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Abstract. ZnO nanowires were introduced into macroporous SiO2 by means of in situ 
hydrothermal growth. The obtained nano-composite was then used to immobilize laccase 
(secured from Trametes versicolor) through the process of static adsorption. The average 
loading amount was as high as 193.4 μmol·g-1

. The immobilized laccase was proven to be an 
effective biocatalyst in the decolorization of two dyes: Remazol Brilliant Blue B, and Acid 
Blue 25. The decolorization percentage of Remazol Brilliant Blue B and Acid Blue 25 reached 
93% and 82%respectively. The immobilized laccase exhibited enhanced thermal stability and 
pH adaptability compared to free laccase. After ten recycles, the immobilized laccase retained 
42% decolorization catalytic activity. 

1. Introduction 
Every year, the textile industry generates large volumes of liquid effluent pollutants [1, 2]. Synthetic 
dyes are the largest of all textile dyestuffs produced, and their residuals left in wastewater have been a 
primary source of environmental contamination [3, 4]. Synthetic dyes contain azo bonds (-N=N-), 
aniline, phenol, or other aromatic compounds. Several physical and chemical approaches have been 
proposed to withdraw dyes from industrial wastewaters. Such examples are coagulation, adsorption, 
chemical oxidation, or photolysis [5-7].  

The enzymatic treatment of pollutants is elegant process because of the mild reaction conditions 
they produce, without generating toxic sludge. Oxidative enzymes are one enzyme which maintains 
the capability for decolorizing dyes. Oxidative enzymes such as iron, which-contains chloroperoxidase 
[8] and horseradish peroxidase [9], or manganese, which-contains manganese peroxidase [10], have 
been applied to the decolorization of synthetic dyes. Laccases (EC 1.10.3.2) are copper-containing 
oxidases, and were first discovered in the Japanese lacquer tree, Rhus vernicifera [11, 12]. This 
enzyme has been applied to the decolorization of dyes, as stated in the previous report [13]. The 
reaction is easy to operate because it consumes O2, at room temperature [14, 15]. Due to the 
susceptibility of enzymes to deactivate in the presence of other chemicals, and it is difficult to separate 
and recycle, which limits its application. So using immobilized laccase is separating expediently and 
recycling easily. 

Generally, the nature of the support heavily influences the properties of the immobilized laccase. 
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Polymer supports such as polyacrylamide [16] and alginate [17] are commonly used for enzyme 
immobilization, and are easy to be prepared, but short of thermal and chemical stability. Inorganic 
support maintains quality chemical stability, high mechanical strength, and low cost. Mesoporous 
materials particularly have large pore volume, tunable pore diameter, and a high specific surface area; 
these characteristics make them to be explored extensively as supports for immobilization of enzymes. 
The enzyme immobilization on different kinds of mesoporous materials: MCM [18, 19], SBA-15[20, 
21], CNS [22], MCF [23, 24], has been extensively researched. Macroporous materials such as 
diatomite [25], ceramic [26] have also been used to immobilize enzymes, however their low specific 
surface area creates a disadvantage in regards to the loading amount of enzymes.   

A new kind of large-sized macroporous SiO2 developed by our group recently. It offers enhanced 
mechanical stability, low density, and high porosity (93%) [27, 28]. To solve the issue of low specific 
surface area found in this macroporous material, a special in situ hydrothermal growth technology was 
established. The technology was created to introduce ZnO nanowires in the macroporous SiO2 support 
[29]. The composite has a higher specific surface area compared to the pure macroporous silica, and 
the ZnO nanowires are usually positive-charged, which is very useful to immobilize negative-charged 
enzymes through electrostatic interaction. In our previous study, ZnO nanowires/macroporous SiO2 

composite support has been used to immobilize lipase through the method of static adsorption [30, 31]. 
In this study, the negative-charged laccase (IP is 3.7, working pH is about 5.5) was immobilized on 
ZnO nanowires/macroporous SiO2 composite supports in an aqueous solution. Two dye substrates 
(Remazol Brilliant Blue B (RBBR) and Acid Blue 25, which is shown in figure 1) were decolorized 
under the catalysis of both free and immobilized laccases. The loading amount and stability of 
adsorption were measured by using a standard method. The reaction conditions such as pH and 
temperature were then investigated and optimized. Finally, the storage stability and reusability were 
tested. 
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Figure 1. Scheme for composite support-laccase degradation two dyes. 

