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Abstract: In this study, bisubstrate kinetics mechanism models were correlated with the experimental 

data of ascorbyl oleate using the new lipase preparation, Candida antarctica NS 88011, and kinetic 

parameters (Vmax, Km, and Ki) were estimated. The highest conversion (49.42 %) was observed at 1 

h of reaction using the ascorbic acid/oleic acid molar ratio of 1:9, 70 ºC and 30 % of enzymatic loading. 

The Ping Pong Bi-Bi model showed better congruence with the experimental data for all the effects 

evaluated. The kinetic constants showed that the lipase had an identical affinity, with a value of 0.81 

for both substrates and inhibitory constant (Ki) of ascorbic acid (1.959) much higher than oleic acid 

(0.0008). It has been demonstrated that lipase has good operational stability (14th cycle). The results 

obtained with the new immobilized enzyme are valuable to elucidate the reaction mechanism. In 

addition, it represents an important contribution to optimize the reaction and create strategies to increase 

the productivity of the esters of vitamin C.  
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1. Introduction 

An antioxidant is a type of food additive used for prolonging the shelf life of food [1] 

and are classified into synthetic and natural. Synthetic antioxidants such as butylated 

hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and tert-butylhydroxyquinone 

(TBHQ) are widely used in the food industry due to their high antioxidant capacity and 

outstanding performance in the retardation of oxidation reactions [2]. However, in recent years 

there has been a strong interest in replacing synthetic antioxidants with natural compounds 

because of possible detrimental health effects, such as toxicity and carcinogenesis promotion 

[3,4]. 

Vitamin C (L-ascorbic acid) is one of the most abundant natural antioxidants used in 

food, pharmaceutical, and cosmetic fields. However, the polar nature of ascorbic acid makes 

its application limited. The solubility problem can be contour transforming the hydrophilic acid 

into a hydrophobic ester [5-7].  
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Many esters derived from ascorbic acids, such as ascorbyl oleate, ascorbyl palmitate, 

ascorbyl linoleate, were synthesized using commercial immobilized high-cost lipase 

(Novozym® 435) [8–12]. However, the kinetic studies required to define the appropriate model 

of the reaction and possible inhibitions of the substrates were rarely reported. The knowledge 

of reaction kinetics is of great importance, not only to elucidate the mechanism of this reaction 

but to obtain reliable information about the rate of product formation and changes in the 

experimental system for further industrial expansion. 

Lipases are found to be very efficient catalysts for esterification reactions [13]. Several 

kinetic studies of the enzyme‐catalyzed synthesis of esters have been carried out with lipases 

of different origins using alcohols and acids of different chain-lengths and structures [14–18], 

because in the esters production using biocatalyst, it is important to determinate the optimal 

conditions of reactions for the maximum efficiency of the process along with its reaction 

kinetics [19]. The reaction conditions, such as temperature, enzyme concentration, molar ratio, 

stirring of the reaction mixture, among others, may directly influence the choice of the kinetic 

model that best represents the experimental data [20]. Due to the importance of the proper 

evaluation, lipase-catalyzed esterification has been done through several models for different 

combinations of substrates and enzymes over the years, being reported in the literature the 

mechanisms of Ping Pong Bi-Bi, ordered Bi-Bi, and random Bi-Bi [21-27]. Although the 

synthesis of ascorbic acid esters using lipases Novozym 435, Lipozyme TL-IM and Lipozyme 

RM-IM has already been documented, the high price of these biocatalysts is still one of the 

main obstacles in the commercialization of the process [11,28,29]. NS 88011 is a novel 

preparation immobilized on low-cost material, taken from fraction B of Candida antarctica, 

without further information described by the manufacturer, which may be used in enzymatic 

esterification. Meanwhile, there are no articles that report the detailed synthesis of ascorbyl 

oleate using NS 8801 in the literature, as well as its validation with a kinetic model and 

estimation of the kinetic constants. In this context, this work aims the maximization of various 

conditions of esterification, such as a substrate molar ratio, enzyme loading and temperature of 

ascorbyl oleate, followed by the validation of the bi substrate kinetic model (Ping Pong Bi-Bi, 

ordered Bi-Bi, and random Bi-Bi), and estimation of kinetic parameters Vmax, Km, and Ki. 

