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a  b  s  t  r  a  c  t

Ionic  liquids  (ILs)  have  evolved  as  a new  type  of  non-aqueous  solvents  for  biocatalysis,  mainly  due to
their  unique  and  tunable  physical  properties.  A  number  of  recent  review  papers  have  described  a variety
of  enzymatic  reactions  conducted  in  IL  solutions,  on  the  other  hand,  to  improve  the  enzyme’s  activity
and  stability  in ILs;  major  methods  being  explored  include  the  enzyme  immobilization  (on  solid  sup-
port,  sol–gel,  etc.),  protic  ionic  liquids  used  as  an  additive  process.  The  immobilization  of  the  lipase
from  Burkholderia  cepacia  by  the  sol–gel  technique  using  protic  ionic  liquids  (PIL)  as  additives  to protect
against  inactivation  of  the  lipase  due  to release  of alcohol  and  shrinkage  of  the  gel during  the  sol–gel
process  was  investigated  in  this  study.  The  influence  of  various  factors  such  as  the  length  of the  alkyl
chain  of  protic  ionic  liquids  (monoethanolamine-based)  and  a  concentration  range  between  0.5  and  3.0%
(w/v)  were  evaluated.  The  resulting  hydrophobic  matrices  and  immobilized  lipases  were  characterised
with  regard  to specific  surface  area,  adsorption–desorption  isotherms,  pore  volume  (Vp)  and  size (dp)
according to  nitrogen  adsorption  and  scanning  electron  microscopy  (SEM),  physico-chemical  properties
(thermogravimetric  – TG, differential  scanning  calorimetry  – DSC  and  Fourier  transform  infrared  spec-
troscopy  –  FTIR)  and the  potential  for ethyl  ester  and  emulsifier  production.  The  total  activity  yields  (Ya)
for matrices  of  immobilized  lipase  employing  protic  ionic  liquids  as additives  always  resulted  in higher
values  compared  with  the  sample  absent  the  protic  ionic  liquids,  which  represents  35-fold  increase  in
recovery  of enzymatic  activity  using  the  more  hydrophobic  protic  ionic  liquids.  Compared  with  arrays  of
the immobilized  biocatalyst  without  additive,  in general,  the  immobilized  biocatalyst  in  the presence  of
protic ionic  liquids  showed  increased  values  of surface  area  (143–245  m2 g−1) and  pore  size  (19–38 Å).
Immobilization  with  protic  ionic  liquids  also  favoured  reduced  mass  loss  according  to  TG curves  (always

less  than  42.9%)  when  compared  to the  immobilized  matrix  without  protic  ionic  liquids  (45.1%),  except
for  the sample  containing  3.0%  protic  ionic  liquids  (46.5%),  verified  by thermogravimetric  analysis.  Ionic
liquids  containing  a more  hydrophobic  alkyl  group  in  the  cationic  moiety  were  beneficial  for  recovery  of
the  activity  of the immobilized  lipase.  The  physico-chemical  characterization  confirmed  the presence  of
the  enzyme  and  its  immobilized  derivatives  obtained  in  this  study  by identifying  the  presence  of  amino

alpy
groups,  and  profiling  enth

. Introduction
Lipase (EC 3.1.1.3) is an important enzyme with a wide vari-
ty of applications in the food, fine chemical and pharmaceutical
ndustries due to the multiplicity of reactions it catalyses, such
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 changes  of  mass  loss.
© 2013 Elsevier Inc. All rights reserved.

as esterification, transesterification and hydrolysis [1–5]. Among
them, the lipase from Burkholderia cepacia is distinguished by its
ability to carry out organic synthesis, a feature of great inter-
est to industry [6].  The economy of biocatalytic processes can
be improved by improving the reuse and/or the enzyme itself,
may  improve performance of the enzyme under optimal condi-

tions of reaction process (e.g., temperatures of alkalinity, acidity,
organic solvents, and high), a requirement that has often retarded
enzyme application in industrial chemical synthesis [7,8]. There-
fore, numerous efforts have focused on the preparation of lipases

dx.doi.org/10.1016/j.enzmictec.2012.12.007
http://www.sciencedirect.com/science/journal/01410229
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n immobilized forms, involving a variety of both support materials
nd immobilization methods [6,9].

Compared to chemical methods to immobilize enzymes,
hysico-chemical methods, especially sol–gel encapsulation, mak-

ng it a powerful tool for improving the properties of biomolecules
mmobilized for use as biosensors or biocatalysts [10,11]. A very
arge number of biomolecules have been immobilized by sol–gel
echniques, and generally give better enzymatic activity and sta-
ility; however, there are also some disadvantages in the process
f sol–gel immobilization [12]. One is shrinkage of the gel during
he process of condensation and drying, which can cause denatur-
tion of the enzyme. In addition, the slow diffusion of molecules of
ubstrate for the enzyme within the sol–gel matrix hinders the cat-
lytic activity of the immobilized enzyme in materials with a pore
iameter smaller than 20 Å [13].

