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Abstract: The immobilization of Amano Lipase A from
Aspergillus niger by adsorption onto Stober silica
matrix obtained by sol-gel method was studied. The
effectiveness of the enzyme immobilization and thus
the usefulness of the method was demonstrated by
a number of physicochemical analysis techniques
including Fourier Transform Infrared Spectroscopy
(FT-IR), elemental analysis (EA), thermogravimetric
analysis (TG), porous structure of the support and the
products after immobilization from the enzyme solution
with various concentration at different times. The analysis
of the process’ kinetics allowed the determination of the
sorption parameters of the support and optimization of
the process. The optimum initial concentration of the
enzyme solution was found to be 5 mg mL?, while the
optimum time of the immobilization was 120 minutes.
These values of the variable parameters of the process
were obtained by as ensuring the immobilization of the
largest possible amount of the biocatalyst at the most
economically beneficial aspects of the process.
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1 Introduction

Lipases are widely used as natural biocatalysts mainly
in the hydrolysis of triglyceride chains [1]. Among others,
the cleavage of the ester bond is of great importance for
biodiesel production, synthesis of pharmaceuticals and
cosmetics and in many branches of the food industry
[2]. Low thermal stability, narrow pH range and a fast
decrease in the catalytic activity are the main factors
that limit the industrial use of lipases [3,4]. Lipase
immobilization has been proposed to improve its stability
and activity [5,6]. Among many methods proposed for
protein immobilization, the most important and useful is
immobilization by adsorption [7-9].

The greatest advantage of this method is its low cost,
universality and a wide range of possible supports showing
good adsorption properties [10]. The supports can be
either synthetic materials (mainly silicas) [11,12] or natural
ones such as chitin and chitosan [13-15]. They are also
characterized by high stability, well-developed surface
area, and the possibility of surface functionalization with
many modifying compounds [16,17]. Due to the unique
properties of such materials, especially highly ordered
mesoporous structures, they are widely used in the
enzyme immobilization [18-20].

Among many silica supports of different structures,
much interest has been paid to mesoporous silica SBA-15.
The adsorption of lipase from Candida sp. 99-125 on this
matrix, functionalized with silane was described [21]. The
matrix with the immobilized biocatalyst showed over 70%
of the original catalytic activity even after eight catalytic
cycles, while the free enzyme lost activity after three
cycles. The process of immobilization of the lipase from
Candida antarctica on the same matrix was performed and
the product kept its catalytic activity after eight catalytic
cycles [22].

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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Interesting results have been obtained for lipases
immobilized on the sol-gel silica activated by multi-walled
carbon nanotubes, which permitted their use in organic
solvents [23]. The activity of lipases immobilized on the
modified silica was seven times higher compared to the
system without the modifying agent. The lipase from
Candida rugosa immobilized on hexagonal mesoporous
silica — MSU-H [24] was used in organic media, the
content of the immobilized enzyme on the samples
obtained was up to 64.5 mg of the protein per 1 g of the
support.

The silica support was used for immobilization by
adsorption of Burkholderia cepacia lipase. The products
showed an increased stability and prolonged catalytic
activity. The amount of the immobilized enzyme proved
not to be directly related to the catalytic activity, e.g. the
product containing 25 mg of enzyme per 1 g of the support
showed the same activity as the one containing 120 mg of
the enzyme per 1 g of the matrix [25].

The aim of this paper was to present a comprehensive
analysis of the immobilization of Amano Lipase A from
Aspergillus niger by adsorption onto Stober silica surface.
The supportwas fully characterized for its physicochemical
and dispersive-morphological properties and the
effectiveness of the proposed immobilization method was
presented. Particular attention was paid to the kinetic
analysis of the process in order to establish the amount
of immobhilized enzyme, optimum time of the process and
sorption capacity of the support. In the hitherto published
literature the kinetics of immobilization has not yet been
of much interest.

