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Abstract

A rapid and eco-friendly method, using ultrasound power, was successfully employed to hydrolyze Crambe oil using lipase
enzymes directly from castor seeds, in oil-free and in natura forms. A yield of 86% conversion of triglycerides into free fatty
acids (FFA) was achieved in 5 minutes using in natura seeds and 73% of conversion when performing the reaction with oil-free
seeds. The operational conditions of ultrasound power, mass ratio of buffer solution and oil, catalyst, and total substrate
were evaluated using a central composite rotatable design (CCRD). The hydrolysis yield was optimized by Response Surface
Methodology. The optimum conditions were approximately 70% of ultrasound power (350 W), 1.79 buffer solution/oil mass
ratio, and 0.25 catalyst/substrate mass ratio for in natura seeds. For the oil-free seeds, the optimal conditions found were
68% (340 W) of ultrasound power, 1.67 buffer solution/oil mass ratio, and 0.06 catalyst/substrate mass ratio. Mathematical
modeling was applied to the experimental kinetic data, and it was possible to predict FFA concentration values from independent
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1. Introduction

The hydrolysis of oils and fats to produce free fatty acids has noteworthy industrial importance as it is
required in the pharmaceutical, energy, food, chemical, and cosmetic industries, including coatings, adhesives,
biofuels, surfactants, shampoos, and other personal care products (Avelar et al., 2013; Noor et al., 2003). The



usual industrial process for the hydrolysis to take place, the Colgate-Emery process, entails high temperature
(at least 250°C) and pressure (4.82 MPa) (Barnebey and Brown, 1948), implying in a high energy cost in
addition to undesirable reactions and by-products formation (Rooney and Weatherley, 2001). Oil hydrolysis
can also be performed by employing chemical catalysts (Da Silva et al., 2016; Devaraj et al., 2018; Ong et al.,
2016), enzymatic catalysts (lipases) (Cavalcanti-Oliveira et al., 2010; Corradini et al., 2019; de Sousa et al.,
2010; El-Hefnawy and Sakran, 2014; Goni et al., 2018; Santos et al., 2013), using subcritical water (Almeida
et al., 2017; dos Santos et al., 2019; Ilham and Saka, 2010; Xiao et al., 2017) or other less conventional
methods as microwave irradiation (Nguyen et al., 2020) and the use of ionic liquids (Han et al., 2019).

The enzymatic method presents the advantage of being performed under mild conditions of pressure and
temperature, which allows the reduction of costs associates with energy and equipment; nonetheless, waste
treatments are also reduced (Posorske, 1984). A common drawback from the use of enzymes, however, is
the high price of isolation and purification of microbial and animal enzymes, which restrict their industrial
application on a large scale (Du et al., 2008). In this sense, the use of vegetable lipases can be an attractive
alternative considering that it can be obtained from renewable sources, produced on a large scale, and does
not require a high level of purification (Campillo-Alvarado and Tovar-Miranda, 2013; Villeneuve, 2003).

During the germination of oilseeds, hydrolysis of acylglycerols takes place, and lipases are activated to
catalyze the process (Abigor et al., 2002; Hills and Murphy, 1988; Muto and Beevers, 1974). Nevertheless, it
has been reported that in castor bean seeds, lipases were activated not only during germination, as most of
the known seeds, but also in dormant seeds (Eastmond, 2004; Fuchs et al., 1996; Muto and Beevers, 1974).
The castor seed oil is widely used for pharmaceutical and cosmetic industries, the castor seed cake, however,
is poisonous to humans and animals, since the toxic protein ricin is present (Martinez et al., 2018; Meneguelli
de Souza et al., 2018). The use of castor seeds, only in the oil-free form, as lipase source has been reported
in the literature before [1,10,11,13,31-34], and reaction times range between 2 to 10 hours. It is not from
the author’s knowledge of any study involving ultrasound to the enzymatic hydrolysis reaction using vegetal
seeds as a catalyst.

In the oil hydrolysis reaction catalyzed by lipases, the reaction takes place on the aqueous-organic interface
(Al-Zuhair et al., 2003; Ferreira-Dias and da Fonseca, 1995); however, the viscosity and immiscibility of
the substrates are high, and the phenomenon of mass transfer controls the reaction rate (Romero et al.,
2007; Talukder et al., 2006). Therefore, increasing the interface by generating an emulsion can improve the
rate (Feiten et al., 2014; Lerin et al., 2014; Talukder et al., 2006) and facilitate the use of biocatalysts on
the industrial scale (De Freitas et al., 2019). Ultrasound creates emulsion by generating the phenomenon
of cavitation, which consists of the growth and collapse of bubbles and, consequently, the generation of
shockwaves (Ho et al., 2016). Reduced and dispersed liquid droplets can be formed through this system
(Leong et al., 2009; Talukder et al., 2006). Compared to typical mixing methods, enzymatic reactions under
ultrasonic treatment achieve higher equilibrium values as well as higher selectivity and reduction (Chiplunkar
et al., 2018; Lerin et al., 2014; Polachini et al., 2019). However, due to thermal and mechanical (high shear
stress and pressure, causing dissociation of enzyme) effects (Froment et al., 1998; Vercet et al., 2001), some
studies reported a loss of enzymatic activity during the process [48,49]. Therefore, its impact on the activity
of enzymes is intricate (Barton et al., 1996). The information on the kinetics, along with the assessment of the
variables process conditions, can provide practical information about the performance of ultrasound-assisted
hydrolysis of oil with vegetal lipase to contribute to the scale-up of the process (Polachini et al., 2019).

