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Abstract
This study deals with lipase immobilization on micro- and mesoporous silica-based materials. The effects of the type of 
support (silica MCM-41, zeolite HZSM-5 (SAR 25), zeolite HZSM-5 (SAR 280), and the silica-aluminas Siral 10, Siral 
20, and Siral 40) were investigated on the immobilization of lipase B from Candida antarctica (CALB) and lipase from 
Rhizomucor miehei (RML). The supports that allowed the highest immobilization efficiencies for the CALB were Siral 40 
(91.4%), HZSM-5 (SAR 280) (90.6%), and MCM-41 (89.4%). Siral 20 allowed the highest immobilization efficiency for 
RML (97.6%), followed by HZSM-5 (SAR 25) (77.1%) and HZSM-5 (SAR 280) (62.7%). The effect of protein concentra-
tion on lipase immobilization was investigated, and the results adjusted well on the Langmuir isotherm model (R2 > 0.9). 
The maximum protein adsorption capacity of the support determined by the Langmuir model was equal to 10.64 and 20.97 
mgprotein gsupport

−1 for CALB and RML, respectively. The effects of pH (pH 7.0 and pH 11.0) and phosphate buffer solution 
concentration (5 and 100 mmol L−1) were also investigated on lipase immobilization. The immobilization efficiency for both 
lipases was similar for the different pH values. The use of 100 mmol L−1 phosphate buffer decreased the lipase immobilization 
efficiency. The biocatalysts (CALB-Siral 40 and RML-Siral 20) were tested in the ethyl oleate synthesis. The conversion of 
61.7% was obtained at 60 °C in the reaction catalyzed by CALB-Siral 40. Both heterogeneous biocatalysts showed increased 
thermal stability compared with their free form. Finally, the reuse of the biocatalysts was studied. CALB-Siral 40 and RML-
Siral 20 maintained about 30% of the initial conversion after 3 batches of ethyl oleate synthesis. Silica-aluminas (Siral 20 and 
40) proved to be a support that allowed a high efficiency of immobilization of lipases and activity for esterification reaction.
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Introduction

Lipases (triacylglycerol ester hydrolases E.C.3.1.1.3) are 
a main group of biocatalysts in the biotechnology field, 
belonging to the class of hydrolases (Kumar et al. 2023). 
They can be obtained from animal, plant, and microbial 
sources. Lipases from microbial sources are the most used 
enzymes industrially (Gog et al. 2012; Chandra et al. 2020). 
Aspergillus niger, Candida rugosa, Humicola lanuginosa, 
Mucor miehei, Rhizopus arrhizus, Rhizopus delemar, 
Rhizopus japonicus, Rhizopus niveus, and Rhizopus oryzae 
are the principal sources of commercial lipases (Chandra 
et al. 2020; Kumar et al. 2023). Candida antarctica lipase 
B (CALB) is the most common lipase used in biocatalytic 
processes (Chandra et al. 2020).

Lipases are versatile catalysts that can be used in vari-
ous applications, not only on a laboratory level but also 
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on an industrial scale, such as detergent production, food 
industries, oleochemical industries, bioremediation, cosmet-
ics, biosensors, probiotics, biofuels, paper industry, leather 
industry, and ester synthesis (Rashmi and Gayathri 2014; 
Pedro et al. 2019; Dutra et al. 2022; Everton et al. 2022; 
Kumar et al. 2023).

This group of enzymes can catalyze hydrolysis and syn-
thesis reactions like esterification, interesterification, alco-
holysis and acidolysis (Reis et al. 2009). Lipases have been 
widely used as a biocatalyst in ester synthesis because they 
accept a wide range of substrates, have high activity, and 
are quite stable in non-aqueous media (Campisano et al. 
2021). The biotechnological approach to ester synthesis 
using lipases has many advantages over the conventional 
chemical process (Reis et al. 2009; Brautaset and Ellingsen 
2011; Sá et al. 2017; Fasim et al. 2021). Lipases can cata-
lyze these reactions in mild conditions, producing a smaller 
quantity of by-products and effluents when compared to 
chemical catalysts since enzymes are highly selective cata-
lysts (Ansorge-Schumacher and Thum 2013; Christopher 
et al. 2014). Although the downstream process is easier in 
industrial enzyme applications due to the high selectivity of 
enzymes, which generate fewer by-products, the recovery of 
enzymes in their free form at the end of industrial processes 
is difficult or even unfeasible (Krajewska 2004). Therefore, 
the immobilization of enzymes can be proposed as one of 
the most relevant alternatives to enzyme catalysis (Mateo 
et al. 2007; Cipolatti et al. 2014; Boudrant et al. 2020).

Enzyme immobilization is required for their use as 
industrial biocatalysts, as immobilization allows enzyme 
reuse (lowering the cost of the biocatalyst) and simplifies 
bioreactors’ overall design and performance control (Rod-
rigues et al. 2013). In addition, an immobilized enzyme is 
usually more stable than its free form and can withstand a 
wider range of reaction conditions, showing higher resist-
ance to inhibitors and chemical reagents (Cipolatti et al. 
2014; Manoel et al. 2016; Pinto et al. 2020; Rodrigues et al. 
2013). There are several ways to immobilize an enzyme. 
The adsorption of enzymes to solid supports is a technique 
commonly used for its relative simplicity, with no need for 
support activation, low cost, and also for the possibility of 
reusing the support through protein desorption (Fernandez-
Lafuente et al. 1998; Mateo et al. 2007; Sheldon and van Pelt 
2013). Protein adsorption on solid surfaces is a spontaneous 
process resulting from several contributions, such as hydro-
phobic dehydration, structural changes, electrostatic interac-
tions, van der Waals interactions, and specific bonds (Reis 
et al. 2009). The enzyme is spontaneously immobilized on a 
preferential and energetic favorable orientation without sig-
nificant change in the tridimensional structure of the enzyme 
and preventing its denaturation (Zhou and Hartmann 2013).

