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Abstract
This study aimed to optimize free fatty acid production by enzymatic hydrolysis of cottonseed, olive and palm kernel oils 
in stirred-tank reactors using a lipase from Geotrichum candidum (GCL-I). The effect of pH, temperature and substrate 
concentration on the hydrolytic activity of GCL-I using these vegetable oils was investigated. Thermal stability tests and 
thermodynamic studies were also performed. A complete hydrolysis of cottonseed oil was obtained after 120 min of reaction, 
while for olive and palm kernel maximum hydrolysis percentage was 96.4% and 60.1%, respectively. GCL-I exhibited the 
highest activity in the hydrolysis of vegetable oils that are rich in unsaturated-fatty acids (cottonseed and olive oils). Under 
optimal conditions (46.8% m/m of oil, 6.6 U/g of the reaction mixture at 40 °C), complete cottonseed oil hydrolysis was 
observed at 60 min of reaction performed in an emulsifier-free system with no buffer.
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Introduction

Free fatty acids (FFA) and glycerol are important precursors 
used by oleochemical industries, which can be obtained from 
the hydrolysis of several oils and fats [1–3]. They have been 
used in a wide range of applications involving a significant 
number of high-value products, such as coatings, surfactants, 
adhesives, lubricating oils, fatty alcohols, shampoos and 
other personal care products [1–3]. Oil and fat hydrolysis 
for obtaining concentrated free fatty acids by Colgate-Emery 
process is the mainstream technology for industrial free 
fatty acid production [1, 4]. However, this process requires 
high temperature (250 °C) and pressure (50 bar) conditions, 
which may lead to the occurrence of undesirable reactions 
such as oxidation, dehydration, and interesterification of tria-
cylglycerol [1, 4]. To overcome such problems, alternative 

process for obtaining free fatty acids have been successfully 
used, e.g. hydrolysis reactions using acidic heterogeneous 
catalysts [5], supercritical conditions [6, 7] and enzymatic 
hydrolysis [4, 8–10]. An enzymatic process uses lipases 
from several sources as potential catalysts, which have many 
advantages when compared to the aforementioned methods 
on account of occurring at low temperatures (35–40 °C) and 
atmospheric pressure, thus enabling the obtainment of high 
concentration of free fatty acids, since there are no parallel 
or undesirable reactions. Moreover, fatty acids formed and 
glycerol can be easily separated and the equipment required 
for such a purpose is rather simple [4, 8, 9].

Lipases have a peculiar mechanism of catalysis, known 
as interfacial activation. This mechanism allows that these 
enzymes act in interfaces between hydrophobic and aqueous 
environments that involves the movement of a polypeptide 
chain called lid. In the absence of these interfaces, the lid 
covers their active sites center making them inaccessible 
to substrate molecules (closed conformation). On the other 
hand, in the presence of hydrophobic interfaces, including 
oil droplets, a conformational change of the lip occurs, thus 
exposing their active centers to the medium (open confor-
mation) [11].

However, most studies on the enzymatic hydrolysis of 
vegetable oils to produce FFA use emulsifier agents [12], 
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organic solvents [8, 13, 14], or ultrasonic irradiation [15], to 
promote increased interaction between the enzyme and oil 
droplets, thus improving the hydrolysis reaction. The enzy-
matic hydrolysis of triacylglycrols has been commonly per-
formed in the presence of buffer agents to avoid a decrease in 
pH solution due to free fatty acids formation, thus resulting 
in a decrease of catalytic activity of some lipases [8, 16]. 
From an industrial standpoint, these strategies are limitations 
that must be overcome to make such process economically 
feasible.

Lipases from different sources show different substrate 
specificities [17]. Lipases those have selectivity towards 
unsaturated long-chain fatty acids can quickly hydrolyze 
esters bonds formed by oleic and linoleic acids, which 
are components of different triacylglycerols from vegeta-
ble oils (e.g. olive, soybean, canola, sunflower, cottonseed 
oils) [17–19]. Therefore, a short reaction time is required, 
thus demanding less energy and making the process less 
expensive.

The concept of combi-lipase biocatalysts proposed by 
Alves et al. [20], is based on the use of a mixture of different 
lipases as biocatalysts [21–23]. The nature of triacylglycer-
ols is very complex, based on their fatty acids composition, 
suggesting that the use of a mixture of lipases with different 
specificities and selectivities can improve hydrolysis reac-
tion rates and, thus, free fatty acids production [20, 23].

Geotrichum candidum (G. candidum) has been described 
as a microorganism able to produce different lipases in the 
presence of an inducer in culture medium [24, 25]. These 
lipases exhibit high specificity towards different fatty acids 
[24, 25].

In a previous work performed in our research group, a 
single lipase (GCL-I) was produced by submerged fermenta-
tion [26]. Similar results were previously reported by Jacob-
sen [27]. This lipase presents high selectivity to hydrolyze 
ester bonds of unsaturated long-chain fatty acids, such as 
oleic and linoleic acid [26]. In this present study, similar 
experimental conditions were also used to produce GCL-I 
for further use as a biocatalyst in vegetable oils hydrolysis 
aiming the free fatty acids production.