The non-edible oilseed Crambe Abyssinian (Brassicaceae family) is a low-cost raw material with high oil
content and a high percentage of monounsaturated fatty acids (mostly erucic acid, C22:1, 50-60% on average)
which grants high stability to the oil (Lazzeri et al., 1994; Wazilewski et al., 2013), representing an attractive
option of sustainable raw material. Furthermore, the advantages of using a low-cost raw material, castor bean
seeds, as a lipase source for hydrolysis reactions are clear. However, studies are still necessary for the process
to become industrial. Understanding of the reaction mechanism and optimization of reaction conditions
are essential tools for scaling-up. In this work, we studied the optimation of conditions for the enzymatic
hydrolysis reaction performed under ultrasound treatment, using in natura and oil-free castor seeds. Under



this treatment, the reaction rate is fast as well as the lipase deactivation; therefore, the modeling of the
kinetic experiments can be relevant for optimized use of this enzymatic catalyst under harsh conditions as
it is the use of ultrasound power.

2. Material and Methods

2.1. Reagents

The commercial castor bean seeds were bought from the Brazilian company BRSeeds, and the Crambe
oil was donated by the research company MS Foundation, located in Maracaju - MS, Brazil. Ethyl ether,
ethanol, hexane, acetone, sodium hydroxide, and phenolphthalein were used with minimum purities of 99%.

2.2. Preparation of Castor Seed Particles

2.2.1. In Natura Seeds

In natura castor seeds were ground with a blender, and the seed particles smaller than 4.8 mm were collected
after sieving.

2.2.2. Oil-Free Seeds

To prepare the oil-free seeds, a methodology reported elsewhere was used with slight modifications (Cavalcanti
et al., 2007). Approximately 10 g of castor bean seeds were peeled and ground, then 50 cm?® of acetone was
added to the particles and were left under constant stirring at 4°C for 16 h. Subsequently, the seeds were
filtered under vacuum and left to dry at room temperature for 24 h. Particles of less than 1 mm were collected
after sieving. The average of oil extracted following this methodology was 47.4 + 1.3%.

2.3. Quantification of FFA

Titration with NaOH solution was performed to quantify the FFA (free fatty acids) following the AOCS
official method (Ca 5a-40) (AOCS, 1996).Equation 1 was employed to calculate the mass percentage of
FFA in the samples.

(1)

Where m is the sample oil mass (g), V is the volume of NaOH solution used in the titration (L), Myaomn is
the NaOH solution molarity (mol L) andMMgpra is the average molar mass of fatty acids in Crambe oil.
The average molar mass of fatty acids in Crambe oil is 317.98 g mol!, and it was determined in previous
work (Tavares et al., 2018b) performed by the same group.

2.4. Quantification of Acylglycerols
Analysis of Nuclear Magnetic Resonance (NMR) was performed to determine the concentration of acylgly-
cerols and the methodology is described elsewhere (Tavares et al., 2018a).

2.5. Hydrolysis Reactions

The reactions were carried out in a 50 mL Erlenmeyer sonicated using an Ultronique ultrasound, microtip
probe of 4 mm diameter, model disruptor, maximum power of 500 W. Additional experiments were performed
in a refrigerated incubator with agitation (shaker) at room temperature and 140 rpm.



During preliminary tests, it was observed that after 5 minutes of sonication, the viscosity of the medium
started to increase, affecting the cavitation phenomenon. The temperature of the mixture was increasing
(more than 40°C), which could be damaging for the reaction and the equipment. Therefore, for the factorial
design experiments, a time of 3 minutes was chosen. A fixed volume of 25 cm?® of water and oil solution
(acetate buffer solution; 0.2 M, pH 4.2) was used. The buffer solution pH and concentration were determined
based on preliminaries studies performed by the same research group (TAVARES et al., 2015).

After the reaction time, the resulting hydrolyzed oil emulsion was centrifuged for 20 minutes at 3000 rpm,
and then a sample of approximately 1g of oil was collected and analyzed. The hydrolysis yield was calculated
by Equation 2 .

. . FFA (%)-FFA(%)
Yield = —50—Fram

Initial (2)

)Initial

In which, FFA(%);. i the initial acidity of the Crambe oil.