It is known that the material used as support directly 
influences the performance of the biocatalyst (Cunha 

et al. 2014; Cipolatti et al. 2015; Pinto et al. 2020), and its 
choice is fundamental for the success of the reaction. Sev-
eral supports are used to immobilize enzymes: polymers, 
silica, zeolites, activated carbon, hydrotalcite, gold, mica, 
metal–organic frameworks (MOFs), and magnetic nanopar-
ticles (Thangaraj and Solomon 2019). The choice of support 
for enzyme immobilization takes into account some charac-
teristics, such as particle size, surface area, pore diameter, 
thermal stability, chemical durability, hydrophobic/hydro-
philic character, the presence of chemical moieties, good 
sorption properties, mechanical strength, microbial resist-
ance, non-toxicity, loading capacity, and cost (Serralha et al. 
1998; Cipolatti et al. 2014; Thangaraj and Solomon 2019). 
To make industrial products, silica-based carriers provide 
excellent matrices for immobilizing enzymes because they 
have great mechanical strength, thermal stability, and resist-
ance to organic solvents. Various mesoporous silica materi-
als, such as MCM-41 and SBA-15, are extensively used as 
a carrier for enzyme immobilization (Thangaraj and Solo-
mon 2019). Many inorganics materials, such as zeolites and 
highly ordered mesoporous solids doped with aluminas (sil-
ica-aluminas), have large specific areas and high mechani-
cal and thermal stability. These are important features to 
optimize immobilization procedures and obtain solids with 
high enzyme loading (Wang et al. 2012; Gustafsson et al. 
2012; Yu et al. 2013a). Silica-doped aluminas have more 
Brønsted and Lewis acid sites on their surface than alumi-
nas (Hensen et al. 2010). Thus, the electrostatic interactions 
between the support acid sites and enzyme amino groups 
could be enhanced.

Moreover, the increase of silica content on silica-alumi-
nas results in increased hydrophobicity (Chen 1976; Naka-
moto and Takahashi 1982; Tsutsumi et al. 1994), making this 
material promising support for immobilization, especially 
for lipases that hydrophobic surfaces can hyperactivate. Con-
cerning the zeolites, their variable, and wide-range frame-
work topology, the presence of exchangeable cations that 
neutralize the framework charge and reactive silanol groups 
on the surface are important aspects of enzyme immobi-
lization. They also provide several routes for optimizing 
enzyme–support interaction and biocatalyst performance. 
In addition, zeolites may act as a water source essential for 
enzymatic activity when applied to organic phase catalysis 
(Mitchell and Pérez-Ramírez 2011).

Therefore, the immobilization process depends on the 
enzyme molecule and the physicochemical characteristics 
of the support (specific area, particle size, pore structure, 
and nature of functional groups present on the surface) 
(Jesionowski et al. 2014; Boudrant et al. 2020). High load-
ings of enzymes and, consequently, higher activities are 
favored by the supports with higher and accessible specific 
areas (Mitchell and Pérez-Ramírez 2011). The low inter-
action between enzyme and support in the immobilized 
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enzyme might contribute to enzyme desorption (Brady and 
Jordaan 2009).

Immobilized lipases should be highlighted in producing 
several products, such as different esters. Esters are organic 
compounds widely used to prepare other commercial prod-
ucts, from flavors to renewable biofuels (Stergiou et al. 2013; 
Antonopoulou et al. 2016; Ćorović et al. 2020). The produc-
tion of esters by extraction from natural products or fermen-
tation needs to be increased to meet current demand. Thus, 
these compounds can be obtained from the esterification 
reaction between fatty acid and alcohol catalyzed by chemi-
cal catalysts or enzymes. Ethyl oleate is an ester produced 
by the esterification of ethanol and oleic acid and is com-
mercially relevant in many ways. For example, it is the main 
biodiesel component (Wenchao et al. 2020), a vehicle for 
intramuscular drug delivery (Date and Nagarsenker 2008), 
and an important solvent for pharmaceutical processes that 
involve steroids.

Lipase B from Candida antarctica (CALB), lipase from 
Rhizomucor miehei (RML) (commercially named Palatase 
20000L), and their respective commercial immobilized 
forms, Novozym 435 and Lipozyme RM IM, are the most 
employed lipases in ethyl oleate synthesis (Tan et al. 2010; 
Bajaj et al. 2010; Gog et al. 2012; Aarthy et al. 2014; Amini 
et al. 2017). This work aimed to study the immobilization 
process of CALB and RML by adsorption using six differ-
ent supports (zeolites and silica-aluminas). In addition, the 
influence of some immobilization parameters, such as pH, 
temperature, and initial protein concentration, was inves-
tigated. The production of ethyl oleate by esterification in 
a free-solvent system using the biocatalysts produced was 
also performed.

