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ABSTRACT: Due to its environmental friendliness and biodegradable ability, the enzymatic  (g)——» :r:i > (o)
decolorization of azo dyes is the best option. However, the free enzyme suffers from various g . 2|z
limitations, including poor stability, no repeatable use, and a high expense, which is the key « clé
drawback for its practical use. In this analysis, the laccase enzyme was immobilized in — e+ (P
mesoporous silica coated magnetic multiwalled carbon nanotubes (Fe;0,-MWCNTs@SiO,) by ¢ 4 Eaccase b

a glutaraldehyde cross-linker to create an easily separable and stable enzyme. Fourier transform

infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and energy-dispersive X- l

ray spectroscopy (EDX) were used to characterize the as-synthesized Fe;0,-MWCNTs@SiO,. . .

Laccase immobilized in Fe;O,-MWCNTs@SiO, showed a good improvement in temperature, !’ Dyesotion before

pH, and storage stability. Moreover, the operational stability of the biocatalyst was improved, & :

retaining 87% of its original activity even after 10 cycles of 2,2’-azino-bis(3-ethylbenzothiazoline- ! - 3 Dy sloiater

6-sulfonic acid) (ABTS) oxidation. The biocatalysts were applied for the decolorization of g .=

selected azo dyes without a mediator, and up to 99% of Eriochrome Black T (EBT), 98% of Acid

Red 88 (AR 88), and 66% of Reactive Black 5 (RBS) were decolorized. Based on these

properties, the biocatalysts can be potentially utilized in various environmental and industrial applications.

B INTRODUCTION To eliminate dyes from wastewater, various methods

including chemical oxidation, membrane filtration, adsorption,
and photocatalytic degradation have been analyzed in
detail.»'®> However, it has been reported that these methods
require a high cost and are complex to operate, and they also

Azo dyes have been commonly used for the coloring of various
fabrics in the garment industry owing to their robust use and
suitability for different substrate materials."” It has been also
reported that about 70% of all dyes utilized in industries are

azo dyes." Meanwhile, they are considered as one of the main can mostly generate secondary contaminants.”'® Hence, safe
sources of contaminants in industrial wastewater.”® In and environmentally benign approaches such as the use of
addition, approximately 1 million tons of dyes and pigments enzymes or microorganisms are crucial for the treatment of
are annually manufactured worldwide, and this quantity is wastewater containing dyed effluents.'”"® Enzymes, as the
continuously expanding every year.””> Color resulting from green biocatalysts, could be employed in the removal of dyes
dyes is usually the first contaminant to be recognized in from wastewater. However, free enzyme suffers from different
wastewater; even 1 mg/L of dye can be seen with our naked limitations including product contamination, low stability,
eyes. The effluents discharged from textile or other industries nonreusability, and high production costs. Enzyme immobili-
result in serious problems to human beings or aquatic zation, in which the free enzyme is attached on the solid
16,7 .
systems. "’ Among the azo dyes used, Reactive Black S (RB support, can avoid these limitations by preserving the protein

§),"” Eriochrome Black T (EBT),"’ and Acid red 88 (AR structure of the enzyme, thus minimizing the product
88)'" are mostly utilized in textile or other industries for
coloring materials such as cellulose, cotton fibers, nylon, silk,
wool, etc. However, the release of these dyes into the
environment causes great problems to human lives since ]
exposure to dyes arouses skin irritations, impaired respiratory Received:  October 18, 2020
system, bladder cancer, acute bronchitis, mutations, etc.! >3 AccePted: January 13, 2021
Therefore, reports on remediation of harmful dyed effluents Published: January 22, 2021
before discharge into water bodies are of environmental benefit

because of their carcinogenicity, mutagenicity, toxic effects,

slow biodegradability, and recalcitrant existence.”' '

s . 1920 . -
contamination. Therefore, owing to its advantages
including easy recovery, low energy, low cost, operational
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stability, ability to be reused several times, etc., the
immobilized enzyme is more preferable than its free form.*
The immobilization of an enzyme can be carried out by
employing diverse methods including chemical and physical
methods that affect the enzyme properties and thus its
utilization in particular processes.'® >’ The problems asso-
ciated with enzyme immobilization are to identify new support
materials with suitable structure and properties of enzymes,
and an immobilization method. Covalent bonding is the best
method for immobilizing enzymes because it maintains its
tertiary structure, strongly binds to the support material, and
prevents enzyme leaching from the support.'”™>!

Recently, different materials including nanotubes, nano-
particles, nanofibers, and activated carbon have been utilized as
supports for enzyme immobilization.”’ Among them, carbon
nanotubes are the most popular support for enzyme
immobilization owing to their unique characteristics including
the layered and hollow structures, low price, high chemical and
thermal stabilities, high mechanical strength, high enzyme
loading, good biocompatibility, and large surface area to
volume ratio.”'*> However, their practical utilization in
bioremediation is restricted by their agglomeration capacity
as a result of the strong attraction between the small carbon
particles, which leads to the smaller surface area.”” To remove
this limitation, carbon nanotubes can be prepared in advance
by a surface modification to decrease the agglomeration and
increase the accessible surface area.”’”>* Therefore, meso-
porous silica materials modified carbon nanotubes may be
advantageous owing to their quicker mass transfer, enhanced
interfacial bonding ability, hydrophilicity property, mechanical
stability, and high enzyme loading, and different functional
groups can be attached on it, which preclude enzyme
leaching.”> ™’

Nonetheless, a major challenge is its separation from
reaction mixtures and the low adsorption capacity. The
magnetic functionalization is the best way for its fast, suitable,
and efficient removal from reaction mixtures.”**° Therefore,
inspired by the reported works, mesoporous silica coated
magnetic multiwalled carbon nanotubes were developed and
used in the enzyme immobilization process.”® Laccase enzyme
was selected as a model enzyme due to its wide range of
substrates, ability to oxidize organic and some inorganic
substrates, and ability to remove xenobiotics from industrial
effluents as well as discoloration of dyes. In addition, compared
to the peroxidase enzyme, the laccase enzyme does not need
hydrogen peroxide (H,0,) but can oxidize organic compounds
with oxygen (O,) as a co-substrate.”**' >

