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ABSTRACT

With immobilized or adsorbed enzymes or protein, many improved features such as stability,
reusability, continuous process, control of reactions, more favourable economic factors can be
expected. For this purpose, in this study, the adsorption properties of casein onto some oxide
minerals such as unexpanded (raw) (RP) and expanded (EP) perlite samples were studied. The
expanded perlite is obtained from the raw perlite when it reaches temperatures of 850-900C
(1,560-1,650F). Raw perlite expands and softens after this heat treatment. The adsorption
properties were studied as a function of concentrations of catalase, temperature, incubation time
and pH of the aqueous solutions with both perlite samples. Similar experimental trends were found
for the two perlite samples. According to the experimental results, the adsorption of catalase
increases with increasing temperature and ionic strength of the solutions. The adsorption
decreased with increasing pH. Maximum adsorption capacity values (g.,) showed dependence on
pH. It was observed that ge-pH curves reached a maximum at around neutral pH value.
Furthermore, the electrokinetic properties of casein-covered oxide particles were also investigated

*Corresponding author: E-mail: ozkandemirbas@gmail.com;
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at similar conditions to those of the adsorption process. However, the adsorption capacity of
expanded perlite is higher than the raw perlite due to the increase in surface area. The nature of
the adsorption process was investigated using Langmuir and Freundlich isotherm models. Three
kinetic models, the pseudo first-order, second-order and intraparticle diffusion, were used to predict
the adsorption rate constants. The study of temperature effect has been quantified by calculating
various thermodynamic parameters such as activation energy, Gibbs energy, enthalpy and entropy.
In addition, activity of free and adsorbed catalase were studied and calculated the K, and Rax-

Keywords: Adsorption; catalase; biocatalysis; electrokinetics; enzyme activity; biosorption.

1. INTRODUCTION

Adsorption of biomolecules are complicated
processes in which the structural stability of a
biomolecule, some physicochemical properties
such as pH, ionic strength and temperature of
the solution and surface properties of adsorbents
are known to effect the affinity of a protein for a
given interface. As most proteins adsorb with
high affinity to hydrophobic surfaces, these
proteins generally have less native structure than
the same protein adsorbed on hydrophilic
surfaces. It has also been seen that an increase
in  electrostatic interaction is  generally
accompanied by a reduction in the native
structure [1-6].

As most proteins adsorb with high affinity to
hydrophobic surfaces, these proteins generally
have less native structure than the same protein
adsorbed on hydrophilic surfaces. For this
purpose, there are some studies concerned
about protein adsorption onto some hydrophilic
surface in the literature. However, understanding
the interaction between the protein and the solid
surface and assessing its effect on some
applications is very important [7-9].

Catalase is a heme-containing redox enzyme
known for its abilty to degrade hydrogen
peroxide (H,0,). Catalase is used in many areas
of the industry such as textile, biosensor systems
for peroxide and glucose [10-12]. Enzyme

controlled product formation, ease of enzyme
removal from the reaction mixture and
adaptability to various engineering designs
[13,4,5]. In the immobilization techniques
adsorption have a higher commercial potential
than the other methods, because adsorption is
simpler and less expensive and a high catalytic
activity can be retained. Adsorption method also
offers the reusability of expensive supports after
inactivation of immobilized enzyme [6-9]. In
general, this method requires a large surface
area to be sufficiently accurate. Otherwise,
various techniques such as depletion [14], quartz
crystal microbalance (QCM) [15], enzyme-linked
immunosorbent assay (ELISA) [16], ellipsometry
[17], total internal reflection fluorescence (TIRF)
[18], neutron reflection [19], fourier transform
infrared spectroscopy (FTIR) [20], fluorescence
spectroscopy [21] and atomic force microscopy
(AFM) [22] have been used to measure the
amount of adsorbed proteins on solid surfaces.

Some materials such as porous glass, silica gels
and cellulose are used for preparation of
immobilized enzymes [10,11]. Table 1 shows
some typical proteins adsorbed on surfaces of
different solid materials.