2 Experimental procedure

2.1 Reagents

Tetraethoxysilane (TEOS), 96% ethyl alcohol and 85%
phosphoric acid were purchased from Chempur company.
Phosphate buffer at pH = 7 was obtained from Amresco
company. Amano Lipase A (ALA) from Aspergillus niger,
25% solution of ammonia, 4-nitrophenyl palmitate, gum
arabic, Triton X-100 and Coomassie Brilliant Blue were
purchased from Sigma-Aldrich (USA).

2.2 Analysis

The surface morphology and microstructure of silica was
examined on the basis of the SEM image recorded from an
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EV040 scanning electron microscope (Zeiss, Germany).
Before testing, the sample was coated with Au for a time
of 5 seconds using a Balzers PV205P coater (Switzerland).
The dispersive properties of the obtained product were
characterized with a Zetasizer Nano ZS (0.6—-6000 nm)
made by Malvern Instruments Ltd. (UK), employing the
non-invasive backscatter technology.

A thermogravimetric analyzer (TG, model Jupiter STA
449F3, made by Netzsch, Germany) was used to investigate
the thermal stability of the sample. Measurements were
carried out under nitrogen flow (10 mL min®) at a heating
rate of 10°C min?, and a temperature range of 25 — 1000°C
with an initial sample weight of approximately 5 mg.

In order to characterize the parameters of the
porous structure of the obtained silica, such as: surface
area, pore volume and average pore size an ASAP 2020
instrument from Micromeritics Instrument Co. (USA)
was used. The surface area was determined by the
multipoint BET (Brunauer-Emmett-Teller) method using
data for adsorption under relative pressure (p/p ). The
BJH (Barrett-Joyner—-Halenda) algorithm was applied to
determine the size of pores.

The presence of the expected functional groups
was examined by means of Fourier transform infrared
spectroscopy (FT-IR), recorded on a Vertex 70 spectrometer
(Bruker, Germany). The material was analyzed in the form
of tablets, made by pressing a mixture of anhydrous KBr
(ca. 0.25 g) and 1 mg of the tested substance in a special
steel ring under a pressure of approximately 10 MPa.
The investigation was performed at a resolution of
0.5 cm™

UV-Vis spectroscopy (UV-1601 PC Shimadzu, Japan)
was used in order to calculate the kinetic studies and
protein concentrations according to Bradford method
[26].

The elemental composition of the products was
established using a Vario EL Cube instrument (Elementar
Analysensysteme GmbH, Germany), which is capable of
recording the carbon, hydrogen and nitrogen content in
samples following their high-temperature combustion.

The zeta potential was measured with a Zetasizer
Nano ZS (Malvern Instruments Ltd., UK) equipped with
an autotitrator. The measurements were performed in
a 0.001M solution of NaCl. This instrument employs a
combination of electrophoresis and laser measurement of
particle mobility based on the Doppler phenomenon. The
speed of particles moving in a liquid under electric field,
known as the electrophoretic mobility, was measured.
Then, the value of the zeta potential was calculated from
the Smoluchowski equation.
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2.3. Preparation of silica

Silica was synthesized by a modified Stober method [27].
The process involves the reaction of tetraethoxysilane
(TEOS) in the medium of a 96% ethyl alcohol in the
presence of a 25% ammonium hydroxide solution as
a catalyst. The reaction was conducted at 40°C for
30 minutes. A mixture of ethanol and ammonium
hydroxide at the ratio 10:1 was stirred in the reactor, into
which TEOS was introduced in doses. After completion of
the process the product was filtered off under the reduced
pressure and then washed out a few times with ethyl
alcohol and finally dried out at 105°C for 24 hours.

2.4 Immobilization of Amano Lipase A onto
silica surface

A portion of the support, the same amount for all samples,
was placed in the reactor and then 15 mL of a solution of
Amano Lipase A of a given concentration (1; 3; 5; 7 mg mL")
in a phosphate buffer of pH = 7 was added. The mixture
was mounted on a shaker and the process of adsorption
was taking place for a certain time, varied from 1 minute
to 96 hours. After the process, the mixtures were filtered
off under reduced pressure. The precipitate being the
silica support with the immobilized enzyme was dried
at ambient temperature for 24 hours and then subjected
to further analyses, while the filtrate was subjected to a
spectrophotometric analysis.

