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Abstract
The present work aims to evaluate the synergistic effect of imidazolium-based ionic liquids (IL) in the preparation and immo-
bilization of Burkholderia cepacia lipase in a new hybrid support of poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) 
and silica. In addition, these biocatalysts were applied in transesterification reactions of crude coconut oil for the produc-
tion of ethyl esters. Lipase immobilized on hybrid support with [C4min][NTf2] or [C6min][NTf2] ionic liquid exhibited 
nearly ≈ 1.6-fold immobilization yield greater than IB-Control. The use of IL during the preparation of the hybrid support 
promoted changes in its morphological structure as presented by B.E.T. and FTIR. Thermogravimetric analyzes were used 
to characterize the prepared derivatives and support the results of immobilization yields and the synergic effect of IL used. 
Transesterification reactions applying biocatalysts showed that the conversion maximum in esters (59%) was found under 
conditions of molar ratio 1:7 (oil:ethanol) in 72 h of reaction. These results were obtained using [C4min][NTf2] during the 
preparation of the hybrid support for the immobilization of Burkholderia cepacia lipase, thus showing the potential of these 
new biocatalysts.
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Introduction

Conventional catalysis promotes the accumulation of toxic 
waste and presents a high energy expenditure [1]. In order 
to minimize these adversities, chemical catalysis can be 
replaced by biological catalysts, such as, the proposed meth-
ods with Burkholderia cepacia lipase, which allow for the 
formation of purer products meanwhile demanding lower 
energy consumption [2]. Furthermore, the biocatalysts are 

selective and present high versatility, being able to perform 
specific biocatalytic reactions, acting under mild conditions 
of temperature and pressure [3, 4].

Although enzymes have excellent perspectives as cata-
lysts, their industrial application is not immediately apparent 
due to multiple factors that directly affect the operational 
stability of lipases and restrict their use on an industrial scale 
[5]. In view of this, the great emphasis of the last decades 
has been the use of different immobilization mechanisms 
to maximize enzymatic stability and optimize biocatalyst 
performance [6–11]. Enzyme immobilization enables not 
only reuse, but also continuous operation mode and easy 
product separation with greater stability [12]. At present, 
several arrays are accessible, including organic and inor-
ganic materials, natural or synthetic materials and hybrid 
materials [13, 14].

Hybrid materials are constituted by the combination 
of organic and inorganic components that usually present 
integral properties, forming a matrix with different attrib-
utes from those that originated it [15]. This combination 
promotes greater stability and availability of reactive func-
tional groups for protein interaction in the hybrid supports, 
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exhibiting properties not observed for their individual com-
ponents. Among inorganic compounds, silica stands out 
because it has a high potential for use in immobilization of 
lipases and expresses several beneficial properties, such as, 
the possibility of surface modification, thermal and mechani-
cal stability and toxicological safety [16, 17]. It is one of the 
multifunctional materials most described in literature and 
can be combined with various organic or inorganic com-
pounds, presenting new physical–chemical properties and 
extending their applications [14]. Currently, it has been pos-
sible to obtain multifunctional silica biomaterials combined 
with natural polymers for enzymes immobilization [18]. The 
use of poly(hydroxybutyrate-co-hydroxyvalerate) was high-
lighted due to its specific attributes, such as biodegradabil-
ity, biocompatibility and possible use as encapsulating agent 
[19].

One of the possibilities for more effective biocatalyst syn-
thesis is the use of additives (e.g., ionic liquids) during the 
immobilization or in the preparation of the supports [15]. 
Ionic Liquids (ILs), are salts with low melting points, usu-
ally below 100 °C, making them liquid at room temperature 
and are commonly divided in two classes of ILs: aprotic 
ILs where the formal charge center of the cation is typi-
cally formed from non-reversible alkylation of a heteroatom, 
and protic ILs, whose ion charges depend of a neutraliza-
tion reaction by a Brønsted acid–base reaction through the 
transfer of protons [20–24]. The use of protic IL can stabilize 
enzymes, acting to protect the hydration layer around the 
enzyme or causing conformational changes in its structure 
during the hybrid support preparation process [25, 26]. 
Therefore, until recently, only the potential use of protic IL 
for hybrid support has been verified. However, the influence 

of the aprotic IL with different carbonic chains in hybrid 
support for the synthesis of ethyl esters in transesterifica-
tion reactions has not yet been verified to the best of our 
knowledge.

Thus, to obtain a more efficient immobilized biocatalyst, 
this article aims to verify the influence of IL: ethyl, butyl 
and hexyl methylimidazolium bis(trifluoromethylsulfonyl) 
imide, ([Cnmin][NTf2], n = 2, 4 and 6) in the preparation 
of hybrid supports based on organic and inorganic com-
pound (respectively, PHBV and silica). The Burkholderia 
cepacia lipase immobilized on hybrid support was analyzed 
for immobilization yield and biochemical characterizations 
(pH, temperature, thermal, operational and solvent stabil-
ity). The supports were characterized by FTIR, B.E.T and 
thermogravimetry, and finally the biocatalysts were applied 
in the transesterification reaction of crude coconut oil, and 
the operating conditions applied were investigated.