Thereby, the present study aims at FFA production via 
enzymatic hydrolysis of three different vegetable oils hav-
ing different fatty acid composition in stirred-tank reactors 
(batch mode) catalyzed by specific lipase from G. candidum. 
This lipase was produced via submerged fermentation using 
cottonseed oil as substrate [26]. A complete characterization 
was performed by evaluating the influence of pH, tempera-
ture and substrate concentration on the hydrolysis of emul-
sified oils with gum arabic so as to demonstrate the effect 
of each vegetable oil on its catalytic activity. Kinetic and 
thermodynamic parameters also determined by this set of 
experiments. Moreover, thermal inactivation tests of cotton-
seed oil hydrolysis were performed to determine inactivation 

constants and thermodynamic parameters by Arrhenius plot. 
According to the economic aspect, an excellent alternative 
would be the enzymatic production of FFA performed in the 
absence of emulsifier, buffer agents and organic solvents, 
used to improve the catalytic activity of lipase in heteroge-
neous systems (oil/water interface). In such a case, the reac-
tion system would be composed of oil, water and enzyme 
only, thus reducing possible process costs. Thus, hydrolyses 
assays in emulsifier-free systems using a mechanical stirrer 
(stirred-tank reactors) was conducted to select the vegetable 
oil for further FFA production optimization. Subsequently, 
the effect of important variables on the enzymatic hydrol-
ysis of cottonseed oil (vegetable oil selected herein) was 
evaluated using the CCRD to understand the significance 
and interaction of variables affecting the hydrolysis reac-
tion. The enzymatic hydrolysis of vegetable oils to produce 
FFA has been well-documented, however, the use of GCL-I 
as potential biocatalyst is still scarce in literature [28, 29].

Materials and methods

Materials

Cottonseed oil was purchased from Indústria Campestre 
(São Bernardo do Campo, SP, Brazil), palm kernel oil from 
Agropalma (Belém, PA, Brazil) and olive oil (Carbonell) 
at a local market (Alfenas, MG, Brazil). Gum arabic was 
obtained from Synth® (São Paulo, SP, Brazil). All other 
chemical reagents and organic solvents were of analytical 
grade and acquired from Synth® (São Paulo, SP, Brazil).

Microorganism and lipase production

Geotrichum candidum strain (NRRL Y-552) was used for 
lipase production via submerged fermentation in shaker 
flasks as described by a previous study [26]. Under these 
conditions, a single lipase was produced [26]. The broth was 
filtered under vacuum after 48 h of fermentation and the 
resulting supernatant contained lipase from G. candidum 
(GCL-I) with 22.91 U/mL of activity, which was used in 
further studies as crude extract without another purification 
step.

Catalytic properties of produced GCL‑I using 
different vegetable oils as substrates

Optimum pH conditions of free GCL-I (1 mL of crude extract 
containing 0.1 mg of protein) for the hydrolysis of different 
vegetable oils (cottonseed, olive and palm kernel oils) were 
determined at 37 °C in a pH range of 5.0–9.0 at 100 mM of 
buffer solution (sodium acetate at pH 5.0; sodium phosphate 
at pH ranging between 6.0 and 8.0; sodium bicarbonate at 
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pH 9.0). The effect of temperature, ranging between 20 and 
80 °C, on hydrolysis activities was determined using 1 mL of 
crude extract containing 0.1 mg of GCL-I in 100 mM sodium 
phosphate buffer solution at pH 7.0. The reaction blanks were 
prepared by adding 1 mL of culture medium without lipase in 
which each assay was performed under the same conditions 
as those described to determine optimal temperature and pH 
conditions.

Effect of substrate concentration

The effect of substrate concentration on the hydrolytic activity 
using three vegetable oils was evaluated. In this set of experi-
ments, the oil concentration varied from 1 to 50% m/m, that 
corresponds to a range of 31.0–1900.0 mmol/L of theoreti-
cal free fatty acids (FFA) concentration, depending of each 
oil. The emulsions were prepared by mixing a certain amount 
for each oil with a gum arabic solution at 7% m/v. The reac-
tion mixtures containing 5 mL of emulsion, 4 mL of 100 mM 
sodium phosphate buffer at pH 7.0 and 1 mL of crude extract 
(0.1 mg of GCL-I) were incubated at 37 °C for 5 min under 
continuous agitation in an orbital shaker (200 rpm). The reac-
tion blanks were performed under the same condition for each 
assay by adding 1 mL of culture medium instead of GCL-I 
solution.

To determine apparent kinetic parameters (Km and Vmax), 
Michaelis–Menten model (Eq. 1) was fitted to these experi-
mental data:

where v is the reaction rate, Vmax is the maximum reac-
tion rate achieved by the system, at saturating substrate 
concentration (U/mL), [S] is the vegetable oil concentra-
tion (mmol/L), and Km is the Michaelis–Menten constant 
(mmol/L).

The following equations were used to calculate apparent 
parameters kcat, Gibbs free energy of substrate binding (ΔGE–S) 
and Gibbs free energy of transition state binding (ΔGE–T) [30, 
31]:

where [Et] is the lipase concentration (0.00154 μmol/mL), 
R is the universal gas constant (8.314 × 10−3 kJ/mol K), T 

(1)v =
Vmax × [S]

Km + [S]
,

(2)kcat =
Vmax
[

Et

] ,

(3)ΔGE−T = −RT ln
kcat

Km

,

(4)ΔGE−S = −RT ln
1

Km

,

is the experimental absolute temperature (310 K), kcat is the 
Turnover number (1/min), ΔGE–S is the Gibbs free energy 
of substrate binding (kJ/mmol) and ΔGE–T is the Gibbs free 
energy of transition state binding (kJ/mmol).