One way to overcome these drawbacks could be the use of
dditives to stabilize enzymes and assist in gel formation within
rrays. Recently the use of aprotic ionic liquids as additives in the
mmobilization process has been reported, which could increase
he activity and stability of immobilized enzymes by altering the
ydration shell of the enzyme and reducing shrinkage of the gel
14]. They can also affect the physical properties of the gel by par-
icipating in condensation reactions with free silanol groups [14].

Studies of various additives such as ionic liquids (ILs) have
ecently been suggested as agents that can stabilize enzymes, pro-
ecting the hydration shell around the enzyme and/or causing
onformational changes leading to permanent activation of the
nzyme [15]. Lee et al. [16] reported that the process of immobiliz-
ng the Candida rugosa lipase using the sol–gel technique showed
igh stability and increased enzyme activity, about 10 times over
hat of the lipase in free form. The positive influence of the use of
protic ionic liquids was also reported by Zarcula et al. [17] using
C8mim][BF4] in the process of immobilizing the lipase from Pseu-
omonas fluorescens in hybrid sol–gel matrices as an additive; the
esults obtained with the immobilized biocatalyst showed total
ncome generally exceeding 100%. The use of aprotic ionic liquids
s also reported as additive on the activity and regioselectivity of
hizomucor miehei lipase immobilized, showing that the affinity of
he enzyme for the substrate increased in the presence of ILs more
ydrophobic [18]. In fact, aprotic ionic liquids based on cations pri-
arily in imidazolium and pyridinium showed satisfactory results

n the immobilization of enzymes; however, the use of ionic liq-
ids still has high costs of synthesis, which hinders the industrial
pplication and can be toxic to enzyme [17,19].

Álvarez et al. [20] report that the ionic liquids obtained from
mines, organic and inorganic acids, the so-called protic ionic liq-
ids (PIL), feature low cost and simplicity of synthesis, favouring
ifferent applications including industrial applications. Moreover,
he protic ionic liquids (PILs) have been demonstrated to be
iocompatible with lipases, showing high activity and enantiose-

ectivity in these media [21].
Potential applications have been identified for the use of PIL with

roteins, such as dissolving hydrophobic ligands (e.g., ferrocene), to
ncorporate them into a protein crystal, improving the solubility of
ome proteins and improving monodispersity of proteins, as a pre-
ipitating agent and as an additive [22]. In particular, the potential
f ionic liquids leads to implementing them as additives in the pro-
ess of sol–gel immobilization, for the purpose of protecting against
nactivation of enzymes due to release alcohol and shrinking of the
el during the encapsulation process.

This study aimed to immobilize the B. cepacia lipase in
ydrophobic matrices obtained by a sol–gel technique in the pres-

nce of various protic ionic liquid alkyl chains with different C2, C3,
4 and C5, in addition to varying the content of a particular ionic

iquid additive – C5 (0.5–3.0%, w/v), which has hitherto not been
eported, with physico-chemical properties of ammonium-based,
al Technology 52 (2013) 141– 150

assessing the total yield of recovered activity, potential production
of ethyl esters and emulsifiers, and physical–chemical properties
of the immobilized derivatives.

2. Experimental

2.1. Materials and reagents

Lipase from B. cepacia (Amano Lipase) was purchased from SIGMA – ALDRICH
(Japan). The silane precursor tetraethoxysilane (TEOS) was supplied by Across
Organic (NJ, USA) and used without further purification. Ethanol (minimum 99%
pure), ammonia (minimum 28% pure), hydrochloric acid (minimum 36% pure) and
gum Arabic were obtained from Synth (São Paulo, Brazil). Water was purified by
reverse osmosis and deionized through a Milli-Q four-cartridge organic-free water
purification system. The protic ionic liquids used are shown in Table 1. Other chem-
icals were of analytical grade and used as received.

2.2. Encapsulation of lipase from B. cepacia in sol–gel matrices

A  methodology previously established by Patent PI0306829-3 [23] was used,
and  is briefly described as follows: 30 mL of TEOS was dissolved in 36 mL of abso-
lute  ethanol under an inert nitrogen atmosphere. To this, 0.22 mL  of hydrochloric
acid was dissolved in 5 mL of slowly added ultra-pure water, and the mixture was
agitated (200 rpm) for 90 min  at 35 ◦C. Lipase from B. cepacia (870.71 U)  was dis-
solved in a solution of 10 ml  of water, to which were simultaneously and separately
added 1% (w/v) of the protic ionic liquids C2, C3, C4 and C5. As PIL-C5 has proven
to  be the best additive (see Section 3.1), we also evaluated the effect of varying the
amount of the additive added (0.5–3.0% w/v). 1.0 mL  of ammonium hydroxide dis-
solved in 6.0 mL  of ethanol (hydrolysis solution) were added to the sol–gel reaction,
and the mixture was  kept under static conditions for 24 h to complete polyconden-
sation. The bulk gel was  then washed with heptane and acetone and dried under
vacuum at room temperature for 72 h. For comparison purposes, the encapsulated
lipase (EN) from B. cepacia was prepared similarly in the absence of IL (EN-AIL), and
pure  silica sol–gel (PS) was prepared in the absence of the enzyme or additives. The
sol–gel matrix immobilized lipases were designated: EN-C2, EN-C3, EN-C4, EN-C5