Materials and methods

Chemicals

Oleic acid (P.A) and ethanol (99.8%) were purchased from 
Vetec Química Fina Ltda. (Rio de Janeiro, Brazil). Novo-
zymes Latin America Ltda (Araucária, Brazil) kindly pro-
vided the lipases commercial liquid preparations: RML 
(Palatase 20000L, free lipase from Rhizomucor miehei) and 
CALB (free lipase B from Candida antarctica).

The mesoporous silica MCM-41 was purchased from 
Tianjin Co (China). The HZSM-5 zeolite with chemical 
SAR (SiO2:Al2O3 molar ratio) equal to 25 was supplied by 
CENPES/Petrobras, and that with chemical SAR of 280 
(HZSM-5 SAR = 280) was purchased from Zeolyst Inter-
national. The silica-aluminas, Siral 10, 20, and 40, with 
Al2O3:SiO2 molar ratios of 90:10, 80:20, and 60:40, respec-
tively, were kindly provided by SASOL (Germany).

N2 physisorption

The specific surface area (BET isotherm), the microporous 
volume (t-plot), and mesoporous volumes and pore size dis-
tribution (BJH method) of the upports for enzyme immobili-
zation were measured by N2 physisorption at  – 196 °C using 
an ASAP 2020 Micromeritics automatic analyzer. The sam-
ples were outgassed at 300 °C for 12 h before measuring the 
isotherm.

Immobilization of CALB and RML on zeolites 
and silica‑aluminas

The support (1 g) was mixed with 10 mL of lipase solution 
(10%v/v of CALB or RML diluted in sodium phosphate buffer 
solution at 5 mmol L−1 pH 7) under mild stirring, using a roller 
stirrer at 25 ± 1 °C for 2 h. The supernatant samples (300 µL) 
were periodically withdrawn and analyzed for protein concen-
tration and enzyme activity determination. Then, the immo-
bilized derivatives (support-bound immobilized enzymes) 
were washed with 25 mL sodium phosphate buffer, filtered 
using a Bucher funnel, and stored in a desiccator at 8 °C. The 
immobilized derivatives refer to the enzyme derivatives that 
are chemically or physically bound to a support (or carrier). 
The studied supports were HZSM-5 zeolites with SAR of 25 
and 280, MCM-41, and silica-aluminas (Siral 10, Siral 20, 
and Siral 40).

The initial protein concentration of CALB and RML (C0) 
and the protein concentration of the supernatants, after immo-
bilization time (Cf), were determined through the Bradford 
method (Bradford 1976). The immobilization efficiency (Ef) 
was defined as described in Eq. 1.

Effect of buffer concentration and pH on the immobilization 
process

The influence of two phosphate buffer concentrations (5 and 
100 mmol L−1) and two different pH (7 and 11) was tested on 
lipase immobilization. Both buffer concentrations were studied 
at pH 7, and the adequate buffer concentration (5 mmol L−1) 
for immobilization was evaluated at pH 11. One gram of Siral 
40 was mixed with 10 mL of the lipase solution previously 
diluted (1:10) in sodium phosphate buffer. The immobiliza-
tion process occurred at room temperature (25 ± 1 °C) for 2 h 
under stirring.

(1)Ef =
C
0
− CT

C
0

× 100
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Effect of protein concentration on immobilization process 
and Langmuir adsorption isotherm

The effect of protein concentration on immobilization 
efficiency was studied using the commercial lipase solu-
tion (CALB or RML) diluted in sodium phosphate buffer 
(5 mmol L−1) at pH 7.0. The effect of CALB concentration 
on Siral 40 immobilization was studied using CALB con-
centrations of 0.8, 1.3, 2.2, 3.3, 4.2, and 4.9 mg mL−1. Solu-
tions of RML at 0.9, 1.5, 1.8, 2.4, and 2.7 mg mL−1 were 
employed to study the effect of RML concentration on Siral 
20 immobilization. The experimental data were adjusted to 
the Langmuir isotherm model. The Langmuir adsorption 
isotherm is described as shown in Eq. 2, where Qe is the 
equilibrium concentration of adsorbed protein at the sup-
port (mg g−1), K is the equilibrium constant of adsorption 
(mL mg−1), Qm is the maximum adsorbed mass of protein in 
the support (mg g−1), and Ce is the equilibrium concentration 
of free protein in solution (mg mL−1).

The Langmuir isotherm model for adsorption states that 
the adsorption would occur on active sites at the support 
surface area. It also states that the surface would be homo-
geneous, and thus the adsorption energy of each adsorbate 
would be identical. Due to the limited quantity of active 
sites per g of support, there would be a limit of adsorbate 
that could be adsorbed in a specific support mass, that limit 
being called Qm.

The Levenberg–Marquardt method was used to estimate 
the parameter values which best describe the data. The non-
linear fitting was made using Origin 8.1 software. The con-
vergence criterion was the chi-square minimization with a 
tolerance of 10–9 and the maximum number of interactions 
equal to 50.

Determination of lipase esterification activity

Esterification reactions were carried out using oleic acid and 
ethanol (oleic acid: ethanol molar ratio of 1) (Pedro et al. 
2019). The activities of the lipase-free and its immobilized 
preparations were determined at 30 °C. One esterification 
unit (U) was defined as the enzyme amount that consumes 
1 μmol of oleic acid per minute per gram or milliliter of 
enzymatic preparation under the standard assay condition.