In this study, the adsorption properties of casein
onto some oxide minerals such as expanded
(EP) and unexpanded (raw) perlite (RP)
samples were investigated as a function of
concentrations, temperature, incubation time and

immobilization offers advantages over free pH. Furthermore, some parameters of kinetics
enzymes in choice of batch or continuous and thermodynamics and catalase activities onto
processes, rapid termination of reactions, surfaces were investigated.
Table 1. Some protein adsorbed on different solid s urfaces
Protein Solid surface Method Ref.
a-Lactoalbumin Silica gel and hematite Depletion [23]
Ferritin Gold Quartz crystal micro (Q.C.M)  [24]
Egg white lysozyme Silicon oxide Ellipsometry [25]
B-Casein and catalase Kaolinite Depletion [26]
BSA Polystrene, stainless steel and  Depletion, RI method [14,27]

some oxides
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2. MATERIALS AND METHODS

Catalase from bovine liver was purchased from
Sigma-Aldrich Co. The perlite samples were
purchased from izmir, Turkey. The chemical
composition of the perlite was determined as
Si0,:73.55, Al,03:12.49, Ca0:1.03, Fe,05:0.55,
Na,0:1.55, K,0:3.35, Mg0:0.35, Lol (loss of
ignition):7.13 by XRF. Perlite samples were
treated before using in the experiments as
follows [14]. All chemicals used were of analytical
grade.

The results obtained of the cation exchange
capacity (CEC), the density and the specific
surface area of the perlite samples are measured
as CEC (meq/100 g): 25.90 and 33.40, particle
diameter (um): -75.0, pH of 3% aqueous
solution: 7.09 and 7.07, density (g mL™): 2.30
and 2.24 and specific surface area (m? g™).
12.23 and 14.55 for RP and EP, respectively.

2.1 Zeta Potential

In this study, a Zeta Meter 3.0 was used to
measure the zeta potentials of the suspensions
prepared [28]. The Zeta Meter 3.0 device
calculates the zeta potential using the
Smoluchowski equation as follows [28]:

¢ = 4TV,E/D (1)

To measure the zeta potential, the suspensions
were prepared as follows: the perlite samples
were added to 250 mL polymer bottle in which
100 mL of a suspension was transferred yielding
final perlite concentrations of 3 g L™ for RP and
EP. And then, the suspensions were shaken by a
thermostatic shaker bath. The suspensions after
24 h were taken from the bath to stand for 5 min
to allow larger particles settle. About 10 mL
suspension taken from the bottle and was
measured the zeta potentials. The voltage
applied in measuring the zeta potentials was
between 50 and 150 mV.

2.2 Adsorption Experiments

In this study, to recognize the catalase
adsorption phenomenon on the perlite surface,
some experimental effects such as
concentrations of biomolecule, pHs (3-10),
constant ionic strength and sodium phosphate
buffer concentration on adsorption for 24 h at
22C were selected. The suspensions were
centrifuged for 10 min at 3000 rpm after 24 h and

then the concentrations of the residual enzyme,
Ce, were measured by Bradford method [29].
The amounts of enzyme adsorbed were

calculated from the  concentrations in
suspensions before and after adsorption
process.

2.3 Activity of Enzyme

The activity of enzyme was measured

photometrically by direct measurement of the
decrease in the absorbance of H,O, at 230
nanometer. H,O, solutions (0.004 — 0.200 M)
were used to determine the activity. 0.3 g of
enzyme adsorbed perlite particles were mixed
with H,O,; solution in 0.020 M phosphate buffer
(pH 7.0) at 22<C. The values of absorbance of
the constituents were measured and the some
kinetic parameters of adsorbed enzyme, K
(Michaelis constant) and Vpa (maximum
reaction rate) for adsorbed and free enzyme
on perlite samples were determined by varying
the concentration of H,O, in the reaction
medium.

3. RESULTS AND DISCUSSION
3.1 Isoelectric Paoint (IEP) of Samples

Clays and oxide minerals have usually one
ionisable group on surfaces. They may be a
proton or hydroxyl ion depending on the pH of
the medium [30]. These ionizations are given as
follows;

SO-H+H == SOH," (2
SO-H + OH == SO +H,0 ©)

at isoelectric point (IEP),
[SOH,"] = [SO"] (4)
where “S” denotes the surface.