Several studies have employed immobilized laccase for the
removal of dyes from industrial wastewater; for instance,
Larissa et al.”* reported the decolorization of Acid Red 88 by
immobilized laccase with thiosulfinate—agarose as a carrier.
They observed that 97% color removal needed 24 h. Katarzyna
et al.”® utilized immobilized laccase with TiO,—ZrO,—SiO, as
a carrier to decolorize Reactive Black S. The result showed that
the color removal efliciency of the dye in 24 h was 77%. In
another report,20 they investigated the decolorization of
Reactive Black S, Reactive Red 2, Acid Orange 7, and Acid
Blue 74 using immobilized laccase with mesoporous carbon
from pecan shells as a carrier. The results illustrated that the
color removal efficiencies of the dyes in 72 h were 5, 48, 94,
and 92%, respectively. However, the decolorization time was
too long and most of them used mediators, which increase the
cost during the multiple reuses.
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It has been also reported that the decolorization of azo dyes
by laccase enzyme depends considerably on the structures of
dyes.”** Therefore, in this present study, we have characterized
mesoporous silica coated magnetic multiwalled carbon nano-
tubes (Fe;0,-MWCNTs@SiO,) covalently immobilized with
laccase for the decolorization of azo dyes from wastewater
without a mediator to solve this problem. Moreover, different
factors including glutaraldehyde concentrations, cross-linking
time, immobilization time, enzyme concentration, as well as
temperature, pH, reusability, and storage stability, which can
affect enzyme activity, were also optimized. Based on obtained
results, the enzyme immobilized in mesoporous silica coated
magnetic multiwalled carbon nanotubes (Fe;0,-MWCNTs@
Si0,) is a novel efficient method for effectively treating
wastewater containing dyes or other harmful organic materials.

B RESULTS AND DISCUSSION

Characterization of MWCNT, Fe;0,-MWCNT, Fe;0,-
MWCNT@SiO,, and Immobilized Laccase. Scanning
electron microscopy (SEM) images were collected and used
to observe the structural morphology of the as-prepared
samples. As shown in Figure Sla, the outer part of pristine
multiwalled carbon nanotubes (MWCNT) is a thin long
tubular structure without any other particles on the wall
However, after coating with Fe;O, there are a lot of
nanoparticles connected on the outer part of MWCNTSs,
indicating that Fe;O, was attached on the surface of
MWCNTs (Figure S1b). In addition, to confirm the structural
composition of the synthesized Fe;O,-MWCNTs, energy-
dispersive X-ray spectroscopy (EDX) spectra were collected
during scanning electron microscopy (SEM) imaging (Figure
S2a). The obtained results show the appearance of O and Fe
elements, further confirming the existence of Fe;O, in the
structural composition, which is in good agreement with the
reported work.>® Moreover, to increase the surface area and
make the as-synthesized magnetic multiwalled carbon nano-
tubes (Fe;0,-MWCNTSs) more hydrophilic, as well as facilitate
the functionalization process, SiO, was coated on the surface of
Fe;0,-MWCNTs with the aid of cetyltrimethyl ammonium
bromide (CTAB) as a surfactant, and the silica source was
tetraethylorthosilicate (TEOS). Finally, CTAB was extracted
using an ion-exchange method. The structure was changed due
to the mesoporous silica shell on Fe;0,-MWCNTs as shown
in Figure Slc. To get more information about the structure of
the as-synthesized composites, the energy-dispersive X-ray
spectroscopy (EDX) study of the Fe;O,-MWCNT@SiO, was
displayed in Figure S2b. Fe, Si, and O elements can be
observed, confirming that the Fe;O,-MWCNT@SiO, nano-
composites were successfully synthesized.*®

As indicated in Figure S1d, there was a stable suspension of
Fe;0,-MWCNT@SiO, in an aqueous medium (water), which
proves that no agglomeration of the as-synthesized micro-
particles occurred, and a magnetic field was applied to test the
separation capacity, which was done in 10 s.

To investigate the functional groups that exist in our
samples, a Fourier transform infrared (FTIR) analysis of
Fe;O,-MWCNT@CTAB@SiO, and Fe;O,-MWCNT@SiO,
after the extraction of CTAB was performed. As can be seen
from Figure 1, the broad peaks around 2855 and 2926 cm™
are attributed to the —CH, group from CTAB, proving that
CTAB was successfully enclosed into Fe;O,-MWCNT@SiO,.
After the extraction of CTAB, the intensity of absorption peaks
around 2855 and 2926 cm™' decreased obviously and become
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Figure 1. FTIR spectra of (a) Fe;0,-MWCNT@CTAB@SiO, and
(b) Fe;0,-MWCNT@SiO,

weaker, confirming that most of CTAB was removed. The
strong band peaks around 1091 cm ™" in curves (a) and (b) are
assigned to the stretching vibration of Si—O-Si, illustrating
that the SiO, shell was successfully enclosed on Fe;O,-
MWCNTs. The intensity of absorption peaks around 960 cm
and 803 cm™' is consistent with the Si—OH and Si—O
stretching frequencies, respectively. The peak around 3410
cm™! is attributed to the —OH groups in curves (a) and (b),
respectively. Furthermore, a broad peak that is attributed to
the stretching vibration of Fe—O—Fe in Fe;O, was observed at
around 565 cm™" (Figure la,b), indicating that Fe;O, has been
successfully coated on MWCNTs. Moreover, the peak around
1643 cm™! is assigned to the C=O stretching frequencies
from the acid treatment of MWCNTs. The results are in
agreement with the reported methods.***’

The porosity of mesoporous silica coated magnetic multi-
walled carbon nanotubes (Fe;O0,-MWCNT@SiO,) was
examined by nitrogen adsorption/desorption isotherms and
showed a typical type IV isotherm with a mesoporous structure
(Figure 2a). The corresponding mesopore size was 11.47 nm

