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Abstract
This study aimed to evaluate the use of a lyophilized fermented solid (named solid enzymatic preparation, SEP), with lipase 
activity, as a low-cost biocatalyst for esterification reactions of fatty acids present in acid raw materials for biodiesel synthesis. 
The SEP was obtained by solid-state fermentation (SSF) of soybean bran using the strain of Yarrowia lipolytica IMUFRJ 
50682 and contains the lipases secreted by this yeast. The esterification reaction of ethanol and the predominant fatty acids 
present in different acid oil sources for biodiesel production (oleic, linoleic, stearic and palmitic acids) was investigated. Oleic 
acid conversion of above 85% was obtained after 24 h, using 30 wt% of SEP and ethanol/oleic acid molar ratio of 1, at 30 °C, 
in a reaction medium with and without solvent (n-hexane). Similar results were achieved with stearic (79%), palmitic (82%) 
and linoleic (90%) acids. The reusability of SEP was investigated over ten successive batches by washing it with different 
solvents (ethanol, water or n-hexane) between the cycles of ethyl oleate synthesis. Washing with water allowed the SEP to 
be reused for six cycles maintaining over 80% of the conversion reached in the first cycle. These results show the potential 
of this biocatalyst to reduce the content of free fatty acids in acid oils for biodiesel synthesis with a potential to be applied 
in a broad plethora of raw materials.
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Introduction

Biodiesel is a biodegradable and non-toxic biofuel com-
posed of a mixture of methyl or ethyl esters of long-chain 
fatty acids derived from renewable sources (e.g., vegetable 
oils, animal fats or microbial oils). This biofuel was intro-
duced in the Brazilian energy matrix in 2005 and Brazil 
is currently one of the largest producers and consumers of 

biodiesel in the world (Bergmann et al. 2013; Colombo et al. 
2018).

The main resource for biodiesel production in Brazil is 
soybean oil. However, alternative sources of raw materials 
for oil production have been studied to meet the growing 
demand for biodiesel in the country. In this context, the use 
of acid oils such as macauba (Acrocomia aculeata), palm 
(Elaeis guineensis), and jatropha (Jatropha curcas) oils as 
a raw material has been investigated (D’Agosto et al. 2015; 
Colombo et al. 2018; Ribeiro et al. 2011). The high concen-
tration of free fatty acids (FFA) is one of the major disad-
vantages of these feedstocks, which prejudice the conven-
tional homogeneous alkali-catalyzed process for biodiesel 
production.

The use of lipases to reduce the FFA content present in 
acid raw materials is a very promising approach (Jeganna-
than et al. 2011; Hama and Kondo 2013). Lipases can simul-
taneously catalyze the transesterification of triglycerides 
(TAG) and the esterification of the FFAs present in acid oils 
(Aguieiras et al. 2017a, b; Christopher et al. 2014). However, 

 *	 Marta Antunes Pereira Langone 
	 marta.langone@gmail.com

1	 Chemistry Institute, Rio de Janeiro State University, 
Rio de Janeiro, Brazil

2	 Biochemical Engineering Department, School of Chemistry, 
Federal University of Rio de Janeio, Rio de Janeiro, Brazil

3	 Biotechnology Division, Research and Development Center, 
PETROBRAS, Rio de Janeiro, Brazil

4	 Federal Institute of Education, Science and Technology 
of Rio de Janeiro, Rio de Janeiro, Brazil

http://orcid.org/0000-0002-1355-8455
http://orcid.org/0000-0002-0814-3626
http://orcid.org/0000-0001-8621-156X
http://orcid.org/0000-0003-4738-2344
http://orcid.org/0000-0002-5489-9571
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-018-1550-2&domain=pdf


	 3 Biotech (2019) 9:38

1 3

38  Page 2 of 9

immobilized microbial commercial lipases still present high 
costs (Firdaus et al. 2016). Thus, the use of non-commercial 
lipases, such as those produced by Yarrowia lipolytica, a 
non-conventional yeast and one of the most widely studied 
oleaginous microorganisms (Ledesma and Nicaud 2016), 
has been investigated to minimize the costs of the biocatalyst 
(Fickers et al. 2011; Yu et al. 2007).