Enzymatic hydrolysis of different vegetable oils 
in a stirred‑tank reactor

Hydrolysis reactions of cottonseed, olive and palm kernel 
oils were performed in a jacketed glass reactor (200 mL 
capacity) containing 60 g of reaction medium composed of 
15 g of vegetable oil, 30 g of distilled water and 15 g of 
crude lipase extract (corresponding to 345 U or 1.5 mg of 
protein). The reaction mixtures were stirred by a mechani-
cal stirrer at constant speed of 1000 rpm and 37 °C, and 
3 h of incubation time. Samples (1 g of the reaction mix-
ture) were periodically removed from the reactor and trans-
ferred to flasks containing a solution of 10 mL of ethanol 
and acetone (1:1) titrated with 20 mM NaOH solution using 
phenolphthalein as indicator. All reactions were performed 
in triplicate. Percentages of hydrolysis were calculated in 
accordance with Rooney and Weatherley [32], as shown in 
Eq. (5).

where V is the volume of NaOH solution required during 
titration; M is the concentration of NaOH (20 mM); MM is 
the average molecular mass of fatty acids for each vegetable 
oil in g/mol; Wt is the sample mass (1 g) and f is the oil frac-
tion at the beginning of the reaction.

Optimization of enzymatic hydrolysis of cottonseed 
oil for producing concentrated fatty acids

The hydrolysis of cottonseed oil was performed in the 
absence of emulsifying agents using GCL-I, which was 
optimized by CCDR. Systems containing 100 g of the reac-
tion mixture (cottonseed oil, crude extract of GCL-I and 
distiller water) were in accordance with the CCRD matrix. 
The reactions were performed under continuous agitation 
(1000 rpm) using a mechanical stirrer coupled to a jacketed 
glass reactor. A 23 full factorial design was performed with 
tree assays in the central point and six-star points (seven-
teen assays). The levels of each independent variable were 
chosen based on the results obtained from preliminary tests 
(not shown herein). The parameters and their levels were: 
cottonseed oil concentration (13.2–46.8% m/m), lipase con-
centration (2.9–10.3 U/g of the reaction mixture) and reac-
tion temperature (35–45 °C). The percentage of enzymatic 
hydrolysis obtained after 50 min of the reaction was selected 

(5)

Hydrolysis (%) =
VNaOH × 10−3 × MNaOH × MM

Wt × f
× 100,
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as response variable. The results were analyzed at 95% con-
fidence level using the software Statistica 5.0.

To validate the optimization by the CCRD, a new assay 
was performed in triplicate at 40 °C using the CCRD’s 
highest cottonseed oil concentration level (46.8% m/m) and 
intermediate level for lipase concentration (6.6 U/g of the 
reaction mixture).

Thermal stability tests for GCL‑I

The stability of GCL-I was evaluated by thermal inacti-
vation at different temperatures. Soluble lipase (1 mL of 
crude lipase extract, which corresponds to 0.1 mg of pro-
tein) was incubated in the absence of a substrate at 35, 40, 
45 and 50 °C. Samples were collected at determined time 
intervals, which were immediately cooled in an ice bath for 
5 min. Residual activity was determined through cotton-
seed oil emulsion hydrolysis, as the one described for olive 
oil through analytical methods. A nonlinear decay model 
proposed by Sadana and Henley [33] was used to calculate 
thermal inactivation constant (kd) and half-lives (t½). The 
activation energy for the thermal denaturation of GCL-I (Ed) 
was also determined by a plot of ln kd as a function of 1/T, as 
shown in the linearized Arrhenius equation (Eq. 6).

where A is the Arrhenius frequency of collision factor, Ed is 
the activation energy for thermal denaturation (kJ/mol), R 
is the universal gas constant (8.314 × 10−3 kJ/mol K) and T 
is the absolute temperature (K).

Analytical methods

Determination of hydrolytic activity

Hydrolytic activities of GCL-I crude extract were assayed 
by the olive oil emulsion hydrolysis which was previously 
described by Castro et al. [26]. The substrate was prepared 
by mixing 50 mL of olive oil with 50 mL of a gum arabic 
solution at 7% m/v. The reaction mixture contained 5 mL 
of emulsion, 4 mL of 100 mM sodium phosphate buffer at 
pH 7.0 and 1 mL of supernatant. The reaction systems were 
incubated at 37 °C for 5 min under continuous agitation in 
an orbital shaker (200 rpm). The reactions were stopped by 
adding a 10 mL solution of acetone and ethanol (1:1). The 
liberated free fatty acids (FFA) were then titrated with a 
20 mM sodium hydroxide solution in the presence of phe-
nolphthalein as indicator. The reaction blanks were made 
by adding 1 mL of culture medium without GCL-I. One 
international unit (U) of activity was defined as the amount 

(6)ln kd = lnA −
Ed

R
×

1

T
,

of enzyme required to liberate 1 μmol of FFA per minute 
under the experimental conditions described above.

Determination of protein concentration

Protein concentration analyses were performed using bovine 
serum albumin (BSA) as standard according to the method-
ology described by Bradford [34].