Materials and methods

Materials

In this work, three ILs were investigated ([C2min]
[NTf2],  shor t for 1-Ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide, [C4min][NTf2], short for 
1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide and [C6min][NTf2], short for 1-Hexyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide), all of which 
were purchased from Sigma Aldrich Chemical Co. (St. 
Louis, MO, USA). Their chemical structures are depicted 
in Table 1. The Burkholderia cepacia lipase (BCL) was 

Table 1   Ionic liquids chemical structures

Abbreviation Nomenclature Chemical structures

[C2min][NTf2] 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide

[C4mim] [NTf2] 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide

[C6mim][NTf2] 1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide
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purchased from Sigma Co, St. Louis, MO, USA (≥ 30.000 
U g−1, pH 7.0, 50 ºC). Poly(hydroxybutyrate-co-hydroxy-
valerate)—PHBV, purchased from Serrana, SP, Brazil). 
The precursor used in the support preparation was tetra-
ethylortossilicate (TEOS, C8H20O4Si), purity > 98%, pur-
chased from Sigma Aldrich Co (Milwaukee, WI, USA). 
The other reagents used were hexane, purity > 99% (Synth, 
Brazil); commercial ethanol, purity > 99.5% (Synth, Brazil); 
epichlorohydrin, purity > 99% (Synth, Brazil); and ammo-
nium hydroxide, purity > 27% (Synth, Brazil) and olive oil 
(purchased in the local market).

Hybrid support preparation

Four types of silica supports (Silica-Control, Silica-C2, Sil-
ica-C4 and Silica-C6) were prepared along with four types 
of hybrid supports involving PHBV and silica (hybrid-con-
trol, hybrid-C2, hybrid-C4 and hybrid-C6) using the sol–gel 
method described by Martins et al. [26]. The control was 
prepared without IL, and the other supports were pre-
pared by adding IL at 1% (m v−1) (ethyl, butyl and hexyl of 
3-methylimidazolium bis(trifluoromethysulphonyl)imide), 
designated by C2, C4 and C6, respectively. The ethanolic 
solution was prepared by dissolving 72 mL of tetraethylorto-
silicate (TEOS) in 60 mL absolute ethanol (99%) in an inert 
nitrogen atmosphere. The ethanolic solution was stirred for 
5 min at 25 ºC. Over the course of 90 min, a solution con-
taining 0.22 mL of hydrochloric acid (36%) diluted in 10 mL 
of ultra-pure water (pre-hydrolyzing solution) was added to 
the ethanolic solution while stirring. For the preparation of 
modified hybrid support, 6 g of PHBV was added after add-
ing 1% (m v−1) IL. Then, 1 mL ammonium hydroxide dis-
solved in 6 mL of ethanol was added. The mixture was kept 
standing at 35 ºC for 1 h and then kept at 4 ºC for 24 h to 
complete the polycondensation. The gel was removed and 
washed with hexane to eliminate moisture and was kept in 
a desiccator for 72 h.

Immobilization of lipase

The BCL was immobilized to the control silica supports 
and those modified with IL (silica-control, silica-C2, silica-
C4 and silica-C6), to the control PHVB supports and those 
modified with IL (PHVB-Control, PHVB-C2, PHVB-C4 and 
PHVB-C6) and to the control hybrid and those modified with 
IL (HY-Control, HY-C2, HY-C4 and HY-C6). The procedure 
was performed as described by Paula et al. [27] with some 
modifications. Enzyme immobilization in the hybrid support 
(by covalent binding) consisted of connecting the enzyme to 
the support with aqueous polyethylene glycol (PEG) solu-
tion (MW 1500 g mol−1) for a period of 24 h at 4 °C. The 
support was activated with 2.5% epichlorohydrin (v v−1) in a 
potassium phosphate buffer (0.1 mol L−1, pH 7.5) at the ratio 

of 1 g of support to 10 mL of solution. After activation 1% 
(m v−1) of the IL was added. Then, for each gram of support, 
0.25 g of BCL and 100 μL of water containing 5 mg mL−1 
of PEG 1500 (g mol−1) was added. The suspension contain-
ing enzyme, support and PEG-1500 was homogenized by 
soft stirring with a glass rod, followed by static contact for 
an additional 18 h at 4 °C. The biocatalyst was recovered 
by vacuum filtration separation and washed repeatedly by 
hexane, and then dried in the desiccator at room temperature 
for 24 h. In all immobilized lipase preparations, the moisture 
contents and enzymatic activity were quantified.

Immobilization yields

The lipase hydrolytic activity immobilized from with modi-
fications was determined with the method presented by 
Soares et al. [28]. The substrate was prepared with 50 mL 
of olive oil and 50 mL of a sodium phosphate buffer solution 
(0.1 M, pH 7.0) with gum arabic (7%, w/v). After substrate 
preparation, a reaction mixture containing 5 mL of the oil 
emulsion with 4 mL of a sodium phosphate buffer solution 
(0.1 M, pH 7.0) was prepared. The biocatalyst was incubated 
in this reaction medium in a thermostatic bath with shaking 
for 10 min at 37 ºC. The reaction medium was stopped by 
a solution containing acetone, alcohol and water in equal 
proportions. The liberated fatty acids were titrated with 
potassium hydroxide solution (0.04 M) in the presence of 
phenolphthalein as an indicator. The activity was established 
as the quantity of BCL that released 1 μmol of fatty acid 
per minute of hydrolysis reaction. The hydrolytic activities 
performed on the immobilized biocatalysts (IB) were used 
to determine the total activity recovery yield, Ya (%), accord-
ing to Eq. (1).

where U0—units of activity offered for immobilization and 
Us—units of total enzymatic activity present in the support 
(enzyme activity [U g−1] × immobilized biocatalyst mass 
[dry basis, g]).

