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A B S T R A C T

Laccase enzyme from Polyporus durus ATCC 26726 was immobilized on nanoporous Zeolite-X (ZX), with 83%
immobilization yield. The immobilization process protected laccase against pH and temperature changes. The
activation energy was lowered after immobilization. Compared to the free enzyme the immobilized enzyme
displayed higher Km value and lower Vmax. The immobilized laccase exhibited higher half-life values (t1/2),
higher decimal reduction time (D-value) and lower deactivation rate constant (Kd) within the temperature range
of 50–70 °C. The thermodynamic analysis for substrate oxidation indicated that the enthalpy (ΔH*), entropy
(ΔS*), and free energy of transition state (ΔG*E–T) were lower for immobilized laccase. Furthermore, there was
an increase in turnover number (kcat) after immobilization. The immobilized laccase could decolorize two dyes
and two synthetic wastewater solutions. It retained 100% activity against AB 225 dye after 7 successive deco-
lorization cycles and it could be reused for 11 times with 48% activity loss.

1. Introduction

Laccases (EC 1.10.3.2) are copper-containing oxidases, which were
first discovered in the Japanese lacquer tree, Rhus vernicifera (Giardina
et al., 2010; Morozova and Shumakovich, 2007). This enzyme has been
applied for dyes decolorization (Rodríguez Couto and Toca Herrera,
2006). The reaction is easy to operate because it consumes O2, at room
temperature (Zamora et al., 2003; Zille et al., 2003). In addition, the
separation of products is difficult. In wastewater treatment, laccase has
low stability and high prices which discourage its use (Jořenek and
Zajoncová, 2015). Further, the uses of free enzymes have limited in-
dustrial applications due to their low thermal and operational stability
resulting from susceptibility for deactivation in the presence of other
chemicals. The uses of the immobilized enzyme provide several ad-
vantages included the improvement of thermal stability and possible
reuse (Abdel-Naby et al., 1999c; Wang et al., 2008).

The textile industry generates large volumes of liquid effluent pol-
lutants (Bokare et al., 2008; Sun et al., 2009). Synthetic dyes are the
largest of all textile dyestuffs produced, and their residuals left in
wastewater have been considered as the main source of environmental
pollution (Telke et al., 2008; Vandevivere et al., 1998). The enzymatic
treatment of dye pollutants is preferred due to its mild reaction con-
ditions which will not generate toxic products (Gholami-Borujeni et al.,

2011a, 2011b; Li et al., 2015).
Zeolites are crystalline hydrated aluminum silicates with a frame-

work structure of interconnected SiO4 and AlO4 tetrahedra to form
three-dimensional network skeleton of uniformly-sized interconnected
pores and channels in the molecular dimensions of 0.3–1.4 nm range.
Synthetic Zeolites are preferred than their natural counterparts for in-
dustrial applications, such as adsorption, catalysis and cation exchange,
due to the uniform pore sizes, relative ease of manufacture, low costs
and can be tailored for specific shape and size. The pore size ranges of
some synthetic molecular sieves are 3.5–4.5Å for LTA (Z-A) Zeolite,
4.5–6.0 Å for ZSM-5 and 6.0–8.0 Å for Zeolite X and Y (Youssef et al.,
2015).

Synthetic Faujasite-type zeolite is commonly prepared from pure
chemical sources of sodium aluminate and sodium silicate. It has a
general formula of Na2O.Al2O3.nSiO2. xH2O. Depending on the silica-
to-alumina ratio, Faujasite zeolites are either of the X- (Si/Al is less than
3) or Y-type (Si/Al= 3–5) (Htun et al., 2012). Zeolites constitute an
important group of silicates that hosts large percentages of water within
their impervious structure. This aqueous environment is useful for the
enzyme immobilization to retain its active conformational structure.
Further, grafted zeolite (with different composition) could be used for
covalent immobilization of laccase (Celikbicak et al., 2014).

In the present study, Faujasite-NaX (also called Zeolite Na-X or
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simply ZX) was prepared from refined kaolin, using the microwave
hydrothermal technique. The obtained product was evaluated as a
novel carrier for laccase immobilization to mainly improve its catalytic
properties and thermal stability. The reusability of the immobilized
enzyme in dyes decolorization and synthetic wastewater treatment
processes was also evaluated.