and EN-C5-0.5, EN-C5-1.0, EN-C5-2.0, EN-C5-3.0.

2.3. Enzymatic activity

Enzymatic activities of the free and immobilized lipase samples were assayed by
the  olive oil emulsion method according to a modification used by Soares et al. [24].
The substrate was  prepared by mixing 50 mL  of olive oil with 50 mL of gum Arabic
solution (7% w/v). The reaction mixture containing 5 mL  of the oil emulsion, 4 mL
of  sodium phosphate buffer (0.1 M, pH 7.0) and either free (1.0 mL, 0.1 mg mL−1) or
immobilized (≈250 mg) lipase was incubated in a thermostated batch reactor for
either 5 min  (free lipase) or 10 min  (immobilized lipase) at 37 ◦C. A blank titration
was  done using a sample in which the enzyme was replaced with distilled water.
The  reaction was stopped by the addition of 2 mL of acetone–ethanol–water solution
(1:1:1). The liberated fatty acids were titrated with potassium hydroxide solution
(0.04 M)  in the presence of phenolphthalein as an indicator. All reactions were car-
ried  out in triplicate. One unit (U) of enzyme activity was  defined as the amount
of enzyme that liberated 1 �mol  of free fatty acid per min (�mol  min−1) under the
assay conditions (37 ◦C, pH 7.0, 80 rpm).

Analyses of hydrolytic activities were carried out on the lipase loading solution
and  bioencapsulated preparations to determine the total activity recovery yield, Ya

(%), according to Eq. (1):

Ya = Us

Uo
× 100 (1)

where Us is the total enzyme activity recovered on the support and Uo is the enzyme
units offered for immobilization.

2.4. Ethyl esters and emulsifier production

Transesterification reactions catalysed by the lipase from B. cepacia were
performed under the conditions proposed by Noureddini et al. [10]. The transesteri-
fication reactions were carried out in batch reactors, submerged in a thermostatic
bath to keep each mixture at constant temperature and under agitation. The reac-
tion was initiated by mixing soybean oil and ethyl alcohol (ratio 1:15.2), 0.075 g
water, and lastly the free or immobilized B. cepacia (EN-AIL or EN-C5), as PIL-C5

proved to be the most potent additive (see Section 3.1). The equivalent of 38.3 U of
enzyme were added to each sample. Aliquots were removed at different time inter-
vals  and analysed by a GC gas chromatograph equipped with a CARBOVAX (30 m ×
0.25 mm × 0.25 �m) column. Column temperature was initially kept at 140 ◦C for

1  min, increased to 180 ◦C at a rate of 4 ◦C per minute, maintained for 2 min, then
increased to 230 ◦C at a rate of 10 ◦C per minute, where it was  maintained for a fur-
ther  10 min. The temperatures of the injector and detector were set to 250 ◦C. Ethyl
ester conversion (%) was  defined as the observed amount of product divided by the
theoretical yield if all the soybean oil was converted.
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Table 1
Structure of protic ionic liquid used in this work.

Abbreviation Organic acid Structure (nomenclature)

C2 Acid acetic

C3 Acid propionic

C4 Acid butyric

C5 Acid pentanoic
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activity was  a positive effect up to a level of 1% (w/v) of the content
as added IL-C5 in the immobilization process.

Other favourable results in the use of additives employed
for sol–gel immobilization of lipases have also been reported;

Table 2
Influence of alkyl chain lengths of the PIL, and concentration on recovery of total
activity recovery yield of the immobilized samples.

Sample Water content (%) A. Total (U)

EN-AIL 21.88 374.4
EN-C2

a 11.10 9923.7
EN-C3

a 15.77 12,136.1
EN-C4

a 14.20 11,812.9
EN-C5

a 10.70 13,291.5

EN-C5-0.5b 7.71 1958.6
EN-C5-1.0b 10.70 13,291.5
The esterification activity of the immobilized lipase was determined by the for-
ation of isopropyl laurate in a reaction of isopropyl alcohol with lauric acid in

epane in the ratio (1:2.34) at 52.5 ◦C. The reaction was initiated by the addition
f  5.25% (w/v) of immobilized lipase and 10% (w/v) molecular sieves, (3×,  3.2 mm,
eppets – Sigma) to the reaction medium (5.0 g) at 150 rpm, followed by agitation
or 10 min. The amount of isopropyl laurate formed was  quantified by titration of
aOH (0.01 M).  One unit of activity (esterification) was defined as the amount of
nzyme leading to the formation of 1 mol  of isopropyl laurate per minute under the
est conditions. The yield of esterification was  quantified based on the blank sample.