The influence of the temperature, according to Arrhenius' law and the operational stability of 

the enzyme, was also reported. 

2. Materials and Methods 

2.1. Substrates and enzymes. 

The chemicals used in the study were all of the analytical grades and used without 

further purification: ascorbic acid (99 % Sigma-Aldrich, USA), oleic acid (97 % Sigma-

Aldrich, USA), tert-butanol (P.A. Merk). The commercial lipase used as catalyst was Candida 

antarctica (NS 88011) immobilized on a hydrophobic polymer resin, purchased from 

Novozymes Brazil (Araucária, PR, Brazil). 

2.2. Kinetic evaluation of enzymatic production of ascorbyl oleate. 

Kinetic experiments were performed with substrates molar ratio of 1:4 

(3,83:15,31 mmol), 1:9 (1,84:16,55 mmol) e 1:14 (1,21:16,95 mmol) (ascorbic acid/oleic acid), 

enzyme concentration of 15, 20 and 30 wt% and temperature ranging from 40 to 70°C. All 

reactions were performed with 20 wt% of a molecular sieve. These conditions were based on 
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preliminary tests and data from the literature [8,30]. The esterification reactions were 

performed by preparing the reactive mixture of ascorbic acid, oleic acid, and tert-butanol 

solvent (at pre-established conditions) in a volumetric flask of 50 mL. After the complete 

dissolution of the substrates, the mixture was transferred in a 250 ml Erlenmeyer flask, and the 

enzyme and molecular sieves were added. Aliquots of 1 mL were withdrawn from the reaction 

medium at 0, 0.5, 1, 1.5, 2, 3, 4, 5, and 6 h. All experiments were carried out in an orbital shaker 

at constant agitation of 125 rpm.  After each experimental run, the enzyme was separated from 

the reactional medium and washed twice with 10 mL of n-hexane. The recuperated enzyme 

was kept in a desiccator for 24 h, and after this period, the enzyme activity was determined. 

All experiments were performed in triplicate and on three separate occasions. 

2.3. Determination of reaction conversion. 

The yield of the reaction was indirectly determined by the use of the limit reagent 

(ascorbic acid) by titration with 0.002 mol/L potassium iodate (KIO3), in the medium acidic 

solution until the appearance of persistent blue stain for fifteen seconds (methodology adapted 

from Instituto Adolfo Lutz [31]). Reaction conversion was calculated according to Equation 1.   

𝑉𝑖𝑡𝑎𝑚𝑖𝑛 𝐶 (
𝑚𝑔

100𝑚𝐿
) =  

(𝑉𝑇 𝑥 𝐹)

𝑉𝑎
 𝑥 100               (1) 

Where: VT represents the volume of titrant (KIO3) spent on titration (mL); F is 0.886 (mass of 

ascorbic acid (mg), referring to 1 mL of KIO3 (0.002 mol/L); Va is the sample volume (mL). 

The kinetic evolution of the reaction was evaluated by Equation 2: 

𝑉 (𝑚𝑜𝑙/𝐿 ℎ) =
([𝐴𝐴𝑖]−[𝐴𝐴𝑓])

𝑡
     (2) 

Where: V is the reaction rate, [AAi] and [AAf] are the initial and final molar concentration, 

respectively (mol/L) and t is the time (h). 

2.4. Determination of activation energy. 

Activation energy at temperatures from 40 to 70 °C was calculated by the non-linear 

regression method using the least-squares objective function with the non-linear Generalized 

Reduced Gradient (GRG) algorithm. This calculation was carried out using the Open Microsoft 

Excel, applying the Arrhenius equation (Equation 3).  

𝑉𝑜 = 𝐴−𝐸𝑎 𝑅𝑇⁄     (3) 

Where: Vo represents the initial rate of reaction, A is the constant of the Arrhenius, Ea is the 

activation energy, R is the universal gas constant, and T is the temperature. 