Morphological and physicochemical 
characterization

Samples of the ILs, supports and supports with immobi-
lized lipase were additionally analyzed by Fourier transform 
infrared spectroscopy (FTIR) analysis (Agilent Technolo-
gies Cary 630 FTIR instrument). The spectra shown in the 
present study were extracted in the wavelength range of 
600–2000 cm−1. In order to further deepen the study, the 
secondary structure of the free enzyme and immobilized 
with and without ILs were studied in the spectra from 1200 
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to 1800 cm−1. The deconvolutions of the Amide I region 
(1600–1700 cm−1) were performed using the Origin 8.5 
software. Porosity and structure morphological characteri-
zation of the hybrid support and IBs were calculated using 
the Brunauer–Emmett–Teller method (B.E.T.). The supports 
and IBs porosity study (volume and diameter) were calcu-
lated based on the model developed by Barret, Joyner and 
Halenda (BJH) for mesoporous samples and for micropo-
rous samples using the t-method as suggested by Souza 
et al. [29]. Surface areas were studied according to their 
N2 adsorption at −196.15 ºC with B.E.T. apparatus soft-
ware (NOVA 1200e—Surface Area & Pore Size Analyzer, 
Quantschrome Instruments, version 11.0). The samples were 
subjected to heat treatment for 48 h at 120 ºC to eliminate 
any water within the pores of the solids. Thermogravimet-
ric (TG) curves were obtained with a Shimadzu DTG-60H 
simultaneous DTA-TG apparatus, under a nitrogen atmos-
phere from 25 ºC to 1000 ºC at a heating rate of 20 ºC min−1 
(each sample contained 10.0 ± 1.1 mg). Scanning electron 
microscopy (SEM; model Hitachi SU-70) was also used to 
characterize the surfaces of the samples.

pH and temperature analysis

The temperature influence study was performed under pre-
established conditions of pH 7.0, in the temperature ranges 
from 37 to 75 ºC. Relative activity was calculated by the 
ratio between the immobilized enzyme at the various pH, 
temperature and the maximum activity determined for the 
immobilized IBs.

Thermal stability determination

The study of temperature on the stability of the immobilized 
enzyme was determined by incubating samples of the immo-
bilized biocatalysts from 55 to 65 ºC in aqueous medium 
(phosphate buffer, pH 7.0, 0.1 M) for 4 h. Samples were 
taken at different times and evaluated at optimum pH and 
temperature [30].

Reusability of immobilized lipase

The operational stability of IBs was verified by hydrolysis 
reaction in olive oil, through subsequent batches with the 
reuse of the biocatalyst immobilized on hybrid support. The 
analysis was performed using the same biocatalyst mass and 
performed several 10 min cycles at 50 ºC and pH 7.0. The 
biocatalysts were removed by filtration, then washed once 
with hexane and used for the next reaction cycle. This pro-
cedure was repeated several times.

Stability at solvents

We evaluated the effect of organic solvents with differ-
ent polarities (ethanol and cyclohexane) on the hydrolytic 
activity of the immobilized biocatalysts by covalent bind-
ing. Incubation was performed for 24 h in sodium phosphate 
buffer, with solvents (ethanol and cyclohexane), and pH 7 
at 50 ºC. Samples were taken at 3, 7, 24, 48 and 72 h. After-
ward, the activity periods of the lipase immobilized biocata-
lysts were evaluated by means of the olive oil hydrolysis, as 
described previously. The residual activity was calculated 
according to the activity at initial incubation time and the 
activity measured after incubation [31].

Transesterification reactions

The reactions were performed in sealed bottles containing 
3 g of substrate with coconut oil and anhydrous ethanol 
without the addition of solvents and immersed in a thermo-
stated bath with stirring of 150 rpm [31]. The systems were 
incubated with the IBs in the proportion of 20% (w/w) in 
relation to the total mass of reactants involved in the reaction 
and performed for a period of 120 h under constant agita-
tion of 150 rpm. The conditions for transesterification were 
performed in different coconut oil:ethanol molar ratios (1:7, 
1:9, 1:10, 1:12) and 40 ºC at different reaction times (24, 48, 
72, 96 and 120 h). The transesterification reactions were 
assisted by Dubnoff agitation baths (conventional heating). 
In order to separate the enzyme, the mixture was centrifuged 
(3,000 rpm) for 5 min and the glycerol removed with a satu-
rated NaCl solution. The ethyl esters of both phases (aqueous 
and organic) were extracted with hexane. The organic phase 
was treated with anhydrous Na2SO4. Ethyl esters quantifica-
tion were performed using an Agilent Technologies 7820-A 
GC gas chromatography coupled to the MSD 5975 mass 
detector and Supelcowax column 10 [32].

Results and discussion

Immobilization yields in different supports

The Burkholderia cepacia lipase was immobilized on differ-
ent supports (silica, PHBV and hybrid-silica/PHBV), with 
and without IL ([Cnmin][NTf2], n = 2, 4 and 6). Figure 1 
shows the immobilization yield for the biocatalysts immo-
bilized on the different supports evaluated in this work. In a 
first analysis, evaluating only the supports-control (without 
modification with IL), it can be observed that the hybrid 
support showed a higher capacity to maintain lipolytic activ-
ity per gram of support, with an immobilization yield of 
90 ± 3% while for IB-PHBV and IB-silica immobilization 
yields were 71 ± 7 and 77 ± 6%, respectively. These results 
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were fundamental for the selection of hybrid supports in this 
work, capable of reconciling in only one support, unique 
characteristics of each forming component. The efficiency of 
the hybrid support was also reported by Fan et al. [33]. The 
study presented the immobilization of Rhizomucor miehei 
lipase in a hybrid support formed from dendrimer coated 
multi-walled magnetic carbon nanotubes of polyamidoamine 
which showed esterification conversion 27-fold higher than 
those obtained for the free enzyme.