2.5.1. CCRD Experiments

The effects of the mass ratio of buffer solution/oil (B/O), catalyst/substrate (C/S), and ultrasound power
(Po) were assessed through the use of a Central Composite Rotational Design (CCRD) with central and
axial points, the values of the design were determined after preliminary experiments. Seventeen essays were
performed for each design, with three replicates on the central point, and six experiments of axial points.
The variable levels of the CCRD for in natura seeds were: ultrasound power of 31.40%, 45.0%, 65.0%, 85.0%;
and 98.64%; B/O mass ratio 0.07, 0.45, 1.00, 1.55, and 1.93; and C/S mass ratio of 0.01, 0.07, 0.16, 0.25,
and 0.31. For the oil-free seed particles: 31.40%, 45.0%, 65.0%, 85.0%, and 98.64% for ultrasound power;
1.13, 1.40, 1.80, 2.20, and 2.47 for the B/O mass ratio; and 0.010, 0.020, 0.035, 0.050, and 0.060 for C/S
mass ratio. All the experiments were carried out for three minutes. The response of the experimental design
was the hydrolysis yield, analyzed through the software Statistica version 7.0 (StatSoft Inc., USA). The
validation of the model was performed with the software Maple version 13.0 (Waterloo Maple Inc., Canada).

2.5.2. Kinetic Experiments

Kinetic experiments were performed at the conditions of higher yield obtained during the CCRD experiments,
where for each reaction time, a different test was performed. Additional experiments were performed in a
refrigerated incubator with agitation (shaker) at room temperature and 140 rpm.

2.6. Mathematical Modeling

A simplified kinetic mechanism for enzyme-catalyzed hydrolysis reactions was employed in this work; the
mechanism equations and molar balances are described in a previous work performed by the same research
group (Tavares et al., 2018b). The assumptions for the closed and batch system were considered the same for
the ultrasound system as for the conventional stirring batch process: Enzymatic hydrolysis reaction defined
using the simplified Ping Pong Bi Bi (PPBB) mechanism; Elementary reaction rate; Ideal mixture in the
liquid phase; and Isobaric and isothermal process.

To solve the equation system the following initial conditions were used:Ctag (0) = 0.27 2 | Cpag (0) =

Kg
0 22 ,Cmac (0) = 0 %2 ,Cry0 (0) = 29.14 2 ,Car (0) = 0 £, Crra (0) = 0.08 2 ,andCg (0) =
Cptotl = 3521074 %for in natura seeds; andCrag (0) = 0.34 "é—‘;;l , Cpag(0) =0 ]%);1 ,Cwvac (0) =
0 3 Cro(0) = 3372 24 ,Car(0) = 0 2, Cpra (0) = 010 %2 ,andCp (0) = Cp® =

1.6210~% %);1 for oil-free seeds. The considered molecular mass of the enzyme was 59kDa (Eastmond,

2004) and the enzymatic concentrations were calculated considering 17% of proteins (lipases) on the castor
bean seeds bodies (Tully and Beevers, 1976).



Rosenbrock’s numerical method (Rosenbrock, 1963) coded in Maple®) software was used to solve the ma-
thematical model with the initial conditions.

The enzymatic hydrolysis kinetics experimental data was used to estimate the parameter values in the
mathematical model (k 1,..., k 12) employing the minimization of the objective function (Equation 3)
through the Simplex Dowhill optimization method (Nelder and Mead, 1964).

nc 1 ex MO 2
O.F. = zjzl Zii1 (Cj,ip - Cj,i d) (3)

Where refers to the component (i.e., TAG, DAG, MAG, FFA), is the experimental data number, is the
experimental concentration, and is the model calculated concentration of component j .

3. Results and Discussion

It was verified, during preliminary tests, that due to the oil present in the in natura seeds, the particles of
this type of seeds were aggregating. Thus, the in natura seeds were used in a bigger granulometry compared
to the oil-free seeds.

3.1 CCRD Results for In Natura Seeds

In Table 1 the results of assays for the use of in natura seeds as catalysts are presented, with a observed
variation of 3.97 to 84.51% in the yield of the enzymatic hydrolysis. In the Pareto graph (Figure 1 ) the
significant variables (95% of significance level) were identified being the catalytic/substrate and buffer/oil
mass ratios, with positive linear effects and negative quadratic effects on the yield. The catalyst/substrate
ratio is the most significant effect, and the ultrasound power variable was not significant in the evaluated
conditions.

The RSM equation is given by Equation (10). The f-test was employed to evaluate the model. The calculated
f-value (67.19) was notably higher than the critical f-value (3.68), from the analysis of variance (ANOVA),
which validates the model statistically within the studied range. The regression model accuracy can also
be observed based on the coefficient of determination (R?) of 0.99, indicating that the enzymatic hydrolysis
yield of the Crambe oil can be well described as a function of ultrasound power and catalytic/substrate and
buffer/oil mass ratios (Equation 4 ) in the investigated conditions range.

**Table 1 here**

**Figure 1 here**

Yield (%) = 58.95 — 1.19 % Po — 0.04 * Po* +16.12% B — 6.05  (2)* +20.70+ € — 5.93 % (£)” +0.58 x Pox & + 1.56 + Po

Through the derivation of Equation 4 , using the software Maple®), the higher yield for the second-order
equation was found under conditions of 70% ultrasound power, 1.79 mass ratio buffer solution/oil, and 0.25
mass ratio of catalyst/substrate, in the fixed condition of 3 minutes at initial room temperature, with a yield
of 87.98%. In the same conditions, one experiment was carried out yielding 85.0 + 2.6%, which confirms that
within the studied range, the model can predict the yield satisfactorily.