(Figure 2b), and the Brunauer—Emmett—Teller (BET) surface
area of Fe;O,-MWCNT@SiO, was 428.1 m’/g. The high
surface area is assigned to the porous silica shell and nanotube
structure, which could facilitate the attachment of en-
Zymes. 353

Characterization of Laccase@Fe;0,-MWCNT@SiO,.
Mesoporous silica coated magnetic multiwalled carbon nano-
tubes (Fe;0,-MWCNTs@Si0,) are an efficient support for
immobilizing enzymes, evidently enhancing the enzyme
catalytic activity, reusability, and easy separation from the
aqueous solution using a magnetic field. In this study, laccase
was selected as a model enzyme and employed in the
decolorization of three types of dyes because diverse chemical
structures of dyes can be decolorized differently.”** Before
immobilizing the enzyme, glutaraldehyde was utilized as a
cross-linker to activate the support. Glutaraldehyde improves
the reusability and stability of the enzyme and prevents enzyme
leaching during the reaction process, as a result of the strong
interaction between the substrate and enzyme molecule;
moreover, glutaraldehyde is versatile and an inexpensive
reagent. This cross-linker has two aldehyde functional groups;
one is capable of covalently reacting with the support, while
the other reacts with the amino groups of enzymes, leading to
the immobilization of enzymes.””**’

To further investigate the influence of glutaraldehyde
concentrations on the immobilization of laccase, diverse
glutaraldehyde concentrations were tested. As indicated in
Figure S3a, the activity of the biocatalytic system (laccase@
Fe;0,-MWCNT@Si0,) was augmented with the rising initial
glutaraldehyde concentrations from 1 to 1.5 wt %, and the
optimum relative activity was obtained with the use of a 1.5 wt
% glutaraldehyde concentration. Further increasing the initial
glutaraldehyde concentrations caused laccase activity to decline
sharply. This could be explained as follows: when glutaralde-
hyde concentration is too low, the aldehyde groups in Fe;O,-
MWCNT@Si0, are restricted, leading to a lower activity of
the immobilized enzyme and also a decrease in laccase
loading.””*°

When the glutaraldehyde concentration is too high, more
aldehyde groups will be formed in mesoporous silica coated
magnetic multiwalled carbon nanotubes (Fe;O,-MWCNT@
Si0,), and then too much aldehyde groups could conjugate
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Figure 3. (a) Effect of reaction pH values and (b) pH stability under pH 4.0 and 8.0 on the activity of free and immobilized laccase.

with the —NH, groups of laccase; thus, the laccase enzyme was
more and more densely immobilized in Fe;O,-MWCNT@
SiO,. Then, the activity of laccase immobilized in Fe;O,-
MWCNT@Si0, was augmented. However, when glutaralde-
hyde concentrations were further increased, there were more
reacting sites between the enzyme molecules and activated
Fe;0,-MWCNT@SiO,. More laccase enzymes were bound
smoothly in Fe;O,-MWCNT@SiO, by the formation of
Schiff's bases and then lost its flexibility for the reaction
performance.”*” Additionally, a very high glutaraldehyde
concentration could destruct the enzyme’s structure or result
in an unrestricted polymerization.” Thus, the relative activity
of laccase was decreased.

Therefore, the optimum glutaraldehyde concentration was
1.5 wt %, which was then used in this study.

Similar observations were reported by Rouhani et al,*
where they found an increase in the laccase activity by varying
concentration of glutaraldehyde from 2 to 5%. The optimal
glutaraldehyde concentration for the best activity performance
was found to be 5% giving 86% recovery activity. Beyond the
optimal concentration (i.e., from S to 8%), the recovery activity
was declined sharply. Dajun et al.*' reported similar
observations using glutaraldehyde concentrations ranging
from 1 to 6%, with an optimal glutaraldehyde concentration
of 5%. Kadam et al.** reported similar results with a recovery
activity of 95.13% and laccase loading of 100.12 mg g™ using
an optimal glutaraldehyde concentration of 2.5%. Kashefi et
al.*® reported similar observations with a 156.5 mg g~ laccase
loading and 64.6% immobilization yield using an optimal
glutaraldehyde concentration of 3% (v/v) and 0.9 mg/mL of
initial laccase concentration.

Liya et al.’” also reported similar observations when the
optima glutaraldehyde concentrations were 0.8, 1.2, and 1.6%
with 66, 5431, and 63,436 U/g,ypor activities for immobilized
nitrile hydratase (NHase), lipase B from Candida antarctica
(CALB), and penicillin G acylase (PGA), respectively.

During the immobilization process, the cross-linking time is
also a key factor that can significantly affect the activity of the
enzyme.41 As seen in Figure S3b, with an increase of cross-
linking time, the immobilized enzyme activity is also increased.
The highest activity after immobilizing laccase was obtained
after cross-linking for 2 h, showing that this reaction time is
favorable for the enzyme to be covalently attached in Fe;O,-
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MWCNT@SiO,. However, on further increasing the cross-
linking time, the activity of laccase immobilized in Fe;O,-
MWCNT@SiO, seemed to decline. The decrease and increase
of enzyme activity after cross-linking could be explained as
follows: (1) when the cross-linking time is too short, the
aldehyde groups from glutaraldehyde molecules could not
react completely with the support, resulting in a low amount of
enzyme attached on the support surface, and (2) when the
cross-linking time is too long, more and more aldehyde groups
could be grafted in the support, leading to the alteration of the
tertiary structure of the enzyme and limited conditions for
more enzyme to be covalently attached in the support
materials.””~*>** Similar observations have been re-
ported.*”™** Based on the obtained results, the optimal
cross-linking time was 2 h and was adopted in further
experiments.