2. Materials and methods 

2.1. Materials 
Laccase from Trametes versicolor was purchased from Aldrich, 2-Azino-bis 
(3-ethylben-zothiazoline-6-sulfonic acid) diammonium salt (ABTS), buffer salts, Remazol Brilliant 
Blue B and Acid Blue 25 are purchased from Aladdin (Shanghai). 

2.2. Synthesis composite supports 
A mixture of Epoxy resin (16.0 g) and polyethylene glycol (28.0 g of PEG1000 and 4.0 g of PEG2000) 
were heated and stirred to form a clear solution, 5.0 g of diethylenetriamine was then quickly added 
with strong stirring. The reaction system was kept at 70 °C for 3 hours. After curing the obtained the 
white product was immersed in pure water to completely remove the PEG resulting in a 3D skeletal 
polymer. Then, the white 3D skeletal polymer was naturally dried for 2 days and then immersed in 
pure ethyl silicate for 3 h. The hydrolysis of infiltrated ethyl silicate was carried out by exposing the 
samples in NH3·H2O atmosphere at 40 °C for 12 h in a sealed container. After that the silica/polymer 
composites were dried at 60 °C for 2 h to remove the produced ethanol and the adsorbed NH3·H2O. 
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Calcinations of the composites were carried out at 5 °C·min-1 in a muffle furnace up to a temperature 
of 820 °C for 30 minutes. The white 3D silica has density of less than 0.2 g/mL [27]. 

Introduction of ZnO nanowires in macroporous silica was carried out by two steps. The first step 
was the formation of ZnO crystal seeds on the wall of silica support: A mixture of zinc acetate, 
PEG600 and water was used as the precursor solution, in which the SiO2 supports were immersed 3 h 
and then dried at 100 °C for 1 h to remove most of the water. Firstly the samples were heated in a 
muffle furnace at 200 °C for 1 h, and then the temperature was raised to 650 °C at a rate of 7.5 °C/min 
and maintained for another 20 min. The second step was the in-situ growth of ZnO nanowires: zinc 
nitrate was dissolved in ammonia solution to form 1M solution, in this solution the seeds-contained 
supports were immersed for 6 h, and then the samples were placed in a sealed container equipped with 
ammonia-collecting material. The hydrothermal reaction was carried out in two stages: maintaining 90 
°C for 6 h in the first stage and 100 °C for 12 h in the second stage. The obtained products were 
washed with pure water to completely remove the soluble inorganic salts and dried in vacuum at room 
temperature for 24 h [28-29]. 

2.3. Loading amount assay 
Both of the supports are cut into small particles (~ 8 mm3). In the adsorption experiment, 0.3 g support 
is mixed with a 10 ml laccase solution in acetate buffer (pH 6.5), and the mixture continues to be 
shaken at 25°C for 6 hours. After that, the material was recovered by centrifugation for 5 minutes, then 
washed with an acetate buffer until no activity detected in the supernatant. The final enzyme 
preparation was kept in acetate buffer. 

The amount of immobilized laccase (P0) was determined according to the Bradford method [32], 
and the P0 was calculated from the below equation:    

m

VCVCC
P 23121

0

)( −−=                                (1) 

   The leaching of laccase from the supports described in the previous [30].  The calculation 
equation was as follows: 

m

VC
PP t

t −= 0                                     (2)
 

2.4. Enzymatic dye decolorization 
Reactions were carried out at room temperature in 1 mL reaction mixtures containing two dyes (0.1 
mol/L) and an acetate buffer pH 3-8, then added free and immobilized enzymes into it respectively. 
For all reactions, the concentration of the two dyes was 0.1mol/L, and the concentration of free and 
immobilized enzyme was maintained at 0.1 mmol/L. The decolorization efficiency was determined by 
monitoring the maximum absorbance (λmax) of dyes at UV-Vis spectrophotometer, Remazol Brilliant 
Blue B at 550 nm and Acid Blue 25 at 600 nm respectively: 

Decolorization efficiency (%)= 100
0

0 ×−
A

AA t %                       (3) 

2.5. Effect of pH, temperature and thermal stability on catalytic activity 
The effect of pH and temperature on the catalytic activity of the free and immobilized laccase against 
the dyes was determined spectrophotometrically. This was done by measuring the changes in 
absorbance at the wavelength of maximum absorption of each dye at different pH balances and 
temperatures, keeping the constant temperature at 25℃ and the pH=5.5.  