The direct use of dried fermented solids, obtained by 
solid-state fermentation (SSF), has also been used in bio-
diesel synthesis (Aguieiras et al. 2017a, b, 2014; Soares 
et al. 2015). The fermented solid, named solid enzymatic 
preparation (SEP), can be obtained from solid agroindus-
trial wastes, by-products or products which are abundant in 
Brazil, such as soybean bran, serving as a nutrient source for 
solid-state fermentation as well as enzyme support (Ferreira-
Leitão 2017). Enzyme immobilization is a requisite for scale 
applications considering the advantages that an immobilized 
biocatalyst offers: enhances their operational stability, allows 
the reuse of biocatalysts and enables continuous processes 
(Hanefeld et al. 2009; Rodrigues et al. 2013). Therefore, 
the natural immobilization of lipases on the fermented solid 
enables its direct use in the reaction medium, and avoids 
the steps of extraction, purification and enzyme immobili-
zation, lowering even more the cost of the final biocatalyst 
(Aguieiras et al. 2015, 2019; Fernandes et al. 2007; Liu et al. 
2013; Veerabhadrappa et al. 2014). However, the enzyme 
release can occur, and the stability of the biocatalyst has to 
be investigated.

Therefore, the objective of this study was to evaluate the 
catalytic activity of the SEP for fatty acid esterification, con-
sidering its use in biodiesel production from acid oils. The 
biocatalyst SEP consisted of lyophilized fermented solid 
obtained by SSF of Yarrowia lipolytica IMUFRJ 50,682 in 
soybean bran, and containing the lipases secreted by this 
yeast. The esterification between oleic acid and ethanol was 
chosen as a model reaction since oleic acid is one of the 
predominant fatty acids in vegetable oils used for biodiesel 
synthesis and it is liquid at ambient temperature. Most com-
mon feedstocks present fatty acid profiles consisting mainly 
of palmitic, stearic, oleic and linoleic acids (Aarthy et al. 
2014). Therefore, the esterification of palmitic, stearic and 
linoleic acids with ethanol was also investigated using the 
SEP of Yarrowia lipolytica.

Materials and methods

Solid enzymatic preparation (SEP)

The fermented solid was obtained by solid-state fermentation 
(SSF) of soybean bran (kindly supplied by ADM do Brasil), 
using a strain of Yarrowia lipolytica IMUFRJ 50,682. The 
SSF was done in tray-type bioreactors containing 10 g of 

soybean bran supplemented with 4 wt% of soy soapstock. 
Phosphate buffer solution at 100 mmol L−1 (pH 7) was added 
to obtain 58% moisture. These reactors were autoclaved at 
121 °C and 1 atm for 20 min. The soybean bran was inocu-
lated with 6.67 g L−1 (dry weight) of Yarrowia lipolytica 
cells and cultivated at 28 °C under humidified air injection. 
After 14 h, the fermented solids were lyophilized, stored 
at 4 °C, and named solid enzymatic preparation (SEP). 
These fermentation processes were previously investigated 
by Souza et al. (2017), in very similar conditions, when it 
was observed by zymography that multiple lipases/esterases 
were produced. Concerning this characteristic, SEP could 
be considered a combi-lipase biocatalyst as described by 
Poppe et al. (2018), since a combination of different lipases 
can be part of its composition, which could represent more 
effectiveness on heterogeneous substrates if compared to one 
specific lipase.