2.5 Evaluation of the hydrolytic activity of
AmmanolipaseAaftertheimmobilization
onto Stober silica support

The hydrolytic activity of the immobilized enzymes
was estimated according to Matte et al. [28]. Briefly, the
spectrophotometric measurements were based on the
ability of the enzymes to transform the p-NPP (para-
nitrophenyl palmitate) into pNP (para-nitrophenol).
The release of the product was observed at 410 nm. The
enzymatic activity was measured in quartz cuvettes
containing 3 to 5 mg of silica with the immobilized lipases
and 2.7 mL of working solution (10 mM phosphate buffer,
10 mM pNPP solution in 2-propanol, 0.44% mass fraction
of Triton X-100, Arabic gum — 0.11% mass fraction). All
reactions (performed in triplicate) were carried out with
stirring at 1000 rpm, at 30°C and for 2 minutes. One unit of
the enzyme activity was defined as the release of 1 mmol of
PNP per one minute under the measurement conditions.
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3 Results and discussion
3.1 Physicochemical analysis of silica support

The obtained silica was subjected to a thorough
examination of its physicochemical and dispersive-
morphological properties. As follows from the SEM image,
(Fig. 1), the silica is made of uniform and spherical shape
particles. The microscopic observations are confirmed
by the analysis of volume contributions of different size
particles on a Zetasizer Nano ZS. The range of particle
diameters determined by non-invasive back-scatter (NIBS)
optics is 220 — 531 nm, and the particles of diameter
295 nm bring the maximum volume contribution of 21.4%.
Thus, the silica support obtained by the sol-gel method is
homogeneous.

3.2 Silica characterization after the

immobilization of the Amano Lipase A

3.2.1FT-IR analysis

The ssilica and the enzyme were subjected to FT-IR analysis.
Their spectra are presented in Fig. 2.

The spectrum of the support reveals five characteristic
signals of silica. One of them seen at 3748 cm?, comes
from the isolated silanol group vibrations =Si—OH. The
second signal at 1120 cm? is assigned to the stretching
vibrations of =Si—O- group [29]. The other three signals
appear between 1000 cm® and 469 cm, and are assigned
to the asymmetric and symmetric bending vibrations and
stretching vibrations of =Si—-0-Si= group [30]. There is also
a broad band in the range 3500 and 3200 cm?, assigned to
the stretching vibrations of hydroxyl groups and a signal
at 1620 cm? assigned to water physically adsorbed on the
SiO, surface.

The FT-IR spectrum of Amano Lipase A from
Aspergillus niger shows many signals characteristic for
different functional groups of the enzyme. They include
a typical band at 2930 cm? assigned to the stretching
C-H vibrations of ~CH, and —CH, groups, a broad and
intense band between 3600 and 3200 cm® assigned to
the stretching vibrations of —OH group, and a band of the
—N-H stretching vibrations, masked by the former one.
The characteristic signals coming from the stretching
vibrations of carbonyl groups around 1700 cm® and
stretching vibrations of =C-0O- appear in the spectrum at
1180 cm. The signal assigned to the deformation vibrations
of —NH group is seen at 1550 cm*[31], while the signal of the
—OH deformation vibrations appears at 1400 cm®. Below
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Figure 1: SEM image of obtained Stober silica support.
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Figure 2: FT-IR spectra of silica and Amano Lipase A.
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Figure 3: FT-IR spectra of silica after Amano Lipase A immobilization.
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1000 cm™ there are a few signals assigned to the carbon-
carbon bonds. Analysis of the FT-IR spectrum of the
enzyme confirmed the presence of a number of functional
groups in the enzyme structure, which can be employed for
binding the enzyme to the appropriately modified support.