The net charge on the enzyme or solid surface at
the isoelectric point is zero. The pH value at the
isoelectric point is indicated by pHie,. The pHie, Of
the RP and EP were indicated by measuring the
zeta potential as a function of suspension pH
(Fig. 1). So both perlite samples have no
isoelectric points in this studied pH range. As
sees in Fig. 1, the increase of the suspension pH
results in an increase in the negative charge of
the oxide minerals.
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Fig. 1. The change of the zeta potential with equil  ibrium pH of the RP and EP

3.2 Adsorption Amounts of Perlites as a The time required to reach a constant
Function of Incubation Time and concentration in Fig. 2 is about 4 hours.
Temperature

The degree of adsorption depends on the
temperature of the solid—liquid interface. The
rates of adsorption were studied in the
temperature range of 295 and 315 K. The effect
of temperature on the adsorption is shown in Fig.
2. According to the Fig. 2, it is observed that at

Experimental conditions such as 0.001 M NacCl,
0.02 M phosphate ions at pH 7.0 were adjusted
in the adsorption experiments. The experimental
results and some conditions are given in Fig. 2.
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Fig. 2. The adsorption of enzyme onto RP and EP as  a function of temperature. (Experimental
conditions: [Catalase]: 1 mgmL ™, [PO,*]: 0.02 M, [NaCl]: 0.001 M and pH 7)
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higher temperatures the adsorption is higher, and
the adsorption process was endothermic
process. This result can be explained as follows:
(i) the adsorption process of catalase onto perlite
surface is endothermic, this result indicates that
the process is entropically driven (ii) it can be
explained that with increasing temperature, the
number of biomolecules penetrating into the
pores of the adsorbent is also increasing [14,30].

3.3Zeta (§) - Potential Values of
Adsorbed Catalase  on Perlite
Samples

Experiments on the determination of zeta
potentials and experiments on the adsorption
were carried out under the same experimental
conditions. In this case, the adsorption potential
of the samples is related to the zeta potentials of
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Fig. 3. (a) The variation of adsorption isotherms,
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and (b) change of the zeta potential with
e samples in the suspensions. (Experimental

conditions:[PO ,*]: 0.02 M, [NaCl]: 1 mM, pH 7, 295 K)
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the minerals. The adsorption isotherms of
catalase and the zeta potential of minerals in the
suspension were given in Fig. 3(a) and (b),
respectively. From the figures, it is observed that
the adsorption capacity of perlite increases as
the initial concentration of catalase increases.

However, increasing the initial enzyme
concentration reduces the zeta potential of
minerals. Increasing the concentration of

catalase on the perlite leads to a reduction in the
zeta potential of the catalase adsorbed particles
but not positive at pH 7.0. Similar result was
given in our previous paper [14]. Fig. 4(a) shows
the catalase adsorption onto perlite surface and

105

Fig. 4(b) shows the change of the zeta potential
with the equilibrium pH of the suspensions. As
can be seen from Fig. 4(a), the adsorption
capacity of catalase onto perlite surface is the
highest at around pH 6. This pH value is close to
the isoelectric point of the catalase. The pH
values of the suspensions have a very significant
effect on the adsorption of biomolecules on solid
surfaces [14,31]. Catalase has a negative net
charge in solutions having a pH greater than 6.0.
Electrostatic repulsion between the perlite
surface and catalase in these solutions may
cause a decrease in the adsorption of the
catalase in the pH range of 6-10.
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(Experimental conditions: 295 K, [PO

ion of zeta potential of solid suspensions.
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The addition of proteins to suspensions
significantly affects the zeta potential of the
suspended particles [32-35].

Adsorptions of catalase onto RP and EP have
caused a change in the zeta potential and shifted
the isoelectrical point of the oxide minerals from
approximately 5.7 for perlite samples; which is
the isoelectrical point of catalase in the solution.