The esterification activity of the SEP was determined by 
measuring the consumption of acid, after 6 h, in the esteri-
fication reaction oleic acid/ethanol at the equimolar ratio, 
with 20 wt% of SEP (mass SEP/mass reaction medium), 
at 30 °C. One esterification unit (U) was defined as the 
enzyme amount that catalyzes the conversion of 1 µmol of 
fatty acid per minute under the experimental conditions. 
The esterification activity of SEP was 16 U g−1 (µmoles of 
acid·min−1 g−1).

Raw material and reagents

Oleic acid (C18:1), linoleic acid (C18:2), stearic acid (C18:0), 
palmitic acid (C16:0), ethanol 99.8%, ethanol 95%, ethyl ace-
tate, n-hexane (99%), sodium hydroxide and Karl Fischer 
solution (without pyridine) 1 mL = 5.0 mg, with analytical 
grade, were obtained from Vetec Fine Chemicals Ltda. (Rio 
de Janeiro, Brazil). Ethyl oleate (98%) was purchased from 
Sigma-Aldrich Co. (St. Louis, MO, USA).

Esterification reactions

Esterification reactions employing FFAs and ethanol were 
carried out in closed 15-mL batch reactors magnetically 
stirred and thermostated. The medium was composed of 
the SEP and reagents. Reaction progress was monitored by 
sample withdrawal, in duplicates, at fixed intervals. Samples 
were centrifuged for 5 min at 7000 rpm (Eppendorf centri-
fuge MiniSpin), and subsequently analyzed for unreacted 
FFAs and formed esters contents. Each parameter investi-
gated is described in more detail as follows.

Amount and method of ethanol addition

The effects of ethanol amount were studied considering eth-
anol/oleic acid molar ratio (R) of 1 (stoichiometric molar 
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ratio) and 2, using 0.02 mol of oleic acid. The ethanol addi-
tion method (single or stepwise) was also studied. The total 
volume of ethanol was added at the beginning of the reac-
tion (t = 0 h) for single addition, or in a stepwise manner, 
in which 50% of ethanol volume was added at the begin-
ning of the reaction (t = 0 h), and the other 50% was added 
after 3 h. All reactions were performed at 30 °C, for 48 h, 
using 30 wt% of SEP (based on the total mass of the reac-
tion medium).

Temperature

The effect of temperature (30, 40, 50, 60, and 75 °C) was 
studied using 30 wt% of SEP and the stoichiometric ratio of 
the reagents (0.02 mol of oleic acid and 0.02 mol of ethanol), 
for 48 h. All ethanol volume was added at the beginning of 
the reaction (t = 0 h). The blank test (without biocatalyst) 
was carried out at 75 °C.

Concentration and method of SEP addition

The effect of biocatalyst concentration was studied using 
20 and 30 wt% of SEP. The method of biocatalyst addition 
(single or stepwise) was also evaluated. In a single addi-
tion, 30 wt% of the biocatalyst was added at the beginning 
of the reaction (t = 0 h), while in stepwise method, 20 wt% 
was added at the beginning of the reaction (t = 0 h) and the 
other 10 wt% was added after 5 h. The reactions were car-
ried out with the stoichiometric ratio (0.02 mol of oleic acid 
and 0.02 mol of ethanol) of the reactants for 48 h, at 30 °C.

Water concentration in ethanol

The effect of the water concentration in ethanol (0.2, 5.8 and 
11.2 wt%) was studied using as reactants either anhydrous 
(99.8%v/v) or hydrous (95 and 90%v/v) ethanol. The reac-
tions were carried out with the stoichiometric molar ratio 
of the reactants (0.02 mol of oleic acid and 0.02 mol of 
ethanol), for 48 h, at 30 °C. The water concentration was 
determined by titration using Karl Fisher Titrator Mettler 
Toledo T50.