Substrate specificity

The FFA liberated through the enzymatic hydrolysis of veg-
etables oils were separated and purified as described previ-
ously by Castro et al. [26], using a methodology adapted 
from Borgstrom [35], and Belfrage and Vaughan [36]. After-
wards, FFA were converted into methyl esters (derivatiza-
tion) [37] and analyzed by gas chromatography (GC).

GC analysis

Fatty acid methyl esters (FAME) were analyzed according 
to the EN 14103 method [38] using a gas chromatographic 
system with a FID detector and a Thermo Scientific-TR-BD 
capillary column with 30 m in length, internal diameter of 
0.25 mm and film thickness of 0.25 µm. Operational condi-
tions were: 1.5 mL/min of flow rate; 260 °C injector temper-
ature; 260 °C/min detector temperature; oven temperature at 
45 °C for 2 min, 250 °C at 7 °C/min, 250 °C for 7 min; nitro-
gen as carrier gas; injected volume of 1.0 µL. FAME stand-
ards were used from Supelco® (GLC-10;GLC-30;GLC-100).

Results and discussion

Catalytic properties of GCL‑I using different 
vegetable oils as substrates

The effect of pH on the catalytic activity of GCL-I using 
different vegetable oils as substrates was determined in a pH 
range from 5.0 to 9.0 (Fig. 1a). An optimum pH value of 8.0 
was observed for all vegetables oils, which corresponded to 
the maximum hydrolytic activity of 17.0 ± 0.6 U/mL for cot-
tonseed oil, 16.3 ± 0.5 U/mL for olive oil and 9.9 ± 0.2 U/mL 
for palm kernel oil. At alkaline pH (9.0), a strong decrease 
in its activity was observed.

Although the maximum activity of lipase using differ-
ent vegetable oils has been observed at pH 8, its hydrolytic 
activity values were different and maximum activity was 
found for cottonseed oil, followed by olive and palm kernel 
oils, as aforementioned. These results are probably due to 
the substrate specificity of GCL-I, as reported in a previous 
study [26], which we found that GCL-I had high specific-
ity to hydrolyze ester bonds of triacylglycerols containing 
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unsaturated long-chain fatty acids in cis-9 or cis-9,12 posi-
tions, such as oleic and linoleic acids, respectively.

The enzyme recognizes long-chain fatty acids due to its 
specificity, thus allowing that the hydrolysis of their ester 
bonds occurs rapidly [17]. Thus, it was expected that this 
lipase presented a higher hydrolytic activity for vegetable 
oils that were rich in long-chain and unsaturated fatty acids 
in their composition, such as cottonseed, soybean, and olive 
oils. Over 70% of these oils is composed of oleic and lin-
oleic acids, whereas palm kernel oil has is only composed of 
about 16% of oleic acid and 47% of lauric acid (see Table 1).

The effect of reaction temperature on the hydrolytic 
activity of GCL-I was determined at temperatures ranging 
from 20 to 50 °C, as shown in Fig. 1b. Maximum hydrolytic 

activity was observed at 37 °C for all substrates, correspond-
ing to 14.0 ± 0.1 U/mL for cottonseed, 13.8 ± 0.1 U/mL for 
olive and 9.9 ± 0.2 U/mL for palm kernel oils. The activity 
was strongly reduced when the temperature increased above 
37 °C due to a possible distortion of its native conformation 
(thermal inactivation).

Effect of substrate concentration

Figure 2 shows the effect of substrate concentration on the 
hydrolytic activity of GCL-I for different vegetable oils used 
in this study. The classical Michaelis–Menten kinetic model 

Fig. 1   Catalytic properties. 
Effect of pH (a) and tem-
perature (b) on the hydrolytic 
activity of different oils: (solid 
circle) cottonseed oil; (open 
square) olive oil; (open triangle) 
palm kernel oil

Table 1   Fatty acid composition of the vegetable oils used in the pre-
sent work

Cootonseed oi from Campestre; Palm kernel from Agropalm and 
olive oil from Carbonell®

Fatty acids Composition (% m/m)

Palm kernel Olive Cottonseed

Caprylic (C8:0) 4.3 – –
Capric (C10:0) 3.5 – –
Lauric (C12:0) 47.2 – –
Myristic (C14:0) 15.6 – 0.6
Palmitic (C16:0) 8.6 11.4 23.3
Palmitoleic (C16:1) – 0.6 0.5
Stearic (C18:0) 2.1 2.6 2.1
Oleic (C18:1) 15.9 80.6 16.9
Linoleic (C18:2) 2.8 4.8 56.9
Linolenic (C18:3) – – 0.3
Average molecular 

mass (g/mol)
223.2 279.3 274.8

Fig. 2   Effect of substrate concentration (fatty acids concentration): 
(solid circle) cottonseed oil; (open square) olive oil; (open triangle) 
palm kernel oil. Assays were performed at pH 7.0 and 37 °C
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was fitted to the experimental data so as to determine appar-
ent kinetic parameters (Table 2) such as maximum reaction 
rate (Vmax) and affinity constant—Km, i.e. a constant that 
determines the substrate concentration required to attain 
half of the maximum activity, using the software OriginPro 
8.0 through which high coefficients of determination were 
obtained for all substrates (R2 above 0.98).