Figure 1 also shows the effect of different ILs on the 
immobilization yield of BCL on the different supports. The 
best immobilization yields were obtained to the immobi-
lized biocatalysts in hybrid support modified with IL in the 
following order: [C2min][NTf2] < [C4min][NTf2] < [C6min]
[NTf2] with Ya = 114 ± 2; 171 ± 1; 169 ± 3%, respectively. 
Lipase immobilized on hybrid support with [C4min][NTf2] 
or [C6min][NTf2] exhibited about ≈ 1.6-fold immobiliza-
tion yield greater than IB-Control (90 ± 3%). The synergistic 
effect in the preparation of IL modified hybrid support may 
have influenced this behavior. IL with higher alkyl chain 
(such as [C4min][NTf2] and [C6min][NTf2]) contributed to 
the increase of hydrophobicity of the support. This may have 
influenced the preservation of the hydration layer around the 
enzyme, promoting growth of the interfacial area, comple-
menting the contact between substrate molecules and the 
enzyme’s active site.

To support this data, the FTIR analysis of the IL ([C4min]
[NTf2] and [C6min][NTf2]) and hybrid support were carried 
out (Fig. 2). In Fig. 2 it is possible to observe the Si–O-Si 
(800–1000 cm−1) and Si–OH (900–1100 cm−1) bands char-
acteristic of silica and also the C =O bands (at 1720 cm−1) 
characteristic of PHBV support [34, 35]. The [Cnmin][NTf2], 

n = 4 and 6 spectrum exhibited a strong band in the range 
of 1000 and 1100 cm−1 associated with SN group vibration 
in 1200 cm−1 for CF3, between 1300 and 1400 cm−1 associ-
ated with asymmetric SO2 and between 2880 and 2960 cm−1 
referring to the CH elongation. These spectra confirm the 
presence of [C4min][NTf2] in the modified hybrid support, 
as indicated in Fig. 2. Thus, it is evident that IL [C4min]
[NTf2] still remains in the hybrid support matrix even after 
the wash step with hexane. However, it is clearly observed 
that the hybrid support prepared with [C6min][NTf2] does 
not have the characteristic bands that indicate its presence on 
the support (Fig. 2). This fact can be justified by the higher 
solvation power of hexane (hydrophobic solvent, measured 
by the partition in the 1-octanol/water system, log P is 2.22 
[36]), for [C6min][NTf2] compared to [C4min][NTf2], due to 
its greater hydrophobic character and therefore its leaching 
during washing.

In addition, to understand the possible structural modi-
fications of the lipase immobilization, the second-deriv-
ative infrared spectra (FTIR) in the region between 1700 
and 1600 cm−1 (Amide I region) were evaluated (Fig. 3). 
The results feature that all samples of IBs (Fig. 3b–d) 
exhibit small changes in α-helix content when com-
pared to free enzyme (Fig. 3a). The free enzyme exhibits 
β-sheet (1638 cm−1), α-helix (1660 cm−1), random coil 
(1645 cm−1) and β-turn (1670 cm−1) as shown in Fig. 3a. 
The results feature that all samples of IBs (Fig. 3b–d) 
exhibit changes in helical structures, when compared 
to free enzyme (Fig. 3a), this is due the immobilization 
steps. IB-Control showed an increase in the α-helix, and 
changes in the β-sheet, random coil, and β-turn contents 
(Fig. 3b) leading to the decrease observed in the activity 
recovery. An increase in α-helix content is also observed 
for IB immobilized with [C6min][NTf2]. These sensitive 
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helical structures, responsible for enzymatic activation in 
the Amide I region, are in accordance with the recovery 
yield data observed. In particular, IB-C4 shows a higher 
decrease in the α-helix content when compared to IB-Con-
trol and IB-C6. Therefore, the decrease in α-helix content 
shows that IL present in IB promoted important confor-
mational alterations of BCL and, thus, increased lipase 
catalytic performance due to the easiness of the enzyme 
active site, which corroborates with the increase in lipase 
activity.

According to Sánchez et al. [37], the catalytic perfor-
mance of the BCL is conditioned by the conformational 
changes in its structure during interfacial activation phenom-
ena (open conformation). The opening of α-helix structure 
can promote the lipase activation because it allows the sub-
strate to come into contact with the active site. Recent stud-
ies show that the reduction of the α-helix content is related 
to the increase in enzyme activity due to the easier access 
of the substrate to the active site of BCL [10, 38, 39]. These 
results also agree with the FTIR observation for the absence 
of [C6mim][NTf2] after the hybrid support preparation step, 
showing that [C4mim][NTf2] acts both in the preparation of 
the support and during the lipase immobilization process, 
remaining present during all steps.

The synergistic effect of IL during support preparation 
and lipase immobilization has been recently reported [40]. 
To the best of our knowledge, nothing has been found in 
literature about the influence of the hydrophobic nature of 
ionic liquid. This feature becomes important as the syner-
gistic use in both material preparation and enzyme immobi-
lization allowed for a 98% increase in immobilization yield 

for BCL lipase using [P666(14)][NTf2], reported by Barbosa 
et al. [40].