The response surface plot for the enzymatic hydrolysis yield of the Crambe oil with in natura seeds is
presented in Figure 2 . Each of the variables can affect the hydrolysis reaction by giving more or less energy
to the system, causing enzymatic denaturation, modifying the medium viscosity, and altering the availability
of sites for lipase catalysis. The ultrasound power, however, does not have a significant effect on the response
surfaces in the investigated range, unlike the B/O and C/S variables. Although the amount of buffer solution
affects the yield of the enzymatic hydrolysis reaction, this effect will have less influence on the reaction yield



above 1.0 (Figure 2-a ). A similar effect is observed in Figure 2-b , where for a ratio of catalyst/substrate
above 0.15, the impact of the variable is less significant; conversely, an increase in the yield can still be
observed when increasing the ultrasound power. Notably, a high amount of catalyst (in natura seeds) makes
the reaction medium more viscous, demanding more ultrasound power to emulsify the medium, resulting in
the correlation of the two variables. In Figure 2-c , the effect of the most significant variables is evaluated
simultaneously, and a higher correlation between both variables can be observed, resulting in increased yield
as both variables increase.

**Figure 2 here**

3.2 Kinetics of Ultrasound-assisted Enzymatic Hydrolysis for In Natura Seeds

The reactions were performed under the conditions of the optimal values obtained from Equation 4 (Power
70% for 3 minutes at initial room temperature, 1.8 B/O, and 0.25 C/S) at pH 4.2. The experimental data is
shown in Figure 3 . As can be seen after 5 minutes the reaction reaches equilibrium at approximately 88%
of FFA (0.75 mol kg!). Besides, it has been verified that the ultrasound equipment heats up beyond usual
when a time greater than 7 minutes is used, and, therefore, it is not possible to continue the reaction with the
ultrasound. To evaluate the degree of enzyme deactivation and the potential of a higher yield of hydrolysis
under the optimal conditions, experiments were carried out by continuing the reaction after 5 minutes in
ultrasound in a refrigerated incubator with agitation (shaker) at room temperature and 140 rpm. After 30
minutes in the shaker, a yield of 89.96% was achieved for the hydrolysis reaction, and after 60 minutes,
the yield was 91.57%. The absence of a significant increase in the hydrolysis yield, expose the deactivation
of the catalyst after the 5 minutes under ultrasonic treatment, which is consistent with a result reported
by Awadallak et al. (Awadallak et al., 2016), who studied the hydrolysis of soybean oil under ultrasound
treatment, using a phospholipase as catalyst. The authors reported enzyme inacvation after 10 minutes when
using 20% of ultrasound power (200 W) and after 5 minutes when using 50% of ultrasound power.

To better analyze the influence of employing ultrasound in the reaction, the same experiment, under the
optimal conditions found throughEquation 4, was conducted in the refrigerated incubator (140 rpm) for 3
minutes. The yield obtained was 41.23 + 2.62%, which is less than half of the yield obtained under 3 minutes
of reaction under ultrasound treatment, 85.01%, demonstrating the high potential for the use of ultrasound
in the enzymatic hydrolysis of Crambe oil using seeds in natura.

In Figure 3 , the concentration profiles of MAG, DAG, and TAG (in mol kg!) are shown. The decrease in
TAG (Figure 3 (d) ) concentration and increasing concentration of FFA (Figure 3 (a) ) are the expected
behavior and can be seen. DAG (Figure 3 (c) ) and MAG (Figure 3 (b) ), behave in the usual way for
intermediate compounds of a reaction. All the concentration profiles obey the principle of mass conservation
(constant , i = TAG , DAG , MAG ,GL , HyO e FFA ). Additionally, inFigure 3, the model results for the
concentration profiles of glycerol (Figure 3 (e) ) and water (Figure 3 (f) ) are shown. The value of 88%
([?] 0.75 mol kg™!) was reached after the equilibrium of the enzymatic hydrolysis of the Crambe oil in 5 min.

In Table 2 are presented the values of the estimated parameters from the fitting of the model, based on
the Ping Pong Bi Bi (PPBB) kinetic mechanism, to the experimental kinetic data. The simulated and
experimental curves are shown in Figure 3 . The coefficient of determination (R2) values were 1.00, 0.95,
0.88, and 0.99 for TAG, DAG, MAG, and FFA experimental data, respectively, which demonstrate that the
kinetic model satisfactorily represented the set of experimental data.

**Figure 3 here**
**Table 2 here**

With rate constants (k; -values) available, the mathematical model can be used to predict the reaction
yield values under the same temperature condition. CCRD experiments performed under similar ultrasound
power as which the kinetics were obtained were selected so the model could be applied with different initial
conditions. The ultrasound power affects the temperature of the system and, thus, the equilibrium. Hence,



the values of the FFA yield obtained experimentally and predicted by the model are shown in Table 3 . The
model was able to predict FFA yield under the conditions evaluated with an average deviation of 17.32%.
Since the data used for this validation was not obtained in the exact conditions of ultrasound power, a
variation was expected. The applied model was, therefore, satisfactory to explain the reaction mechanisms
and can be useful for phenomenological studies and process optimization.