.5. Morphological and physico-chemical properties

The surface areas of the pure silica gel and immobilized lipase derivatives were
alculated using the Brunauer–Emmett–Teller method [25]. Pore volume and aver-
ge pore diameter based on model developed by Barret, Joyner and Halenda (BJH)
alculations for mesoporous samples, for microporous samples by t-method. Surface
reas were evaluated according to their N2 adsorption at 77 K using BET apparatus
oftware (Model NOVA 1200e – Surface Area & Pore Size Analyzer, Quantschrome
nstruments – version 11.0). Prior to analysis, samples were submitted to a thermal
reatment at 120 ◦C for 48 h, to eliminate any water existing within the pores of the
olids.

Thermogravimetric (TG) curves were obtained using a Shimadzu DTG-60H
imultaneous DTA-TG apparatus, under a nitrogen atmosphere that started from
oom temperature and went up to 1000 ◦C, increasing at a heating rate of
0 ◦C min−1. DSC curves were obtained in a Shimadzu DSC-60, under a nitrogen
tmosphere that started from room temperature and was then increased to 500 ◦C
t  a heating rate of 10 ◦C min−1. Scanning electron microscopy (SEM; model Hitachi
U-70) was  also used to characterise the surfaces of the samples.

The samples of immobilized lipase in the presence and absence of additive
EN-AIL and EN-C5-1.0) were submitted to FTIR analysis (spectrophotometer FTIR
OMEMMB-100). Spectra were obtained in the wavelength range from 400 to
000 cm−1.

SEM was  used to characterize the morphologies of the immobilization products
f the EN-AIL and EN-C5-1.0 samples.

. Results and discussion

.1. Enzymatic activity of the immobilized sol–gel
The use of PIL as an additive was found to have various effects
oth in the process and in retaining the catalytic activity of the

mmobilized enzyme. The results show that the increased alkyl
ide chain of PIL, added at 1.0% (w/v), enhanced the yield of
immobilization (Ya) with values always higher than 1000%. The
absence of additives enabled us to detect only a 43% yield of the
enzymatic activity (Fig. 1a). The increase in enzyme activity also
occurred in immobilized lipase using additives; however, increas-
ing the number of carbon atoms (in the additive) allowed values
near the enzymatic activity (Table 2). According to Moniruzzaman
and co-workers [26] and Zhao and co-workers [27], this is due to
the use of an additive which acts as a mold, coating the surface
of silica and protecting channels and the enzyme during shrink-
age and collapse the gel pores as well as behaving as a stabilizer to
protect the enzyme from inactivation, the release of alcohol during
hydrolysis of a silicon alkoxide.

The best recovery of activity was  observed in the sample con-
taining the ionic liquid with the most hydrophobic character (IL-C5)
employed during the immobilization process. The results demon-
strate this positive effect, evidenced by the excellent values in the
recovery of activity (Ya = 1526%) representing an increase of 35
times compared with a sample EN-AIL. The increased recovery of
EN-C5-2.0b 13.69 6987.9
EN-C5-3.0b 18.21 6428.1

a Immobilized with different alkyl chain lengths with PIL.
b Immobilized in different concentrations of more hydrophobic character of PIL.
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esterification reaction catalysed by derivatives and immobilized
lipase from B. cepacia,  represented less than 5% conversion in the
formation of isopropyl laurate.

Table 3
Transesterification reaction of soybean oil and ethanol, catalysed by sol–gel immo-
bilized lipase from Burkholderia cepacia absent of ionic liquids, the presence of 1.0%
(w/v) ionic liquid and free enzyme.

Sample Ethyl esters (%) Reaction timea (h)
ig. 1. Total activity recovery yield for enzyme Burkholderia cepacia encapsulated in
L  with different numbers of carbon atoms and (b) immobilized in different concen

owever, the values reported were much lower than those found
n our work. Soares et al. [2] found a Ya of 60% for C. rugosa lipase
n silica using PEG-1500 as the additive. Zarcula et al. [17] also
bserved the recovery of lipase from P. fluorescens was always over
00% in hybrid sol–gel matrices using an aprotic ionic liquid as an
dditive.