The influence of the initial concentration of enzyme on the
activity of enzyme immobilized in Fe;O,-MWCNT@SiO, was
investigated. As shown in Figure S3c, when the concentration
of laccase increased from 2 to 12 mg/mL, the relative activities
of laccase immobilized in Fe;O,-MWCNT@SiO, were
increased. The maximum relative activity of laccase immobi-
lized in Fe;O,-MWCNT@SiO, was obtained when the
concentration of laccase was 12 mg/mL. Furthermore, when
the laccase concentration was increased from 12 to 14 mg/mL,
the immobilized laccase activity started to decline slightly,
showing that there were no adequate aldehyde groups in
Fe;0,-MWCNT@SiO, that could further covalently be
conjugated with the amino groups of the laccase enzyme.
This could be explained by the following factors: First, when
the enzyme concentration is relatively low, the enzyme might
not successfully bind with the Fe;O,-MWCNT@SiO,,
resulting in a low enzyme activity. Second, when the enzyme
concentration is too high, the support gets more crowded,
causing a steric hindrance that decreases the enzyme activity,
and is easily affected by the surrounding microenvironment.
Similar observations have been reported. *~*' Based on the
obtained results, the initial concentration of laccase selected for
further experiments was 12 mg/mL.

During the immobilization process, the immobilization time
is also a key factor that can significantly affect the activity of the
enzyme. As illustrated in Figure S3d, the activity of laccase
immobilized in Fe;O0,-MWCNT@SiO, was increased with an
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Figure 4. (a) Effect of temperature (30—80 °C) and (b) thermal stability at 60 and 70 °C on the activity of free and immobilized laccase.

increase of immobilization time up to some extent. The
maximum activity of laccase immobilized in Fe;0,-
MWCNT@SiO, was achieved when the immobilization time
was 2 h; however, with a further increase in immobilization
time up to 3 h, the activity of immobilized laccase diminished
sharply. This can be explained as follows: When the
immobilization time is too short, laccase enzymes almost do
not have adequate time to enter into the porous Fe;O,-
MWCNT@Si0,, resulting in the low activity of the
immobilized enzyme. When the immobilization time is
adequate, the enzyme molecules covalently conjugate with
Fe;0,-MWCNT@SiO, at the saturation state, resulting in the
maximum immobilized laccase activity. However, when the
immobilization time is too long, laccase is more and more
overloaded into the Fe;0,-MWCNT@SiO,, leading to a
decrease in enzyme activity. Moreover, if the immobilization
time continues to increase, too many enzyme molecules in the
Fe;0,-MWCNT@SiO, could be easily influenced by the
external microenvironment (such as temperature, pH, etc.),
which is another factor for the reduction of enzyme activity.
Similar observations have been reported.**~*

Biochemical Characterization of the Immobilized and
Free Laccase. Influence of pH Values and pH Stability on
Laccase Activity. The pH is a key factor to consider because it
can influence the activity of enzymes due to the ionization
change of enzyme functional groups.”” It has been also
reported that the optimal pH for laccases is considerably
dependent on the type of substrate used as well as its redox
potential.*> Moreover, the stability of fungal laccase depends
on the acidic medium, and the pH stability differs substantially
depending on the origin of the enzyme.”****° In this work, the
effect of pH on the activity of laccase was tested over a wide
range of pH values (2—8). As can be seen in Figure 3a, the
maximal relative activity was obtained at pH 3.0 for both the
free and immobilized enzymes. However, lower activity levels
of the free enzyme relative to the immobilized form were found
in all situations, which suggest that the immobilized enzyme is
extremely stable at all pH values. Although immobilized laccase
sustained 90 and 79% relative activity at pH 5.0 and 6.0, the
free form preserved 52 and 45% relative activity under the
same conditions. The optimal activity for both free and
immobilized laccase at pH 3 has also been reported.”*® On the
other hand, the activity of laccase@Fe;0,-MWCNT@SiO, on
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both acidic and alkaline media remained slightly higher than
that of the free form, which may be attributed to its stability
and the stronég interaction between the enzyme and support
materials.'>*® However, the relative activity for both
immobilized and free laccase in alkaline media was decreased
but only slightly for the immobilized laccase. This has been
ascribed to the hydroxyl anion inhibition to type 2/type 3
copper on laccase centers at higher pH, which prevents the
binding of oxygen, leading to a lower activity.”*>"® Therefore,
the activity of free laccase declines along with the increasing
pH, and about 26% of the relative activity is retained at an
alkaline medium with pH 8.0 for free enzyme, whereas the
immobilized enzyme retains 52%. The higher activity profile
for wide EH values for the immobilized enzyme has also been
reported.”””***” Based on these results, the immobilized
laccase is more adaptable to acidic and alkaline media, which is
beneficial for a wide application.

The external microenvironment could significantly affect the
enzyme activity, particularly extreme conditions that may
destruct enzyme structures.”’” In the present work, the
stability of the immobilized and free laccase under pH was
tested. Laccase was incubated into diverse pHs, pH 4.0 and
8.0, for 2.5 h, and the activity was then examined. As shown in
Figure 3b, under an acidic condition (pH 4.0), the free laccase
maintained 60% of its initial activity when incubated at 25 °C
for 2.5 h, while the laccase immobilized in Fe;O,-MWCNT@
SiO, retained 66% of its original activity under the same
conditions. Under an alkaline condition (pH 8.0), the free
laccase maintained 6% of its initial activity when incubated at
25 °C for 2.5 h, while the laccase immobilized in Fe;O,-
MWCNT@Si0, retained 36% of its initial activity under the
same conditions. The higher activity for the immobilized
enzyme compared to the free form could be attributed to the
strong interaction between the glutaraldehyde-activated Fe;O,-
MWCNT@SiO, and enzyme molecules, which reduces the
surrounding microenvironment interfaces.">*>**

The relative activity sharply declined for both enzymes but
only slightly for the laccase immobilized in Fe;O,-MWCNT@
SiO, contrasted to the free form. This could be attributed to
the increased quantity of hydroxyl ions in the surrounding
medium, which limits oxygen to bind to type 2 or type 3 of
laccase copper centers.”** Based on these results, the laccase
immobilized in Fe;O,-MWCNT@SiO, was more stable than
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the free laccase for all cases, which is attributed to the
formation of the strong covalent bond and more accessibility of
laccase active sites, and also, the as-synthesized Fe;O,4-
MWCNT@Si0, protect the enzyme from the surrounding
microenvironment, resulting in a reduced structural conforma-
tional change.”***’