3.4 Effect of Temperature on Catalase
Adsorption onto Perlite

In the present study, the temperature range was
taken as 15-45C to investigate the effect of

temperature on adsorption. Fig. 5(@) and 5(b)
illustrate the catalase adsorption onto raw and
expanded perlite surface, respectively, at
different temperature. From both Figures, it is
observed that the increase of temperature
increases the concentration of catalase which
adsorbs to the surface of perlite samples. This
observation can be explained as described in the
Section 3.2. The amount of catalase adsorbed on
the surface of perlite samples has a positive
relationship with temperature and adsorption
process is endothermic. In addition, the
constants of Langmuir and Freundlich adsorption
isotherms can be calculated by using these
figures and experimental data.

7
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6 4 TK
m: 315
A: 305
510295
e :288
4 | pH7
S (PO ]:0.02
o
E3|
o
2
1
0 . ‘ ‘ .
0 0.2 0.4 0.6 0.8 1
Ce (mg mL™)
8 ®
Expanded Perlite
TIK
m: 315
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6 1 *:29
- o288
in pH7
o 3
(o) [PO; 1:0.02M
E 4 |
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0 . . ‘ .
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Ce (mg mL™)

Fig. 5 (a and b). The effect of temperature for cat

alase adsorption on perlite samples
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3.5 Analysis of FTIR Spectra

The Fourier transform infrared (FTIR) spectra
were carried on a spectrophotometer (Perkin
Elmer) at room temperature and the samples
were prepared in pellet form using spectroscopic
grade KBr. To examine the nature of the
interaction between the catalase and perlites (RP
and EP), FTIR spectra of perlites, catalase and
adsorbed catalase were obtained. The
spectrums were shown in Fig. 6. FTIR spectra
results of catalase showed strong peaks at v
=1620-1680 cm™ and v = 1480-1580 cm’,
mainly associated with amide-l and amide-II
stretching vibration bands, respectively [36,37].
IR spectra obtained for biomolecule adsorbed on
perlite samples show the peaks of the amide |
band at about 1655 cm™ and amide Il band at
about 1529 cm™, which are typical of
biomolecules [37].

3.6 Adsorption Isotherms

3.6.1 Langmuir adsorption isotherm

The Langmuir adsorption isotherm describes a
single layer deposition on a homogeneous
surface. For this reason, equilibrium is the most

important sign in adsorption process. According
to the Langmuir theory, when the adsorption
process reaches equilibrium, the adsorbent
surface adsorbs the maximum amount of
substance.

The equation for the Langmuir isotherm is shown
below [38]. With this equation, isotherm graphs
can be plotted and the constants of Langmuir
equation are calculated.

Tem 1oy ©)

9 GuK

where C. (mg mL™") is the concentration of
catalase in the liquid phase of the suspension at
equilibrium time. g. (mg g™) is the concentration
of catalase adsorbed onto perlite surface, K is
Langmuir constant and at the same time it refers
to the equilibrium constant, and q, is the
monolayer capacity of the adsorption. The
Langmuir constants can be calculated from the
slope and intercept of the linear graph using Eq.
5. However, Table 2 shows that the correlation
values of the Langmuir isotherm plots are not
sufficient to explain the adsorption phenomenon
through this theory.

(a)Catalase

(b) Raw perlite (RP)

(C)RP - Catalase

%T

(d) Expanded periite (EP)

1654

L
\

\

N

Fig. 6. FTIR spectra of (a) catalase, (b) raw perli
(d) expanded perlite and (e) catalase adsorbed exp

em™

te, (c) catalase adsorbed raw perlite,
anded perlite
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Table 2. Isotherm constants for adsorption of biomo

lecules on perlite samples

Sample (T/K)  Freundlich isotherm parameters Langmuir isotherm parameters
n Ke R’ dn(mgg™) K(@mg?) R’
Catalase-RP 288 2.88 1.77 0.98 1.82 12.22 0.93
295 3.33 2.86 0.99 3.13 5.42 0.92
305 1.96 5.81 0.99 10.00 1.39 0.70
315 1.99 6.82 0.98 8.33 3.23 0.98
Catalase-EP 288 3.11 211 0.97 2.02 13.25 0.85
295 2.97 3.55 0.98 4.55 8.21 0.92
305 2.01 9.12 0.98 9.88 4.32 0.73
315 1.85 10.87 0.97 11.22 2.45 0.82