Vmax values were similar for cottonseed oil (14.96 U/mL) 
and olive (14.75 U/mL) oils, slightly higher than that found 
for palm kernel oil (11.41 U/mL), as expected (see Table 2). 
These results are due to the difference in fatty acid com-
position between oils, since cottonseed and olive oils have 
a higher concentration of long chain polyunsaturated fatty 
acids than palm kernel oil (Table 1), and the GCL-I was very 
efficient at the hydrolysis of oleic and linoleic acid esters 
bonds (especially the latter) present in triacylglycerols, thus 
explaining the maximum reaction rate values found for cot-
tonseed and olive oils.

The affinity of certain lipases is dependent on droplet size 
at oil/water interface and/or composition of the substrate 
emulsion since they are firstly adsorbed on the oil droplet 
surface then catalyzing the hydrolysis of ester bonds of tria-
cylglycerol molecules [39, 40]. In other words, the substrate 
is not soluble and is forming drops, thus is really measured 
the affinity of the lipase by the oil droplets. This depends 
on the droplets (that is, some information may be related to 
the affinity of the lipase by the droplets), but also of other 
parameters. For example, of the droplets size, that will 
depend on the stirring and shape of the reactor. Moreover, 
when all droplet surface is covered by lipase molecules, a 
“saturation” of activity/substrate is reached. But this value 
will depend on the lipase concentration used in the assay, 
the higher the lipase concentrations, the higher the amount 
of droplets required to adsorb all lipases. To improve the 
adsorption of GCL-I at oil/water interfaces, emulsions were 
prepared under intense stirring in the presence of gum ara-
bic, a classical emulsifier agent commonly used in lipolysis 
reactions [41], to prevent the oil droplets aggregation (coa-
lescence), as reported in previous reports [42, 43].

According to results in Table 2, the apparent Km value 
for cottonseed oil (437.42 mmol/L) was smaller than those 
obtained for olive oil (526.62 mmol/L) and palm kernel oil 
(693.90 mmol/L), hence demonstrating that the produced 
lipase has higher affinity for cottonseed oil as substrate in 
comparison with the other vegetable oils. These results 
can be also due to possible better dispersion of cottonseed 
and olive oils in the reaction mixtures, thus improving the 
lipase adsorption on oil droplets at oil/water interfaces. It 
was already expected since cottonseed oil has 56.9% (m/m) 
of linoleic acid in its composition and GCL-I has a higher 
specificity for it [26].

The thermodynamics analysis results from the hydrolysis 
of different vegetables by GCL-I (see Table 2) showed that 
the apparent Gibbs free energy values of substrate binding 
(ΔGE–S) were positive for all vegetable oils (15.67, 16.15 
and 16.86 kJ/mol obtained by cottonseed, olive and palm 
kernel oils, respectively).

This means that the interaction of the substrate with this 
lipase is not a spontaneous process, thus for the formation of 
the enzyme–substrate complex (ES) it is necessary to supply 
energy to the system, through the increase of the temperature 
[30]. Evidently, a higher affinity of the lipase for the sub-
strate (lower values of Km) implies a lower amount of energy 
required for the formation of the substrate binding state.

The results obtained for apparent transition state binding 
(ΔGE–T) were all negative, which means that this reaction 
was spontaneous in the product release phase. This means 
that the degree of reaction disorder was increasing, and the 
enzyme was releasing into the system a part of the energy 
received in the substrate binding phase (with the increasing 
of temperature). Thus, the results of ΔGE–T for cottonseed 
and olive oils were lower (− 7.48 and − 7.47 kJ/mol) than 
that obtained by palm kernel oil (− 6.32 kJ/mol), indicat-
ing that more product is being formed when cottonseed and 
olive oils were used as substrate, thus corroborating with 
previously discussed results about the role of substrate speci-
ficity on the hydrolysis reactions of these oils.

Enzymatic hydrolysis in a stirred‑tank reactor 
for different vegetable oils

This set of experiment was designed to verify the behavior of 
hydrolysis reactions using cottonseed, olive and palm kernel 
oils catalyzed by GLC-I without the addition of emulsifiers, 
or solvents, or buffer solution. The 60 g systems were com-
posed of 15 g of vegetable oil, 30 g of distilled water and 
15 g of crude extract containing GCL-I. In this set of experi-
ments, mechanical stirring was set at 1000 rpm according 
to previous studies on the enzymatic hydrolysis of vegetable 
oils catalyzed by crude lipase extract from dormant castor 
bean seeds [16, 44]. FFA production via enzymatic hydroly-
sis of vegetable oils performed in the absence of emulsifying 

Table 2   Determination of GCL-I apparent kinetic parameters on the 
hydrolysis of vegetable oils

Parameters Vegetables oils

Cottonseed Olive Palm kernel

Vmax (IU/mL) 14.96 14.75 11.41
Km (mmol/L) 437.42 526.62 693.90
kcat (/min) 9726.92 9590.38 7418.73
kcat/Km 22.23 18.21 10.69
1/Km 0,0023 0,0019 0.0014
∆GE–S (kJ/mmol) 15.67 16.15 16.86
∆GE–T (kJ/mmol) − 7.99 − 7.48 − 6.11
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agents requires intense stirring to avoid possible coalescence 
(aggregation) of oil droplets in the reaction mixture, which 
drastically reduces the interfacial area between the lipase 
and substrate molecules, thus reducing the catalytic activity 
of the enzyme.