Fatty acid chain

The effects of type (saturated and unsaturated) and length 
of the fatty acid chain were studied in esterification reac-
tions of oleic (C18:1), linoleic (C18:2), stearic (C18:0) and 
palmitic (C16:0) acids with ethanol, using ethanol/fatty acid 
molar ratio of 1 (0.02 mol of each reagent), for 48 h. The 
reactions were carried out in a solvent-free system at 30 °C 
for oleic and linoleic acids and at 75 °C, for oleic, stearic 
and palmitic acids. Some experiments were carried out 

using a solvent (n-hexane, 80% v/v), at 30 °C, as indicated 
in the Results and discussion section.

Reuse of SEP

For the study of the SEP reuse, the ethyl oleate synthesis 
was repeated for ten cycles, each one of 26 h. The reac-
tion was carried out with ethanol/oleic acid molar ratio of 
1 and 30 wt% of SEP, at 30 °C. After each batch, the SEP 
was washed with 20 mL of solvent (ethanol, n-hexane, or 
water), vacuum filtered and placed in a desiccator (at 8 °C, 
24 h) until the following reaction.

Analyses

Esterification progress was monitored by the quantification 
of the unconverted FFAs present in the reaction medium 
by volumetric neutralization, taking duplicate samples (50 
µL) during all the reaction time. The titrating solution was 
NaOH 0.02 mol L−1, and the analysis was carried out in 
an automatic titrator Mettler Toledo T50. The conversion 
was defined as the number of moles of fatty acids reacted 
per mole of fatty acids fed to the system.

Oleic acid and fatty acid ethyl esters (FAEE) were ana-
lyzed by gas chromatography (GC) in a gas chromatograph 
Varian model CP 3800 equipped with a CP-WAX 52 CB 
column (30 m × 0.25 mm × 0.25 µm) and flame ionization 
detector (FID) in split injection system (1:50). The tem-
peratures of the injector and detector were maintained at 
250 °C. The flow rate of carrier gas (H2) was 2 mL min−1, 
and the pressure in the system was 12 psi. The oven tem-
perature was initially maintained at 170 °C for 3 min, and 
after that increased to 245 °C at 15 °C min−1 and kept at 
this temperature for 8 min. A computer equipped with the 
Star Workstation 6.2 software was connected to the gas 
chromatograph using the interface module (Star 800), for 
automatic integration of peaks. Before analysis, samples 
(100 or 200 µL) were centrifuged and diluted (1:5) with 
ethyl acetate:n-hexane solution 1:1 (v/v). Concentrations 
were calculated based on peak areas using calibration 
curves. According to the results of the chromatographic 
analysis, all consumed FFA was converted to FAEE. Thus, 
the yield of FAEE, calculated as the relationship between 
the number of moles of FAEE formed and the initial num-
ber of moles of FA, was equivalent to the FFA conversion 
in the experiments.
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Results and discussion

Influence of the amount and method of ethanol 
addition

The reaction of an alcohol with a carboxylic acid is a revers-
ible reaction. The equilibrium is shifted towards products 
using a large excess of one reactant (usually alcohol is used 
as the reaction solvent) and also removing the water formed. 
In this work, using Le Chatelier’s principle to shift the equi-
librium to ester synthesis, the use of an excess of ethanol 
was investigated. However, the enzyme activity depends on 
the nature of the solvent (Carrea and Riva 2008). In general, 
enzyme activity and stability are lower in hydrophilic sol-
vents (log P < 2), and ethanol is known to cause inhibition 
and denaturation of lipases. One of the strategies used to 
minimize enzyme inactivation and/or inhibition induced by 
hydrophilic solvents is the stepwise addition of the alco-
hol (Shimada et al. 2002; Bernardes et al. 2007; Nielsen 
and Rancke-Madsen 2011; Meng et al. 2011; Gog et al. 
2012; Aguieiras et al. 2015). Therefore, the influence of the 
amount of ethanol and its addition method (single or step-
wise) was evaluated using two different ethanol/oleic acid 
molar ratios (1 and 2). The results are shown in Fig. 1.