Ethyl oleate synthesis

The enzymatic synthesis of ethyl oleate was carried out in 
a closed batch reactor magnetically stirred and coupled to a 

(2)Qe =
Ce × K × Qm

1 + K × Ce

condenser to avoid alcohol loss. The temperature was kept 
constant by the circulation of ethylene glycol in the reactor 
jacket. The reaction mixture consisted of 15 mmol of ethanol 
and 15 mmol of oleic acid. The progress of the reaction was 
verified by taking samples (50 µL) in duplicate that were 
analyzed by acid–base volumetric analysis for unreacted 
oleic acid. The samples were dissolved in an acetone/etha-
nol mixture (35 mL). The residual oleic acid was determined 
by titration with sodium hydroxide 0.02 mol L−1 using a 
Mettler Toledo T50 Titrator (Pedro et al. 2019). The blank 
tests were performed by adding the support to the reaction 
mixture (without enzyme), and no consumption of oleic acid 
was observed under the experimental conditions.

Effect of temperature on ethyl oleate synthesis

The reactions were carried out at five temperatures (30, 40, 
50, 60, and 75 °C) (Pedro et al. 2019) using 10% v/v of 
the free-liquid enzyme (0.6 mgprotein of CALB/mL or 0.4 
mgprotein of RML/mL) or 20 w/v % of the immobilized deriv-
ative (1.2 mgprotein of CALB on Siral 40/mL or 0.8 mgprotein 
RML on Siral 20/mL). The decay of the activity was fol-
lowed over time.

Effect of enzyme concentration on the ethyl oleate 
synthesis

Esterification reactions were carried out at 30 °C using five 
free enzyme (CALB or RML) concentrations (5, 10, 20, 30, 
and 40% v/v) and three concentrations (3, 10, and 20 w/v 
%) of the immobilized enzymes (CALB-Siral 40 or RML-
Siral 20).

Reuse of immobilized enzyme on ethyl oleate synthesis

The reactions were carried out at 30 °C using 20 w/v % of 
immobilized lipase derivatives (CALB-Siral 40 or RML-
Siral 20). After 30 min of reaction, the immobilized enzyme 
was separated from the reaction media, washed with 5 mL of 
ethanol, and filtered under a vacuum (Aguieiras et al. 2016). 
Then, the recovered enzyme was reused in further esterifica-
tion cycles. The experiments were carried out in duplicate.

Fourier transform infrared attenuated total reflection 
(FTIR‑ATR) spectroscopy

FTIR was used to analyze post-reaction immobilized deriva-
tives, esterification reaction media, esterification reactants, 
and commercial enzymatic solutions. FTIR-ATR spectra 
were recorded on a Perkin Elmer spectrometer (Frontier 
model). The ATR accessory contained an expanded diamond 
window, and each spectrum was corrected after subtract-
ing background signals from the window. All spectra were 
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recorded at room temperature. A special dry system was 
constructed to prevent interference of atmospheric moisture 
in the spectra.

Results and discussion

Textural and acid properties of the supports 
for the immobilization process

Porous silicates are promising carriers for enzyme immobi-
lization because they have a large surface area, narrow pore 
size distribution, well-defined pore geometry, thermal and 
mechanical stability, functional groups for enzyme linking, 
water insolubility, and non-toxicity (Costantini and Califano 
2021). In this work, some microporous (HZSM-5 zeolites 
with SAR 25 and 280) and mesoporous (Si-MCM 41 and 
Siral 10, 20, 40) silica-based solids were used for CALB and 
RML immobilization. The supports’ textural characteristics 
were determined and shown in Table 1.

According to the results of Table 1, all supports have spe-
cific areas greater than 300 m2 g−1, favoring lipase adsorp-
tion. The HZSM-5 zeolites (SAR 25 and SAR 280) are 
microporous solids, and the other solids (MCM-41, Siral 
10, Siral 20, Siral 40) are mesoporous.

Porous solids have been used for lipase immobilization 
due to their larger surface area compared to non-porous 
ones. The presence of porous increases the internal sur-
face area for enzyme adsorption (Mokhtar et al. 2020). The 
disadvantage of porous support is related to mass transfer 
limitations inside the support structure. Diffusional restric-
tions can occur because of substrate and product transport 
inside the biocatalyst particle (internal diffusional restric-
tion). However, the location of enzyme molecules inside the 
pores also protects against possible adverse conditions in the 
reaction medium (Mateo et al. 2007).

The diameter of the support pores must be large enough to 
accommodate the enzyme and allow access to the substrate 

(Kalantari et al. 2017). The ideal pore diameter is reported 
to be 50 to 70 nm (5–7 Å), allowing the immobilization of a 
higher protein load (Thangaraj and Solomon 2019). The pore 
diameters on microporous carriers are too small for enzyme 
diffusion, even though the supports have large surface areas 
(Mokhtar et al. 2020).

The HZSM-5 zeolite pore diameter (Dp) is around 5.5 Å. 
The HZSM-5 zeolites have a pore structure formed by two 
interconnected microporous systems with an aperture of 
5.5 × 5.1  Å and 5.6 × 5.3  Å (Baerlocher and McCusker 
2007). The lipases CALB and RML have an average spheri-
cal diameter of 39.2 Å and 41 Å, respectively (Dumitriu 
et al. 2003; Macario et al. 2005). Therefore, enzyme immo-
bilization should occur mostly on the HZSM-5 particle sur-
face, considering the enzyme diameter.