As shown in Fig. 3, GCL-I was perfectly able to hydro-
lyze cottonseed oil and 96.4% of olive oil after 120 min 
of reaction without any optimization step using classical 
mechanical stirrers in the absence of emulsifying or buffer 
agents.

The FFA liberated from the hydrolysis of vegetable oils 
were extracted, purified and derivatized to be analyzed by 
the gas chromatographic system (GC). The obtained FAME 
composition was considered as 100% (FAME values less 
than 1% were not considered) (Fig. 4) and it was compared 
with the respective original FAME composition of each veg-
etable oil.

As regards cottonseed oil, there was no significant dif-
ference in the composition obtained after GCL-I hydrolysis 
and its original oil composition, since its hydrolysis has been 
fully achieved. However, for olive oil (96.4% of hydroly-
sis) and palm kernel oil (60.1% of hydrolysis), the FAME 
composition percentages obtained by enzymatic hydrolysis 
were different from their original composition. This can be 
explained by the GLC-I substrate specificity, more precisely 
by its typoselectivity. When the enzyme preferably hydro-
lyzes a particular type of FFA, they are fully hydrolyzed 
in a short time (linoleic and oleic acids, for example), thus 
increasing their percentage in the mixture, while other FFA 
are more slowly hydrolyzed (such as lauric and mysristic 
acids, for example). This behavior is caused by differences 
observed in olive and palm kernel FAME compositions, 

which may persist when a full enzymatic hydrolysis is not 
achieved.

With respect to palm kernel oil, for example, whose par-
tial hydrolysis was achieved after 120 min, it was observed 
a higher percentage of oleic acid than that present in the 
original oil, which shows that oleic acid, if compared to 
lauric acid (47.2% m/m), was preferentially hydrolyzed to 
GCL-I, even in smaller percentages (15.9% m/m), thus dem-
onstrating the typoselectivity of this enzyme, in accordance 
with our previous studies performed by Castro et al. [26]. 
If GCL-I has not exhibited such typoselectivity, the FAME 
composition obtained from the original oil and from the one 
after the enzymatic hydrolysis would be similar, regardless 
of whether total or partial hydrolysis of the vegetable oil had 
been achieved.

Optimization of enzymatic hydrolysis of cottonseed 
oil

According to the obtained results, cottonseed oil was 
selected as substrate for FFA production. A CCDR with 
three independent variables was used; cottonseed oil concen-
tration in the mixture (% m/m), lipase concentration GCL-I 
(U/g of the reaction mixture) and reaction temperature (°C). 
CCRD matrix and the results obtained are summarized in 
Table 3. After 50 min of reaction, a complete cottonseed 
oil hydrolysis was achieved in two assays (3 and 9) of the 
CCRD. The lowest value of enzymatic hydrolysis (41.4%) 
was in assay 11 of CCRD, which corresponded to the lowest 
level used for lipase concentration (2.9 U/g of the reaction 
mixture).

These results were used to estimate the regression coef-
ficients and their interactions on the enzymatic hydrolysis 
synthesis, as shown in Table 4. The statistical analysis was 
carried out using coded variables at 95% confidence level, 
and significant parameters were: linear (x1) and quadratic 
(x1

2) coefficients for cottonseed oil concentration, linear (x2) 
and quadratic (x2

2) coefficients for lipase concentration, lin-
ear (x3) coefficient for temperature and interaction (x2·x3) 
between lipase concentration and temperature.

The coefficients that were not statistically significant were 
removed from the model and sent to residual. Table 4 was 
then recalculated again and new values were obtained only 
for statistically significant coefficients that were used for 
the construction of the second-order polynomial regression 
model (Eq. 7):

The analysis of variance (ANOVA) (Table 5) showed that 
the pure error was very low (0.88), thus indicating good 

(7)

Hydrolysis (%) = 55.56 − 5.11 ⋅ x1 + 13.29 ⋅ x2
1
+ 16.14 ⋅ x2

+ 3.99x2
2
+ 2.77 ⋅ x3 − 5.74 ⋅ x2 ⋅ x3.

Fig. 3   Enzymatic hydrolysis of (solid circle) cottonseed oil, (open 
square) olive oil, (open triangle) palm kernel oil. The reaction mix-
tures were stirred by a mechanical stirrer at constant speed of 
1000 rpm at 37 °C
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reproducibility of the obtained experimental data. The F test 
also showed high significance by the regression model once 
the calculated F value (108.96) was higher than the table F 
value (3.22) for an enzymatic hydrolysis percentage at 95% 
confidence level. The coefficient of determination (R2) was 
0.99, which indicates that only 0.01 of the overall variation 
was not explained by the model. Thus, the model given by 
the Eq. (7) can be used to generate the response surface for 
the analysis of variable effects on enzymatic hydrolysis of 
cottonseed oil.

Figure 5a shows the response surface generated through 
an interaction between the variables that were statistically 
significant. Higher enzymatic hydrolysis percentage by 
increasing lipase concentration from 2.9 to 10.3 (U/g of the 
reaction mixture) may be observed. As it can be observed, a 
complete cottonseed oil hydrolysis was obtained when maxi-
mum levels of lipase concentration were used (+ 1 and + 
1.68). These results suggest excellent adsorption capacity 

of GCL-I on droplet size at oil/water interface, thus indicat-
ing that only lipase molecules acting are those adsorbed on 
oil droplets. In other words, the intense mechanical stirring 
(1000 rpm) used in this set of experiments led to the forma-
tion of an oil droplet interface able to interact efficiently 
with lipase molecules, thus improving the reaction rate. 
This shows that the hydrolysis reaction was intrinsically and 
kinetically controlled.