It can be seen in Fig. 1 that the stepwise addition of etha-
nol allowed a higher reaction rate up to 4 h, indicating that a 
lower concentration of ethanol in contact with lipase reduced 
enzyme inhibition and/or inactivation. However, after 48 h, 
the oleic acid conversion values were similar for both condi-
tions. Meng et al. (2011) also studied the stepwise addition 
of ethanol, using ethanol:FFA molar ratio of 2, in one, three, 

five and ten steps. The authors also observed that the esteri-
fication reaction was inhibited when ethanol was added by 
one-step method. The esterification degree was about 50% in 
this condition. However, the esterification degree increased 
to 81.6% with the ethanol addition in ten steps.

The use of an excess of alcohol has been one method 
widely used to increase the reaction rate and the conver-
sion, by shifting the equilibrium towards product formation. 
However, high concentrations of alcohol in reaction medium 
affect lipase activity (Sun et al. 2012, 2013; Yu et al. 2007). 
As shown in Fig. 1, the addition of an excess of ethanol, even 
in stepwise addition, did not result in an increase in the acid 
conversion, which reached 64% after 48 h. This value was 
lower than that achieved for the reaction carried out with the 
ethanol/oleic acid at the stoichiometric ratio.

Influence of the temperature

The influence of temperature was studied in the esterification 
reaction of oleic acid and ethanol using an ethanol/oleic acid 
molar ratio of 1 (single addition), and the results are shown 
in Fig. 2. A blank test (without biocatalyst) was also car-
ried out at 75 °C and the oleic acid concentration remained 
almost constant (acid conversion near to 0%) during 48 h.

For reaction times (tr) lower than 6 h, it can be observed in 
Fig. 2a that the higher oleic acid conversions were obtained 
at 40 °C. However, for higher reaction times (tr > 6 h), the 
oleic acid conversion decreases as temperature increases, 
and higher conversions were reached at 30 °C. Similar trends 
were observed for the initial reaction rates. According to 
Fig. 2b, the increase in temperature promoted an increase in 
the initial reaction rate up to 40 °C, and above this tempera-
ture, it was observed a considerable drop in these values. 
This effect was more pronounced at 75 °C, and the oleic acid 
conversion decreased approximately 39% when compared to 
the reaction carried out at 30 °C (Fig. 2b).

For the studied reaction system, the two main effects 
caused by temperature increase in enzyme-catalyzed reac-
tions were: (1) increase in the reactivity of the enzyme–sub-
strate complex, directly related to the reaction rate and 
(2) enzyme denaturation due to loss of their native three-
dimensional structure. The first effect is not affected by 
reaction time, but the second effect is strongly influenced 
by it (Huang et al. 2012). Yu et al. (2007) observed that the 
optimum temperature of the Y. lipolytica extracellular and 
purified lipase (YlLip2) was 40 °C. Above 45 °C, the activ-
ity was reduced, and at 60 °C, no activity was observed.

Influence of the concentration and addition method 
of SEP

The effects of biocatalyst concentration and its addi-
tion method (single or stepwise) were evaluated in the 
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Fig. 1   Influence of ethanol method addition on ethyl oleate synthesis 
using 30 wt% of SEP of Y. lipolytica IMUFRJ 50,682, at 30 °C. Sin-
gle addition: all ethanol volume was added at the beggining of reac-
tion; stepwise addition: 50% of ethanol volume were added at t = 0 h 
and 50% after 3 h
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esterification reaction of oleic acid with ethanol, using R = 1, 
at 30 °C. SEP amount higher than 30 wt% promoted restric-
tions on mass transfer due to the difficulty of homogeniza-
tion of the reaction medium. Thus, the SEP concentrations 
tested were 20 and 30 wt% and the oleic acid conversion 
obtained after 24 h was 65% and 85%, respectively, as shown 
in Fig. 3.