The other supports (MCM-41, Siral 10, Siral 20, and 
Siral 40) are mesoporous materials (20 Å < Dp < 500 Å). 
The MCM-41 presented a narrow distribution of porous 
diameter with an average dimension of 30 Å. This result 
agrees with the literature that reports 20–60 Å for MCM-41 
pore diameter (Thangaraj and Solomon 2019). The silica-
aluminas (Siral 10, 20, and 40) showed a wide distribution 
of pore diameter in the range of 30 and 200 Å with a pre-
dominance of pores between 50 and 100 Å and can allow the 
immobilization of significant amounts of the enzyme inside 
the pores (Hanefeld et al. 2009; Garcia-galan et al. 2011). 
Figure 1 shows the pore distribution of Siral 20 and Siral 40.

Kalantari et  al. (2017) synthesized octadecyl alkyl-
modified mesoporous-silica nanoparticles (C18-MSNs) for 
lipase immobilization. They observed that lipase immobi-
lization was influenced by the support’s particle size and 
pore structure. The better results were observed when the 
support (C18-MSN-0.5) had a similar pore diameter slightly 
larger than the dimensions of lipase. The optimized pore size 
reduced the lipase leakage and retained the enzyme perfor-
mance during the reuse.

All the studied supports have some acidic character, 
which could cause enzymatic deactivation. It is known that 
pH can significantly influence the enzyme’s microenviron-
ment and protein structure and directly affect enzyme activ-
ity. Therefore, the pH of the solution was measured after 
adding the solid to phosphate buffer (5 mmol L−1 and pH 
7.0) in an experiment without lipase, and the results are 
shown in Table 2. The final solution pH has dropped signifi-
cantly, mainly for HZSM-5 zeolite. It is an important study 
and can help understand the phenomena that occur later.

Study of the immobilization process

The zeolites HZSM-5 with SAR of 25 and 280, Si-MCM-41, 
and silica-aluminas with different Al2O3:SiO2 ratios (90:10, 
80:20, and 60:40, that is, Siral 10, 20, and 40, respectively) 

Table 1   Textural characteristics of the supports

a Specific area (BET), bmicroporous volume (t-plot), cmesoporous vol-
ume (BJH method)

Support SBET
a (m2 g−1) Vmicro

b (cm3 
g−1)

Vmeso
c (cm3 g−1)

MCM-41 910 – 0.849
HZSM-5 (SAR 

25)
360 0.165 0.021

HZSM-5 (SAR 
280)

367 0.166 0.060

Siral10 313 0.010 0.624
Siral 20 338 0.010 0.712
Siral 40 451 - 0.845
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were tested as a support for the lipase immobilization, and 
results are shown in Fig. 2.

The supports that provided the best CALB immobili-
zation efficiency were Siral 40 (91.4%), HZSM-5 (SAR 
280) (90.6%), and MCM-41 (89.4%). Siral 40 was chosen 
for CALB immobilization due to its high specific area and 

mesoporous volume. Although MCM-41 has similar char-
acteristics, it is a low-density material that floated when in 
contact with the reaction media, making the experimental 
procedure difficult under the studied conditions. It can be 
observed that the supports that obtained the highest immo-
bilization efficiencies are more hydrophobic, as they have 
high silica: alumina ratio. It has been widely reported that 
the CALB lipase is intensely activated in hydrophobic mate-
rials (Kim et al. 2006; Talbert and Goddard 2012) due to 
the large hydrophobic surface existing around its active site 
(Uppenberg et al. 1994).

The supports that allowed the highest RML immobili-
zation efficiencies were Siral 20 (97.6%), HZSM-5 (SAR 
25) (77.1%), and HZSM-5 (SAR 280) (62.7%). Due to its 
greater immobilization efficiency, Siral 20 was chosen as the 
immobilization support for this preparation. Lipases from 
different sources can show a different affinity for a given 

Fig. 1   Pore size distribution calculated using BJH method and 
adsorption branch of the isotherms of Siral 20 (a) and Siral 40 (b)

Table 2   Final solution pH after 
support addition to 5 mmol L−1 
phosphate buffer at pH 7.0

Support Final 
solution 
pH

MCM-41 5.4
HZSM-5 (SAR 25) 2.4
HZSM-5 (SAR 280) 3.4
Siral 10 5.0
Siral 20 4.8
Siral 40 4.0

Fig. 2   Effect of support type on immobilization efficiency of lipases 
CALB (a), and RML (b). Immobilizations were carried out at room 
temperature (25 ± 1 °C) for 120 min, using 10 mL of enzymatic solu-
tion (10% v/v, 5 mM phosphate buffer pH 7.0) and 1 g of support
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support. However, generally, the most hydrophobic support 
may immobilize more lipases than a less hydrophobic one 
(Rodrigues et al. 2019).

Siral 40 has a higher SiO2/Al2O3 ratio, a greater number 
of silanol groups (≡SiOH) on its surface, and ismore hydro-
phobic than Siral 20. Therefore, it was chosen to evaluate the 
buffer concentration and pH effect on immobilization since 
Siral 40 also has the greatest specific area and mesoporous 
volume from the set of three promising biocatalysts and the 
higher immobilization efficiency for CALB.

Effect of buffer concentration and pH 
on the immobilization process

Lipases can be adsorbed onto hydrophobic supports using 
phosphate buffer with different concentrations (5–25 mmol 
L−1). This adsorption involves the hydrophobic regions 
around the active site, stabilizing the enzyme in its open 
conformation (Fernandez-Lafuente et al. 1998). Generally, 
hydrophobic adsorptions are enhanced by increasing ionic 
strength, but the effect shows differently for lipase immobi-
lization in hydrophobic supports. Higher ionic strength ham-
pers the open conformation of lipases, avoiding the interfa-
cial activation when interacting with the support (Manoel 
et al. 2015b; Rodrigues et al. 2019).