2.5. Mechanism of the esterification reaction. 

Two substrates, ascorbic acid [A] and oleic acid [B] are attached to the immobilized 

lipase NS 88011 [E] in a specific or random order to form a complex [AEB], which reacts to 

form the ascorbyl oleate [P] and water [Q] products. A scheme of the esterification reaction for 

ascorbyl oleate is shown in Fig. 1. 

The data obtained were fitted with Michaelis–Menten kinetics using three different 

kinetic models (Ping Pong Bi-Bi, ordered Bi-Bi, and random Bi-Bi of bi substrates), as reported 

by Kuperkar et al. [23]. These three generalized models of two substrates and two products 

were used because they describe the product formation only after the formation of the enzyme 

complex-two substrates. Non-linear regression analysis was used to estimate the kinetic 

parameters: maximum velocity (Vmax), inhibition (Ki), and dissociation (Km), using,  The 
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non-linear GRG algorithm with a convergence of 0.0001 and a population size of 100 was used 

to minimize the least-squares objective function in Open Microsoft Excel. The determination 

coefficients (R²) and root mean square deviation (RMSD) were determined for each 

experimental condition and model evaluated. 

 

 
Figure 1. Reaction scheme of ascorbyl oleate synthesis by ascorbic acid synthesis [A] with oleic acid [B] using 

immobilized lipase NS 88011. 

 

2.5.1. Ping Pong Bi-Bi mechanism. 

Following the reported by Kuperkar et al. [23], Ping Pong Bi-Bi mechanism describes 

a dual displacement Bi-Bi mechanism shown in Fig. 2. 

 

 
Figure 2. Ping Pong Bi-Bi kinetic mechanism. 

 

According to Kuperkar [23], in this mechanism, first, only one substrate (acyl donor - 

oleic acid) is attached to the active site of the lipase molecule, and the acyl-enzyme complex 

[EO1] is formed. Then, the first product (water) [H2O] is released, followed by the acyl receptor 

binding (ascorbic acid) [AA]. In the final step, the ester (ascorbyl oleate) [AOl] is released. 

Based on the proposed mechanism, the expression for reaction rate, with inhibition of both 

substrates (ascorbic acid/oleic acid) is described according to Equation 4, proposed by 

Kuperkar et al. [23]. 

𝑉 =
𝑉𝑚𝑎𝑥

[𝐴][𝐵]+𝐾𝑚𝑏[𝐴]+(1+[𝐴] 𝐾𝑖𝑎)+𝐾𝑚𝑎[𝐵]+(1+[𝐵] 𝐾𝑖𝑏)⁄⁄
    (4) 

Where: V represents the reaction rate, Vmax the maximum reaction rate, [A] and [B] are the 

concentrations of ascorbic acid and oleic acid, Kma and Kmb, Michaelis constants, of [A] and 

[B], Kia and Kib are the inhibition constants of [A] and [B], respectively. 

2.5.2. Ordered Bi-Bi mechanism. 

In the ordered Bi-Bi mechanism, Kuperkar et al. [23] proposed that the enzyme reacts 

with two substrates, i.e., ascorbic acid and oleic acid, in an orderly manner, providing two 
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products (ester and water), which are also released in an orderly manner. The reaction rate 

equation for the ordered Bi-Bi mechanism is described according to Equation 5 [23]. 

𝑉 =
𝑉𝑚𝑎𝑥

[𝐴][𝐵]+𝐾𝑚𝑏[𝐴]+𝐾𝑚𝑎[𝐵] (1+[𝐵] 𝐾𝑖𝑎)+𝐾𝑖𝑎𝐾𝑚𝑏(1+[𝐵] 𝐾𝑖)⁄⁄
   (5) 

Where V represents the reaction rate, Vmax the maximum reaction rate, [A] and [B] are the 

concentrations of ascorbic acid and oleic acid, Kma and Kmb, Michaelis constants, of [A] and 

[B], Kia is the inhibition constant of [A], and Ki is the inhibition constant by both substrates. 