According to the results illustrated in Fig. 3, in the 
conditions employed, it can be seen that the equilibrium 
condition was achieved with 85% acid conversion using 30 
wt% of SEP, with all the biocatalyst added at the begin-
ning of the reaction. A reduction in the reaction rate was 
observed after 6 h using 20 wt% of SEP (Fig. 3), prob-
ably due to enzyme denaturation. So, fresh biocatalyst 
was added at 5 h. In this experiment (stepwise addition of 
biocatalyst), 20 wt% of SEP was added at the beginning 
of the reaction (t = 0 h), and more 10 wt% was added after 

5 h. As expected, the oleic acid conversion was higher 
than with 20 wt% of SEP after 24 h. However, it was lower 
than those observed with single 30 wt% SEP addition. Two 
effects can explain these results: (i) the lower amount of 
biocatalyst clearly affects the reaction kinetics, and (ii) 
the water produced in the esterification reaction can be 
adsorbed in the SEP. Therefore, a lower amount of SEP 
leads to water accumulation in the bulk reaction medium. 
The presence of water may affect reaction rate by its par-
ticipation as a reactant (reverse reaction), as well as via 
effects on biocatalyst hydration and hence activity (Hal-
ling 1994).

Esterification of an alcohol and an organic acid involves 
a reversible equilibrium; therefore, these reactions usually 
do not go to completion. They are limited by thermody-
namic equilibrium. There are some strategies to enhance 
the conversion of esterification reaction by removing one 
of the products formed. In general, to maximize the reac-
tion conversion, the water is removed by the use of desic-
cants (molecular sieves, silica gel, alumina), vacuum or 
pervaporation (Chandane et al. 2016). The sorption of 
water onto fermented solids has been already reported 
(Soares et al. 2015; Halling 1994) and could shift the 
equilibrium towards ester synthesis if the solid acts as a 
desiccant removing water from the reaction medium. On 
the other hand, in the esterification reaction using immo-
bilized lipases, water produced may be accumulated in the 
enzyme environment, producing its inhibition or even its 
inactivation (Alves et al. 2014). According to the results 
shown in Fig. 3, an increase of equilibrium conversion 
with the increase of SEP amount was observed, therefore, 
indicating that the adsorbed water did not decrease enzy-
matic activity.
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Influence of the water concentration in ethanol

The amount of water present in the ethanol decreases the 
yield of the esterification of fatty acids since water is a by-
product, and a reagent of the reverse hydrolysis reaction, 
and affects enzyme activity. However, the use of anhydrous 
ethanol impacts on production cost.

Water plays two significant roles in the enzymatic esteri-
fication reaction: (1) it is essential for lipase conformation 
and, therefore, its catalytic activity and stability (Carrea and 
Riva 2008; Gog et al. 2012; Stergiou et al. 2013; Christopher 
et al. 2014), and (2) is the product of esterification reaction 
and directly affects the equilibrium of the reaction (Halling 
1994; Meng et al. 2011).

Therefore, the effect of the water concentration in the 
alcohol was studied in the esterification reaction of oleic acid 
with ethanol having different amounts of water (0.2, 5.8 and 
11.2 wt%). The results obtained in the reactions carried out 
with the stoichiometric ratio of reagents (R = 1), at 30 °C, 
are shown in Fig. 4. The conversion values after 48 h were 
similar for all alcohol sources tested. These results are inter-
esting, considering biodiesel production cost. The use of 
ethanol 95% is advantageous because the price of this azeo-
tropic mixture is lower than the price of anhydrous ethanol.

Influence of free fatty acid chain

The specificity of Yarrowia lipolytica lipase toward FFAs 
was examined in the esterification reaction with ethanol. 
FFAs with different chain sizes (C16 and C18) and unsatu-
rations (C18:0, C18:1, C18:2) were tested using 30 wt% of 
SEP. These FFAs are those predominant in a wide range 
of feedstock: edible oils, non-edible oils, animal fat and 

oleaginous yeasts (Aarthy et al. 2014). Palmitic (C16) and 
stearic (C18) acids are solids at 30 °C, and their melting 
ranges are 59–62 °C and 68–71 °C, respectively. There-
fore, the esterification reactions with these acids were 
studied in a solvent medium (n-hexane, 80% v/v), at 30 °C, 
or in a solvent-free system, at 75 °C.