(Experimental cond. pH 7, [PO,>]: 0.02 M, [NaCl]: 0.001 M)

3.6.2 Freundlich adsorption isotherm

The equation for the Freundlich adsorption
isotherm is an empirical exponential equation as
follows [39]:

q. = K CJ" (6)

According to the equation, as the concentration
of adsorbate in the aqueous medium increases,
the amount of adsorbed on the surface also
increases. Therefore, according to this theory
adsorption will always continue as the adsorbate
is added to the aqueous medium.

The linear form of Equation 6 can be written as:
1
Ing, =InK; +=InC, (7)
n

where Kg and n are the Freundlich isotherm
constants. In the Freundlich theory, adsorption is
mostly described by heterogeneity. The constant
n in the Eq. 7 also characterizes heterogeneity
which  means that the surface is too
heterogeneous if its value is close to zero. K,
one of the Freundlich constants in the Eq. 7, is
also related to binding energy.

Ke and n constants were calculated from the
linear graph of InC, versus Inge in Equation 7 and
the results are given in Table 2. As Table 2
shows, the correlation coefficient of the linear
graph of the Freundlich isotherm is in the range
of 0.97-0.99, so the experimental data in this
study are in agreement with the Freundlich
isotherm.

3.7 Adsorption Kinetics

In order to better understand the controlling
mechanism of the adsorption of catalase onto
perlite surface, some Kkinetic models were
investigated. Some of these are described below.

3.7.1 Pseudo-first-order equation

The pseudo-first-order equation is shown in the
literature as follows [40]:

ln( qe - q1) = In qe - klt (8)

geand g, (Mg g™), shown in Equation 8, indicate
guantities of adsorbed catalase at equilibrium
and time t, respectively. k; is the rate constant
(min™).

ty» is the time (min) for half-adsorption of
catalase onto perlite samples and is calculated
by the following equation.

ty, :Inl
ky ©)

The values of k; and t;, calculated by using Eq.
8 and 9 are given in Table 3.

3.7.2 Pseudo-second-order equation

The pseudo-second-order equation is shown in
the literature as follows [41]:

t_ 1 +it

g kA g,

(10)

de and g, (mg g*), shown in Equation 10,
indicate quantities of adsorbed catalase at
equilibrium and time t, respectively. k, is the rate
constant (g(mg min)™).

typ is the time (min) for half-adsorption of
catalase onto perlite samples and is calculated
by the following equation.

=1
kzqe

t1/ 2

(11)

The values of k, and t;,, calculated by using Eq.
10 and 11 are given in Table 3.
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Table 3. Kinetic values calculated for catalase ads  orption on perlite samples

Sample (T/K) First-order kinetic equation Second-order kinetic e guation Intraparticle diffusion equation

kix10° g Rty kox10° Je Rty Kint(1) R K R?

(min™)  (calculated) (min) g (mg min) * (calculated) (min)  mg (g min "3 mg (g

mgg* mgg™ min 3"

Catalase —RP 295 19.9 11.11 0.91 34.8 2.64 11.40 0.99 3317 0.1 0.93 0.031 0.50
Catalase — RP 305 18.4 15.79 0.87 37.6 1.70 14.40 0.99 4089 0.86 0.93 0.022 0.76
Catalase —RP 315 18.9 18.08 0.92 36.7 1.62 17.85 0.99 3445 1.28 0.88 0.014 0.45
Catalase —EP 295 13.7 19.29 0.95 50.6 0.57 17.33 0.99 101.03 0.98 0.95 0.010 0.67
Catalase —EP 305 19.7 36.59 0.86 35.2 0.46 22.42 0.99 97.07 1.34 0.95 0.015 0.56
Catalase —EP 315 15.1 21.32 0.97 45.9 1.22 22.72 0.99 3589 1.58 0.92 0.012 0.55

10
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3.7.3 Intrapatrticle diffusion

According to a function of (D/r?)"?, the fractional
representation of the diffusion coefficient, Dy, of
the solute molecules into the particle having
radius r is as follows:

q = () (12)
The initial rate equation for intraparticle diffusion
is as follows [14,30]:

Q= kint\/f-'-c (13)
From the eq. 13, the intraparticle diffusion rate
constant from the slope is calculated from the

linear graph of the qg; against /2. Calculated Kiy
values are given in Table 3.