2.5.3 Random Bi-Bi mechanism. 

The random Bi-Bi mechanism is obtained when the substrates bind to the enzyme in 

random order and provide products. The fixed concentration of one substrate alters the affinity 

of the other substrate in relation to the enzyme. The final reaction rate following the model 

proposed by Kuperkar et al. [23] is described in Equation (6). 

𝑉 =
𝑉𝑚𝑎𝑥

[𝐴][𝐵]+𝐾𝑚𝑏[𝐴]+𝐾𝑚𝑎[𝐴]𝐾𝑖𝑎𝐾𝑚𝑏
      (6) 

Where V represents the reaction rate, Vmax the maximum reaction rate, [A] and [B] are the 

concentrations of ascorbic acid and oleic acid, Kma and Kmb, Michaelis constants, of [A] and 

[B], Kia is the inhibition constant of [A]. 

2.6. Determination of operational stability. 

The experiments performed to determine the operational stability of the enzyme were 

conducted in the best condition obtained in the enzymatic production of ascorbyl oleate. For 

this, after the reaction, the enzyme was separated by conventional filtration, washed twice with 

10 mL of n-hexane and vacuum filtered. The solvent was removed maintained in a desiccator 

for 30 min at 60 °C for 24 h. After ward, the enzyme was reused in a new batch. This process 

was carried out until the enzyme lost 50 % of its initial esterification activity (residual activity). 

2.7. Determination of esterification activity. 

The esterification activity of the enzyme was quantified by the synthesis reaction of 

oleic acid and ethanol (mole ratio of 1:1, v/v), as described by Rigo et al. [32]. One unit of 

enzymatic activity (U) was defined as the amount of enzyme necessary to 1 μmol of fatty acid 

per minute under the described assay conditions [33]. 

3. Results and Discussion 

Maximization of the initial molar ratio of substrates, reaction temperature, and 

enzymatic loading parameters was performed based on maximum conversion and high reaction 

rates. A kinetic investigation was also performed to determine the reaction mechanism in each 

condition, and thus to promote the estimation of the kinetic parameters. In addition, the 

operational stability of the enzyme in the condition of maximum conversion was evaluated. 

3.1. Effects of molar ratio.  

The substrates molar ratio is one of the most important variables affecting the process 

conversion [9]. The effect of the molar ratio of ascorbic acid:oleic acid (1:4, 1:9, and 1:14) in 

the conversion is shown in Fig. 3. 
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Figure 3. Kinetics of ascorbyl oleate production at different molar ratios of ascorbic acid/oleic acid (1:4, 1:9 and 

1:14) at 70 °C, 30 wt% of enzyme concentration, 125 rpm in a tert-butanol solvent system. 

The use of 1:9 molar ratio (ascorbic acid/oleic acid) led to the highest yield after 1 h of 

the reaction (49.42±1.57 %). In low molar ratios, there is a limitation in mass transfer, also 

with the addition of an excess of one of the substrates (oleic acid) it provides the fastest 

formation of the enzymatic acyl complex, which can shift the reaction balance to product 

formation [10]. However, an excessive amount of oleic acid can dilute the concentration of 

ascorbic acid in the reaction system, which further reduces the collision frequency of ascorbic 

acid and lipase. This explains the decreased conversion obtained for 1:14 molar ration (ascorbic 

acid/oleic acid) [34]. 

Based on the results obtained, the substrates' molar ratio for ascorbyl oleate production 

was fixed at 1:9 (ascorbic acid/oleic acid). 

3.2. Effect of temperature. 

The effect of temperature on the esterification reactions was evaluated at 40-70 °C (Fig. 

4), maintaining constant the following parameters: 1:9 of ascorbic acid: oleic acid ratio, 30 % 

of enzymatic charge (w/w of substrates) and agitation rate of 125 rpm. 

 
Figure 4. Kinetics of ascorbyl oleate production at different temperatures (40, 55, and 70 ⁰C): molar ratio 

ascorbic acid to oleic acid 1:9, 30 wt% of enzyme concentration, 125 rpm in a tert-butanol solvent system. 