Influence of Temperature and Thermal Stability on
Laccase Activity. During the enzyme immobilization process,
the temperature is a key factor to control because it can
significantly influence the activity of the enzyme.”" In this
work, the influence of temperature on the activity of the
immobilized and free laccase was investigated. As illustrated in
Figure 4a, with an increase in the temperature, the activity of
both enzymes increase within the temperature ranging from 30
to 60 °C, with a slightly higher activity for the immobilized
enzyme compared to the free form, but with a further increase
in temperature from 60 to 80 °C, the activity of both enzymes
decreased but only slightly for the immobilized laccase. The
optimal temperature for both the immobilized and free
enzymes was 60 °C. Moreover, the laccase immobilized in
Fe;0,-MWCNT@SiO, is more stable at a high temperature
contrasted to the free form. At 80 °C, the free enzyme
maintained 81% of its relative activity, while the immobilized
enzyme retained 87% of its relative activity under the same
condition (10 min for each reaction). This is in agreement
with the reported works,”*’ which could be explained as
follows: Although an increase in temperature is advantageous
to the strong conjugation of the laccase to the support, it could
stimulate the molecular shifting of the enzyme to high
activity.48’ % However, a further increase in temperature
may lead to the loss of enzyme activity due to the denaturation
of the enzyme structure.”***°

Thermal stability is the most si%niﬁcant factor for industrial
applications of the biocatalyst.>'® In this work, we have
evaluated the thermal stability of the free enzyme compared to
the immobilized enzyme. This comparison was carried out by
incubating the immobilized and free laccase in a buffer (pH
3.0) at temperatures of 60 and 70 °C for 3 h. After incubation,
laccase activities were tested at 25 °C. As can be seen in Figure
4b, the free enzyme retains 76% of its initial activity when
incubated at 60 °C for 3 h, while the immobilized enzyme
retains 80% of its original activity under the same conditions.
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When the temperature was increased up to 70 °C, the free
enzyme loses up to 13% of its activity for 3 h, whereas the
immobilized enzyme retains 36% of its relative activity under
the same conditions. The lower activity of the free enzyme at a
higher temperature has also been reported.”**™* The
enhanced thermal stability of laccase after immobilization in
activated Fe;O,-MWCNT@SiO, might be caused by the
following reasons: The structural stability of laccase covalently
attached on Fe;0,-MWCNT@SiO, by glutaraldehyde mole-
cules could generate a strong enzyme-support reaction, which
makes the enzyme stable at elevated temperatures, and the
covalent interactions between the activated support and
enzyme molecules also protected the molecular motions of
enzyme, which may lead to the improved rigidity of the protein
structure of the enzyme and limited its denaturation at high
temperatures.”*”** Furthermore, the structural pores of Fe;0,-
MWCNT@SiO, can protect the enzyme from the surrounding
environment, and the free laccase was denatured at a high
temperature because no additional covalent bond and also can
be easily influenced by the surrounding microenviron-
ment.>*>*¢ In addition, the laccase immobilized on individual
multiwalled carbon nanotubes did not improve its thermal
stability and showed a poorer stability than the free
enzyme.’®*" Based on these results, an improvement in the
thermal stability of the immobilized enzyme in Fe;O,-
MWCNT@SiO, could be beneficial for its industrial practical
utilization.

Reusability Assessment of the Biocatalyst. The reusability
of the enzyme is one of the principal expediencies of
immobilizing enzymes. This characteristic of reutilizing
enzymes in multiple cycles is the most significant factor for
environmental and industrial applications based on its cost
effectiveness.'> Thus, the reusability of laccase@Fe;0,-
MWCNT@SiO, was also investigated. The obtained results
showed that the laccase@Fe;O,-MWCNT@SiO, could be
reutilized up to 10 times with 87% remaining activity (Figure
Sa), and the reduction of activity after several cycles could be a
result of the loss of enzyme structure or slight denaturation of
enzyme and product inhibition.”** Similar trend results were
reported where the immobilized laccase retained 50% after 10
cycles of oxidizing 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS),”” and the laccase immobilized on
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Sepharose-linked antibody retained 44%,” which is lower than
that of the laccase immobilized in Fe;O,-MWCNT@SiO,. The
improved reusability of this synthesized biocatalyst showed
that the Fe;O,-MWCNT@Si0O, aid in retaining the activity of
the enzyme and would prevent the enzyme from denaturation
due to the strong interaction between the enzyme and Fe;0,-
MWCNT@SiO, support material, which prevents enzyme
leaching from the support; thus, the immobilized laccase in
Fe;0,-MWCNT@SiO, could be utilized several times.

Storage Stability of the Immobilized and Free Laccase.
Enzyme storage is a potential key factor to consider because
enzymes can be influenced by the external microenvironment
and may be deactivated when stored under certain
conditions.”"> Enzymes can be protected from the surrounding
environment by using immobilization technology and can
maintain the activity to some degree. Therefore, the storage
stability of the enzyme was investigated by keeping both
enzymes at 4 °C in a buffer (pH 3.0) for 30 days (Figure Sb).
The results obtained showed that laccase@Fe;O,-MWCNT@
SiO, can keep 79% of relative activity up to the 30th day, while
the free laccase retained 48% of relative activity under the same
condition. Based on these results, the synthesized Fe;O,-
MWCNT@SiO, could protect the enzymes from the external
microenvironment by providing the enzyme its activity from
the buffering solution.”** The reduction of immobilized
laccase activity might also be caused by enzyme leakage from
the support material, as well as the microbial degradation and
the change of surrounding microenvironments.”*>*¢ Hence,
the enzyme immobilized in Fe;O,-MWCNT@SiO, can be
broadly utilized for diverse environment and industrial
applications.