The enzyme immobilization by adsorption onto the
silica support was performed for the enzyme solutions
in different concentrations and for different time stages
of the process. After completion of immobilization the
samples were subjected to FT-IR spectroscopic analysis.
The results are presented in Fig. 3.

The FT-IR spectra of silica with immobilized enzyme
show the bands of silica at 3748 cm® and 1120 cm?, and
between 1000 cm® and 469 cm?. Apart from the above
mentioned bands, there are some of those present in the
spectrum of the pure enzyme, such as the two signals at
1450 cm? and 1490 cm?assigned to the scissor vibrations
of =C—H groups and a signal at 2920 cm* generated by the
C-H symmetric stretching vibrations of ~CH, and -CH,
groups. Also, the most important and characteristic for
the pure enzymes are the amide I and amide II bands seen
at 1645 cm? and 1542 cm? respectively [32,33]. Afer the
immobilization, those bands were not only noticed to have
their intensities decreased, but also their wave numbers
(cm™) slightly shifted to 1637 and 1536 cm?, respectively.

These changes indicate that the adsorption on the
silica matrix successfully took place [34] and one can
draw some conclusions on the secondary structure of the
peptide after the immobilization [35,36]. The presence of
amide I and amide II bands may also be proof that the
immobilized enzyme could have preserved its activity [36].

The above FT-IR spectra were recorded for the samples
obtained after 2 hours of immobilization as it was found
to be the optimum time for the process. The analysis of
the spectra show that the amount of immobilized enzyme
depends on the enzyme concentration in the initial
solution. The intensities of the bands assigned to the
immobilized enzyme increase for the initial solutions of
the enzyme concentrations 1, 3 and 5 mg mL?, while such
an increase is not observed for the sample obtained from
the initial solution of 7 mg mL?, as the bands intensities
are the same as in the spectrum of the sample obtained
from the initial solution concentration of 5 mg mL.

3.2.2 TG analysis

The samples of silica, lipase and immobilized enzymes
were subjected to thermogravimetric analysis to
determine their thermal stability, which is important
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Figure 4: TG curves of the silica support and Amano Lipase A after immobilization.

when considering the application of these systems as
biocatalysts. The results are illustrated in Fig. 4.

The TG curve recorded for SiO, indicates a small
mass loss of about 5%, confirming the high thermal
stability of the silica [25]. The TG data of Amano Lipase
A data suggest that the weight loss is about 65%. The
obtained products are characterized by relatively high
thermal stability. The TG curves of immobilized samples
show two stages. The first stage is between 20 and 200°C,
and the second from around 800°C. The first stage
corresponds to the loss of water adsorbed on the surface
of the materials, while the second stage corresponds to
the thermal decomposition of lipase that was adsorbed
on the silica surface [37,38].

The TG curves of products after immobilization show
that for the higher concentration of the adsorbed enzyme
the lower thermal stability of the system is detected.
Assuredly, this is related to the amount of adsorbed
enzyme on the silica surface. The data obtained from
thermal analysis additionally confirms the effectiveness
of the performed immobilization process.

3.2.3 Elemental analysis

To verify the effectiveness of immobilization, the samples
were subjected to elemental analysis bringing the
information on the percentage content of such elements as
nitrogen, carbon and hydrogen. The results of elemental
analyses performed for the samples obtained for the
initial enzyme solution of the concentration 5 mg mL?
and for different times of immobilization are presented in
Table 1.

The silica obtained by the sol-gel method and used as
a support was found to contain 1.30% of hydrogen with
no carbon and no nitrogen. The data obtained for the

sample after enzyme immobilization prove an increasing
content of carbon and hydrogen and the appearance of
nitrogen in the elemental composition, which confirms the
effectiveness of lipase immobilization. The content of the
above mentioned elements increase along with the time of
immobilization process for the times 1, 60 and 120 minutes.
For the other two immobilization times, the contents of the
elements remain at similar levels and do not increase.