Usually, organic solvents are used for enzymatic syn-
thesis of biodiesel, because they improve the solubility of 
hydrophilic alcohols and hydrophobic triglycerides, and 
also enable the decrease of enzymatic denaturation when 
a high concentration of alcohol is employed. The organic 
solvents most suitable for use in the enzymatic synthesis 
of biodiesel are hydrophobic solvents such as isooctane, 
n-heptane, petroleum ether, n-hexane and cyclohexane 
(Gog et al. 2012). In this work, n-hexane was the solvent 
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chosen, but it was observed that it did not influence on the 
oleic acid conversion (Fig. 5).

Figure 5 also shows the results of the experiments carried 
out at 30 °C with the different FFAs, and in Fig. 6 it can be 
seen the results of the experiments performed at 75 °C for 
oleic, stearic and palmitic acids.

For lower reaction times (tr < 8 h), the Y. lipolytica lipase 
showed higher specificity for the unsaturated fatty acid 
chain, as can be seen in Figs. 5 and 6. After 48 h, the acid 
conversion values were similar for the tested acids. The same 
effect was also observed for reactions carried out at 75 °C 
(Fig. 6). Regarding the size of the acid chain, the highest 
conversion was observed with the higher chain length acid 
(C18), at 75 °C. Brígida et al. (2014) examined the selectivity 
of the extracellular lipase of Y. lipolytica (Lip2p) towards 
substrates of different sizes and observed that this lipase 
prefers substrates containing long-chain fatty acids (C12, 
C14, and C16). Yu et al. (2007) also observed an increase in 
the activity of purified extracellular lipase of Y. lipolytica 
(YlLip2) for methyl esters of C12–C16, confirming the prefer-
ence of this enzyme towards FFAs of a higher carbon chain.

Considering these results, the use of the dried fermented 
solid (SEP) of Y. lipolytica IMUFRJ 50,682 proved to be 
effective for the esterification reaction of the predominant 
FFAs in oil sources.

Reuse of the SEP

One of the significant disadvantages of the enzymatic route 
for biodiesel synthesis is the cost of the biocatalyst. To 
minimize the process cost, the biocatalyst must be reused. 
Therefore, the SEP reusability was investigated in this work, 

over ten successive batches. After each cycle, the SEP was 
washed with solvent (ethanol, n-hexane, water). Ethanol 
was chosen as a washing solvent considering the possi-
bility of its reuse as a substrate for ethyl oleate synthesis. 
n-Hexane is known as a solvent suitable for lipase stability, 
whereas water is the less expensive and most environmen-
tally friendly solvent. The reactions were carried out at the 
best conditions found: ethanol/oleic acid molar ratio of 1, at 
30 °C, with all ethanol volume and the biocatalyst (30 wt% 
of SEP) added at the beginning of the reaction. Reactions 
were carried out for 26 h to ensure that equilibrium was 
achieved.

The initial rates, as well as the relative conversion after 
26 h of reaction (Fig. 7), indicate that the use of n-hexane 
and ethanol resulted in a pronounced decrease of acid con-
version after the first cycle. On the other hand, water was the 
best solvent used for washing the biocatalyst along the ten 
cycles since the initial rate decreases smoothly and gradu-
ally, whereas a small drop on the oleic acid relative conver-
sion was observed up to the 3rd cycle and at the 6th cycle 
relative conversions higher than 80% were still observed. 
The oleic acid relative conversion at the end of the reaction 
was 31, 13 and 8% after ten batches using water, n-hexane, 
and ethanol, respectively. These results showed that the 
lipase secreted by Yarrowia lipolytica remains adhered in 
the lyophilized fermented matrix during the reaction and 
after washing it with solvent. However, the reduction in the 
activity due to a partial enzyme release is likely to occur 
even in the systems with a small content of water.