Kinetic Analysis of the Free and Immobilized Laccase.
The kinetic analysis of the free and immobilized laccase
including the maximum velocity (V,,,,) and Michaelis constant
(K.,,) was performed using diverse concentrations of 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a
substrate and was represented in Table 1, and the results were

Table 1. Enzyme Kinetics Constant of the Free Laccase and
Immobilized Laccase

enzymes K, (mM) Vinax (mM/min)
free laccase 0.502 8.663
immobilized laccase 0.447 20.785

obtained from the Lineweaver—Burk plots. The immobilized
and free laccase showed V,,, values of 20.785 and 8.663 mM/
min, respectively. The K, values for the immobilized and free
laccase were 0.447 and 0.502 mM, respectively. The obtained
results indicated that the laccase immobilized in Fe;O,-
MWCNT@Si0, had a lower K, compared to the free laccase,
which showed the augmented affinity between the immobilized
enzyme and the substrate. Similar results of lower K, after
immobilizing the enzyme have been published.””** The V.
value of the laccase immobilized in Fe;O,-MWCNT@SiO,
was higher compared to that of the free laccase. This indicates
that the immobilization process may lead to a suitable
structural change of laccase, which facilitates the substrate to
be accessed easily on the active site of the enzyme, as well as
the high surface area to volume ratio. Moreover, the strong
interaction between the enzyme—substrate complex could
increase the reaction rate to some degree.53
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Decolorization of Azo Dyes Using the Free Enzyme,
Immobilized Enzyme, and Fe;0,-MWCNT@SiO,. Dyes are
commonly used in the textile industry or other sectors, and
they create severe problems for marine life and the
environment. The ability of the laccase enzyme to decolorize
the dye depends considerably on the composition of the dye
since the decolorization process varies accordingly.””’
Decolorization of Acid Red 88, Eriochrome Black T, and
Reactive black S azo dyes was carried out utilizing Fe;O,-
MWCNT@SiO,, free laccase, and laccase immobilized in
Fe;0,-MWCNT@SiO,. The decolorization of each azo dye
was performed by using batch mode in a separate 100 mL one-
neck round flask in which a certain quantity of Fe;O,-
MWCNT@SiO,, free laccase, laccase immobilized in Fe;O,-
MWCNT@SiO,, and dyes was applied in sequence.

The decolorization was performed under optimized
conditions for 3.5 h without a mediator under continuous
stirring.z’48 From the obtained results, the highest decoloriza-
tion of Acid Red 88 (98%), Eriochrome Black T (99%), and
Reactive Black S (66%) was achieved in 3.5 h using the
immobilized enzyme. However, with the free enzyme, the
decolorization of Acid Red 88, Eriochrome Black T, and
Reactive Black S was 95, 96, and 64%, respectively, under the
same conditions. In addition, the decolorization of these azo
dyes was carried out using individual Fe;O0,-MWCNT@SiO,;
the decolorization of Acid Red 88, Eriochrome Black T, and
Reactive Black S was 25, 28, and 24%, respectively, under the
same conditions, and the obtained results were represented in
Figure 6.

The increased decolorization efficiencies of all azo dyes for
the laccase immobilized in Fe;O,-MWCNT@SiO, as opposed
to the free form may be due to a close association between
dyes and the laccase immobilized in Fe;0,-MWCNT@SiO, a
high mass transfer rate, and the fast access of laccase to the
substrate.”***’ The results showed that the laccase enzyme is
capable of decolorizing various coloring agents, and therefore,
a higher percentage of decolorization was obtained using the
immobilized enzyme than the free enzyme and Fe;0,-
MWCNT@SiO,. Similar findings have been published by
Othman et al.>* and Kunamneni et al,’> who used
immobilized laccase for the decolorization of Reactive Black
§ dye, and Larissa et al.’* reported the decolorization of Acid
Red 88 by immobilized laccase with thiosulfinate—agarose as a
carrier. However, the time used was higher compared to the
decolorization using laccase@Fe;O0,-MWCNT@SiO, em-
ployed in the present study. The reduction in the time used
for decolorization employing laccase@Fe;0,-MWCNT@SiO,
could account for the quick mass and high surface area to
volume ratio of the laccase@Fe;0,-MWCNT@SiO, and the
high affinity of laccase to the substrate, which proves the strong
interaction of the enzyme molecules with the substrate.’>**

However, the lower decolorization of Reactive Black S was
observed due to the high redox potential of Reactive Black S
with steric obstruction, which could limit the adsorption of
these groups (—NH, and —OH) to laccase molecules.”">
Table 2 summarizes the process of decolorization of dyes
previously mentioned. As can be seen from Table 2, the
proposed study showed a high decolorization efficiency in a
shorter time without mediators relative to previously described
methods, which showed an improved affinity between the
immobilized enzyme and the substrate,® making the laccase
immobilized in Fe;O,-MWCNT@SiO, more flexible for
environmental and industrial applications.
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Figure 6. Decolorization of azo dyes using Fe;0,-MWCNT@Si0,, free laccase, and laccase@Fe;O,-MWCNT@SiO,. (a) Eriochrome Black T, (b)
Reactive Black S, and (c) Acid Red 88. Dyes were prepared in a 0.2 mM phosphate buffer (pH 3.0), and the decolorization of dyes was performed
without a redox mediator at 60 °C under different time intervals.

Table 2. Comparison of the Decolorization Efficiency of the Presented Method with the Reported Works

support material

multiwalled carbon nanotubes

Ti0,~ZrO,—SiO,
thiosulfinate—agarose
carbon nanotubes

poly(4-vinyl pyridine)/Cu(1I)

magnetic beads

mesoporous carbon from pecan

shells
Fe,0, MWCNT@SiO,

TiO, sol—gel-coated PAN/O-
MMT composite nanofibers

enzyme

laccase from
Myceliophthora
thermophile

laccase from Trametes
versicolor

laccase from Trametes
villose

lignin peroxidase from
Ganoderma lucidum

laccase from Trametes
versicolor

laccase from Trametes
versicolor

laccase from Trametes
versicolor

laccase

immobilization
method

covalent
immobilization

adsorption
immobilization
covalent
immobilization
covalent
immobilization
adsorption
immobilization

adsorption
immobilization

covalent
immobilization

adsorption

pollutants
Reactive Black 5

Reactive Black S
Acid Red 88
Remazol Brilliant Blue R

Reactive Green 19, Reactive Red 2,
Reactive Brown 10

Reactive Black S, Reactive Red 2,
Acid Blue 74, Acid Orange 7

Acid Red 88, Eriochrome Black T,
Reactive Black 5

Crystal Violet

reaction decolorization
conditions efficiency (%) references
pH §, 25 84 54
°C, 24 h
pH §, 25 77 35
°C,24 h
22 °C, 24 h 97 34
pH 3.5, 25 78 56
°C, 24 h
pH 55,30 64, 88, 91 57
°C, 18 h
pH 6, 30 S, 48, 92, 94 58
°C, 72 h
pH 3, 60 98, 99, 66 this work
°C,35h
6h 95 62