In Table 3, the assays that achieved complete hydrolysis 
were obtained at cottonseed oil concentrations ranging from 
13.9 to 20.0% m/m (assays 9 and 3, respectively) and GLC-I 
concentration varying from 6.6 to 8.8 U/g of the reaction 
mixture, respectively, and at reaction temperatures between 
38 and 40 °C. For the assays performed using maximum lev-
els of lipase concentration (assays 4, 7, 8 and 12), hydrolysis 
percentage of 90.2, 90.4, 79.3 and 90.0% were obtained, 
respectively. It is important to note that the only value below 
90% of hydrolysis (assay 8; 79.3%) between the assays was 

Fig. 4   FAME composition obtained from enzymatic hydrolysis of different vegetable oils: a cottonseed oil; b olive oil; c palm kernel oil
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also the one in which the reaction temperature (43 °C) was 
above the optimum range established by the factorial design 
(35–40 °C), thus demonstrating that the response surface 
plot clearly shows the relations between these variables.

Lower hydrolysis percentage by raising the reaction tem-
perature may be due to a possible inactivation of GCL-I at 
high temperatures. It is well known that the conformational 
stability of an enzyme is essential for its activity [45]. There-
fore, the enzyme thermal stability is an important parameter 
that must be taken into account if its application in industrial 
processes is desired [46]. Thereby, thermal stability assays 
involving GCL-I at different temperatures were performed 
in further experiments.

To validate the optimization by CCRD, a new assay was 
performed in triplicate using the highest cottonseed oil con-
centration level of CCRD (46.8% m/m), and an intermediate 
level of lipase concentration (6.6 U/g of system) at 40 °C.

Table 3   CCRD matrix and 
results for cottonseed oil 
enzymatic hydrolysis using 
GCL-I

The reactions were carried out for 50 min

Assays Independent variables
Coded (actual)

Response

Cottonseed oil concen-
tration (% m/m)

Lipase concentration (IU/g of 
the reaction mixture)

Reaction tem-
perature (°C)

Hydrolysis (%)

1 − 1 (20) − 1 (4.4) − 1 (38) 51.6
2 1 (40) − 1 (4.4) − 1 (38) 46.3
3 − 1 (20) 1 (8.8) − 1 (38) 100.0
4 1 (40) 1 (8.8) − 1 (38) 90.2
5 − 1 (20) − 1 (4.4) 1 (43) 70.0
6 1 (40) − 1 (4.4) 1 (43) 57.4
7 − 1 (20) 1 (8.8) 1 (43) 94.5
8 1 (40) 1 (8.8) 1 (43) 79.3
9 − 1.68 (13.2) 0 (6.6) 0 (40) 100.0
10 1.68 (46.8) 0 (6.6) 0 (40) 84.0
11 0 (30) − 1.68 (2.9) 0 (40) 41.4
12 0 (30) 1.68 (10.3) 0 (40) 90.0
13 0 (30) 0 (6.6) − 1.68 (35) 49.2
14 0 (30) 0 (6.6) 1.68 (45) 63.9
15 0 (30) 0 (6.6) 0 (40) 55.0
16 0 (30) 0 (6.6) 0 (40) 54.1
17 0 (30) 0 (6.6) 0 (40) 53.7

Table 4   Regression coefficient, standard error and p value for the 
enzymatic hydrolysis of cottonseed oil after 50 min of reaction

x1, x2, and x3 represent the coded variables to cottonseed oil concen-
tration, lipase concentration and reaction temperature, respectively
a Significant variables (p < 0.05)

Coded variable Regression 
coefficients

Standard error p value

Mean 54.19 1.68 0.00000
x1 − 5.11 0.79 0.00034a

x1
2 13.61 0.87 0.00000a

x2 16.14 0.79 0.00000a

x2
2 4.31 0.87 0.00164a

x3 2.77 0.79 0.00989a

x3
2 1.07 0.87 0.25596

x1·x2 − 0.89 1.03 0.41806
x1·x3 − 1.59 1.03 0.16769
x2·x3 − 5.74 1.03 0.00085a

Table 5   Analysis of variance 
(ANOVA) for the model that 
represents the hydrolysis of 
cottonseed oil using GCL-I

R2 = 0.99; F6:10:0.05 = 3.22

Source of variation Sum of squares Degree of 
freedom

Mean square F test p value

Regression 6476.83 6 1079.47 108.96 1.6 × 10−8

Residual 99.07 10 9.91
 Lack of fit 98.19
 Pure error 0.88

Total 6575.90 16
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Under optimal experimental conditions, full hydrolysis 
of cottonseed oil was achieved within 60 min of reaction 
(Fig. 5b). These results indicate that a short-reaction time 
was required to attain maximum FFA concentration when 
compared to studies reported in Table 6 using other free 
lipases as catalysts in oil hydrolysis. It should be noted 
that the condition adopted in this work in which almost 
half the system was composed by cottonseed oil produced 
a hydrolysis reaction without the addition of emulsifiers, 
solvents, buffer solution, or the utilization of ultrasonic 
bath. Therefore, the high GCL-I substrate specificity was 
the main factor for the success of the enzymatic hydroly-
sis reaction so as to enable FFA production in a shorter 
time, which allowed energy savings through an ecofriendly 

process (without the addition of organic solvents or emul-
sifier agents).