The choice of washing solvent is not an easy task because 
the enzyme activity in organic solvents varies significantly 
according to the solvent used. This choice must take into 
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account important factors such as the removal of the con-
taminants adsorbed on the support and the inactivation of 
the enzyme. The solvent can change the native conforma-
tion of the protein through the disruption of hydropho-
bic interactions and hydrogen bonds, as well as affect the 
enzyme–water interactions by removing the essential layer 
of water, which can dramatically reduce the activity and 
stability of the enzyme (Carrea and Riva 2008; Aguieiras 
et al. 2016).

Usually, the use of a hydrophobic solvent (log P > 4) is 
recommended for enzyme systems to avoid enzyme denatur-
ation. Rodrigues et al. (2008) studied the reuse of the com-
mercial lipases Lipozyme RM-IM, Lipozyme TL-IM and 
Novozym 435 using washing solvents (n-hexane, ethanol, 
propanol, and water) during the transesterification reaction 
of soybean oil. In all cases, washing with n-hexane caused 
higher retention of enzymatic activity of the lipase. Accord-
ing to the authors, the main reaction components are non-
polar and the use of nonpolar solvents (e.g., n-hexane) aid 
in the removal of these compounds that could be adsorbed 
onto the biocatalyst surface. Aguieiras et al. (2017b) also 
observed that the efficiency of the washing solvent (hexane, 
ethanol) in esterification reaction had been related to the 
stability of the biocatalyst (dry lipases immobilized in fer-
mented solid obtained by SSF of Rhizomucor miehei) and 
the composition of the reaction medium.

The major components that may have remained adsorbed 
onto the biocatalyst surface after esterification of oleic acid 
and ethanol are polar (ethyl oleate, ethanol, and water). 
Therefore, the use of water and ethanol as solvents would 
be more suitable for the removal of these components than 
n-hexane.

Lin et al. (2014) investigated the reuse of immobilized 
lipase from Y. lipolytica in the transesterification of olive 
oil and methanol after washing with water. They studied the 
effect of six Fe-MCM-41 carriers with different pore sizes. 
They found that the lipase immobilized on the carrier with 
a pore size of 4.27 nm could be reused in biodiesel produc-
tion for a total of nine cycles and that the conversion yield 
was still higher than 90% after six cycles. In contrast, the 
other lipase preparations showed poor reusability. Thus, the 
support used for enzyme immobilization also influences the 
reusability of the biocatalyst. As reported by Rodrigues et al. 
(2013), immobilization can alter the physicochemical prop-
erties of the enzyme surroundings, producing a more hydro-
phobic or hydrophilic environment, resulting in a partition of 
some compounds away or towards the enzyme. Soares et al. 
(2015) observed that part of the reaction medium was sorbed 
on the fermented solid (ferment solid containing lipases 
produced by Burkholderia cepacia LTBE 11), forming a 
sorbed phase during the ethyl esterification of fatty acids 
in a packed-bed reactor. The sorbed phase was composed 
predominantly of water and ethanol, and the molar ratio of 

ethanol to fatty acid in this sorbed phase was higher than 
those in the bulk reaction medium.

Conclusions

The results showed the technical feasibility of using a cost-
effective and eco-friendly catalyst, such as SEP, obtained 
by solid-state fermentation of soybean bran with Yarrowia 
lipolytica IMUFRJ 50,682, for enzymatic synthesis of fatty 
acid ethyl esters. The use of the SEP allowed obtaining oleic 
acid conversions higher than 80% after 24 h, under mild 
conditions (30 °C). Moreover, the performance of this bio-
catalyst was not affected by the presence of water in con-
centrations of up to 11 wt% in the reaction medium, and it 
can be reused after washing with water up to six consecutive 
batches, retaining more than 80% of its initial activity.
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