Immobilization studies of the according with researches may
roduce alterations observed in their activity, specificity or selec-
ivity. Although in many cases an impoverishment of the enzyme
roperties is observed upon immobilization (caused by the dis-
ortion of the enzyme due to the interaction with the support) in
ome instances such properties may  be enhanced by this immo-
ilization. These alterations in enzyme properties are sometimes
ssociated with changes in the enzyme structure. Occasionally,
hese variations will be positive. For example, they may  be related
o the stabilization of a hyperactivated form of the enzyme, like
n the case of lipases immobilized on hydrophobic supports via
nterfacial activation. Furthermore, immobilization of enzymes on

 support, mainly on a porous support, may  in many cases also
ave a positive impact on the observed enzyme behaviour, not
eally related to structural changes. For example, the promotion of
iffusional problems (e.g., pH gradients, substrate or product gra-
ients), partition (towards or away from the enzyme environment,
or substrate or products), or the blocking of some areas (e.g., reduc-
ng inhibitions) may  greatly improve enzyme performance [28]. In
his work we studied the influence of changes in the number of
arbon atoms in the ionic liquid (monoethanolamine-based) and
erified that the best total activity yield used the most hydropho-
ic additive (IL-C5) to immobilize the enzyme from B. cepacia. In
able 2, derivatives immobilized with additive always presented
alues for water content below those of the fixed assets without
dditive (21.88%). These results demonstrate the effects caused by
he use of an ionic liquid of hydrophobic character, in fact, when
he enzyme immobilized within a porous solid (such as ionic liq-
id and the porous inert support) some inactivating the enzyme
ources, such as aggregation and adsorption of hydrophobic sur-
ace are minimized [8],  however, the presence of water is very
mportant because it forms a hydration shell around the enzyme,
nducing lipolytic activity. That can be achieved by the presence
f hydrophobic ionic liquids. Possibly the hydrophobicity of the PIL
rovided this environment, inducing the presence of water next the
nzyme. Since the hydrophilic nature of ionic liquids can inactivate
ipases in a nonaqueous medium by taking away the water that is

ssential for maintaining the active conformation of the enzyme
2,29].  Palomo et al. [18] also relate to the positive effect on the
ydrolysis reaction indicating that the affinity of the enzyme for
he substrate increased in the presence of ILs more hydrophobic.
el matrices for hydrolysis reaction: (a) immobilized in the absence and presence of
s of IL-C5.

This effect has been reported for Candida antarctica lipase B [30].
In this work it has also been possible to verify the effect of vary-
ing the concentration of a particular additive (IL-C5) on the process
of immobilization; we observed that upon addition of up to 1.0%
(w/v), there was an increase in the total activity recovery yield, but
further increases in the amount added only decreased this value.
This fact can be explained by the excess PIL saturation providing
the additive process (Fig. 1b).

3.2. Ethyl esters and emulsifier production

After the excellent results obtained for sample recovery yield
of enzyme activity (EN-C5-1.0) were observed, the potential reac-
tions of esterification and transesterification for the synthesis of
ethyl esters and emulsifiers were examined (Table 3). For the pro-
duction of ethyl esters, the lipase in its native form showed 74.7%
conversion in 48 h of reaction, whereas the sample immobilized
in the presence of 1.0% PIL achieved the maximum conversion of
46.5% within 72 h; however, the assets without the presence of PIL
showed drastic decreases in the conversion of triglycerides into
ethyl esters, reaching only 1.3% in 48 h.

The same reaction conditions for ethyl ester production were
used with B. cepacia immobilized in silica to obtain hydrolysis of
tetramethoxysilane (TMOS) and showed an improved ethyl ester
conversion rate of 65% [10]. The use of ionic liquids in transesterifi-
cation reactions with lipases has been reported by several research
groups [31,26]. Ha et al. [32] reported that the hydrophobic nature
of ionic liquids favours the enzymatic transesterification reactions
of soybean oil, increasing the solubility of the reaction.

In this sense, we  observed the positive effect caused by the addi-
tion of protic opening groups in the conversion of triglycerides into
ethyl esters for the immobilization technique utilized in this work.
However, the potential production of emulsifiers, verified by the
Free enzyme 74.7 48
EN-AIL 1.3 48
EN-C5-1.0 46.5 72

a Reaction time with higher conversion.
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Table 4
Influence of concentration and the alkyl chain protic ionic liquid used as an additive
in  sol–gel immobilized lipase in the textural properties of adsorption–desorption of
nitrogen.

Sample Surface area
(m2 g−1)

aPore volume
(cm3 g−1)

Pore diameter
(Å)

Pure silica 224 0.21 35
EN-AIL 143 0.05 19
EN-C2 72 0.005 19
EN-C3 176 0.02 24
EN-C4 241 0.04 24
EN-C5 245 0.08 30

EN-C5-0.5 164 0.02 26
EN-C5-1.0 245 0.08 30
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Region I in the weight loss thermographs is mainly associated
EN-C5-2.0 181 0.15 38
EN-C5-3.0 121 0.08 38

a Pore volume calculated from nitrogen desorption.