Some studies use sodium phosphate buffer with a concen-
tration of 5 mmol L−1 at pH 7.0 for CALB and RML immo-
bilization (Manoel et al. 2015a; Bassi et al. 2016; Barsé et al. 
2019; Cipolatti et al. 2020). However, considering the pH 
change, as shown in Table 2, a more concentrated buffer 
solution (100 mmol L−1) was investigated to stabilize the pH 
medium. The higher the buffer concentration, the higher the 
capacity to resist pH changes. Thus, the immobilization of 
CALB and RML onto Siral 40 was performed using 2 con-
centrations (5 and 100 mmol L−1) of phosphate buffer at pH 
7.0. The results are shown in Fig. 3. The pH of the solution, 
using the 100 mmol L−1 phosphate buffer, was 7 for enzy-
matic immobilization and in the control assay (performed 
only with the support without enzyme).

It is possible to observe from Fig. 3 that the increase in 
buffer concentration has significantly decreased the immo-
bilization efficiency. The increase in buffer concentration 
results in an increase in the ionic strength of the solution, 
which could also cause the breakdown of ionic interactions 
between the enzyme molecule and the support (Bornscheuer 
2002). Secundo et al. (2011) also studied the immobiliza-
tion of α-chymotrypsin in Si-Al supports. They suggested 
that the ionic strength of higher concentrations of potassium 
phosphate buffers could cause a loss of the protein amount 
adsorbed on the support.

The concentration of phosphate buffer solution was then 
fixed at 5 mmol L−1 to avoid the decrease in immobiliza-
tion efficiencies of both lipases. A higher buffer pH value 

(11.0) was evaluated since Siral 40 is a slightly acidic 
material. Figure 4 presents the immobilization efficiency 
using a phosphate buffer concentration of 5 mmol L−1 and 
two pH values (7.0 and 11.0). The 5 mmol L−1 phosphate 
buffer solution at pH 11.0 maintained the final pH at 8.0 
for the tested support. The immobilization efficiency for 
both lipases was similar for different pH values, although 
the study of Yu et al. (Yu et al. 2013b) indicates that the 
adsorption media pH affects the immobilization efficiency.

The pH optimum for the enzyme preparations CALB 
and RML is in the range of 5–9 and 7–10, respectively. 
Therefore, the following experiments were conducted with 
5 mmol L−1 buffer solution at pH 7.0.

Fig. 3   Effect of phosphate buffer concentration (5 or 100 mmol L−1) 
on immobilization efficiency of lipases (CALB and RML) at pH 7.0. 
Immobilizations were carried out at room temperature (25 ± 1 °C) for 
120  min, using 10  mL of enzymatic solution (10% v/v) and 1  g of 
Siral 40
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Fig. 4   Effect of phosphate buffer pH (7.0 and 11.0) on immobiliza-
tion efficiency of lipases (CALB and RML). Immobilizations were 
carried out at room temperature (25 ± 1 °C) for 120 min, using 10 mL 
of enzymatic solution (10% v/v, phosphate buffer 5  mmol L−1) and 
1 g of Siral 40
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Protein concentration effect on the immobilization 
process

The immobilization of lipases on silica-aluminas supports 
was studied using different lipase concentrations. CALB was 
immobilized on Siral 40, while RML was immobilized on 
Siral 20, and the results are shown in Fig. 5 and Table 3. The 
increase in the free-protein concentration increased the pro-
tein adsorbed mass onto the support until it reached a protein 
maximum value of 10.64 and 20.97 mgprotein gsupport

−1 for 
CALB and RML, respectively.

Immobilizations were carried out at room temperature 
(25 ± 1 °C) for 120 min, using 10 mL of enzymatic solution 
(phosphate buffer 5 mmol L−1 pH 7.0) and 1 g of support.

Both experimental data fitted the Langmuir adsorption 
model with a high determination coefficient (Table  3), 
confirming the validity of this model to describe enzyme 
adsorption onto silica-aluminas. Langmuir’s adsorption 
model predicts adsorption in a monolayer of adsorbate mol-
ecules on a surface with a limited number of adsorption sites 
(Alves et al. 2017). The higher equilibrium constant obtained 
for RML adsorption could relate to electrostatic interactions 
involving alumina sites or surface silanol groups with the 
enzyme molecule (Macario et al. 2007). CALB adsorption 
onto Siral 40 probably occurs due to hydrophobic interac-
tions since CALB has a highly hydrophobic nature and Siral 
40 contains higher silica content, being more hydrophobic 
(Vescovi et al. 2016).

The effect of immobilized derivatives protein content 
in the esterification reaction (ethyl oleate synthesis) was 
studied, and the results are shown in Fig. 6. The CALB-
Siral 40 esterification activity increased in the range of 0.8 
and 3.3 mgprotein mL−1 of lipase solution. However, activity 
decreased for immobilized derivatives prepared with protein 
concentrations higher than 3.3 mgprotein mL−1. It can indicate 
the formation of lipase clusters at high protein concentra-
tions studied, as reported by Al-Duri and Yong (Al-Duri 
and Yong 2000). The support saturation enables many pro-
tein–protein interactions, leading to conformational changes 
and decreasing the esterification activity (Brito et al. 2017). 
The RML-Siral 20 esterification activity increased with the 
initial protein concentration for all the values studied. Siral 
20 has a higher protein adsorption capacity (Qm) than Siral 
40 (Fig. 5).