3.2.4 Zeta potential

The electrokinetic properties of the silica support and the

product of enzyme immobilization were characterized on
the basis of zeta potential measurements, performed in
the pH range 2 to 10.

Fig. 5 presents the pH dependence of zeta potential
measured for the silica support obtained by the sol-gel
method and for the pure enzyme. The zeta potential of
the silica support decreases with increasing pH, reaching
-45 mV for pH = 10. Therefore, the SiO, dispersion is
stable in the neutral and alkaline media. The potential
generating ions in the silica are H*and OH'. The isoelectric
point is close to 4.5. According to Arino et al., the
isoelectric point of native lipase from Aspergillus niger is
4.4 [39]. Electrokinetic potential of ALA is negative in the
entire pH range studied and the maximum absolute value
of the potential does not exceed 15 mV, which indicates
the instability of the biocatalyst in the pH range studied.
It should be added that for pH above 7 no zeta potential
measurement could be made, which suggests its high
instability and biocatalyst decomposition already in
weakly alkaline media.

Fig. 6 shows the pH dependence of zeta potential
measured for the sample of silica with immobilized
enzyme, obtained by adsorption from the 5 mg mL!
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solution, for different times of the adsorption process
[40]. These electrokinetic curves were compared with
those measured for the silica and the native enzyme. The
isoelectric points of the silica with immobilized enzyme are
similar, irrespective of the time of immobilization [41]. The
isoelectric point and zeta potential reach similar values
when compared to those obtained for the silica support
[42,43]. The shapes of the electrokinetic curves obtained
for the silica with immobilized enzyme are similar to that
recorded for the silica support [44]. The zeta potential
of silica with immobilized enzyme reaches the absolute
values higher than 30 mV for pH above 6, which shows
a high electrokinetic stability of the samples in this pH
range.

3.2.5 Porous structure analysis

To characterise the adsorption capacity of the silica and
silica with immobilized enzyme, the porous structure of
these samples was determined. The results given in Table
2 refer to the samples of silica with immobilized enzyme
adsorbed from the 5 mg mL?* solution for different times
of adsorption.

The results confirm the effectiveness of the proposed
method of enzyme immobilization, evidenced by a
decrease in surface area, pore size and pore volume as a
consequence of enzyme immobilization. The data confirm
that the optimum time of adsorption is 120 minutes.
After this time no significant changes are observed in the
above mentioned parameters, which mean that no more
enzyme could be adsorbed. The decrease in the values
of these parameters can also suggest both physisorption
or chemisorption interactions between the enzyme and
reactive groups of silica.

3.2.6 Amount of enzyme adsorbed

The amount of enzyme adsorbed was determined
according to the Bradford method [26] . After a series of
spectrophotometric measurements, the concentration
of the enzyme left in the solution after immobilization
was read off the plot of absorbance versus enzyme
concentration. On the basis of the known amount of
sorbent, volume and concentration of the initial enzyme
solution it was possible to calculate the amount of enzyme
immobilized on the silica support. The results in mg of
enzyme per 1 g of the support are given in Table 3.

The amounts of immobilized enzyme in the obtained
products, using the enzyme solutions of different
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Table 1: Results of elemental analysis of silica after Amano Lipase A
immobilization.

Elemental content (%)

Sample name

N C H
Stober silica 1.30
Silica + ALA (1 min) 0.09 0.62 1.49
Silica + ALA (60 min) 0.10 0.69 1.53
Silica + ALA (120 min)  0.14 0.89 1.78
Silica + ALA (24 h) 0.15 0.90 1.79
Silica + ALA (96 h) 0.15 0.91 1.79
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Figure 5: Zeta potential of Stdber silica and Amano Lipase A.
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Figure 6: Zeta potential vs. pH of the silica with immobilized Amano
Lipase A.

concentrations and different times of adsorption, are given
in Table 3. The data indicate that the enzyme adsorption
on the silica surface is the most intense in the time from
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Table 2: Parameters of porous structure of both silica and silica after enzyme immobilization.

Sample name BET surface area (m?g?)

