed by the software converges when no fur-
ther changes are observed for the differences between the RSS val-
ues. The results of the model comparison are presented in Table 2.
The independence of the kinetics coefficients was determined by
using the f-statistic, which has been defined as the ratio of the
coefficient to the relevant standard error. The relationship between
the t-statistic and p-value further shows that K, as the inhibition
constant for oleic acid, could be removed from the model pre-
sented in Eq. (1) (t-statistic<2 corresponding to a p-value>0.05)
(Table 2(a)) [14]. Eq. (2) was applied without the K, term, and the
variance constancy test confirmed the adequacy of the model (Eq.
(2)). Further statistical tests with the least squares technique were
performed to evaluate the random error (ie., the difference be-
tween the experimental data and the data predicted by the model),
and the Durbin-Watson statistic was used to measure the correla-
tion between the residuals to determine the independence of the
error [29]. A value of 1.946 for model Eq. (2) is approximately
equal to 2; therefore, one may conclude that the residuals are inde-
pendent (Table 2(d)). A normal distribution of the source popula-
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Fig. 7. Parity plot of the initial reaction rates and model-predicted

values based on a ping-pong bi-bi mechanism with inhibi-
tion by the alcohol substrate.

tion around the regression line was assumed for the residual
quality. The normality test did not fail (Table 2(d)). The fit of the
experimental data to the model (Eq. (2)) was satisfactory, as shown
in the relevant parity plot (Fig. 7). Table 2(c) indicates that the val-
ues of R? and the standard error of the estimate (SSE) about the
regression for Eq. (2) are 0.992 and 0.198, respectively. The de-
crease in the R’ value and the SSE for the model given by Eq. (3)
suggests that the Eq. (3) model is inadequate. All of this informa-
tion indicates that the model described by Eq. (2) better describes
the enzymatic reaction, in which the inhibitory action of the alco-
holic substrate (n-butanol) is incorporated into the model.
A key issue associated with an enzymatic reaction involving
two substrates is the affinity of the enzyme for a substrate, where
K,, is defined as the half-saturation constant and the substrate with
the lower K, value is the preferred substrate for the formation of
the enzyme-substrate complex [30,31]. According to the K, val-
ues shown in Table 2, oleic acid has a higher affinity for Novozym
435 than does n-butanol (K,,,<K,,5). This finding agrees with the
illustration shown in Scheme 1. K; is the inhibition constant, another
important biokinetic parameter that measures the sensitivity of the
reaction system to inhibition by a particular substance. The inhibi-
tory behavior of the alcoholic substrate n-butanol negatively affects
the progress of the reaction because its binding to the enzyme (i.e,,
dead-end complex) prevents the transfer of the acyl group of oleic
acid and the complexation of oleic acid to the enzyme (Scheme 1).
The reported values for the K, suicacit Ko, ettanos a0 K; eanor cON-
stants in the formation of ethyl oleate ester in n-hexane using
Lipozyme (from Mucor miehei) are 120, 190, and 40 mM [28].
Comparisons between these values and the values obtained in the
present study show that Novozym 435 in the SBR was more effec-
tive in response to the alcoholic substrate, and n-butanol appears
to have been less inhibitory in the synthesis of n-butyl oleate ester.
In another study in which nylon-immobilized lipase (Candida
rugosa) was used in the formation of n-butyl oleate in n-hexane,
the reported values of K,,, and K,z were 380 and 190 mM, re-
spectively [18]. Comparison between the values of the half-satura-
tion constants shows that Novozym 435 in the SBR exhibited a
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Fig. 8. Three-dimensional plot of the developed model (ping-pong
bi-bi kinetics with alcohol substrate inhibition) showing the
dependence of the initial reaction rate on the concentration
of oleic acid and n-butanol and their interactions.

higher affinity towards the oleic acid substrate.

Based on the ping-pong bi-bi mechanism and the inhibitory
action of n-butanol, a three-dimensional plot of the kinetic model
is shown in Fig. 8. At a low concentration of oleic acid, the reac-
tion rate initially increases to a peak with an increasing concentra-
tion of n-butanol; then, a further increase in the n-butanol con-
centration causes a decrease in the reaction rate. The lowest initial
reaction rate (1.55 mmol L' min™") corresponds to the highest n-
butanol concentration (1,000 mM) and the lowest oleic acid con-
centration (100 mM) (Fig. 8 and Table 1). The reaction rate becomes
constant after a certain point with an increase in the oleic acid
concentration, with a simultaneous increase in the n-butanol con-
centration. The maximum initial reaction rate of 8.77 mmol L'
min ' was obtained at an equimolar concentration of each sub-
strate (1,000 mM) (Fig. 8).