The thermal stability of the free and immobilized laccases was  determined by measuring the 
residual activity of the enzyme exposed to 80℃ in acetate acid buffer pH 6.5 for 120 min. Every 20 
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min, a sample removed and assayed for enzymatic activity. The free and immobilized laccase activity 
was measured by monitoring the absorbance change of 2, 2-Azino-bis 
(3-ethylben-zothiazoline-6-sulfonic acid) diammonium salt (ABTS) during its oxidation with a 
UV–visible spectrophotometer at 420 nm.  

2.6. Storage stability 
The immobilized laccase was kept at 25℃ for different times (0-100 days), and was measured by 
monitoring the absorbance change of 2, 2-Azino-bis (3-ethylben-zothiazoline-6-sulfonic acid) 
diammonium salt (ABTS) during its oxidation with a UV–visible spectrophotometer at 420 nm.  

2.7. Reusability of an immobilized laccase 
The reusability of the immobilized laccase was assayed in ten sequential cycles for the decolorization 
of RBBR. The immobilized laccase was recovered by performing centrifugation after each reaction 
cycle, and was placed in a fresh reaction media. The residual activity data was normalized to the first 
cycle assay, which was considered to be at 100% activity. 

3. Results and discussion 

3.1. Structural characterization of the supports 
Figures 2 and 3 display the SEM images of the macroporous SiO2 support and the composite with 
ZnO nanowires. The structural characterization of the supports is described in the previous literature 
[30]. 

Figure 2. SEM image of macroporous SiO2. Figure 3. SEM image of the ZnO 
nanowires/macroporous SiO2 composite. 

3.2. Loading amount and adsorbing stability of the supports 
The loading amount is described in table 1, and is about 193.4 nmol/g and pure macroporous SiO2 is 
43.7 nmol/g. It can be seen that the composite support is about 5 times the loading amount of 
macroporous SiO2., and the loading amount of composite support is high than the silica-based 
mesoporous material [22].The enhancement of adsorption and stability should be a result of the 
increase of surface area and the electrostatic interaction between positive-charged ZnO nanowires and 
a negatively-charged laccase. Therefore, the interaction of a laccase with composite support is much 
faster than that with pure macroporous SiO2.  

Table 1. The loading amount of laccase immobilized on different supports. 
Soaking 
time/h 

Composite support Macroporous SiO2 
Loading/μmol·g-1 Loading/μmol·g-1 

0 193.4 43.7 
12 189.9 32.4 
24 164.8 14.8 
36 139.5 9.6 
48 107.1 6.7 
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3.3. Effect of pH, temperature on the catalytic activity of free and immobilized laccases 

3.3.1. pH. Figures 4 and 5 express the pH effect of immobilized and free enzymes on decolorization 
of the RBBR and Acid Blue 25 respectively. It is apparent that the decolorizations of both dyes under 
catalysis of immobilized and free enzymes are highly sensitive to the associated pH value, and that the 
optimum pH for free laccase is 5, and for the immobilized one is 5.5. Free laccase received the highest 
decolorization of 80% and 56% for RBBR and Acid Blue 25 respectively. The immobilized laccase 
provided the highest decolorization at 93% and 82% for RBBR and Acid Blue 25 respectively. The 
results indicate that the catalytic activity of laccase could be improved after immobilization in this way. 
Furthermore, the free laccase retained only 6% (RBBR) and 3% (Acid Blue 25) of decolorization 
activity at pH=8, while the immobilized laccase still has 32% (RBBR) and 25% (Acid Blue 25) of 
decolorization activity at the same pH value. It has been reported that supporting materials usually 
alter the effect of pH on the catalytic profile of some enzymes [33].  