Conclusions. In summary, novel mesoporous silica coated
magnetic multiwalled carbon nanotubes (Fe;0,-MWCNT@

Si0,) were successfully prepared, and their structural
morphology was investigated. Laccase enzyme was successfully
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immobilized by glutaraldehyde as a cross-linker in the as-
synthesized Fe;O,-MWCNT@SiO,. The pH and temperature
optimum values for the immobilized laccase were pH 3 and 60
°C, respectively. In contrast to the free laccase, the
immobilized laccase showed a wide pH range, enhanced pH
and thermal stability, as well as storage stability. The
biocatalysts could be reused for up to 10 repeatable cycles
and easily separated from the reaction solution using a magnet.
In addition, the biocatalysts exhibited a lower K, (0.447 mM)
and a higher V., (20.785 mM/min) than the free laccase,
indicating a high affinity of the immobilized enzyme to the
substrate. In addition, the biocatalysts have been tested for the
decolorization of azo dyes and have been shown to be
extremely competitive compared to the free enzyme. Based on
these results, the potential use of the laccase immobilized in
Fe;0,-MWCNT@SiO, for dye wastewater treatment was
recommended for a promising future use in industrial
applications. However, the present method still has some
problems, such as enzyme loss during the reusability or
washing processes. Further study is still needed to apply this
method for immobilizing other types of enzymes and extend
this approach to other forms of dyes as well as to industrial
effluents.

B EXPERIMENTAL DETAILS

Materials are reported in the Supporting Information.

Synthesis of Acid-Activated MWCNTSs. To synthesize
the functionalized multiwalled carbon nanotubes (MWCNTs),
the reported method with some modification was utilized.”>°
Briefly, 0.5 g of MWCNTSs was suspended in 100 mL of a
solution containing H,SO,/HNO; mixture (3:1 v/v) and then
ultrasonicated for 3 h at 40 °C. After that, the mixture was
centrifuged at 8000 rpm for 10 min and washed thoroughly
with distilled water several times. Finally, the acid-activated
MWCNTs (MWCNT-COOH) were collected and dried in a
vacuum oven at 60 °C.

Synthesis of Magnetic MWCNTSs. The magnetic multi-
walled carbon nanotubes (Fe;0,-MWCNTs) were synthesized
according to the reported procedure with some modification.>”
Briefly, 40 mL of an ethylene glycol solution was added into
the mixture of 700 mg FeCl;-6H,0 and 300 mg of acid-treated
MWCNTs. Subsequently, 1.8 g of sodium acetate was added
and mixed under the ultrasonic condition at 25 °C until the
solution became homogeneous. Finally, the mixed solution was
transferred into the reaction pressure vessel and heated at 200
°C for 16 h. The obtained product was cooled down; washed
with water and ethanol three times, respectively; and finally
then dried at 60 °C overnight to obtain the final product.

Preparation of Fe;0,-MWCNT@SiO, Nanocompo-
sites. The process of coating mesoporous silica on the as-
synthesized magnetic multiwalled carbon nanotubes (Fe;O,-
MWCNT) was performed via a solution-phase approach using
cetyltrimethyl ammonium bromide (CTAB) as a surfac-
tant.**®" Briefly, 0.5 g of magnetic multiwalled carbon
nanotubes (Fe;O,-MWCNTs), 1 g of CTAB, 40 mL of
ethanol, 1 mL of ammonium hydroxide (NH,NO;), and
deionized water (1 mL) were added in series into a three-
necked flask followed by ultrasonic distribution for 0.5 h to
form a homogeneous mixture. With vigorous stirring, 2 mL of
tetraethylorthosilicate (TEOS) was added slowly into the
Fe;0,-MWCNTs solution and maintained at 40 °C for 12 h
with a stirring speed of 300 rpm. Then, the mixture was
magnetically separated and washed with distilled water three
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times, and the obtained Fe;O,-MWCNTs@SiO, nanoparticles
were dried at 60 °C. Moreover, a facile and efficient ion-
exchange method was utilized to obtain the mesoporous silica
coated Fe;0,-MWCNT. Briefly, 0.5 g of Fe;O0,-MWCNTs@
SiO, was added in 90 mL of ethanol comprising 1.8 g of
ammonium nitrate, and the mixture was magnetically stirred at
60 °C for 30 min, washed with cold ethanol, and finally dried
at 60 °C.

Characterization of Fe;0,-MWCNTs and Fe;0,-
MWCNTs@SiO,. To get the morphological description of
the pristine multiwalled carbon nanotubes (MWCNTSs),
magnetic multiwalled carbon nanotubes (Fe;0,-MWCNTs),
and mesoporous silica coated magnetic multiwalled carbon
nanotubes (Fe;0,-MWCNTs@SiO,), the scanning electron
microscopy (SEM) images were recorded using a Nova Nano
SEM 450 field emission microscope with an energy-dispersive
X-ray spectra (EDX) detector. The compositions of Fe;O,-
MWCNTs and Fe;O,-MWCNTs@SiO, were examined by
Fourier transform infrared spectroscopy (FTIR) (Bruker
Vector 22). The nitrogen adsorption—desorption isotherms
were recorded at 273.0 K with the Quantachrome Instruments
version 11.04. The Brunauer—Emmett—Teller (BET) method
was utilized to calculate the specific surface of the samples. The
pore volumes and size distribution of the samples were
calculated using the Barrett—Joyner—Halenda (BJH) model.