Total volume of pores (cm®>g?) Mean size of pores (nm)

Stober silica 9.8
Silica + ALA (1 min) 5.8
Silica + ALA (60 min) 4.9
Silica + ALA (120 min) 4.0
Silica + ALA (24 h) 3.9
Silica + ALA (96 h) 3.9

0.007 2.8
0.004 2.5
0.004 2.0
0.003 1.9
0.003 1.9
0.003 1.8

1 to 60 minutes of the process and after 120 minutes no
significant increase in the amount of the enzyme adsorbed
is noted. Interestingly, the higher the initial enzyme
concentration in solution is, the faster the increase in
the amount of immobilized enzyme in the same time of
the process is noted. Also, the amount of the enzyme
immobilized on the silica increases with increasing
initial enzyme concentration in the solution. For the
process of immobilization from the solution of the enzyme
concentration of 1 mg mL' after 120 minutes, there is
18 mg of the enzyme per 1 g of silica, which is much greater
than that reported by Galarneau et al. [45]. If the enzyme
concentration in the initial solution is 3 mg mL", after the
same time of 120 minutes, we get 63 mg of the enzyme per
1gofsilica. After 120 minutes of the process performed from
the solution of the enzyme concentration 5 mg mL?, there
is 122 mg of the enzyme per 1 g of silica, and if the process
is performed from the solution of enzyme concentration
7 mg mL* there is 157 mg of the enzyme per 1 mg of sol-gel
silica. As follows, the amount of enzyme immobilized on
silica increases with an increasing initial concentration of
the enzyme in solution, but for the solutions of the highest
concentrations used, the difference is not so visible.

3.2.7 Hydrolytic activity

The hydrolytic activity of free and immobilized lipases
was spectrophotometrically assayed as described in part
2.5. The initial concentrations of the lipase solutions used
in this experiment were: 1 mg mL'; 3 mg mL?; 5 mg mL%;
and 7 mg mL*, The times of the immobilization process for
this experiment were: 2, 24 and 96 hours.

It turns out that the best incubation time of the
samples consisting of silica and the appropriate amounts
of the enzyme is 24 hours (Table 4). That is shown by
samples 1 — 5, where the highest activity of lipases
was observed after 24-hours of the sample incubation.
However, when the highest initial enzyme concentration

Table 3: Amounts of immobilized enzyme.

Enzyme concentration 1mgmL?! 3mgmlL* 5mgmlL* 7 mgmL*

Sample name Amount of immobilized enzyme (mg/g)

Silica + ALA (1 min) 6 15 10 25
Silica + ALA (10 min) 15 47 61 92
Silica + ALA (60 min) 17 62 118 155
Silica + ALA (120 min) 18 63 122 157
Silica + ALA (24 h) 18 63 122 158
Silica + ALA (96 h) 19 64 123 158

was applied, the loss of the enzyme activity was incredibly
significant (from 7.218 mU to 1.115 mU - just 20 hours
later). This result may indicate that the adsorption of such
a high initial amount of the enzyme (7 mg mL?) could be
very unstable and temporary and the longer the samples
were under shaking, the higher detachment of the enzyme
from the silica could have taken place.

What is more, as indicated in many reports, the
hydrolytic activity of the lipases does not only depend on
the temperature, but also on the pH of the solution during
the incubation process and/or the activity measurements.
This work however, presents the first measurements of
the lipase activity for the immobilization by adsorption
obtained by our team and will be thoroughly studied in
the next steps of our work.

3.3 Kinetic studies

The amount of enzyme adsorbed per a time unit (g) is
calculated from the equation:
c,—-C. )V
qt — ( 0 t) (1)
m
where C, and C, are the concentrations of the enzyme
(mg L') in the solution before and after adsorption
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Table 4: Hydrolytic activity.