2. Materials and methods

2.1. Laccase enzyme

In the current study, the used laccase enzyme was produced in the
lab from Polyporus durus ATCC 26726 by submerged fermentation for 7
days using the following medium (g/l): Wheat bran, 60; Yeast extract,
3.0; MgSO4.7H2O, 2.0; KH2PO4, 3.0 and glucose, 2.0 and 1mM CuSO4

was added to the fermentation medium at the 5th day of fermentation
(Wehaidy et al., 2018). The crude culture filtrate was partially purified
with acetone precipitation at 40% concentration and used for the pre-
paration of the immobilized enzyme.

2.2. Laccase assay

Laccase activity was built on the oxidation of the substrate 2,2-
azino–bis (3-ethylbenzothiazoline)-6-sulphonic acid (ABTS)
(Bourbonnais et al., 1995). The reaction mixture contained the fol-
lowing; 600 μl sodium acetate buffer (0.1 M, pH 4.0), 300 μl ABTS
(3mg/ml), 300 μl culture filtrate or 50mg of immobilized enzyme and
1400 μl distilled water. The prepared mixture was incubated for
5min at 30 °C. The color was monitored spectrophotometrically at
420 nm. One unit of laccase activity was defined as the activity of an
enzyme that catalyzes the conversion of 1 μ mole of ABTS
(ε420= 36,000M−1 cm−1) per minute.

2.3. Preparation of zeolite slurry

50ml of NaOH (3M) was divided into two equal parts; to one part,
5 g of metakaolinite (calcined kaolin at 800 °C/4 h) was added on stir-
ring for 10min (solution 1) whereas, a 40ml of ludox40 (additional
silica source) was gradually added to the second part with vigorous
stirring for 1 h (solution 2). The two solutions were then mixed with
vigorous stirring (800 rpm) for 24 h to obtain the gel.

2.4. Microwave hydrothermal treatments (M-H)

In the microwave method (M-H), 20ml of the previously prepared
fresh gel was loaded into the 100ml capacity Xpress vessels of micro-
wave digestion system (Mars 5, Model XP-1500, CEM Corp., Matthews,
NC). The system operated at a frequency of 2.45 GHz and can operate at
1–100% of 1600W power, and heat-treated for 1 h at 110 °C. The syn-
thetic product was then collected, washed several times with distilled
water to remove the excess alkali and dried at 100 °C overnight. The
clean dry product was then being ready to be identified.

2.5. XRD characterization of prepared zeolite

The mineral composition of the synthetic product was characterized
by X-ray diffraction (XRD) method using BRUKUR D8 ADVANCE with
secondary monochromatic beam Cu Kα radiation at KV=40 and
mA=40.

2.6. SEM and EDX identification for zeolite

The surface morphology and microstructure of both ZX and ZX-
immobilized laccase were investigated by Scanning Electron
Microscopy (SEM) model Quanta 250 FEG (Field Emission Gun) at-
tached with EDX Unit (Energy Dispersive X-ray Analyses), with

accelerating voltage 30 K.V., magnification 14× up to 1000000 and
resolution for Gun.1n). FEI Company, Netherlands. The chemical
composition was analyzed by EDX microanalysis.

2.7. Enzyme immobilization

A measure of 250 μl (contains 4213 IU and 0.2mg protein) of the
partially purified laccase was mixed with 50mg of zeolite powder and
the mixture was left overnight at 4 °C. At the end of the incubation
period, the zeolite-laccase mixture was washed twice with distilled
water and used for laccase assay. The following formula was used:

The immobilization yield= [I /(A – B)] x 100

Where:

I= the immobilized enzyme activity.
A= the total activity of enzyme added.
B= the amount of residual enzyme activity in the washing solution.

In all experiments, a blank of boiled laccase enzyme was used.

2.8. Properties of free and immobilized enzyme

2.8.1. Optimum temperature
The effect of temperature on the activity of free (4213 IU) and

immobilized laccase (3160 IU) was studied by carrying out the reaction
at different temperatures (from 30 to 80 °C). The activation energy (Ea)
for both the free and immobilized laccase was calculated from
Arrhenius plot as follows:

Slope=Ea / 2.303 R,

Where R is the gas constant (R= 8.314 J/K.mol).