The esterification activity values (CALB-Siral 40 and 
RML-Siral 20) were higher than those obtained for free 
lipase (results not shown), showing that the immobilization 
improved the enzyme performance on the esterification 
reaction.

Effect of temperature on ethyl oleate synthesis

The temperature effect on the ethyl oleate synthesis using 
the free or the immobilized enzyme was investigated, and 
the results are shown in Fig. 7. The protein amount was 
equal to 0.6, 0.4, 1.2, and 0.8 mg mL−1 for the reaction cat-
alyzed by CALB, RML, CALB-Siral 40, and RML-Siral 
20, respectively. The temperature optima were 30 °C for 

Fig. 5   Langmuir isotherm model adsorption of CALB on Siral 40 (A) 
and RML on Siral 20 (B). Immobilizations were carried out at room 
temperature (25 ± 1 °C) for 120 min, using 10 mL of enzymatic solu-
tion (10% v/v, phosphate buffer 5 mmol L−1 pH 7.0) and 1 g of sup-
port

Table 3   Parameters of Langmuir isotherm for adsorption of CALB 
onto Siral 40 and RML onto Siral 20

Enzyme Support Qm (mgprotein 
gsupport

−1)
K (mL mgprotein

−1) R2

CALB Siral 40 10.64 2.9 × 107 0.949
RML Siral 20 20.97 4.2 × 108 0.900
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RML and RML-Siral 20. A sharp conversion decrease was 
observed at temperatures higher than 40 °C. Although the 
maximum temperature did not change, higher conversions 
were observed for reactions using the immobilized enzyme 
(RML-Siral 20).

Similarly, higher conversions were observed in reac-
tions catalyzed with CALB-Siral 40 compared to CALB. 
The optimal temperature changed from 40 to 60 °C using 
CALB-Siral 40. Ma et al. (Ma et al. 2016) also observed that 
CALB immobilized onto epoxy-modified silica has greater 
activity than CALB in the temperature range of 0 to 60 °C. 
Therefore, immobilization improved the thermal stability 
of the biocatalyst. This higher stability may be related to a 
stronger interaction between the enzyme and the support, 
which promotes a reduction in the mobility of tertiary lipase 
structure, protecting it from denaturing effects caused by 
temperature and contact with the reaction medium. Thus, 
according to the results presented in Fig. 7, CALB-Siral 40 
is more thermostable than CALB, which is a biocatalyst 
desirable feature in biotransformation processes.

Effect of enzyme concentration on the ethyl oleate 
synthesis

The effect of enzyme concentration on ethyl oleate synthesis 
is shown in Fig. 8. The X-axis was displayed as protein mass 
(mg) so that similar enzyme quantities in both forms (free 
and immobilized) could be compared. The maximum con-
version was observed for a free lipase concentration of 30% 
v/v, corresponding to 1.8 and 1.2 mgprotein mL−1 of initial 
protein concentration for CALB and RML, respectively. It 
seems that enzymatic saturation occurred in an enzymatic 
concentration of 40% v/v (2.4 and 1.6 mgprotein mL−1 for 
CALB and RML, respectively).

CALB-Siral 40 showed slightly lower conversion values 
than CALB (Fig. 8A). RML-20 provided conversion values 
similar to those obtained with RML for initial enzymatic 
concentrations equal to or higher than 0.4 mgprotein mL−1 
(Fig. 8B). It is important to highlight that both immobilized 
enzymes maintained the catalytic properties of lipases in 
nonaqueous media, showing that silica-aluminas oxides are 
promising supports for lipase immobilization and its appli-
cation in organic synthesis. Foresti and Ferreira (2005) 
observed only an oleic acid conversion of 10% using CALB 
immobilized onto polypropylene.

Immobilized biocatalyst reuse

The advantage of using immobilized enzyme preparations 
is that they can be reused in processes, reducing costs. The 
reuse of CALB-Siral 40 and RML-Siral 20 was evaluated 
in the ethyl oleate synthesis. The immobilized biocatalyst 
was reused for 3 batch cycles, and after each batch, the 

Fig. 6   Effect of initial protein concentration during lipase (CALB and 
RML) immobilization on the esterification activity of the immobi-
lized derivative. CALB-Siral 40 (A) and RML-Siral 20 (B)
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Fig. 7   Effect of temperature on oleic acid conversion (after 30 min of 
reaction). The ethyl oleate synthesis was carried out using 10% v/v of 
liquid preparation (CALB or RML) or 20 wt.% of derived immobi-
lized biocatalyst (CALB-Siral 40 or RML-Siral 20)
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immobilized derivative was filtered, washed with ethanol, 
and maintained in a desiccator until the subsequent batch. 
Ethanol was chosen as a washing solvent because it is one of 
the reactants, and considering the previous results obtained 
by our research group (Aguieiras et al. 2016). The use of 
hydrophobic solvents as a washing solvent was also avoided 
because they can reduce the strength of the adsorption of 
the enzyme on the hydrophobic support, favoring enzyme 
desorption. The results are shown in Fig. 9.