.3. Morphological characterization of samples of lipase

.3.1. Specific surface area and porous properties
The addition of PILs changed the morphological structure of

he immobilized biocatalysts (Table 4). Only IL addition of more
ydrophobic groups (C4 and C5) correlated with increases in sur-

ace area when compared with the pure silica matrix; however,
ompared with immobilized matrices without additive (EN-AIL),
ll immobilized derivatives showed increases in surface area, pore
olume and average pore diameter. The largest pore size and sur-
ace area were obtained when the additive was increased to C5 in
he sol–gel process. The effect of the concentration of the IL-C5 bio-
atalyst can be seen in Table 4. Concentrations above 2.0% (w/v) had
ositive effects on the pore diameter (38 Å); however, the immo-
ilized matrices also showed reduced surface area (245 m2 g−1)
ompared with 1.0% (w/v). In this case, the use of a support coated
ith the ionic liquid may  allow penetration of the enzyme inside

he bed (because the pores increase), while increasing the num-
er of coupled enzymes and consequently increasing the yield of

mmobilisation [33]. This type of support (with ionic additives) has
een used to stabilize �-galactosidase and �-galactosidase from
hermus sp. strain T2 [34,35], different d-amino acid oxidases [36],
ormate dehydrogenase from Candida boidinii [37], different alco-
ol oxidases [38], etc. Therefore, in EN-C5-1.0, the magnitude of the
olume adsorbed became larger, indicating that an optimal amount
f the additive was being absorbed in the preparation of the immo-
ilized samples, leading to materials with increased surface areas,
p to a maximum, and then decreasing; in fact, excess PIL may  block
he pores, causing the decrease in surface area (Table 4).

Thus, from the nitrogen adsorption–desorption measurements,
t is clear that the additive acted as an agent of pore formation. A
imilar profile was observed by Vila-Real et al. [29], who  reported
hat the addition of IL in the process of sol–gel immobilization
ad an important role in the performance of the enzyme, affecting
he structural characteristics of the immobilized biocatalyst. Souza
t al. [39] reported that the addition of Aliquat 336 (a quaternary
alt) during sol–gel immobilization of the lipase from Bacillus sp. ITP
001 modified the porous structure of the immobilized derivatives,
ncluding enlarging the pores (92 Å) and increasing the surface area
183 m2 g−1) and pore volume (0.36 cm3 g−1). This behaviour was
lso reported by Zarcula et al. [17] during encapsulation of lipase in

 hydrophobic matrix with a large number of hydrophobic groups,
ince the hydrophobic liquids induced significant changes in the
orous structure of the biocatalyst.

The consistency of these results is in good alignment with the
ell-known fact that a more hydrophobic microenvironment is
eneficial to lipase activity [2].  The higher values of total activity
ecovery yield may  also be associated with the pore size and surface
rea, the rate of enzymatic reaction depending on the accessibility
al Technology 52 (2013) 141– 150 145

of the substrate to the enzyme, considering the rate of diffusion of
the substrate for the enzyme within the structure of the silica cage.
Once the enzyme is already within the channel pore after gela-
tinization, the pore channels need to be just large enough to allow
diffusion of molecules of substrate and product molecules to reach
the enzyme within the matrix cage [2].  Thus, circumvents the lim-
itations suggested by Brady and Jordaan [7],  where the application
of immobilized enzymes may  be limited by the size of substrate
molecules prone to mass transfer limitations. Therefore, with the
addition of 1.0% (w/v) IL-C5 in the process of immobilizing the lipase
from B. cepacia,  enlarging of the pores and increase in the surface
area can be clearly seen in relation to the biocatalyst without the
ionic additive.

The sample of pure silica (Fig. 2a) showed a type IV isotherm
with a hysteresis loop, which is usually exhibited by meso-
porous solids [40]. The results observed for pure silica in the N2
adsorption–desorption tests agree with those of the isotherms with
H2 hysteresis loops, which is a characteristic of mesoporous mate-
rials and generally associated with pores with narrow necks and
wide bodies [41]. For the samples EN-AIL and EN-C2 (Fig. 2b and c
respectively), the isotherm is of type I, showing a rapid increase of
gas adsorbed as the pressure is increased until a plateau is reached.
This isotherm is characteristic of microporous solids having rela-
tively small external surface areas, and is also obtained when the
adsorption forms only a monolayer [42].

The matrix sol–gel immobilized lipase from B. cepacia,  in the
presence of PIL with different numbers of carbon atoms in its
structure (Fig. 2) and changes in the concentration of the most
hydrophobic ionic liquid (IL-C5), showed the type IV isotherms
and loop hysteresis characteristic of type H2, which in most cases
displays a prominent region in which the relative pressure and
volume vary little but the adsorption increases sharply [43]. How-
ever, as shown in Fig. 3, the increased concentration of IL present
in fixed assets produced an enlargement of the hysteresis associ-
ated with the secondary process of capillary condensation, and as a
result enabling more complete filling of the mesopores at relative
pressures less than 1 [39,42].