4. Repeated Batches in the SBR
The effectiveness of enzyme utilization in a reaction is well
described by enzyme reusability, and the major economic con-
cern in the commercialization of these types of reactions is the sta-
bility of the process. The conditions used to test the repeated use
of Novozym 435 in the SBR were as follows: an impeller speed of
200 rpm, an enzyme mass of 3.5 g, a temperature of 40 °C, and an
n-butanol to oleic acid molar ratio of 1:1. After a 6h reaction
cycle, all of the reactor contents were drained from the SBR except
for the biocatalyst. After the enzyme was washed with n-hexane,
the reaction cycle was renewed using a fresh reaction mixture, and
this procedure was repeated for ten cycles. The ester yield obtained
for the first cycle was 98% and decreased to 87% after ten cycles.
The findings show that the performance of the SBR is suitable for
industrial application.
5. Product Characterization Using NMR Analyses
The relative positions of the hydrogen and carbon atoms in the
synthesized n-butyl oleate ester were determined by NMR spec-
troscopy; and the structure of the ester molecule was confirmed.
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Fig. 9. 'H (a) and C (b) NMR spectra of the ester synthesized by the enzymatic esterification reaction of oleic acid and n-butanol.

The "H-NMR spectrum is shown in Fig. 9(a). Compared to the
'H-NMR spectrum of oleic acid presented in the literature [32],
the appearance of a strong triplet peak at 4 ppm revealed that pro-
tons from the methylene carbon of n-butanol participated in an
ester linkage with the carbonyl group of oleic acid (i.e., -CO-O-CH,-
characteristic of n-butyl oleate). A multiplet signal at 5.3 ppm indi-
cates olefinic protons (-CH=CH-) in the ester product. The triplet
signal at 2.3 ppm was assigned to protons from the o-carbonyl
methylene group (-CH,-CO-O-). The methylene group protons
located on the carbon atom adjacent to the double bond (allylic
protons) show a signal at 2 ppm. The signals at 1.6 ppm indicate

protons from two methylene groups, one at the S-position of the
carbonyl group and the other one at the second carbon of the
alcoholic chain. The signals at 0.9 ppm are characteristic of termi-
nal methyl group protons located at both ends of the n-butyl
oleate ester molecule. The signals at 1.2-1.4 ppm are attributed to
the other protons in the methylene groups of the ester molecule.

A "C-NMR spectrum is also presented in Fig. 9(b), and a com-
parison was made with a "C-NMR of oleic acid before esterifica-
tion. The appearance of a new peak at 64 ppm indicates a methylene
group carbon attached to the oxygen atom next to the carbonyl
group of the ester molecule. The signals at 14 ppm are associated

Korean J. Chem. Eng.(Vol. 33, No. 4)
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Table 3. Physicochemical properties of n-butyl oleate ester synthesized in the SBR

Property Unit Test method Result
Kinematic viscosity at 40 °C mm’s™ ASTM D-445 6.2
Kinematic viscosity at 100 °C mm’ s ASTM D-445 22
Viscosity index - ASTM D-2270 196
Density at 15 °C gem™ ASTM D-4052 0.868
Acid value mg KOH g™ ASTM D-664 0.5
Pour point °C ASTM D-97 -21
Cloud point °C ASTM D-2500 -15
Flash point °C ASTM D-93 185
Refractive index at 25 °C --- ASTM D-1747 1.4470

with the terminal methyl groups at both ends of the ester mole-
cule. The peak at 174 ppm was assigned to the carbonyl group
carbon. The signal that appeared at 130 ppm was assigned to ole-
finic carbons. The remaining signals at 19-34 ppm are related to the
methylene carbons of the long carbon chain of the ester molecule.
6. Physicochemical Characteristics of the Synthesized Ester