B.E.T. physical characterization

The porosity study of the pure hybrid supports and the 
enzyme immobilized on the control support and modified 
with IL facilitates the understanding regarding lipase immo-
bilization and catalytic efficiency. From the data collected on 
the biocatalyst immobilization yields on the hybrid control 
support (IB-Control) and the most efficient immobilized bio-
catalysts (IB-C4 and IB-C6) using ILs, [C4min][NTf2] and 
[C6min][NTf2] were chosen for morphological (B.E.T.), 
physicochemical (TGA and FTIR), biochemical and solvent 
stability characterizations.

Table 2 shows the influence of IL during preparation of 
the hybrid support favored the change in the morphologi-
cal structure of the support. Although all samples evaluated 
presented pore size in the mesoporous scale, the presence 

Fig. 3   Amide I region 
(1700—1600 cm− 1) of the 
secondary-derivative spectra of 
a Burkholderia cepacia lipase 
free, b IB-Control without 
IL, c IB-C4 in presence of the 
[C4min][NTf2] and d IB-C6 in 
presence of the [C6min][NTf2]

1600 1620 1640 1660 1680 1700

D
er

iv
at

iv
e

β-sheet
coil

α-helix
β-turn

1600 1620 1640 1660 1680 1700

D
er

iv
at

iv
e

β-sheet

coil

α-helix

β-turn

1600

(a) (b)

(c) (d)

1620 1640 1660 1680 1700

D
er

iv
at

iv
e

β-sheet

Random coil

α-helix

β-turn

1600 1620 1640 1660 1680 1700

D
er

iv
at

iv
e

β-sheet
coil
α-helix

β-turn

Wavenumber/cm–1 Wavenumber/cm–1

Wavenumber/cm–1 Wavenumber/cm–1
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Samples Surface area/
m2 g−1

Pore volume/
cm3 g−1

Pore diameter/Å

HY-Control 87.37 0.03006 34.28
HY-C4 97.60 0.07674 17.27
IB-C4 34.09 0.04371 17.24
HY-C6 95.81 0.08011 17.13
IB-C6 59.04 0.06469 17.04
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of ILs ([C4min][NTf2] and [C6min][NTf2]) promoted an 
increase of surface area 87.37 m2 g−1 to 97.60 m2 g−1 and 
95.81 m2 g−1, respectively, compared to the control hybrid 
support. As presented in FTIR analysis discussed in the pre-
vious topic, although IL [C6min][NTf2] remains absent dur-
ing the immobilization step, its use in support preparation 
was sufficient to promote a significant modification in sup-
port compared to control hybrid support, and this may have 
contributed to the increase in immobilization yield (Fig. 1). 
This same effect was observed for the pore volume present 
in the hybrid support (Table 2). These results confirm the 
positive effect of [C4min][NTf2] and [C6min][NTf2] on the 
modification of the morphological characteristics of hybrid 
support further enhancing lipase concentration and activity 
in the support, which may allow enzyme accommodation 
and substrate access.

Studies by Meera et al. [41] obtained similar results on 
the surface area of an air-gel matrix using choline-based IL, 
attributing the variation in surface area dimensions and pore 
size to the influence of the hydrophobicity of the support and 
the IL used. One can also observe that both surface area and 
pore volume reduce after biocatalysts immobilization. The 
presence of BCL lipase in the support surface may confirm 
the decrease of free surface area and/or prevent access to 
the support pores.

From the comparison between the derivates of hybrid 
control absence of IB (HY-C4 and HY-C6) and with immobi-
lized biocatalysts, a remarkable decrease in pore volume was 
observed, from 0.07674 (HY-C4) to 0.04371 cm3 g−1 (IB-C4) 
and from 0.08011 (HY-C6) to 0.06464 cm3 g−1 (IB-C6). This 
same effect is observed for area surface data (Table 2), sug-
gesting that the lipase is immobilized both in the pores and 
on the surface of the material. These results are in accord-
ance with the literature [42], indicating that enzymes enter 
the pores by diffusion and are subsequently adsorbed and/or 
chemically bonded to the inner surface of the support. This 
effect causes a higher concentration of enzymes molecules 
inside the hybrid support pores, which can justify higher 
efficiency of immobilized BCL. Martins et al. [26] obtained 
similar results when using modified hybrid supports with 
protic IL for BCL immobilization. Souza et al. [43] observed 
that the addition of protic IL in the BCL immobilization in 
silica xerogel modifies the porous structure of immobilized 
derivatives, causing pore enlargement and increasing surface 
area and pore volume.

Thermogravimetric analysis (TG)

Thermogravimetric analysis is an extremely important 
type of physicochemical characterization providing infor-
mation on enzymatic mass loss with related materials that 
act as support for immobilization. The study of the degra-
dation profile for the silica/PHBV hybrid support without 

IL (HY-Control) and modified with IL (HY-C4 and HY-C6) 
and the immobilized biocatalysts (IB-Control, IB-C4 and 
IB-C6) are shown in Fig. 4. The thermogravimetric anal-
ysis described in Table 3 showed that hybrid supports 
(HY-Control, HY-C4 and HY-C6) have similar degrada-
tion mechanisms, being thermally stable up to 200 °C and 
losing only 9% of initial mass due to mainly the presence 
of water. In this region (from 25 to 200 °C), degradation 
of amino groups present in lipase and the evaporation of 
water molecules is expected [40]. Si–O-H silanyl groups 
present in silica prepared by the sol–gel technique tend 
to absorb water spontaneously. In Table 3 shows that the 
hydrophobic nature of [C4min][NTf2] and [C6min][NTf2] 
increased the entrapment of water molecules when com-
parted to control samples (HY-control and IB-control). 
These results corroborate what was described by Souza 
et al. [29], whereby salts of a more hydrophobic nature 
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Fig. 4   TG curves of samples at 20 ºC min−1 under nitrogen atmos-
phere observed in hybrid supports (HY-Control, HY-C4 and HY-C6) 
and biocatalysts immobilized (IB-Control, IB-C4 and IB-C6)