Sample name It?;n;()(zi)lization :Zt(:\:?tl\i(t;;u) Aq (%)
2 1.657 0.607
Silica + ALA1 24 4.018 0.667
96 3.500 0.448
2 1.444 0.114
Silica + ALA 3 24 3.351 0.839
96 3.110 1.051
2 0.722 0.059
Silica + ALAS 24 1.455 0.082
96 1.295 0.122
2 7.218 1.529
Silica + ALA7 24 1.115 0.271
96 0.390 0.136
180 4
160 b 7000 mg/L
1404 5000 mg/L
= 120 v M v
S 100 -
~§— 80
& o 5 o 3000 mglL
40
20 . % 1000=mgfL
08¢ ‘ : :
0 50 100 150 200
t (min)

Figure 7: Effect of contact time on the amount of enzyme adsorbed on
the Stober silica (enzyme concentration 1000 — 7000 mg L*, support
use 0.5 g).

respectively, V is the volume of the solution (L) and m is
the mass of the Stober silica support (g). The value of g,
is needed to establish the kinetic model of the reaction,
e.g. the pseudo-first-order [46] or pseudo-second-order
equations [47].

To get the adsorption isotherms it was necessary to
find the equilibrium concentration (g, of the enzyme
adsorbed on the silica matrix from the following equation:
qe — (CO Ce) V (2)

m
where g_is the amount of enzyme adsorbed at equilibrium
(mg g"), C, is the initial concentration of enzyme (mg L),
C, is the equilibrium enzyme concentration (mg L"), V is
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the volume of solution (L) and m is the mass of the support
(g).

The standard deviation Ag(%o) for the kinetic model
of pseudo-second order was calculated as well, and it was
in direct correlation with experimental data. Ag(%)was
calculated as:

gey — o)/ a0, P 3)
N_1

Ag(%) = 100\/

where N is the number of data points.
The value of standard deviation ranged from 3.5 to
7.6.

3.3.1 Adsorption kinetic

The prediction of the batch sorption kinetics is needed
for the process design, in particular if the immobilization
is performed by an adsorption. The character of the
adsorption considerably depends on the physicochemical
properties of the matrix (here the sol-gel silica) and on the
process parameters — especially on the time of the process.
The most often used models for adsorption kinetics are
the pseudo-first-order model and pseudo-second-order
model. In the present study the pseudo-first-order and
pseudo-second-order model were used. The model was
chosen on the basis of the best fit to the experimental
data, characterized by the determination coefficient (?).

Fig. 7 shows a plot of the amount of the enzyme
adsorbed (mg g') versus contact time for different initial
enzyme concentrations.

The data above show that for each enzyme
concentration in the initial solution used in the study
(1000 — 7000 mg L) the adsorption equilibrium was
achieved after 120 minutes. The kinetic parameters of
adsorption were determined based on the equations of
the pseudo-first order kinetic model by Lagergren and
pseudo-second order kinetic model by Ho and McKay.

3.3.1.1 Pseudo-first order kinetic

The Lagergren pseudo-first-order kinetic model has been
widely used to predict the sorption kinetics. The enzyme
adsorption kinetics following the pseudo-first-order model
is given by Eq. 4:

dq
o k _
" (q.-q,) (4)

where g, and g, (mg g') are the amounts of the enzyme
adsorbed at equilibrium and at time ¢ (min), respectively
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Table 5: Pseudo-first-order and pseudo-second-order kinetic parameters and the coefficient of determination for adsorption of enzyme onto

silica.

Parameters Concentration of enzyme (mg L?)

Type of kinetic symbols units 1000 3000 5000 7000
ooy mg g* 18.18 63.24 122.31 157.62
q, mg g’ 9.37 30.40 88.30 110.72

Pseudo-first-order k, 1min? 0.0404 0.0588 0.0419 0.0571
r — 0.971 0.970 0.956 0.987
D, mg g* 18.53 64.21 129.20 162.74
k, 1min? 0.0134 0.0055 0.0007 0.0010

Pseudo-second-order r - 0.999 0.999 0.998 0.999
h mg g* min? 4.602 22.473 12.206 27.366
Ag % 3.5 3.9 7.6 6.6

and k, (min?) is the rate constant for the pseudo-first-order
rate equation.