As can be observed in Fig. 4, the increase in temperature influences the ascorbyl oleate 

(AO) production already in the initial phase of the reaction. The high yield was obtained at the 

high temperature (70 °C) evaluated with 50 % of conversion in 1 h of reaction. At high 

temperatures, the reaction rate increases because the kinetic energy of the molecules also 

increases, which facilitates effective collisions and interactions between the substrate 
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molecules and the catalyst [35]. However, at 70 °C a lower final conversion was observed in 

relation to 55 and 40 °C, probably because of the thermal deactivation of lipase [36]. In 

addition, it can be seen that after 1 h of reaction, there was a gradual decrease in the reaction 

yield due to the hydrolysis or oxidation of the ascorbic acid exposed to the high temperature 

[37].  

The effect of temperature on the reaction rate was described by the Arrhenius (Equation 

1). Fig. 5 presents the comparison of the initial calculated rate with the experimental one 

obtained by the Arrhenius equation by non-linear regression. 

 
Figure 5. Effect of the temperature on the initial reaction rate obtained experimentally and by the Arrhenius 

equation. 

It was observed an exponential behavior, determining an increasing trend in the initial 

rate of reaction with increasing temperature. A coefficient of determination of 0.99 was 

obtained between the initial rate of the experimental reaction and the calculated one. The 

estimated activation energy (Ea) was 64 kJ/mol, indicating that the reaction rate is sensitive to 

the temperature, based on the Arrhenius equation, i.e., the higher the Ea, the stronger the 

dependence between the rate constant and the temperature. Rani et al. [16] obtained 

67.88 kJ/mol for Ea of the esterification of oleic acid and decanol using Novozym 435 as a 

catalyst. Studies reported Ea in the range of 6.68-72.73 kJ/mol in enzymatic reactions using 

lipases of Candida antarctica, obtaining by linearized curve [38,39]. However, the Ea obtained 

in non-linear fit using the Arrhenius equation presented smaller errors in an exponential curve.  

3.3. Effect of enzyme concentration. 

The amount of catalyst loading was investigated in the range of 15, 20 and 30 % (w/w 

substrates) at the optimum temperature of 70 °C, molar ratio 1:9 (ascorbic acid/oleic acid), 

30 % of substrates of enzymatic charge, and agitation speed of 125 rpm, obtaining the kinetic 

curve (Fig. 6). As can be observed, with the increase of the catalytic charge, the conversion of 

ascorbyl oleate increases proportionally in the number of active sites, this is possible, since a 

greater amount of enzyme favors the reaction rate [40]. The maximum conversion (50 %) was 

obtained for high catalyst loading (30 % w/w substrates) in 1 h of reaction, indicating that the 

increase of enzyme positively affects the reaction rate.  

Chang et al. [30], obtained the highest yield in the synthesis of ascorbyl palmitate using 

34.5% enzyme in 6.7 h with Novozym 435. However, what differs our study from other 

investigations is the low cost of immobilization of NS 88011 from commercially used ones, 

such as Novozym 435, since there is a concern related to the amount of enzyme and the 
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economic viability of the process. In addition, the reaction time is much shorter than that 

observed in the literature, leading to more efficient syntheses. 

 
Figure 6. Kinetics of ascorbyl oleate production at different enzyme concentrations (15, 20, and 30 wt%): molar 

ratio ascorbic acid to oleic acid 1:9, 70 ⁰C, 125 rpm in a tert-butanol solvent system. 

 

Figure 7. Experimental results (points) and simulated (line) by the Ping Pong Bi-Bi (a), (d) e (g), ordered Bi-Bi 

(b), (e) e (h), and random Bi-Bi (c), (f) e (i) models for the reaction conditions: molar ratio (a), (b) e (c), 

temperature (d), (e) e (f) and enzyme concentration (g), (h) e (i). 
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3.4. Mechanism of reaction. 