Table 3   Total and partial mass loss (%) observed in hybrid supports 
(HY-Control, HY-C4 and HY-C6) and biocatalysts immobilized (IB-
Control, IB-C4 and IB-C6)

Experiment Partial loss of mass/% Total mass 
loss/%

0–200 °C 200–400 °C 400–600 °C

HY-Control 5.17 21.98 2.38 29.40
HY-C4 6.85 30.81 5.00 42.59
HY-C6 9.97 23.00 9.27 42.24
IB-Control 4.48 27.04 16.97 48.49
IB-C4 8.22 31.41 11.04 50.67
IB-C6 11.20 32.24 4.83 48.27
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promoted a stronger entrapment of water molecules linked 
to the silica-based matrix.

In addition, these results indicate that LIs act both for the 
contributions of support formation (most evident for [C6min]
[NTf2]), and for a synergistic effect (active in support forma-
tion and the reaction mechanisms), which is controlled by 
the length of the alkyl chain (in the latter case for [C4min]
[NTf2]). The data that support this analysis are based on the 
fact that [C4min][NTf2] remains present in the support after 
the biocatalyst preparation steps, in detriment to the [C6min]
[NTf2] that is leached after the hexane wash step (already 
discussed above). Therefore, the TG analysis confirms these 
observations, since a significant loss of mass is observed for 
HY-C4 (30.81%) compared to the HY-C6 sample (23.00%) 
in the region of from 200 to 400 °C (Fig. 4 and Table 3).

Mass losses in the region between 200 and 400 °C are 
associated with the presence of organic compounds present 
in PHBV, silica and IL (i.e., C, H, O and N). This included 
the lipase and the presence of non-reacted silanol groups of 
the TEOS, which are present in the silica because of incom-
plete sol–gel reactions [29, 44]. The substantial mass loss 
may also have occurred due to structural relaxation of the 
hybrid support caused by diffusional processes observed due 
to the difference between constituent types from temperature 
variation and removal of free volumes, as noted by Cabrera-
Padilla et al. [30] for support samples prepared with PHBV. 
The mass loss between 400 and 600 ºC associated with car-
bonation and final dehydroxylation of organic compacts, 
leading to thermal stability of the material.

pH and temperature effect

The biochemical characterization of the IL modified hybrid 
IB was evaluated from buffer solutions containing differ-
ent pH (4.0–8.0). Figure 5a presents the influence of pH 
variation on the relative activity of IB in the hybrid support. 
The immobilized BCL showed better hydrolytic activity at 
neutral pH (7.0), indicating that both the BCL immobilized 
on hybrid support modified with IL and Control had better 
hydrolytic activity at pH 7.0. At values close to pH 6.0 and 
8.0, the relative activity of the biocatalysts was lower for 

all cases, but it is possible to observe a slight tendency for 
IBs immobilized with ILs to endure this pH range (pH 6.0, 
control = 75%, with HY-C2 reached 85% relative activity and 
at pH 8.0, control = 49%, with HY-C4 achieved 65%). This 
result shows that the presence of the IL offered protection 
to the immobilized enzyme when compared to IB-Control, 
allowing its use in higher pH ranges. Reduction in the enzy-
matic activity of IBs at more acid or alkaline pH may have 
caused alteration in protein conformation, affecting enzy-
matic activity [45, 46].

The influence of temperature on the hydrolysis reaction 
was also investigated for immobilized BCL on Control sup-
port and modified with IL (Fig. 5b). The maximum relative 
activity obtained for all studied IB occurred at 50 °C. It was 
observed that the presence of IL did not cause the optimum 
temperature displacement of the evaluated biocatalysts. 
Moreover, the same profile was presented by Cabrera-Padilla 
et al. [34] where immobilized lipase from Bacillus sp. using 
aprotic IL as a modifying agent in PHBV support was ana-
lyzed. Thus, these results can give consistency to the use of 
these biocatalysts in typical biocatalysts reactions, which 
usually operate in the 40–60 ºC range [46–48].

Thermal stability

The thermal stability of lipase immobilized on hybrid sup-
port modified with IL and without IL in the reaction of 
hydrolysis in olive oil was investigated, measuring the resid-
ual activity as a function of time at temperatures of 55 and 
65 °C. The IB in IL modified hybrid support showed better 
thermal stability than the IB-Control for both studied tem-
peratures (55 and 65 °C), as shown in Fig. 6a and b, respec-
tively. The study found that the addition of IL as a support 
modifier influences the improvement of thermal stability 
(Fig. 6b), especially at 55 ºC, when compared to the control 
support. However, it is possible to observe a 20% reduction 
in enzyme activity, when compared to the initial activity of 
these biocatalysts (IB-C4 and IB-C6). The same profile was 
not observed for all IB studied at 65 °C, which showed a 
40% drop in activity at the same reaction time. The effects 
of the system hydrophobic microenvironment, protecting 