2.8.2. Optimum pH
To determine the optimum pH for the free and immobilized laccase.

The enzymes were assayed at different pH range (pH 3.0–7.0) and at the
optimum reaction temperature. 0.1M acetate buffer (pH 3 to 5), 0.1M
phosphate buffer, (pH 6 to 7), 4213 IU of free enzyme and 3160 IU of
immobilized enzyme were used.

2.8.3. Effect of substrate concentration
ABTS was used as a substrate at different concentrations (1–10mg/

ml). Each enzyme preparation (4213 IU of free enzyme and 3160 IU of
immobilized enzyme) was assayed for activity with these substrate
concentrations at the optimum assay conditions. The Michaelis–Menten
constant (Km) and the maximum velocity (Vmax) of free and im-
mobilized laccase were calculated from Lineweaver–Burk Plot. The
specificity constant (Vmax/Km), the turnover number (kcat), free energy
of transition state binding (G*E−T) and free energy of substrate binding
(G*E−S) were determined as described by Abdel-Naby et al. (2017) as
follow:

Kcat = (kbT / h) x e (−ΔH∗/RT) x e (ΔS∗/R) (1)

Where:

kb Boltzmann's constant (R/N)=1.38×10−23 J K−1

T Absolute temperature (K)
h Planck's constant= 6.626×10−34 Js
N Avogadro's number= 6.02×1023 mol−1

R Gas constant= 8.314 J K−1 mol−1

ΔH* (Enthalpy)= Ea – RT (2)

ΔG* (Gibbs free energy of activation)= -RT ln (kcat h / kb x T) (3)

ΔS* (Entropy) =(ΔH*- ΔG*) /T (4)
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Free energy of substrate binding ΔG* E-S= -RT Ln Ka, where Ka=1/km
(5)

Free energy for transition state formation ΔG* E-T= -RT Ln (kcat /Km)
(6)

2.8.4. Thermal stability
This was approached by heating the enzymes (the same units as in

the previous experiments) at 50, 60 and 70 °C, in absence of the sub-
strate, for different incubation periods (up to 90min). Thereafter, the
residual activity was assayed at the optimum pH and temperature for
each enzyme preparation. A sample was taken from the reaction every
15min and placed immediately in an ice bath. The thermally treated
enzyme samples were assayed for laccase activity as described earlier.
The activity without heating was taken as 100%. The process of thermal
inactivation followed the kinetics of a first-order model. D values
(decimal reduction time), half-life values (t1/2) and deactivation rate
constant (kd) within the temperature range of 50–70 °C were calculated
from the semi-logarithmic plot of residual activity as a function of time.
The thermodynamic parameters at different incubation temperatures
were determined as described by as follow (Ramos et al., 2011; Abdel-
Naby et al., 2017):

Kd = (kbT / h) x e (−ΔH∗/RT) x e (ΔS∗/R) (7)

Q10= antilog E = (E. 10/RT2)

Where E= Ea=activation energy.

2.9. Decolorization activity of immobilized laccase against some dyes

In this part, the decolorization efficiency of immobilized laccase was
investigated against two anthraquinones dyes (Sunzol Brilliant Blue 19
(RBBR, Reactive blue 19 or RB 19) and Dystar. Supralan Blue 2 R (C. I.
Acid blue 225 or AB 225) supplied from Egypt colors, Heliopolis,
Cairo).

The optimal decolorization conditions for each dye were also in-
vestigated. The reaction mixture containing 1ml dye (100mg/l) in
acetate buffer solution (pH 4) was incubated with immobilized laccase
(50mg containing 3160 IU) with shaking at 150 rpm at the optimum
reaction conditions. The decolorization efficiency was expressed in
terms of percentage and calculated by the decrease in absorbance at λ

max of each dye (590 nm for RB 19 and 584 for AB 225) as follows:

% Decolorization= [(Ai – Ao) / Ai]× 100

Where Ai is the initial absorbance of dye, and Ao is the final absorbance
of the dye after decolorization. The optimum conditions for efficient
dye decolorization activity were also investigated.