3.3.2. Thermogravimetric analysis – TG
The mass losses of samples of pure silica (PS), biocatalyst free

(free), immobilized with additive (EN-C2, C3, C4, C5 and EN-C5-0.5
to 3.0) and without additive (EN-AIL) were determined by ther-
mogravimetric analysis (TGA). The weight losses obtained after
heating each sample to 1000 ◦C are reported as TGA weight loss
in Table 5. The weight loss observed is due to mostly degradation
of the enzyme present in the samples. The TGA curves for all the
immobilized samples with the different additives are shown in
Fig. 4. It can be observed that the PS sample showed a weight loss
of only 22%. This weight loss can be attributed to the presence of
un-reacted silanol groups from the TEOS, which are present in the
silica because of incomplete sol–gel reactions [43]. A part of this
weight loss is also due to the removal of water molecules, which
were tightly bound to the silica matrix [44]. Soares et al. [24]
correlated a lower mass loss obtained by an immobilized additive
with an increased thermal stability of the matrix, resulting from
interactions between silane precursors and organic components
(additives and lipase).

The matrices with immobilized IL-C2, C3, C4 and C5 showed
similar values of mass loss; however, in the samples with various
concentrations of IL-C5 (Fig. 5), we observed a trend of increasing
mass loss, possibly influenced by the additional volume of protic
ionic liquid. The thermographs were divided into three regions.
with extraction of the water in the surface and decomposition
of amino groups, usually of organic groups, up to a tempera-
ture of 200 ◦C. Weight loss associated with this region may  also
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Fig. 2. Nitrogen adsorption–desorption isotherms of the pure silica gel and im
e related to the presence of water ionically associated stoi-
hiometrically to the cation or anion; this water may  be either
xed or random, occupying positions in the lattice of the sol–gel
atrix. Region II, comprising the range between 200 and 600 ◦C,
ized samples: (a) PS, (b) EN-AIL, (c) EN-C2, (d) EN-C3, (e) EN-C4, and (f) EN-C5.
is associated with condensation of silanol groups and some loss
of organic constituents (C, H, O and N) in the form of volatiles
either present or formed by the beginning of organic decompo-
sition, including lipase. In Region III, the weight loss is associated
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Fig. 3. Nitrogen adsorption–desorption isotherms of the pure silica gel and im

ith final dehydroxylation reactions and definitive carbonisation
f organic compounds, including the lipase [24]. In the range above
50 ◦C, either the thermal stability of the material is reached or

t completely breaks down, as occurred with the sample of free
iocatalyst.

Therefore, the lower values obtained for the weight loss associ-
ted with the lipase of B. cepacia encapsulated derivatives are the
esult of an increased matrix thermal stability resulting from inter-
ctions among silane precursors and organic components (lipase
nd ionic liquids), as observed by Soares et al. [24].

.3.3. Differential scanning calorimetry – DSC

Differential scanning calorimetry, or DSC, is a technique in

hich a sample is subjected to controlled heating, and heat flow in
nd out of the sample is measured. Through this technique, phase
ransitions in different materials can be studied. These transitions

able 5
otal loss of mass of the pure silica samples, free enzyme and immobilized of lipase from

Samples Total loss of mass (%) Samples 

Biocatalyst free 99.1 EN-C2

Pure  silica 22.6 EN-C3

EN-AIL 45.1  EN-C4

EN-C5
ilized samples: (a) EN-C5-0.5, (b) EN-C5-1.0, (c) EN-C5-2.0, and (d) EN-C5-3.0.

give rise to endothermic or exothermic peaks over the temperature
range in a DSC scan.

The sample containing lipase from B. cepacia as the free enzyme
(Fig. 6a) showed a first endothermic peak temperature of 98 ◦C
and an enthalpy of 177.7 J g−1; the other peaks were less signif-
icant and were associated with decomposition of organic matter
and loss of water. The sample of pure silica (PS) showed only one
endothermic transition, with a peak temperature of 65 ◦C and an
enthalpy of 364.3 J g−1. Comparing the immobilized samples with
additives C2, C3, C4 and C5 to the sample without additive (EN-AIL)
presented the results of changes in temperature of the exother-
mic  peaks, since the increase in the number of carbon atoms of the

ionic liquids in the process of immobilization increased the tem-
perature of the exothermic peaks of the samples (EN-C2 = 364.9 ◦C,
EN-C3 = 392.5 ◦C EN-C4 = 404.1 ◦C and EN-C5 = 443.2 ◦C). These DSC
curves are shown in Fig. 6(a).