Several mechanisms have been proposed to explain reactions catalase by lipase 

(transesterification, esterification, interesterification), and it is observed that the most common 

and most accepted description of the catalytic action is given by the Ping Pong Bi-Bi 

mechanism [23,41]. Ping Bi-Bi, ordered Bi-Bi, and random Bi-Bi were investigated to evaluate 

the initial rates based on their mechanism using the Generalized Reduced Gradient (GRG) 

algorithm in the Microsoft Excel Solver. The GRG algorithm is a robust and reliable method 

that can be implemented in enzymatic kinetic modeling. This optimization algorithm requires 

the preset initial parameter values to start the iterative process to provide the solutions then and 

converge to a predefined value [42,43]. Through this tool, many models and kinetic estimations 

have been investigated in the literature [19,44-46]. The dominant mechanism for molar ratio 

(1:4, 1:9 and 1:14 ascorbic acid-oleic acid), temperature (40, 55 and 70 °C), and amount of 

enzyme (15, 20, and 30 w/w substrates) in the synthesis of ascorbyl oleate catalyzed by NS 

88011. 

Table 1. Comparison of the kinetic parameters evaluated in the different experimental conditions for the Ping-

Pong Bi-Bi kinetic mechanism. 

Condition 
Parameter  

Vm Kma Kmb Kia Kib R² Rmsd 

Molar ratio 

(ascorbic acid: 

oleic acid) 

1:14 0.0127 0,1005 0.1005 0.011 0.0099 0.67 0.00099 

1:9 0.8890 0.1058 0.0754 1.959 0.0008 0.96 0.00266 

1:4 0.2531 0.1013 0.1013 0.165 0.0006 0.88 0.00179 

Temperature (ºC) 

70 0.8890 0.1058 0.0754 1.959 0.0008 0.96 0.00266 

55 0.0137 0.1002 0.0971 0.411 0.0703 0.65 0.00148 

40 0.0093 0.1003 0.0999 0.101 0.0609 0.72 0.00084 

Enzyme concentration 

(w/w substrates) 

15 0.1601 0.1006 0.1000 0.095 0.0021 0.94 0.00175 

20 0.1149 0.1013 0.0991 0.184 0.0038 0.94 0.00190 

30 0.8890 0.1058 0.0754 1.959 0.0008 0.96 0.00266 

Table 2. Comparison of the kinetic parameters evaluated in the conditions molar ratio, temperature, and enzyme 

concentration in the ordered Bi-Bi mechanism. 

Condition 
Parameter  

Vm Kma Kmb Kia Kib R² Rmsd 

Molar ratio 

 (ascorbic acid: 

oleic acid) 

1:14 0.0002 0.1236 0.1986 0.175 0.0324 0.64 0.00106 

1:9 0.0013 0.1778 0.1606 0.119 0.0177 0.96 0.00399 

1:4 0.0003 0.2626 0.2472 0.079 0.0874 0.67 0.00308 

Temperature (⁰C) 

70 0.0013 0.1778 0.1606 0.119 0.0177 0.96 0.00399 

55 0.0002 0.0386 0.1550 0.247 0.2828 0.64 0.00150 

40 0.0002 0.0750 0.1877 0.198 0.1976 0.72 0.00084 

Enzyme concentration 

(w/w substrates) 

15 0.0009 0.1558 0.1715 0.147 0.0168 0.95 0.00234 

20 0.0007 0.1520 0.1688 0.145 0.0279 0.94 0.00268 

30 0.0013 0.1779 0.1606 0.119 0.0177 0.96 0.00399 

Table 3. Comparison of the kinetic parameters evaluated in the molar ratio, temperature, and enzyme 

concentration conditions in the random Bi-Bi mechanism. 

Condition 
Parameter 

Vm Kma Kmb Kia R² Rmsd 

Molar ratio  

(ascorbic acid: 

 oleic acid) 

1:14 3.67x10-6 0.321 0.192 0.321 0.36 0.00200 

1:9 4.68x10-5 0.060 0.161 0.060 0.14 0.01093 

1:4 2.78x10-6 0.061 0.189 0.061 0.89 0.00166 

Temperature (ºC) 

70 4.64x10-5 0.060 0.1612 0.060 0.14 0.01087 

55 5.24x10-6 0.965 0.179 0.965 0.007 0.00455 

40 4.16x10-6 0.358 0.188 0.358 0.34 0.00194 

Enzyme concentration 

(w/w substrates) 

15 1.09x10-5 0.175 0.184 0.175 0.88 0.00241 

20 2.72x10-5 5.79x10-4 0.169 5.79x10-4 0.23 0.00650 

30 4.66x10-5 0.0605 0.161 0.0605 0.14 0.01093 
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The reaction rates are presented in Fig. 7 for the data obtained experimentally and 

adjusted by the models conducted in this study. The calculated kinetic constants (Equations 4, 

5, and 6) by the non-linear regression method are reported in Tables 1, 2, and 3. 