2.10. Decolorization activity of immobilized laccase against synthetic
wastewater solutions

The decolorization activity of immobilized laccase against two
synthetic wastewater solutions A and B was investigated at the op-
timum reaction conditions. Synthetic wastewater solution A (100mg/l
RB 19, 100mg/l AB 225, 90 g/l sodium sulfate, and 20 g/l sodium
carbonate) and solution B (100mg/l RB 19, 100mg/l RV 5 (Sunzol
Brilliant Violet 5 R) a metal complex azo dye, 90 g/l sodium sulfate, and
20 g/l sodium carbonate) were prepared in the lab as described by other
author (Yesilada et al., 2014; Wehaidy et al., 2018).

2.11. Reusability of immobilized laccase in dye decolorization

The reusability of immobilized laccase was determined by using the
immobilized enzyme for degradation of AB 225. After each reaction
cycle, the laccase immobilized particles were washed 3 times with
distilled water to remove any residual substrate or products. Then the
immobilized enzyme was transferred into fresh dye solution for the next
cycle, and the remaining enzyme activity was determined.

All experiments were performed in triplicate, and the means were
used for the calculation of results throughout the work.

2.12. Storage stability

Both the free and immobilized laccase were stored in 0.1 M acetate
buffer (pH 4) at 4 °C for two months. A sample of the free and the
immobilized laccase has been withdrawn every week and assayed for
enzyme activity.

Fig. 1. XRD for Faujasite-NaX prepared at 110 °C/2 h under microwave heating.
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3. Results and discussion

3.1. X-zeolite characterization

3.1.1. X-ray diffraction
The formed zeolite was characterized by XRD method. Fig. 1 re-

presented a distinctly strong and complete set of peaks for the micro-
nized faujasite-NaX zeolite, with Na2Al2Si4O12.8H2O chemical formula
(Si/Al= 2.0). The complete set of sharp and strong peaks confirmed the
structure of the X-zeolite type with high crystallinity. The absence of
interfering phases indicated the high purity of the product.

3.1.2. SEM and EDX microanalysis
The SEM microstructure and EDX microanalysis of the produced ZX

chemical composition was presented in Fig. 2 & 3a, along with Table 1.
The detected Si/Al ratio (nearly equals 2.0) agreed well with the pre-
vious XRD data. The crystals were of uniformly distributed, having an
average particle size of less than 10 μm.

Fig. 3b illustrates the crystals of ZX after enzyme immobilization. It
is obvious that the morphology of the particles surface is different in
comparison with ZX alone (Fig. 3a). The enzyme appeared as a white
cloud covering the surface of ZX crystals and the intermolecular spaces
and changed the roughness of ZX molecules. This could prove that the
laccase enzyme was effectively immobilized on the surface of zeolite.
This might be due to the high surface area of the carrier since the nano-
pores and the surface properties of ZX were very effective factors in the
immobilization process. Many authors used SEM for comparing the
surface morphological changes before and after immobilization
(Mahmoud et al., 2011; Dehghanifard et al., 2013; Lettera et al., 2016).

3.2. Laccase immobilization on the synthesized zeolite material

The partially purified laccase enzyme (40% acetone fraction) was
immobilized by physical adsorption on the synthesized zeolite with an
immobilization yield of 83%.

3.3. Characterization of ZX immobilized laccase

The following experiments were conducted to evaluate the role of
ZX as a carrier for laccase immobilization.

3.3.1. The optimum temperature of free and immobilized laccase
Both the free and immobilized laccase were optimally active at

70 °C. This result agrees well with many authors who recorded the same
optimum temperature of action for both the free and the immobilized
laccase enzyme (Pye and Chance, 1976; Leonowicz et al., 1988; Berka
et al., 1997; D'Annibale et al., 1999; Kunamneni et al., 2008;
Dehghanifard et al., 2013). At higher temperatures, the enzyme activity
decreased for both forms. However, the immobilized laccase main-
tained higher relative activity than that recorded for the free laccase.
For example, at 80 °C the relative activity of the immobilized enzyme
was 85% which was higher than the free enzyme (50%). These results
proved the positive effect of the immobilization on enzyme stability.

The calculated values of activation energy (Ea) of the free and im-
mobilized enzyme using Arrhenius plot were found to be 12.43 kJ/mol
and 7.22 KJ/mol, respectively (Fig. 4). The reduction in Ea after im-
mobilization indicates the high catalytic efficiency of immobilized
laccase by lowering down the required energy to make the activated
enzyme-substrate complex. Lowering Ea of laccase after immobilization
was previously reported (Ratanapongleka and Punbut, 2017). The re-
corded value for Ea of the immobilized enzyme was lower than that
reported previously for other laccases (44.12 kJmol−1) (Weiwei et al.,
2012).