 B. cepacia.

Total loss of mass (%) Samples Total loss of mass (%)

38.1 EN-C5-0.5 37.1
40.8 EN-C5-1.0 41.4
36.6 EN-C5-2.0 42.9
41.4 EN-C5-3.0 46.5
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ig. 4. Thermogravimetric curve of samples with the biocatalyst free (Free), with-
ut additive (EN-AIL) and immobilized with ionic liquid EN-C2,  C3, C4 and C5 at
0 ◦C min−1 under nitrogen atmosphere.

However, the main change caused by the increase in the
oncentration of IL-C5 immobilized in the matrix is related to
he exothermic peak, which increased the energy of enthalpy of
hese peaks (EN-C5-0.5 = 233.3 J g−1, EN-C5-1.0 = 277.4 J g−1, EN-C5-

−1 −1
.0 = 287.5 J g , EN-C5-3.0 = 351.2 J g ). This behaviour could be
ssociated with the loss of water still present in the sample by
eans of so-called “water of hydration,” and strongly present in

he lattice of fixed assets, since it is possible that water can be

ig. 6. DSC curves at 10 ◦C min−1 under nitrogen atmosphere of samples: (a) pure silica
mmobilized in different concentrations of IL-C5.
Fig. 5. TG curve of samples immobilized with C5 ionic liquid at 20 ◦C min−1 under
nitrogen atmosphere.

maintained on the surface of silica gel by different forces of interac-
tion: “dispersive forces” (e.g., physically connected water), “polar

forces” (e.g., hydrogen from water ions), or by “chemical forces”
(e.g., silanol groups that condense siloxane bonds with the release
of water) [24]. This fact contributed to the choice of additives with
the ionic and hydrophobic properties studied in this work, as well

 (PS), biocatalyst free (free), absence of IL (AIL) and EN-C2, C3, C4 and C5 and (b)
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Fig. 8. Scaning electron micrographs for 

s the influence of hydration layers and the strength of interactions
etween the enzyme and the support (Fig. 6b).

.3.4. Fourier transform infrared spectroscopy – FTIR analysis
When samples of the B. cepacia lipase encapsulated in either the

bsence (EN-AIL) or presence (EN-C5-1.0) of additive were char-
cterized by FTIR, both samples showed the same characteristic
TIR spectrum, with bands at 650 cm−1 (Si O Si silica), 800 cm−1

Si O Si silica) and 950 cm−1 (Si O Si silica) (Fig. 7). As described
n the literature [24], the lipase has two characteristic bands at
600 and 1650 cm−1 (primary and secondary amino groups) as
xhibited in Fig. 7. Those bands are also displayed in the spectra
or the immobilized derivatives, revealing the presence of primary
nd secondary amino groups (lipase), particularly in samples EN-
IL and EN-C5-1.0; they are more evident in sample EN-C5-1.0,
robably due to the positive effect of the ionic liquid.

The consistency of the results, which showed higher peak inten-
ity amino (corresponding to the presence of enzymes) in the
ample of immobilized lipase sol gel employing PIL as an additive,
ompared to the sample in the absence of additive (EN-AIL), can be
erified by observing the values for conversion of ethyl esters seen

n Table 3, where the results show higher values for samples immo-
ilized using the ionic liquid. This same effect can also be verified
ith regard to the analysis of enzymatic activity, previously seen

n Table 2.
al Technology 52 (2013) 141– 150 149
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ence and presence of protic ionic liquid (EN-AIL and EN-C5-1.0, respectively).

-AIL (×2000) and (b) EN-C5-1.0 (×2000).

3.3.5. Scanning electron microscopy (SEM)
SEM micrographs of the pure silica gel and immobilized lipases,

in the presence or absence of ionic liquid, are shown in (Fig. 8a
and b). Conditions of porosity, surface area and pore volume in gels
containing lipase activity resulted in a favourable environment for
the catalytic reactions. The SEM studies only deliver information
regarding the general morphology of the particles, and not on the
actual conformation of the internal porous structure, but that was
confirmed by analysis of nitrogen adsorption. It can be observed
that matrix immobilized in the absence of additive showed low sur-
face porosity (Fig. 8a). On the other hand, the encapsulated lipase
in the presence of protic ionic liquid (Fig. 8b) showed a surface that
appears to be more porous.

4. Conclusions

The lipase from B. cepacia immobilized by a sol–gel was success-
fully encapsulated technique in the presence of protic ionic liquids.
Sol–gels produced in the presence of PIL, in general, showed total
activity yields of more than 1000% compared with the immobi-
lized enzyme without additive. However, the number of carbon

atoms characteristic of each IL was  the key determining factor for
these results, since the immobilized lipase together with the most
hydrophobic PIL (C5) at a concentration of 1.0% (w/v) showed the
best total activity recovery yield representing an increase of 35
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