Satisfactory values obtained from the determination coefficient (between 0.65 and 0.96) 

of the Ping Pong Bi-Bi model with inhibition by both substrates was adequate to represent the 

relation between the experimental and theoretical parameters for the three parameters 

investigated (molar ratio, temperature, and enzyme concentration), as well as presenting a 

lower Root Mean Square deviation (Rmsd - between 0.00099 and 0.00266), followed by 

ordered Bi-Bi, which can be clearly seen in Fig. 7. The random Bi-Bi model proved not to be 

appropriate to represent the reaction. 

Taking into account the Ping Pong Bi-Bi model that presented the best performance, 

the molar ratio 1:9 (ascorbic acid:oleic acid), the temperature of 70 °C and 30 % of enzyme 

concentration (w/w substrates) in 1 h of reaction presented higher kinetic constant Vm in 

comparison with the other conditions, coinciding with the maximum reaction yields presented 

previously (Fig. 3, 4 and 6), thus, indicating a high reaction rate in this condition due to the 

faster division of the complex enzyme-substrate to form the product. Given the above, a 

promising performance of the new enzyme (NS 88011) is observed for the production of 

ascorbyl oleate. 

The estimated value of the Km constant remained practically the same for all tested 

conditions, indicating that none of the parameters have adverse effects on the formation of the 

enzyme-substrate complex during the catalytic reaction. In addition, the Km constant is similar 

for both substrates, suggesting a similar affinity to ascorbic acid and oleic acid by the 

biocatalyst. Basheer et al. [47] reported a similar binding affinity of a lipase (R. japonica) for 

both substrates in the esterification between lauric acid (Km = 10.6 mmol/L) and dodecyl 

alcohol (Km = 11.9 mmol/L). Chowdhury and Mitra [30] also documented the affinity of the 

substrates (free fatty acids and octyl alcohol) to lipase (Novozym 435), with Km of 1.08 mol/L 

and 2.07 mol/L, respectively. 

In all tested conditions, oleic acid showed a low inhibitory constant (Kib) when 

compared to Kia, indicating that oleic acid does not have a great inhibitory effect than ascorbic 

acid. This is important since the ratio of the substrates can influence the mass transfer of the 

reaction system, since an excessive amount of acyl donor is beneficial for the fast formation of 

the enzymatic acyl complex, allowing the equilibrium position towards high concentrations of 

the product and at low molar concentrations to a limitation in mass transfer [8,10]. Oleic acid 

is highly hydrophobic (log P = 7.64), so it is expected to have a high affinity to the hydrophobic 

surface of the carrier. In the present study, we observed a great influence of the ascorbic acid 

inhibition constant (Ki = 1.959) in the optimal condition (1:9 ascorbic acid-oleic acid, 70 °C 

and 30 % w/w substrates), as well as in all other assays, but with less inhibitory intensity. 

There are two possible explanations proposed for alcohol inhibition. First, inhibition 

may be related to the reversible reaction process, where part of the ester formed returns the 

enzyme-substrate step, taking into account that the high reaction rate was obtained in the initial 

phase, followed by the decrease as a function of time. This may be possible because there may 

be an accumulation of water as the reaction progresses, which causes ester hydrolysis [49]. 

With ester hydrolysis, ascorbic acid is released, and under certain conditions, this may lead to 

the formation of an inactive complex between alcohol (in our reaction, this role is ascorbic 

acid) and the enzyme [11,50]. Subsequently cannot be transformed into a product, that is, the 
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substrate ascorbic acid cannot bind to the acyl-enzyme complex, thus agreeing with the acid 

inhibition and a decrease in the reaction rate (Fig. 7), as well as in the conversion (Fig. 3, 4 and 

6). In a previously reported study, alcohols are indicated as terminal lipase inhibitors [51]. 