Thermal stability tests for GCL‑I

In this set of experiments, thermal stability tests at tem-
peratures ranging from 35 to 50 °C were performed into 
determine the inactivation profile and estimation of kinetic 
and thermodynamic parameters under optimal experimental 
conditions in which GCL-I display high catalytic activity, 
as previously described in the “Optimization of enzymatic 
hydrolysis of cottonseed oil” section.

The half-life of an enzyme (t½) is the time required for the 
enzymatic activity to decrease to 50% of its initial activity 
at a given temperature. A longer half-life is an indication 

Fig. 5   a Response surface for percentage of hydrolysis predicted from the quadratic model; b effect of reaction time on the enzymatic hydrolysis 
of cottonseed oil performed at 1000 rpm and 40 °C

Table 6   Hydrolysis studies for FFA production using different free lipases

Feedstock Lipase and concentration Ratio oil/aqueous solution Reaction 
temperature 
(°C)

Reaction 
time (h)

Hydrolysis (%) References

Olive oil Aspergillus sp., 5% (v/v) Oil/pH 7.0 buffer + CaCl2 solution 
(20% v/v)

47 8 100 [8]

Cooking palm oil Candida rugosa (0.1 g/mL) Oil/isooctane—pH 7.5 buffer (5% 
w/v)

45 1.5 97.18 [14]

Olive and canola oils Candida rugosa (0.2 mg/mL) Oil/isooctane-water (0.1 g/mL of 
reaction medium)

35 5 10 (olive oil)
20 (canola oil)

[13]

Soybean oil Thermomyces lanuginosus 
(25 U/mL of reaction 
medium)

Oil/distilled water (50% v/v) 60 48 89 [49]

Linseed oil Candida rugosa 1.20 wt% 
(total reaction medium)

Oil/pH 5.8 buffer (0.9:1 w/w) 35 3.33 93.92 [4]
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that the enzyme is thermally stable at this temperature, 
this broadening the possibility of its industrial application 
[47]. The thermal inactivation constant (kd) was calculated 
according to the nonlinear decay model proposed by Sad-
ana and Henley (Fig. 6a). The coefficient of determination 
was higher than 95% for all fitted temperatures curves. kd 
is an important factor for analyzing the irreversible effects 
of enzyme thermal denaturation. At lower values of kd, or 
higher values of half-life (t½), greater enzyme thermal stabil-
ity is expected [46].

These results indicate that values of t½ (700, 160, 60 and 
40 min) decreased considerably as temperature increased 
(35, 40, 45 and 50  °C respectively), whereas kd values 
increased progressively (see Fig. 6a), thus showing that there 
was greater irreversible denaturation of GCL-I as tempera-
ture increased. At 35 °C, kd value was the lowest among the 
other temperatures evaluated, and t½ value of 700 min was 
considered as high for this lipase when compared to other 
free lipases [48].

The activation energy for the thermal denaturation of 
GCL-I (Ed) was calculated by the linear fit of the Arrhenius 
Eq. (6), Fig. 6b. Ed is the energy required for the soluble 
(native state) enzyme to be denatured (irreversible confor-
mational modification), thus higher values of this parameter 
are a strong indication of a higher thermostability of the 
enzyme [45]. Thus, the high and positive Ed value found 
(94.25 kJ/mol) for GCL-I is an indicative of the enzyme 
high stability.

Although a lower thermal stability value has been 
observed for GCL-I at 40  °C (160  min) than at 35  °C 
(700 min), the enzyme will be active for as long as necessary 
to achieve a total cottonseed oil hydrolysis (60 min), which 

demonstrates that the utilization of free GLC-I is adequate 
for cottonseed oil hydrolysis, thus being a good alternative 
to produce concentrated FFA.

Conclusion

The present study provides an ecofriendly and low-cost 
process to produce FFA production via enzymatic hydroly-
sis of vegetable oils catalyzed by a non-commercial crude 
lipase extract from G. candidum (GCL-I). According to the 
obtained results, GCL-I selectively catalyzed the hydrolysis 
of ester bounds of unsaturated fatty acids (high hydrolysis 
percentage for cottonseed and olive oils), whereas ester 
bounds of saturated fatty acids (partial hydrolysis of palm 
kernel oil) remained preferentially unhydrolyzed. Among 
the different vegetable oils selected for the study, the highest 
FFA concentration was achieved by cottonseed oil, thus it 
was selected further studies. The CCDR was used to evalu-
ate the influence of some important factors on the hydrolysis 
reaction and a complete hydrolysis percentage of cotton-
seed oil was observed in a short reaction time (60 min of 
reaction). These results clearly indicate the promising use 
of GCL-I as potential biocatalyst for FFA production using 
vegetable oils containing a high concentration of unsaturated 
fatty acids in their composition. Moreover, this lipase does 
not require the use of chemicals, such as emulsifiers and 
buffer agents, to exhibit high catalytic activity, thus reducing 
the generation of wastes during the FFA purification steps.
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