The effect of temperature on the rate of substrate oxidation by the
free and immobilized Polyporus durus ATCC 26726 laccase was mea-
sured in terms of Q10. The values of Q10 indicated whether the catalytic
reactions are controlled by temperature or by other factors. In general,
catalytic reactions of the enzymes show Q10 value between 1 and 2.
However, deviation from this value is an indicator of the involvement
of other factors (do not include temperature) in controlling the catalytic
rate (Elias et al., 2014). The Q10 value for dye decolorization by both
free and immobilized enzyme was found to be 1.0, indicating that the
catalytic reaction is temperature dependent.

3.3.2. Optimum pH
Both the free and immobilized laccase has an optimum pH of 4.0. At

higher pH values (pH 5–7) the immobilized enzyme was tolerant for the
changes of pH of the reaction (Fig. 5). This means that the immobilized
laccase is more stable against pH change, but the ionization of the
amino acid residues at the active site remains unaffected by the im-
mobilization process. Similar results were reported by other authors
(Kunamneni et al., 2008; Dehghanifard et al., 2013; Srivastava, 1999;
Abdel-Naby, 1999a; Catapane et al., 2013).

3.3.3. Thermal stability
The data of thermal properties of free and immobilized Polyporus

durus ATCC 26726 laccase indicated that the immobilization process
significantly improved the thermal stability of laccase enzyme. Thus,
after heat treatment at 60 °C for 30min, the retained activity of the free
enzyme was 5%. However, the recovered activity of the immobilized
enzyme reached 93.5% at the same treatment. Further, after heat
treatment at 70 °C the free enzyme lost its activity at 15min, however,
the immobilized enzyme retained 76% activity after 90min. These re-
sults indicate that ZX immobilized laccase is more thermostable than
laccase immobilized on grafted zeolite (retained about 42% activity
after 90min at 70 °C, Celikbicak et al., 2014). When the logarithm of

Fig. 2. EDX microanalysis for Faujasite-NaX zeolite.

Table 1
Microanalysis for faujasite-NaX zeolite chemical composition.

Element wt % At % K-Ratio Z A F

O K 39.35 52.10 0.1469 1.0330 0.3612 1.0007
NaK 9.59 8.84 0.0480 0.9668 0.5147 1.0057
AlK 17.73 13.92 0.1230 0.9620 0.7134 1.0113
SiK 33.33 25.14 0.2186 0.9900 0.6626 1.0000
Total 100.00 100.00
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the retained activity was plotted against time (Fig. 6), the free and
immobilized enzymes gave straight-line plots. This means that the
thermal inactivation process of the two forms of the enzyme corre-
sponded to the theoretical curves of a simple first-order reaction. The
thermal properties of the free and immobilized laccase were recorded in
Table 2. The calculated values of t1/2 for the free enzyme at 50, 60 and
70 °C (77.5, 60 and 4.7 min, respectively) however, higher values were
recorded for the immobilized enzyme (698, 281 and 140.9 min, re-
spectively). Lower value of t1/2 was previously recorded for im-
mobilized laccase by other authors (t1/2 value of immobilized laccase
was 90min at 65 °C as calculated by Lettera et al. (2016)). The calcu-
lated kd at 70 °C for the free laccase was 0.066 min−1 which was 30-
time faster than the immobilized enzyme (0.0022 min−1). Further, after
heat treatment at 70 °C, D-value of the immobilized enzyme was 30-
time more than the free enzyme. Based on the previous results, the
physical adsorption of Polyporus durus ATCC 26726 laccase on ZX ap-
peared to enhance its thermal stability. In general, the thermal para-
meters recorded for the immobilized Polyporus durus ATCC 26726 in-
dicated more stability than immobilized laccase reported by other
authors (for example, t1/2 at 60 °C=18.6 h (Bezerra et al., 2015), t1/2 at
70 °C= 0.07 h (Tavares et al., 2015)). The enhanced thermal stability
of laccase by immobilization is an advantage for its industrial appli-
cation due to the high temperatures needed in the industrial processes
(Berka et al., 1997; Elias et al., 2014).