Discrepancies between reported kinetic models indicate that the size, branching, and abundance 

of hydroxyl groups in the side chains of both substrates strongly affect the reaction mechanism 

[11]. Second, because the alcohol in our reaction is an acid, it can cause acidification of the 

aqueous micro-layer interface leading to enzymatic inactivation [41].  

In previous studies of ester synthesis with lipase, Ping Pong Bi-Bi models with 

inhibition by different substrates or without any substrate inhibition were postulated 

[11,41,50,52-55].  

In several kinetic studies conducted in batch bioreactors, it was shown that the Ping 

Pong Bi-Bi model with inhibition by ascorbic acid was adequate for the adjustment of 

experimental data [11,22,56]. This model adequately describes the synthesis of ascorbyl oleate 

catalyzed by Novozym ® 435 in a batch system. Once the new immobilized preparation has 

been applied, kinetic parameters, including rates of esterification, should be investigated, as 

the affinity with the enzyme may be different. Ćorović et al. [21], in a study using Candida 

antarctica lipase B and the same substrates, did not observe inhibition by vitamin C, probably 

because of the difference in immobilization support. They observed better performance to the 

Bi - Bi Ping Pong mechanism with low inhibition of the acyl donor.  

Although several mechanisms have been proposed, in our results, the Ping Pong Bi - 

Bi mechanism with inhibition for both substrates showed better performance. 

3.5. Operational stability of the enzyme. 

The recycling of the enzyme is a critical factor in evaluating the economic viability of 

the enzyme-catalyzed process. Upon completion of the reaction, i.e., 1 h, the immobilized 

enzyme was filtered, washed with n-hexane, and reused to analyze the extent of reuse. As 

shown in Fig. 8, lipase activity reduced by approximately half to initial was in the 14th cycle, 

indicating good operational stability under the reaction conditions of this study for the synthesis 

of ascorbyl oleate. The 50 % reduction in lipase activity after 14 h of the reaction may be related 

to the influence of solvent on enzyme activity, since, in the preliminary test we observed that 

tert-butanol could affect the enzyme's hydration layer and reduce the 50 % enzymatic activity 

after 16 h in contact with the solvent at 70 °C.  

 
Figure 8. Operational stability of NS 88011 under maximized reaction conditions. 

https://doi.org/10.33263/BRIAC111.83748388
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC111.83748388  

 https://biointerfaceresearch.com/ 8385 

 Balen et al. [8] in reactions tested at 60 and 70 °C, 1:9 molar ratio (ascorbic acid: oleic 

acid); 5 % Novozym 435; 2 mL of tert-butanol, 2 h with microwave irradiation observed that, 

in the third cycle of use, the enzyme Novozym 435 dramatically decreased the conversion value 

of ascorbyl oleate (reduction approximately 5 times in the first cycle). 

In addition to greater operational stability, it is important to analyze the economic 

feasibility of applying lipolytic enzymes. The main disadvantage in industrial use, for example, 

Novozym 435 (Novozymes) is associated with the high cost. In view of this, the development 

of economically viable supports opens up new possibilities for applications mainly on an 

industrial scale, demonstrating the advantage of NS 88011, immobilized with low-cost 

material, formulated by Novozymes. 

4. Conclusions 

 The development of the enzymatic process with the new low-cost enzyme preparation 

proved to be efficient for the synthesis of ascorbyl oleate. It was observed that the conditions 

as a molar ratio, temperature, and enzymatic charge were important effects to obtain high 

conversion. A maximum conversion of 50 % was observed under optimized conditions. The 

lipase showed excellent operational stability, and the kinetic study showed that the Ping Pong 

Bi-Bi model with inhibition for both substrates was adequate to represent the experimental data 

for all tested effects. In summary, the results of this study may make an important contribution 

to the elucidation of the mechanism of synthesis of vitamin C catalase catalyzed by lipase NS 

88011, offering a good perspective for the development of industrial processes due to the 

presented economic viability of the biocatalyst when compared to commonly used. 
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