**Table 3 here**

3.3 CCRD Results for Oil-Free Seeds

In Table 4 are presented the experimental data using oil-free seeds as the enzymatic catalyst, where an
enzymatic hydrolysis yield variation of 28.27 to 69.30% in the investigated conditions can be observed.

Through the Pareto graph (Figure 4 ) it is found that all variables were significant (95% level of significance),
including the interactions between the variables, with the highest effect variable being the catalyst/substrate
ratio, followed by the linear effect of the buffer/oil ratio and the interaction between the two variables. The
RSM equation is given by Equation (5) . The f-test was employed to evaluate the model, and the calculated
f-value (18.06) was again higher than the critical f-value (3.68). Hence, the regression model is statistically
valid, and satisfactorily represent the experimental data within the studied conditions range. The coefficient
of determination (R?) of 0.96 establish the accuracy of the regression model with the experimental data.

**Table 4 here**

**Figure 4 here**

Yield (%) = 61.66 +0.63 x Po— 0.61 % Po? +3.17+ B — 0.55  (B/0)* +10.68 + £ —3.75% ()" +0.55% Pox & —0.20 %

Through the use of the software Maple®), the derivative of the above equation was found with the conditions
of 67.8% ultrasound power, 1.67 mass ratio buffer solution/oil, and 0.06 mass ratio of catalyst/substrate,
yielding 69.50%. The experimental yield result found under the above conditions was 71.50 + 2.5%, confir-
ming that within the investigated conditions, the model can satisfactorily describe the yield of the hydrolysis
reaction.

In Figure 5 are presented the response surface plots for enzymatic hydrolysis yield of the Crambe oil with
oil-free seeds as a catalyst. In Figure 5-a , it is observed that the highest yield region is in the highest
ultrasound power and buffer solution/oil mass ratio region. When the power effect is evaluated together with
the amount of catalyst (Figure 5-b ), the result is different from the seeds in natura. When a higher power
was needed for higher values of catalyst ratio, the two variables had little correlation, and a parabolic effect
was observed for the catalyst/substrate ratio effect, with the yield reaching a maximum value at a ratio of
approximately 0.05. After that, a small drop occurred, indicating that in this range, the substrate is already
saturated with the enzyme, and the increase only hinders the reaction by increasing the viscosity of the
medium. InFigure 5-c, an interesting effect is observed. The higher the amount of buffer solution added to
the reaction, the lower the amount of catalyst required for a good yield. The opposite was also observed, the
higher the amount of catalyst, the less amount of solution was necessary. With these results, it is possible
to perform a cost analysis to determine the best conditions under particular situations.

**Figure 5 here**
3.4. Kinects of Ultrasound-assisted Enzymatic Hydrolysis with Oil-Free Seeds

In the optimal experimental conditions obtained through Equation (4) (68% power, 1.7 B/O, and 0.06
C/S), a kinetic experiment was performed, and the result is shown in Figure 6 . As observed, after 5
minutes, the reaction reaches equilibrium with approximately 75% FFA (0.79 mol kg™!).

Since there was no further advance of the hydrolysis reaction after 5 minutes and to evaluate the deactivation



of the enzymatic catalyst, one following step was carried out for extra 30 minutes in a refrigerated incubator
(140 rpm). A yield of 76.6 + 2.62% was achieved, indicating the catalyst deactivation, and therefore, the
hydrolysis reaction could not proceed.

To evaluate the effectiveness of the ultrasound, an experiment was conducted under the optimal conditions
found with Equation 5 in a refrigerated incubator (140 rpm) for 3 minutes and the yield obtained was 8.97
+ 2.62%, considering that the yield after 3 minutes of reaction under ultrasound effect was 71.47+ 2.62%,
it is clear that the use of ultrasound represents an excellent improvement for the hydrolysis reaction.

MAG, DAG, and TAG (in mol kg™!) concentration profiles are displayed in Figure 6. The expected behaviors
for the concentration profiles of TAG (Figure 6 (d)), DAG (Figure 6 (c)), and MAG (Figure 6 (b))
can be observed for this case as in the previous case, decrease in TAG concentration and FFA concentration
increase (Figure 6 (a) and parabolic behaviors for DAG and MAG concentrations. The model values for
the concentration profiles of glycerol (Figure 6 (e)) and water (Figure 6 (f)) are also shown in Figure 6.
The equilibrium of the enzymatic hydrolysis reaction was reached in 5 min, achieving 75% ([?] 0.79 mol kg"),
a lower value when compared to in natura seeds as the catalyst. In Table 5 are presented the values for
the estimated parameters from the fitting of the model with the experimental kinetic data, and the curves
are displayed in Figure 6. The coefficient of determination values (R2) were 0.99, 0.97, 0.99, and 0.99 for
TAG, DAG, MAG, and FFA experimental data, respectively. All results imply a satisfactory description of
the experimental data by the kinetic model.