3.3.4. Effect of substrate concentration
Linweaver-Burk plots (Fig. 7) of the free enzyme gave Km of 1.7 mg/

ml, with ABTS, which is lower than that of the immobilized enzyme
(2.3mg/ml). The calculated value of Vmax of the free enzyme was
36000 U/ml which is higher than that of the immobilized enzyme
(30000 U/g carrier).

The increase of the Km value after immobilization may be due to
mass transfer limitations of the substrate into the immobilization matrix
and low accessibility of substrate to the active site of the immobilized
enzyme. Increasing the Km value of other enzymes after the im-
mobilization was similarly reported by various authors (Tavares et al.,
2015; Berrio et al., 2007; Kusano et al., 1989; Abdel-Naby et al.,
1999b). Fixation of the enzyme on the immobilization matrix might
cause decreasing in the enzyme flexibility, which leads to a decrease in
the catalytic activity of the immobilized form (Sampaio et al., 2016;
Erarslan et al., 1996). Consequently, the maximum reaction rate of the
immobilized laccase was lower than that of the free form.

The kinetic parameters of ABTS oxidation by the free and im-
mobilized Polyporus durus ATCC 26726 laccase on x-zeolite are re-
corded in Table 3. The calculated value of kcat of the immobilized en-
zyme (31.186 S-1) was about 40.47% higher than the free laccase
(22.2 S-1). Further, the catalytic efficiency (kcat/Km) for the immobilized
enzyme (13.6 S−1 mg ml−1) was slightly higher than the free form
(13.0 S−1 mg ml−1). Lower values of kcat/Km (0.5 S−1 mg ml−1) were
recorded for Cerrena unicolor immobilized on cellulose-based carrier
Granocel −4000 (Rekuc et al., 2009).

The thermodynamic data of ABTS oxidation by the free and im-
mobilized laccase are recorded in Table 3. The enthalpy of activation
(ΔH*) for the immobilized form (4.372 kJ mol−1) was lower than the

Fig. 3. a: SEM for ZX prepared under microwave heating, b: ZX loaded with immobilized laccase.
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value of the free enzyme (9.58 kJmol−1). Further, the value of ΔS* was
lower for ZX bound laccase by about 43.46 Jmol−1k−1. However, ΔG*
was higher for the immobilized form by about 9.7 k Jmol−1. The lower
value of ΔH* and negative value of ΔS* recorded for the immobilized
form (Table 3) indicated that the transition state of enzyme-substrate
complex (ES*) was stable and more ordered (Bhatti et al., 2007). The

negative value for ΔS* usually indicates that entropy decreases on the
formation of the transition state. In general, the change in the value
ΔG* is the best parameter for evaluating the conversion of the activated
ES* complex into a product. Thus, the low value of ΔG* indicates the
spontaneously of conversion of the transition state complex into pro-
ducts (Riaz et al., 2007). The calculated value of ΔG*E-T for immobilized
laccase (−7.44 kJmol−1) was lower than the free enzyme by about
410 Jmol−1. In addition, the free energy of substrate binding (ΔG*E-S)
for the immobilized enzyme (2.473 kJmol−1) was higher than the free
laccase (1.456 kJmol−1). This indicated that laccase immobilized on
ZX required a lower amount of free energy (ΔG*E−T) to form the acti-
vated (transition) complex. However, a higher amount of ΔG*E−S was
released as compared with the free laccase. This means that the higher
catalytic efficiency of the immobilized laccase was due to the stabili-
zation of transition state (Ramos et al., 2011). The thermodynamic
parameters of the immobilized laccase indicated that the immobiliza-
tion of laccase onto nanoporous ZX promoted an increase in the

Fig. 4. (a) Optimum temperature of the free and immobilized laccase. (b)
Arrhenius plots of temperature data of the free and immobilized laccase (T:
temperature in Kelvin).

Fig. 5. Optimum pH of the free and immobilized laccase (○) Free enzyme, (●) Immobilized enzyme.

Fig. 6. First-order plots of the effect of thermal inactivation of free and im-
mobilized laccase.
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catalytic efficiency and enzymatic stability.

3.4. Decolorization activity of immobilized laccase against some dyes

In this part, the decolorization activity of x-zeolite immobilized
laccase was evaluated against two dyes (AB 225 and RB 19). The op-
timum conditions for an effective decolorization process were also in-
vestigated.