Fig. 5   Relative activity (%) on 
pH (a) and temperature (b) of 
biocatalysts immobilized in the 
hybrid supports (IB-Control) 
and modified with IL: (IB-C4) 
and (IB-C6)
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the enzyme, may have caused this behavior. This structural 
modification may be associated with the synergism between 
the hydrophobic interactions of the hybrid support together 
with the greater hydrophobicity of the IL which restricts 
the movement of the lipase and thus avoids conformational 
changes and unfolding of the enzyme at higher tempera-
tures [26, 49]. In combination, these properties may have 
collaborated to the increase of the lipase stability in this 
support. The literature reported the same thermal stability 
profile of lipase immobilized at elevated temperatures [34, 
50]. Abdulla et al. [50] evaluated the influence of immobi-
lized BCL in alginate and k-carrageenan hybrid matrix by 
crosslinking and entrapment in the hydrolysis reaction of 
p-nitrophenyl palmitate. In this study, it was noticed that the 
hybrid matrix used in the cross-linked immobilization can 
withstand temperatures up to 60 ºC and that it presents good 
thermal resistance, which comes as an important property 
in industrial applications. Martins et al. [26] presented the 
immobilized BCL by covalent binding in the same hybrid 
support under study (Silica and PHBV) modified with protic 
IL in the reaction of olive oil hydrolysis presenting a pro-
file similar to the one noted in this work. The result was 
attributed to the use of IL as a support modifying agent, 
allowing an enhanced thermal stability for the hybrid sup-
port at 55 °C, once IL with higher alkyl chains have a greater 
hydrophobic character and may promote a hydration layer 
surrounding the enzyme, allowing better thermal stability 
for IB-C4 and IB-C6, as shown in Fig. 6a.

Operational stability

For the IBs reuse study, operational stability was evalu-
ated in olive oil hydrolysis reactions in multiple opera-
tion cycles. The operational stability for the BCL reuse 
in different supports presented similar profiles for the 
IB-C4 and IB-C6 biocatalysts, which were reused eleven 
times, maintaining 50% of the initial activity. On the other 
hand, immobilized biocatalyst without IL showed stabil-
ity for only six reuses, as shown in Fig. 7. According to 
the results seen in this study, the presence of IL favored 

the alteration in the support surface, enriching the lipases 
pores and increasing the catalysis environment. This is 
specifically noticeable when one considers the value of 
the immobilization yield of 169 ± 3% for the hybrid (with 
[C6min][NTf2]) when compared to the immobilized BCL 
on silica which is 77 ± 6% and BCL in PHBV which is 
90 ± 3%. The same profile was presented in the study 
of Nyari et al. [47] using the same enzyme. The BCL 
was immobilized in polyurethane support and showed an 
increased activity of 32%, in relation to the initial activity 
of the enzyme during six continuous cycles, assigning this 
result to the type of support used, type of immobilization 
and to the reaction medium. Studies conducted by Wan 
et al. [46] presented the operational stability analysis for 
the lipase of Candida rugosa immobilized on hybrid inor-
ganic supports in sulfonated macroporous resins and the 
activity of the immobilized lipase remained above 81.6% 
after ten repeated cycles. The results approached in this 
study can be attributed to the immobilization efficiency 

Fig. 6   Thermal stability tests 
for Burkholderia cepacia lipase 
immobilized in the hybrid 
supports: a IB-Control and 
modified with IL (IB-C4 and 
IB-C6) at 55 ºC; b IB-Control 
and modified with IL (IB-C4 
and IB-C6) at 65 °C
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in the hybrid support, which presented high operational 
stability in relation to free lipase.

It is important to highlight that several studies pre-
sented in the literature show similar responses with 
the use of IL promoting increase in enzymatic stability 
and, consequently, increase in the reuse of IBs [32, 51]. 
Cabrera-Padilla et al. [30] reported 20 cycles of reuse for 
Bacillus sp. immobilized in PHBV by physical adsorp-
tion in the presence of aprotic IL and, in the absence, 
presented only 10 cycles. Barbosa et al. [51] also verified 
greater operational stability in the presence of the lipase 
additive immobilized on silica air-gel, which obtained 23 
cycles for the immobilized biocatalyst in the presence of 
protic IL and 13 cycles for the biocatalyst immobilized 
in the absence of IL.

Solvent stability

The influence of different organic solvents on biocata-
lysts activity was studied using ethanol and cyclohexane 
considering various incubation times (up to 72 h) at 40 
ºC. Figure 8a shows that in the presence of ethanol (log 
P −0.30—logarithm based on the P distribution coef-
ficient of a solute between a solvent and water in a two-
phase system), promotes a decrease of the BCL activity 
through incubation period (up to 72 h) for all the biocata-
lysts studied.

Solvents with log P < 2 break the hydration layer, 
what may lead to enzymatic inactivation [52]. For sam-
ples incubated with cyclohexane, the presence of IL on 
the hybrid support increased BCL stability compared to 
the control sample. Figure 8b indicates that IL prevents 
enzymatic deactivation by stabilizing the lipase. From 
Fig. 8b, one can observe that immobilized BCL stability 
increased in the first 7 h for all systems (about 75% for 
the control sample and about 100% for samples with IL). 
Cyclohexane (log P 3.34) is a more hydrophobic solvent 
than ethanol (log P −0.30), thus the former is expected to 
cause less impact on enzyme activity [53].