**Figure 6 here**

**Table 5 here**

Independent experimental data from the CCRD experiments performed at a similar ultrasound power (65%),
at which the kinetics were obtained (68%), were selected to test the ability of the model in predicting the
reaction yields. The experimental and predicted FFA yield values are shown in Table 6 . It can be concluded
that the model was able to predict the hydrolysis yield within the evaluated range of the conditions, with an
average deviation of 11.46%. The model was, therefore, suitable to explain the mechanism of the reaction
of enzymatic hydrolysis of vegetal oil using vegetal lipases and can useful for phenomenological studies and
process optimization.

**Table 6 here**

3.5. Comparison Between the Enzymatic Seed Particles

To the author’s knowledge, there is no work in the literature evaluating the use of ultrasound in the oil
hydrolysis reaction, using castor seeds in any form as a lipase source. Previous work was conducted employing
castor seeds, in natura and oil-free forms, to the enzymatic hydrolysis of Crambe oil, from the same research
group (Tavares et al., 2018a) and will be used as a comparison between the seed particles with and without
the ultrasonic treatment. The previous results, along with the results presented in this work, are summarized
in Table 7 . It is essential to highlight that although different granulometry was used among the forms
of catalyst seeds, the comparison can still be useful, as only the kinetic of the reaction will be impacted,
reaching equilibrium at different times but without changing the equilibrium condition (final yield of the
reaction).

**Table 7 here**

Higher levels of potency increase the emulsification of the reactants facilitating the hydrolysis reaction (Ozbek
and Ulgen, 2000; Wang et al., 2015), however, the enzymatic deactivation effect may also occur due to the
thermal effect generate through the ultrasonic treatment, given that the reaction temperature increases
during cavitation, besides of the shear and pressure forces that cause damage to the structure of the enzyme
(Froment et al., 1998; Vercet et al., 2001). The effect of temperature in the enzymes activities is well
know, in one example, Avelar et al. (Avelar et al., 2013) reported on the influence of temperature in



enzymatic hydrolysis of canola oil employing oil-free castor seeds as a lipase source; the activity decreased
with temperature increase after 50degC. Cavalcanti et al.(Cavalcanti et al., 2007), shown similar deactivation
of oil-free castor seeds after 40degC. The effect of deactivation by the ultrasound power was notable after
5 minutes of reaction, and small or no further activity was detected after this time when the reaction
was continued in a shaker; also it can be noted that the equilibrium yield for the oil-free seeds was lower,
suggesting that the enzymes may have suffered a more significant deactivation in this reaction system.

Despite the fact that the lipase concentration is higher on oil-free seeds, another aspect that allows the use
of significantly less amount of the catalyst mass, is the smaller granulometry of the oil-free seeds, which
provides a higher superficial area favoring the aqueous-organic interfacial reaction (Pourzolfaghar et al.,
2016). Besides, a more substantial amount of buffer solution was needed for both particle forms when the
reaction was performed in ultrasound since the emulsion of the system is better, and the aqueous-organic
interface increased.

Comparing the yield of reaction at an equivalent time, both systems exhibit similar behavior under optimal
ultrasound conditions. The oil-free seeds, however, reached equilibrium at a lower yield compared with in
natura seeds, which is resulted from the less stability and higher deactivation of oil-free seeds, since in previous
experiments, it was demonstrated that after 30 days at 4degC the oil-free seeds had 9% of deactivation while
no deactivation detected for the in natura seeds (Tavares et al., 2018a). The deactivation can be accelerated
by the ultrasound power used in the reaction. However, notably, the reaction could be intensified with the use
of ultrasound since the time of 4 hours for a yield of 86% (Tavares et al., 2018a) was decreased to 5 minutes of
reaction with the in natura seeds. Other intensification process methods can be performed with microwaves.
Nguyen et al. (Nguyen et al., 2020) reported a green approach to produce FFA from soybean oil involving
autocatalytic hydrolysis employing microwave irradiation. For this process, however, a surfactant had to
be added to the mixture to reach a satisfactory emulsion; furthermore, the reaction achieves equilibrium at
96.6% of conversion into FFA after four h at 195 degC. Therefore, the use of ultrasound for oil hydrolysis
catalyzed by vegetal lipases features a considerable enhancement in intensification of an eco-friendly process.

The reports in the literature employing castor bean seeds as a source of lipase for triglyceride hydrolysis
reactions use the seeds in the oil-free form. Coelho et al. (Coelho et al., 2013) used lipase from oil-free
castor seeds (0.075-0.090 mm) to produce FFA by hydrolysis of vegetable oils (corn and sunflower). The
maximum percentage of hydrolysis of corn oil (84.0%) and sunflower (76.4%) was reached in 60% w/w oil,
0.1 M acetate, pH 4.5, 33degC, and 5% m/m seed particles after 70 and 80 min of reaction. Performing the
enzymatic hydrolysis of canola oil, Avelar et al., (Avelar et al., 2013), achieved complete hydrolysis of the
oil at 37.5degC, buffer/oil ratio 22.1% after 2 hours, using castor seeds without oil (2.0% of mass ratio and
particles smaller than 1 mm). Santos et al. (Santos et al., 2013) evaluate oil-free castor bean seeds (0.075-
0.090 mm) and reported the complete hydrolysis of the soybean after 80 minutes at 44.1% w/w oil /buffer
(100 mM sodium acetate pH 4.5), 37degC, 2.0% w/w lipase, and sodium acetate. The results obtained in the
present study, 86% yield after 5 minutes, using in natura seeds, without process costs for seed preparation,
show impressive enhancement in the processes that are so far described in the literature.