3.3.2. Temperature. The temperature of reaction is another important parameter affecting the activity 
of the enzyme. Figures 6 and 7 depict the temperature’s effect on decolorization efficiency. The 
decolorization process was carried out under different temperatures varying from 20℃ to 80℃. The 
results are illustrated in figures 6 and 7, both free and immobilized laccases maintained high activities 
as the temperature maintained at 20～30℃. As the temperature above 40℃, the free laccase showed a 
rapid decrease in activity as a result of the denaturation of enzyme at high temperature [34]. The 
immobilized laccase kept catalytic activities much higher than free laccase at all the range of 
temperature. For example, the immobilized laccase still have over 50% of catalytic activity at 60℃, 
32% of catalytic activity at 80℃. The effect of supports protecting enzymes from deactivation at high 
temperature has also been found in other reports [35-37]. 

2 3 4 5 6 7 8 9
0

20

40

60

80

100

D
ec

ol
or

iz
at

io
n

(%
)

pH

 Free 
 Immoblized

2 3 4 5 6 7 8 9
0

20

40

60

80

D
ec

ol
or

iz
at

io
n

(%
)

pH

 Free 

 Immoblized 

 
Figure 4. Effect of pH on the decolorization of 
RBBR by free and immobilized laccase. 

Figure 5. Effect of pH on the decolorization of 
Acid Blue 25 by free and immobilized laccase.
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Figure 6. Effect of temperature on decolorization Figure 7. Effect of temperature on 
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of RBBR by free and immobilized laccase. decolorization of Acid Blue 25 by free and 
immobilized laccase. 

3.3.3. Thermal stability. Figure 8 shows the heat inactivation curves for both the free and 
immobilized laccases. After an incubation period of 120 minutes at 80℃,the immobilized laccase 
retained 70% of its initial activity, while the free enzyme retained only 40%. Obviously, the 
nano-composite support is very effective at protecting laccase from inactivation at high temperatures. 
The electrostatic interaction improved the thermal stability of the immobilized enzyme, or, in other 
words, the immobilized laccase has an enhanced heat-resistance compared to the free laccase. The 
immobilized laccase could work in harsh environmental conditions with less activity loss as compared 
to the free laccase.  

3.4. Storage stability 
Figure 9 shows the decrease of relative activity in the immobilized laccase during incubation at 25℃ 
for many days. The immobilization laccase retained approximately 80% of its initial activity after 
three months of storage. That means the laccase immobilized on the nano-composite support is a 
stable biocatalyst, which may have practical applications in the processes of dye-containing waste 
water. 
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Figure 8. Thermal stability of the free and 
immobilized laccase at 80℃.  

Figure 9. Storage stability of immobilized laccase 
at 25℃. 

3.5. Reusability of the immobilized laccase 
The reusable qualities of the immobilized laccase were tested by repeating catalysis of the 
decolorization of RBBR. The decolorization percentage was recorded as the relative activity of laccase 
in each cycle. As shown in figure 10, the relative activity showed a slight drop as the cycle number 
going from 1 to 10, 40% of initial activity maintained after ten times of cycle. It has never been 
reported that laccase immobilized on epoxy-activated carriers retained only 20% of initial catalytic 
activity after six cycles [37]. According to the comparison, it can be concluded that the laccase 
immobilized on the nano-composite support exhibits enhanced reusability. 
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Figure 10. Reusability of the immobilized laccase for the decolorization of RBBR. 

4. Conclusion 
 The ZnO nanowires into macroporous SiO2 resulted in a new composite support for the 

immobilization of laccase. The support contains 233 m2/g of specific surface area, and 
193.4μmol/g of adsorption capacity. The immobilized laccase exhibited excellent resistance to 
temperature and pH inactivation, high thermal stability, and reusability. After ten recycles, the 
immobilized laccase still maintained 40% of its initial activity. 

 The optimal reaction conditions for 93% the decolorization of (RBBR) and 82% of the 
decolorization of Acid Blue 25 are as follows: molarity of two dyes (0.1 mol/L), molarity of 
free laccase and immobilized enzymes (0.1 mmol/L), reaction temperature (25℃), and pH 
(5.5); reaction time (1 h). 
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