3.4.1. Effect of reaction time on decolorization activity
The decolorization activity of immobilized laccase on RB 19 and AB

225 was investigated at 50 °C. Fig. 8 represents the effect of time on the
% decreases in the absorbance of dyes. For the AB 225 100% decolor-
ization activity was obtained after 15min incubation. However, with
RB 19 100% decolorization activity was reached after 45min. This time
is shorter than that reported by other authors for dyes decolorization by
immobilized laccase (1 h for 93% decolorization of RBBR and 82%
decolorization of AB 25) (Li et al., 2015), (75% Methyl Green deco-
lorization within 6 h) (Kunamneni et al., 2008), (97% and 90% Congo
red decolorization activity after 12 and 60 h, respectively) (Telke et al.,

Table 2
Thermal properties of free and immobilized Polyporus durus ATCC 26726 lac-
case.

Property Free enzyme Immobilized enzyme

Optimum temperature (°C) 70 70
Half-life (t1/2,min) at:
50°C 77.5 698.2
60°C 60 281
70°C 4.7 140.9

Deactivation rate constant (min−1) at:
50°C 0.004 0.00044
60°C 0.0051 0.0011
70°C 0.066 0.0022

Decimal reduction time
D-value (min) at:
50°C 475 4318.18
60°C 115.5 535.45
70°C 8.92 267.72

Fig. 7. Lineweaver–Burk plot for the determination of Michaelis kinetic. constants (Vmax and Km) for Free (○) and immobilized (●) laccase.

Table 3
Thermodynamic and kinetic parameters of substrate catalysis by free and im-
mobilized Polyporus durus ATCC 26726 laccase.

Parameter Free Immobilized

Activation energy Ea (KJ/mol) 12.432 7.224
Km (mg/ml) 1.7 2.3
Vmax (U/mg protein) 36 30
Kcat (S−1) 22.2 31.186
Kcat/Km 13.0 13.6
Ka (1/Km) 0.6 0.42
ΔH (kJ/mol) 9.58 4.372
ΔG (kJ/mol) 92.153 101.852
ΔS (J/mol.K) −240.73 −284.19
ΔGE-T (kJ/mol) −7.03 −7.44
ΔGE-S (kJ/mol) 1.456 2.473
Vmax/Km 21.68 12.60
Q10 1.0 1.0

Fig. 8. Effect of decolorization time on the decolorization activity (% decreases
in absorbance of dyes).
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2010) and (85% RR-120 after 90min) (Celikbicak et al., 2014).

3.4.2. Effect of reaction temperature on decolorization activity
In this experiment, the effect of temperature on RB 19 and AB 225

dye decolorization was investigated at pH 4.0. As indicated in Fig. 9 the
maximum decolorization activity on both RB 19 and AB 225 dye was
achieved at 50 °C. Other researchers reported a lower optimum deco-
lorization temperature for immobilized laccase, 45 °C (Ranimol et al.,
2018); 35 °C (Thakur et al., 2015); 20–30 °C (Li et al., 2015; Ilk et al.,
2016).

3.4.3. Effect of initial dye concentration on decolorization activity
The decolorization activity of laccase enzyme on different con-

centrations of RB 19 and AB 225 (100–1000mg/l) was investigated at
the optimum reaction conditions. The results (Fig. 10) illustrated that
the maximum decolorization activity (100%) of both dyes was achieved
with a dye concentration of 100mg/l. As the dye concentration in-
creases the decolorization efficiency decreases. Yesilada et al. (2014)
also observed the maximum decolorization activity at a dye con-
centration of 100mg/l and lowering in decolorization activity at higher
concentrations. This observation was previously reported by other

authors as the decolorization was decreased or remains constant with
increasing dye concentration (Thakur et al., 2015; Ilk et al., 2016). This
could be attributed to that the higher substrate concentrations had a
poisoning effect on the Nano biocatalyst and overpassed the equili-
brium state of dye concentration-Nano biocatalyst dosage (Katuri et al.,
2009; Mohajershojaei et al., 2014, 2015; Kashefi et al., 2019).

Fig. 9. Effect of temperature on the decolorization activity (% decreases in dyes
absorbance).