The oil average extracted in the oil-free catalyst preparation was 47.4 +- 1.3%, resulting in 21% of the
initial seed mass after sifting. From the optimum conditions, it was taken that for 10 g of Crambe oil,
6.1 g of in natura seeds were used, while 1.8 g of oil-free was necessary, representing 8.6 g of seed. The
higher performance of the in natura seeds can be explained by the presence of components in the lipase
that contribute to its activity. Ory (1969) reported the existence of three elements in castor bean lipase, a
solid fraction, called apoenzyme, a lipid cofactor, and an activator protein, and concluded that for maximal
lipase activity, all the components are necessary. The use of in natura seeds, thus, reflects in more enzymatic
activity and can be considered more advantageous for the oil hydrolysis. On the other hand, the use of
oil-free seeds can benefit from the residues of the castor oil industry.



4. Conclusion

To improve the yield of the hydrolysis of Crambe oil using seeds of castor beans as the catalyst, the use
of ultrasound in the reaction was evaluated using two forms of seeds, in natura and oil-free. The CCRD
factorial design was employed to assess each form of the seed particles, and optimum conditions were found,
reaching approximately 86% yield after 5 minutes of ultrasound reaction for in natura seed particles and 73%
for the oil-free seeds. Mathematical modeling, based on a Ping Pong Bi Bi kinetic mechanism, was applied
for the experimental kinetic data representation. From unrelated experiments, the FFA concentration values
were predicted using the estimated kinetic constants, demonstrating the suitability of the model for process
optimization and understanding of the mechanisms in the ultrasound-assisted enzymatic hydrolysis of oils
employing vegetal lipases. The potential of the process of ultrasonic enzymatic hydrolysis of oil using castor
bean seeds as a source of lipases is highlighted since high conversions were achieved in an impressive short
time. The best yield was obtained with the use of in natura seeds, which do not undergo any preparation
process resulting in a much lower cost than compared to the use of animal or microbial lipase enzymes that
are usually commercialized.
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Tables:

Table 1. CCRD factorial design experiment and yield results for reactions performed with ultrasound using
seeds in natura (buffer solution, pH 4.2, 3 minutes).

Coded design levels Coded design levels Real values Real values

Exp Po (%) B/O C/S Po (%) B/O C/S Yield (%)
1 1 1 -1 45.00 0.45 0.07 20.71
2 1 1 -1 85.00 0.45 0.07 1113
3 -1 1 -1 45.00 1.55 0.07  40.92
4 1 1 -1 85.00 1.55 0.07  39.00
5 -1 -1 1 45.00 0.45 0.25 49.73
6 1 -1 1 85.00 0.45 0.25 5176
7 1 1 45.00 1.55 025 8451
8 1 1 1 85.00 1.55 0.25 83.48
9 -1.68 0 0 31.40 1.00 0.16  59.54
10 1.68 0 0 98.64 1.00 0.16  56.08
1m0 -1.68 0 65.00 0.07 0.16  9.39
12 0 1.68 0 65.00 1.93 0.16  72.20
13 0 0 -1.68 65.00 1.00 0.0l 3.97
14 0 0 1.68 65.00 1.00 0.31 7828
PC1 0 0 0 65.00 1.00 0.16  58.92
PC2 0 0 0 65.00 1.00 0.16  61.51
PC3 0 0 0 65.00 1.00 0.16  56.75

Table 2. Estimated parameter values of the kinetic model of Crambe oil enzymatic hydrolysis using in
natura seeds.

Parameter Value

k1 (kg molt h't) 1.51x10°
ko (h1) 1.27x10°
ks (kg molt hl) 4.71x10°
ky (kg2 mol? h'l)  2.28x106
(
(

kg mol ! h!) 3.24x10°
ke (') 3.26x10*
k (kg mol! ht) 1.10x10%
k (kg2 mol? hl) 2.59x10°
ko (kg molt h't) 2.50x10°
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Parameter

Value

klO (h_l )

k11 (kg mol ! h_l)
k1o (kg2 mol? h_l)

8.59x10%
2.11x10°
1.14x106

Table 3. Validation of the kinetic model of Crambe oil enzymatic hydrolysis using in natura seeds.

Experimental Simulated
Yield (FFA) Yield (FFA) Deviation®
Exp. Po (%) B/O C/S (%) (%) (%)
12 65 1.92 0.16 74.70 69.12 7.48
14 65 1 0.31 80.23 84.54 5.38
15 65 1 0.16 62.62 78.11 24.73
16 65 1 0.16 64.98 78.11 20.21
17 65 1 0.16 60.64 78.11 28.81

& Deviation: D = 100%‘3(]5_5), where E is the Experimental, S is the Simulated Yield.