Eq. 4 at the boundary conditions (gt =0 at t = 0 and
qt = qt at t = t) can be rearranged for the linearized data
plotting Eq. 5:

I ®)
2.303
The equilibrium adsorption capacity (g,) and adsorption
rate constant (k) (Table 5) can be found from the relation
log(q, q) versus t. Fig. 8 shows the plot between log(q,
q)versust.

The determination coefficient (r?) obtained using
the Lagergren pseudo-first-order kinetic model at all
the initial enzyme concentrations investigated (1; 3; 5;
7 mg mL") varied from 0.956 to 0.987 (Table 5). However,
the adsorption capacity (qe’cal) values calculated from
the pseudo-first-order kinetic, were much different from
the experimental capacities (qe’exp). Much better fit was
achieved assuming the pseudo-second-order Kkinetic
model.

log(g, —g,)=1log(q. )-

3.3.1.2 Pseudo-second order kinetic
The enzyme adsorption kinetics following the Ho and
McKay pseudo-second-order model is given by Eq. 6:

dq )
C— k(g - 6
0 2a.-q,) ©6)

where k, (g mg' min?) is the rate constant for

the  pseudo-second-order rate  equation and
q, and g, are the amounts (mg g') of the
enzyme adsorbed at equilibrium and at time

t (min). Taking into account the boundary conditions (gt
=0 at t=0and gt = qt at t = t) we get the integrated form of
Eq. 6 as shown in Eq. 7:

t 1 1

—= +—1 7
q, k. q. ")

The initial adsorption rate, h (mg mg' min?) is defined as
follows:

h= kzqez (8)

The equilibrium adsorption capacity (g) and
adsorption rate constant (k,) (Table 5) were found from
the relation t/qt versus t. Fig. 8 shows the plot between t/
qtversust.

The fitting parameters for both the pseudo-first-
order and the pseudo-second-order equations are shown
in Table 5. Considering the Ho and McKay pseudo-
second-order model the correlation coefficient (r?) took
values from the range 0.998 - 0.999. The adsorption
capacity (q,,) predicted by the pseudo-second-order
model was in a very good correlation with the values of
experimental capacities (qe‘exp). The kinetic parameters
obtained indicate that the pseudo-second-order model
represents the experimental behaviour accurately. For
all initial enzyme concentrations in solutions considered
in this study, the correlation coefficient (?) obtained for
the fit with the pseudo-second-order model are higher
than those obtained from the fit with the pseudo-first-
order model. Assuming the pseudo-second-order model,
a decrease in the rate constant of adsorption (k,) and in
the initial sorption rate (h) was observed with increasing
initial concentration of the enzyme in solution. The values
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Figure 8: The fit to the adsorption of Amano Lipase A onto Stober silica support using (a) pseudo-first-order and (b) pseudo-second-order

model,

of k,and h for the initial concentration of the enzyme of
5000 mg L* deviate from this dependence.

4 Conclusions

The immobilization of the Amano Lipase A from Aspergillus
niger was studied on the silica support obtained by the
sol-gel method and built of uniform particles of spherical
shape. The process of ALA immobilization was performed
for different times and different concentrations of the
enzyme in solutions. The effectiveness of the proposed
method of immobilization was verified on the basis of
FT-IR spectra, thermogravimetric curves and elemental
composition determination. The amount of enzyme
immobilised on the silica support was found to depend on
the time of the process and on the initial concentration
of the enzyme in solution. The greatest increase in the
amount of adsorbed enzyme is observed for the time of
the process from 1 to 60 minutes. After two hours of the
process no significant increase in the amount of the
adsorbed enzyme is observed, thus this time was assumed
as the optimum for the process.

The kinetics of Amano Lipase A immobilization on
the silica support was found to be best described by the
pseudo-second-order model, which was confirmed by the
values of the correlation coefficient (r?) of 0.998 — 0.999.
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