Fig. 10. Effect of initial dye concentration on the decolorization activity (%
decreases in dyes absorbance). The decolorization of RB 19 was conducted at
50 °C for 45min. The decolorization of AB 225 was conducted at 50 °C for
15min.

Fig. 11. (a) Synthetic wastewater solutions A (100mg/l RB 19, 100mg/l AB
225, 90 g/l sodium sulfate, and 20 g/l sodium carbonate) and B (100mg/l RB
19, 100mg/l RV 5, 90 g/l sodium sulfate, and 20 g/l sodium carbonate).
(b) Synthetic wastewater solutions A and B after decolorization by immobilized
laccase.

Fig. 12. Reusability of immobilized laccase in AB 225 dye decolorization.
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3.5. Effect of immobilized laccase on decolorization of synthetic wastewater
solutions

The data shown in Fig. 11 indicated that both wastewater solutions
A and B could effectively be decolorized (100% decolorization) by the
immobilized laccase after 45min incubation period at 50 °C. The de-
colorization effect of laccase enzyme against synthetic wastewater so-
lutions was previously investigated by other authors (Nilratnisakorn
et al., 2008; Yesilada et al., 2014). From these data, it is obvious that
the immobilized laccase can be used in textile industries for the was-
tewater treatment.

3.6. Reusability of immobilized laccase in dye decolorization

The possibility of regeneration of immobilized laccase for repeated
use is the most important factor for reducing the overall costs in in-
dustrial applications (Fernandez-Fernandez et al., 2013). As indicated
in Fig. 12, the immobilized laccase retained 100% activity against AB
225 for 7 successive cycles. However, in the eighth cycle, the activity
was decreased to 76%. The activity dropped to about 52% after 11
cycles. These results were better than that reported by other re-
searchers, for example, Celikbicak et al. (2014) reported that the en-
zyme activity was decreased to 79% after five cycles of reuse. However,
Zheng et al. (2016) observed that the relative activity of laccase was
dropped to 90% after 3 cycles and reached 60% after 6 cycles of reuse.
The decrease in enzyme activity after successive reuse could be due to
enzyme inactivation and leakage of enzyme molecules during each
cycle.

3.7. Storage stability

The immobilized laccase maintained 100% activity and 80% ac-
tivity after storage at 4 °C for one month and two months, respectively.
However, at the same storage conditions, the activity of the free enzyme
was dropped to 80% and 40%, respectively. Thus, the storage stability
of laccase has been improved after immobilization. Other authors also
reported an increase in storage stability of laccase after immobilization
(Kunamneni et al., 2008; Ilk et al., 2016; Zheng et al., 2016).

4. Conclusions

This study demonstrates that immobilization of Polyporus durus
ATCC 26726 laccase on nanoporous ZX with high immobilization yield
(83%). The immobilization of the enzyme on nanoporous ZX most
probably resulted in conformational changes in the enzyme which
subsequently altered the catalytic and thermodynamic properties of the
immobilized enzyme. The analysis of thermodynamic data indicated
that the immobilization improved both entropy and enthalpy of deac-
tivation, thus confirming the superiority of the immobilized enzyme
over the free one. The immobilized laccase was successfully used for the
decolorization of RB 19, AB 225 dyes and two synthetic wastewater
solutions. In addition, the immobilized preparation retained 100% of its
original activity after being used for 7 successive decolorization cycles.
This may provide a great advantage in reducing costs in industrial
applications. Furthermore, the immobilization on nanoporous ZX of-
fered additional advantages: it is easily prepared, non-toxic, in-
expensive compared to other nanomaterials, has a large surface area
and excellent loading capacity, the chemical and physical properties of
ZX are stable during and after being used for several times even at high
temperature. These results may provide new guidelines for laccase
engineering. There are numerous reports on the immobilization of
microbial laccase to improve the function, structure and stability and in
turn the structure–stability–function relationships of the enzyme.
However, the immobilization of Polyporus durus ATCC 26726 laccase on
the nanoporous ZX prepared in our lab induces favorable changes in the
stability and catalytic properties of the enzyme in a more simple,

inexpensive and eco-friendly way. Thus, we suggest that, the nano-
porous ZX prepared in our lab is better to be used for laccase im-
mobilization and suits various needs of the biotechnology.
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