Table 4. CCRD factorial design experiment and yield results for reactions performed with ultrasound using

oil-free seeds (buffer solution, pH 4.2, 3 minutes).

Coded design levels

Coded design levels

Coded design levels

Real values

Real values

Real values Real va

Exp.

CO J O UL W N

Ne

10
11
12
13
14
PC1
PC2
PC3

Po (%)
1

B/O
-1

-1

1

1

-1

c/s
-1
1
1

1
OOOOH?—‘}—‘}—‘._\

-1.68
1.68

Po (%)
45.00
85.00
45.00
85.00
45.00
85.00
45.00
85.00
31.40
98.64
65.00
65.00
65.00
65.00
65.00
65.00
65.00

B/O
1.40
1.40
2.20
2.20
1.40
1.40
2.20
2.20
1.80
1.80
1.13
2.47
1.80
1.80
1.80
1.80
1.80

C/s Yield (
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.05 0.05
0.05 0.05
0.05 0.05
0.05 0.05
0.035 0.035
0.035 0.035
0.035 0.035
0.035 0.035
0.01 0.01
0.06 0.06
0.035 0.035
0.035 0.035
0.035 0.035

Table 5. Estimated parameter values for the kinetic model of the Crambe oil enzymatic hydrolysis using
oil-free seeds.

Parameter

Value

k1 (kg mol* h't)

k’g (h_l)

15

7.22x10%
2.24x102



Parameter Value

k3 (kg mol™ hl) 1.68x10°
ks (kg mol? h'l)  5.18x10°
ks (kg molt hl) 9.02x10%
ke (hl) 2.80x10°
k7 (kg mol't h't) 1.00x108
ks(kg? mol? h!) 2.32x107
kg (kg molt hl) 6.95x10%
k1o (h_l) 8.02x104
k11 (kg mol! h_l) 1.03x10°
k12 (kg2 mol? h't)  7.67x106

Table 6. Validation of the kinetic model of the Crambe oil enzymatic hydrolysis using oil-free seeds.

Experimental Simulated Deviation®
Exp. Po (%) B/O C/S Yield (FFA) Yield (FFA) (%)
12 65 2.47 0.04 67.35 55.34 17.83
14 65 1.8 0.06 72.07 64.58 10.39
15 65 1.8 0.04 65.27 59.02 9.57
16 65 1.8 0.04 65.39 59.02 9.74
17 65 1.8 0.04 65.40 59.02 9.75

aDeviation: D = 100%‘3(1573), where F is the Experimental, S is the Simulated Yield.

Table 7. Comparison of the enzymatic seed particles.

Variable Variable In natura Oil-free

Shaker [55]  Temperature 33°C 43,8°C
Mass ratio B/O 0,87 1,8
Mass ratio C/S 0,31 0,07
Maximum yield after 4 hours. 91% 88%

Ultrasound Ultrasound power 69.9% 67.8%
Mass ratio B/O 1.79 1.67
Mass ratio C/S 0.25 0.06
Maximum yield after 5 minutes. 86.5% 73.0%
Maximum yield after 5 minutes in ultrasound followed by 30 minutes in a shaker. 90.0% 76.6%

Figure Captions:

Figure 1. Standardized effect estimative of the process variables on the hydrolysis yield of Crambe oil using
in natura castor seeds.

Figure 2. Response surface for the effects of a) ultrasound power versus buffer solution/oil mass ratio, b)
ultrasound power versus catalyst/substrate mass ratio, and c¢) catalyst/substrate mass ratio versus buffer
solution/oil mass ratio on the yield of enzymatic hydrolysis of Crambe oil using in natura seeds.

Figure 3. Crambe oil enzymatic hydrolysis kinetics with in natura seeds. a) Cppa (mol kg't), b) Cymac
(mol kg!), ¢) Cpac (mol kgt), d) Crag (mol kgt), e) Car, (mol kgt), and f) C,, (mol kg'!). Conditions:
ultrasound power 70%, buffer solution/oil ratio of 1.8, catalyst/substrate ratio of 0.25, pH 4.2.
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Figure 4. Standardized effect estimative of the process variables on the hydrolysis yield of Crambe oil using
oil-free castor seeds.

Figure 5. Response surface for the effects of a) ultrasound power versus buffer solution/oil mass ratio, b)
ultrasound power versus catalyst/substrate mass ratio, and c¢) catalyst/substrate mass ratio versus buffer
solution/oil mass ratio on the yield of enzymatic hydrolysis of Crambe oil using oil-free seeds.

Figure 6. Crambe oil enzymatic hydrolysis kinetics with oil-free seeds. a) Crpa (mol kg'), b) Cyac
(mol kg1), ¢) Cpag (mol kgt), d) Crac (mol kgt), e) Car, (mol kgt), and f) Cy, (mol kgt). Conditions:
ultrasound power 68%, buffer solution/oil ratio of 1.7, catalyst/substrate ratio of 0.06, pH 4.2.
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