The potential application of esters as biolubricants or fuel addi-
tives greatly depends on their physicochemical characteristics, and
Table 3 shows some properties of the n-butyl oleate ester synthe-
sized in this study. The protective role of a lubricant is related to its
ability to reduce friction and wear and depends on viscosity [33].
Viscosity tests were conducted at different temperatures (40 and
100°C) to determine viscosity index (VI) and thereby evaluate the
variation of the kinematic viscosity as a function of temperature.
The viscosity index for the ester synthesized in this study was 196
(Table 3). This high VI is a measure of the strength of the inter-
molecular forces in the molecule and indicates a high-performing
lubricant because of its low sensitivity to temperature fluctuations
[1,33]. Density is important in combustion systems in which the
flow of fuel into the engine affects fuel atomization and distribu-
tion. The density of the synthesized ester was 0.868 g cm . Another
characteristic of fuel is the free fatty acid (FFA) content, and a high
value of FFA indicates fuel aging. It is desirable to use an ester with
a zero FFA content as a fuel additive. The acid value for the ester
product in this study was low (0.5 mg KOH g ). The cloud point
(CP) and pour point (PP) are important characteristics for fuel
used at low temperatures. The CP is the temperature at which
haziness first becomes visible, whereas the PP indicates the lowest
temperature at which movement of liquid fuel is observable [1].
The CP and PP values for the ester synthesized in this study were
—15 and —21°C, respectively (Table 3). The low values of these
characteristics of the fuel additive are desirable, and the likelihood
that the fuel can be used at low temperature is high. Volatilization
of a lubricant at high temperature represents a weakness and
decreases safety [3,33]. Thus, a lubricant that has a high flash point
(EP) is desirable; in fact, the FP of the ester synthesized in this
study was high (FP=185 °C).

CONCLUSIONS

The successful application of a laboratory-scale SBR for the syn-
thesis of an n-butyl oleate ester using Novozym 435 has been
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reported. The reaction progress was markedly affected by certain
operating factors, such as the impeller speed. The study of reac-
tion restrictions caused by mass transfer resistance indicated that a
good mixing design in the SBR reduced these limitations. The
ping-pong bi-bi mechanism was used to model the kinetics of the
reaction. Statistical comparisons of the test model showed that
reaction with n-butanol as an inhibitor was preferable. Batch ex-
periments were repeated for ten cycles without significant loss of
enzyme activity, indicating the reusability potential of Novozym
435. Data pertaining to the physicochemical characteristics of the
n-butyl oleate ester indicate that the ester can be applied in a wide
range of products, such as lubricants and diesel fuel additives. The
results obtained in this study can be useful in the design and oper-
ation of industrial-scale reactors for the enzymatic synthesis of
oleochemical esters.

NOMENCLATURE

[A] :initial molar concentration of oleic acid (A) [mmol L]

A,  :surface area of catalyst particle [cm’]

A :frequency factor or pre-exponential factor

a.  :external surface area to volume of the biocatalyst [cm” cm ]
[B] :initial molar concentration of n-butanol (B) [mmol L™]

Da :Damkohler number

D,; :diffusivity of oleic acid in n-hexane [cm’ s ]

Dy :effective diffusivity of substrate within catalyst pores [cm’
s

: particle diameter [cm]

:activation energy [kJ mol ']

: inhibition constant for oleic acid [mmol L™]

: inhibition constant for n-butanol [mmol L™]

: Michaelis constant for oleic acid [mmol L™]

: Michaelis constant for n-butanol [mmol L™]

: solid-liquid mass transfer coefficient [cm s™']

: molecular weight of the solvent [g mol ']

: particle radius [cm)]

:ideal gas constant [J mol ' K]

: Pearsons correlation coefficient

: Reynolds number

: initial substrate concentration [mmol L]

: Schmidt number

: Sherwood number
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T  :absolute temperature [K]
u, :particle velocity relative to the bulk liquid [cm s™']
V.  :critical volume of oleic acid [cm® mol ']
V,.. :maximum rate of the reaction [mmol L' min']
V,  :volume of catalyst particle [cm’]
V,  :molar volume of the solute at the normal boiling point [cm’
mol ]
x  :association factor of the solvent
g  :particle porosity
n  :viscosity of the solvent [cP]
1z :external effectiveness factor
n,  :internal effectiveness factor
Ly :viscosity of liquid mixtures [gcm™ 5]
v :initial reaction rate of esterification [mmol L' min™’]
o, :density of liquid mixtures [g cm ]
o,  :constriction factor
T :tortuosity factor
@  :Thiele modulus
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