3.8 Thermodynamic Parameters

The activation energy E, can be calculated from
the following Arrhenius equation using the k2
constants calculated from the second order
kinetic equation:

InkzzlnA—i (14)

11

From the linear graph of Ink, versus 1/ T, the

activation energy, E, from the slope and the
Arrhenius factor, A, from intercept value of graph
can be calculated.

Free energy (AG*), enthalpy (AH*) and entropy
(AS*) of activation can be calculated by Eyring

equation [42]:
k AS AH’
In| =2 |=In LY t— -
T h Rg RgT
where k, and h are Boltzmann's and Planck's
constants, respectively. According to Eqg. (15), a
plot of In(k,/T) versus 1/T should be a straight
line with a slope —~AH*/R4 and intercept [In(kp/h) +
AS*/Rg]. AH* and AS* were calculated from slope
and intercept of line, respectively. Gibbs energy

of activation may be written in terms of entropy
and enthalpy of activation:

(15)

AG =AH" -TAS (16)
AG* was calculated at 295 K from Eq. (16).

As a result, the thermodynamics parameters of
catalase on perlite samples were calculated as
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E. (kjmol'™): 29.16 and 33.12, AG (kjmol™): 215.2
and 175.6, AH'(kjmol™): 35.02 and 38.55 and
AS'(jmol™K™): -611.5 and -595.1 for RP and EP,
respectively.

3.9 Kinetic Parameters of Catalase

K, and R, are characteristic constants for

enzymes. Equation for calculating K,, and

R, is below and derived from the Michaelis-
Menten equation [43]:

1_Ky 1, 1 (17)
R R. ISl Ru.
1
The linear graph plotted agalnst = versus —is

[ ]

known as the Lineweaver-Burk plot (see Fig. 7).
K

The slope of this graph is equal to =M value
ax
and intercept is equal to 1
Ry

In this study, from the experimental data, K,,

and R ., and Rt , called catalytic efficiency of

M
adsorbed and pure catalase are calculated as K
(mM): 172.09, 61.08 and 75.77, Rimax (mM min) :
10.10, 5.00 and 4.54, Ry / Ky (Min’ ) 0.058,
0.082 and 0.060 for pure catalase, EP and RP,
respectively. As seen from results, the K, and
Rmax values of the adsorbed enzyme are lower
than pure enzyme.

4. CONCLUSIONS

The zeta potential values weren’t 0 mV for
both perlite samples in this studied pH
range of 1.5-10.

The adsorbed catalase on perlites has
negative charge at pH 7.0. The g, values
for catalase adsorption are maximum at
about pH 6, which is near to the iep of
catalase,

Catalase has a negative net charge in
solutions having a pH greater than 6.0.
Electrostatic repulsion between the perlite
surface and catalase in these solutions
may cause a decrease in the adsorption of
the catalase in the pH range of 6-10.
Adsorptions of catalase onto RP and EP
have caused a change in the C-potential

12

and shifted the isoelectrical point of the
oxide minerals from approximately 5.7 for
perlites; which is the isoelectrical point of
catalase in the solution.

The adsorption process becomes more
favourable with increasing temperature,
FTIR spectra obtained for -catalase
adsorbed on perlites show the peaks of the
amide | band at about 1655 cm and
amide 1l band at about 1529 cm™ , Which
are typical for biomolecules,

The Freundlich model yields a much better
fit than the Langmuir model.

Kinetic studies indicated that the
adsorption follows pseudo-second-order
kinetic equation.

Thermodynamical parameters were also
evaluated for the -catalase-adsorbent
systems and revealed that the adsorption
process was endothermic in nature.

The K, and R, values of the adsorbed
enzyme are lower than pure enzyme.
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