Both immobilized derivatives were reused for three 
batch cycles. However, the conversion values decreased 
more pronounced from the first to the second cycle than 
from the second to the third cycle. This behavior could 
be related to lipase desorption or denaturation. Lipase 

immobilized on hydrophobic supports has the active center 
more exposed to the medium. They could be more rapidly 
inhibited by the reactants and be especially sensitive to 
the negative effects of phosphate anions from the buffer 
solution (Rodrigues et al. 2019). José et al. (José et al. 
2011) observed a secondary structural change in commer-
cial immobilized lipase B from Candida antarctica (Novo-
zym®435) after contact with ethanol. The polar solvents 
might distort the enzyme molecule by removing the water 
in the micro-layer surrounding the biocatalyst (Bezbradica 
et al. 2007; Aguieiras et al. 2013; Stergiou et al. 2013).

Immobilization on hydrophobic supports is very strong, 
but the lipases may be desorbed according to the reaction 
conditions. The lipases present in the pores of the support 
would be less subject to leaching (Rodrigues et al. 2019).

After the first cycle, infrared spectroscopy was used to 
evaluate whether the enzyme desorbed or chemical sub-
stances (reagents and products) were adsorbed on the solid 
support. FTIR spectrum is a useful tool to identify certain 
functional groups or chemical bonds on the solid surface 
and the occurrence of changes on the material’s surface (Li 
and Bai 2005). Figures 10 and 11 show the FTIR spectra 
for the support, the free-liquid enzyme, the immobilized 
enzyme, the immobilized enzyme after being used on oleic 
acid esterification and washed with ethanol, and the reac-
tants (ethanol and oleic acid), and the reaction medium 
after the reaction.

Both free lipase spectra (CALB and RML) presented a 
broad band around 3600–2900 cm−1 that can be assigned 
to the stretching vibration of OH groups, which corre-
spond to the asymmetric and symmetric stretching vibra-
tion of water molecules. Moreover, both spectra present a 
band around 1700–1600 cm−1 that is related to the amide I 
absorption of the polypeptide backbone and a band around 
1400–1200 cm−1, which is assigned to CN stretching (NH 
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Fig. 8   Effect of enzyme concentration (mgprotein mL−1) on oleic acid 
conversion (after 30 min of reaction) using lipase on its free form or 
immobilized: CALB and CALB-Siral 40 (A) RML and RML-Siral 20 
(B). Reactions were carried out at 30 °C

Fig. 9   Evaluation of biocatalyst reuse on esterification of oleic acid 
with ethanol at 30 °C using 20 w/v% of immobilized lipases (CALB-
Siral 40 or RML-Siral 20). Each batch cycle lasted 30 min, and three 
cycles were studied
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bending) (Van De Weert et al. 2001; Barth 2007; Kong 
and Yu 2007).

The band around 1700–1600 cm−1 is present in both 
immobilized biocatalysts spectra. Still, it is hardly seen on 
CALB on Siral 40, which indicates a change in hydration 
of the native protein compared to the adsorbed one since 
the immobilization process is followed by a decrease of 
the band region related to water for CALB. Foresti et al. 
(2010) observed that lipase conformation could change 
slightly during adsorption on the immobilization process, 

mostly related to changes in the hydration state between 
native and immobilized forms.

Some bands (2950–2800 cm−1 and 1705 cm−1), related 
to the reactants (oleic acid and ethanol, respectively), were 
observed in the spectra of the immobilized enzymes after the 
reaction, which may reveal that the biocatalyst washing pro-
cedure was not enough to remove all the reactants from the 
immobilized enzyme surface. Reactants on the biocatalyst 
surface probably caused the conversion decrease when the 
biocatalyst was reused. Intensity decreases of some bands 
related to CALB and RML can also be related to enzyme 
leaching.

Conclusions

Six different materials were evaluated as support for enzyme 
immobilization, and silica-aluminas oxides were found to 
provide a great immobilization efficiency, maintaining the 
stability of the resulting biocatalyst. Lower pH value and 
concentration improved the immobilization efficiency. Then, 
lipase adsorption was studied using the best supports for 
each enzyme (Siral 40 for CALB and Siral 20 for RML) and 
an adjusted immobilization media. The Langmuir isotherm 
model described the adsorption of commercial liquid-free 
lipases (CALB and RML) satisfactorily onto silica-alumi-
nas. Even though increased RML concentration on Siral 20 
has improved esterification activity, this behavior was not 
observed for CALB on Siral 40. The esterification activity of 
CALB on Siral 40 presented a maximum value at experiment 
conditions of 3.3 mgprotein mL−1, which probably indicates 
the formation of lipase clusters with the increase in enzyme 
concentration. The optimal temperature observed for ethyl 
oleate synthesis was equal to 30 and 60 °C for RML-Siral 
20 and CALB-Siral 40, respectively.

Both immobilized enzymes could maintain the catalytic 
properties of lipases in nonaqueous media. Moreover, the 
reuse of these biocatalysts was evaluated on ethyl oleate syn-
thesis. Immobilized CALB and RML could be reused for 
three batch cycles. The pronounced decrease in oleic acid 
conversion was probably caused by insufficient reactants 
removal from the biocatalyst surface after each batch cycle 
and possible enzyme leaching, as observed by the FTIR-
ATR spectra. The treatment of the enzyme immobilized with 
glutaraldehyde or polyethyleneimine is a strategy that should 
be studied to prevent the enzyme release. The obtention of 
new biocatalysts in this work and their use in esterification 
reactions shows these biocatalysts’ potential to obtain new 
industrial interest esters.
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