Transesterification reactions

In this study, twelve types of biocatalysts were tested (Fig. 9) 
in olive oil hydrolysis reaction, among them the two most 
efficient IB were IB-C4 and IB-C6. After selection of these 
two IB, they were applied to transesterification reactions 
under conventional heating using crude coconut oil and etha-
nol. Figure 9 shows the study of the effect of oil: ethanol 
molar ratio (1:7 (A), 1:9 (B), 1:10 (C), and 1:12 (D)) as a 
function of the reaction time (24, 48, 72, 96 and 120 h) at 
40 °C for the different biocatalysts (IB-C4 and IB-C6) in the 
transesterification reaction. The best conversions of ethyl 
esters were presented from a comparative table with vary-
ing molar ratios (oil:ethanol) at the best times was given in 
Fig. 9e.

Regarding the presence of IL [C4mim][NTf2] in the modi-
fication of the support, among the biocatalysts tested, the 
conversion of ethyl esters by IB-C4 and IB-C6 was higher 
than the ethyl esters converted by the IB-Control, ranging 
from 24 to 59%, for all investigated molar ratio and time. The 
highest conversion (59%) was for IB-C4 at the 1:7 (molar 
ratio of oil:ethanol) in 96 h of reaction. This increase in 2.27 
fold is possibly due to modifications of the support with 
IL, which caused an increase in the surface area and pore 
volume of the hybrid support (Table 2), leading to greater 
availability of substrate access by the concentrated enzyme 
in the pores of support, and consequently, greater substrate 
accessibility to the enzyme active site [54]. The hydrophobic 
nature of the hybrid support has created a hydrophobic envi-
ronment that may have induced the opening of the BCL cap 
structure, activating the enzyme and increasing its catalytic 
power. Moreover, these results confirm that the interfacial 
activation of the IB on the supports in the presence of IL 
[C4mim][NTf2] was strongly favored by the immobilization 
characteristics, highlighting the biocatalyst (IB-C4) as the 
most active and most promising in synthesis of ethyl esters 
of crude coconut oil and ethanol.

According to the literature, studies involving the pro-
duction of ethyl esters from the Candida antarctica lipase 
transesterification reaction immobilized on macroporous 

Fig. 8   Stability of solvent for 
Burkholderia cepacia lipase 
immobilized in the hybrid sup-
ports (IB-Control) and in the 
hybrid supports modified with 
IL (IB-C4) and (IB-C6) for a 
ethanol and b cyclohexane
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acrylic resin with refined coconut oil are developed by 
the conventional method. Tupufia et al. [55] converted 
80% ethyl esters using a molar ratio (1:3) of oil:ethanol, 
at 50 °C in 50 h and Ribeiro et al. [56] achieved the same 
values of conversion (80%) under the oil:ethanol (1:10) 
molar ratio conditions at 60 °C within 24 h. Assuming 
that the excess impurities (antioxidants, water, phospholip-
ids, sterols) present in crude vegetable oils can negatively 
influence the transesterification reaction and also interfere 
with the process of esters and glycerol separation [57], the 
59% yield of ethyl esters achieved in the present work is 
a favorable finding considering that coconut oil is crude 
and has not been refined, thus reducing the costs of the 
process.

Conclusions

The immobilization of the BCL on hybrid support, 
obtained from PHBV and silica, presented more promising 
results when compared to the isolated supports of origin. 
The synergism of IL use in the hybrid support preparation 
and BCL immobilization was controlled by the hydropho-
bic nature of IL, confirmed by TG analysis and FTIR spec-
tra of immobilized supports.

The hybrid supports prepared with [C4min][NTf2] 
and [C6min][NTf2] show morphological characteristics 
such as increase in surface area and pore volume, result-
ing in an increase of 1.6-fold in yield of immobilization 

Fig. 9   Conversion time of ethyl 
esters using BCL by cova-
lent attachment. Experiments 
performed at 40 °C, 120 h 
reaction and stirring at 80 rpm 
at different molar ratios of oil/
ethanol: 1: 7 (a), 1: 9 (b), 1: 10 
(c), 1:12 (d) and conversion of 
ethyl esters at the best times 
and different molar ratios of 
oil/ethanol (e). Black bar—IB-
Control; blue bar—IB-C4; red 
bar—IB-C6

0 24 48 72 96 120
0

20

40

60

80(a) (b)

(c) (d)

(e)

C
on

ve
rs

io
n/

%

Time/h

 (1:7)

0 24 48 72 96 120
0

20

40

60

80

C
on

ve
rs

io
n 

/%

Time/h

 (1:9)

0 24 48 72 96 120
0

20

40

60

80
C

on
ve

rs
io

n 
/%

Time/h

 (1:10)

0 24 48 72 96 120
0

20

40

60

80

C
on

ve
rs

io
n/

%

Time/h

(1:12)

1:6 1:7 1:9 1:10 1:12
0

20

40

60

80

C
on

ve
rs

io
n/

%

Oil coconut:ethanol/molar ratio



1154	 S. R. S. Martins et al.

1 3

(Ya = 169 ± 3%), as also effect in activation interfacial of 
lipase by decrease α-helix content.

The biocatalysts immobilized on IL modified hybrid 
support ([C4min][NTf2] and [C6min][NTf2]) presented 11 
reuses, maintaining more than 50% of their initial activity 
and the ideal temperature to reach the highest activity was 
50 °C. The application of IBs (with [C4min][NTf2]) in the 
transesterification reactions of crude coconut oil and ethanol 
showed that the maximum conversion to ethyl esters was of 
59%. These results confirm that the interfacial activation 
of the immobilized biocatalyst with [C4min][NTf2] hybrid 
support was strongly favored by the synergistic effect caused 
by the use of IL in its preparation and during the immobi-
lization process. In addition, the data obtained in this work 
are encouraging, once that coconut oil has not undergone a 
refining process.
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