Preparation of the Immobilized Enzyme. Before
immobilizing the enzyme, the support was first activated
using glutaraldehyde as a cross-linker to add active aldehyde
groups for linking laccase to the support. Briefly, 20 mg of
mesoporous silica coated magnetic multiwalled carbon nano-
tubes (MWCNT-Fe;0,@Si0,) nanocomposites was added
into 2 mL of a 1.5 wt % glutaraldehyde solution prepared in a
buffer solution (PBS, 0.2 M, pH 8.0). The resulting solution
was shaken at a speed of 170 rpm for 2 h at room temperature
to activate Fe;O,-MWCNTs@SiO,. After the reaction, the
suspension was magnetically separated. The solid particles
(glutaraldehyde-activated Fe;0,-MWCNTs@SiO,) were
washed with the same buffer to remove the unbound
glutaraldehyde and dried overnight at 60 °C.

Afterward, the laccase enzyme was immobilized on activated
Fe;0,-MWCNTs@SiO, via the glutaraldehyde molecule. A
fresh 10 mg/mL mixture of activated Fe;0,-MWCNTs@SiO,
was prepared by adding 20 mg of activated Fe;O,-MWCNTs@
SiO, into 2 mL of a sodium acetate buffer (0.2 mol/L, pH 4.0)
solution comprising 12 mg/mL of laccase (75 U/mL). The
resulting mixture of the support and laccase solution was then
incubated at 25 °C with a shaking speed of 170 rpm for 2 h to
reach the equilibrium state. Then, the obtained immobilized
laccase was magnetically separated, washed with a 02 M
sodium acetate buffer (pH 4.0), freeze-dried overnight, and
stored at 4 °C for further use.

Enzymatic Activity Assay. Under assay conditions, 1 U of
enzyme activity corresponds to the enzyme quantity that
transforms 1 pmol of 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) per minute.”"®" The quantification of
enzyme activity was measured after incubating 1.8 mL of the 3
mM ABTS solution prepared in a 0.2 M acetate buffer solution
(ABS, pH 4) with 0.2 mL of the free enzyme mixture at 25 °C
for about 5 min, directly at 420 nm; the absorbance was
examined spectrophotometrically at 420 nm.

At 25 °C, 20 mg of the biocatalytic system (laccase@Fe;0,-
MWCNTs@Si0,), 1.3 mL of a sodium acetate buffer (0.2 M,
pH 4), and 0.7 mL of ABTS (3 mM) were mixed and then
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incubated for 5 min using a magnetic stirrer. Then, samples
were filtered and the absorbance was spectrophotometrically
tested at 420 nm, and 36.0 mM ™! cm™! as the molar extinction
coefficient of ABTS was used for determining the activities of
enzymes. Finally, U/mL as a unit for the free laccase activity
was utilized, while U/mg corresponded to the immobilized
laccase. Relative activities were stated as the percentage of the
initial activity fixed as 100%. All experiments were performed
three times separately. The influence of the glutaraldehyde
concentration, activation time, enzyme concentrations, and
immobilization time on the activities of laccase@Fe;O,-
MWCNTs@SiO, was also optimized.

The enzymatic kinetic parameters including K, and V,,, for
the free laccase and laccase immobilized in Fe;O,-MWCNT@
SiO, were tested by examining the hydrolytic activity of the
laccase using a diverse concentration of the ABTS substrate
(0.1—2 mM) prepared in a buffer solution (0.2 mM, pH 3.0) at
60 °C. V. and K, were determined via Lineweaver—Burk
plots. The following formula was utilized for activity
calculation:

AV/te

m

Activity = X 1000

where A is the absorbance change at 420 nm, V is the reaction
volume, t is the reaction time, € is the molar extinction
coefficient for the ABTS oxidation, and m is the amount of the
nanobiocatalyst introduced into the reaction volume (in mg or
mL).

Biochemical Characterization of the Immobilized and
Free Laccase. The effects of pH values on laccase activity
were examined. Both the free laccase and laccase@Fe;O,-
MWCNT@SiO, were incubated separately for 10 min for each
reaction in different buffers with pHs ranging from 2.0 to 8.0 at
25 °C and 3 mM 2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) as the substrate. The stability of laccase
against pHs was also examined. Both the free laccase and
laccase@Fe;0,-MWCNT@SiO, were incubated at 25 °C in
diverse buffers, a 0.2 M sodium acetate buffer (pH 4.0) and a
0.2 M phosphate buffer (pH 8.0), for 2.5 h. Then, the residual
activities were also examined.

The effect of temperature on enzyme activities was also
investigated. Both the free laccase and laccase@Fe;0,-
MWCNT@SiO, were incubated for 10 min at temperatures
ranging from 30 to 80 °C using a buffer with pH 3 and 3 mM
ABTS as the substrate; then, the residual activities were
examined at 25 °C after cooling. At 60 and 70 °C, the thermal
stability against laccase activities was also tested. Both the free
laccase and laccase@Fe;0,-MWCNT@SiO, were incubated at
temperatures 60 and 70 °C using a buffer with pH 3.0 for 3 h.
Finally, the residual activities were examined at 25 °C. Aliquots
of samples of 2 mL were taken at each time interval, filtrated,
and then used for the laccase activity measurement. The
experiments were repeated three times. The activity of laccase
at the optimum temperature or pH was fixed as 100%.

Reusability Assessment of the Immobilized Laccase.
The main objective of immobilizing an enzyme is to make it
more applicable for repeatable use, which is the main point for
industrial and environmental applications. To examine this, the
laccase@Fe;0,-MWCNT@SiO, were employed in the reac-
tion for the respective number of cycles using 3 mM 2,2’
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) ABTS as a
substrate and a 0.2 mM sodium acetate buffer (pH 3.0) at 60
°C. The enzyme activity of the immobilized laccase was tested
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at 25 °C. After each enzyme activity measurement, the
immobilized laccase was separated magnetically and washed
several times with a 0.2 mM sodium acetate buffer (pH 3.0)
before being introduced into the next reaction.

Storage Stability of the Immobilized and Free
Laccase. The storage of enzymes is a very important factor
to consider for industrial applications. To study the stability of
the enzyme in storage, laccase@Fe;O,-MWCNT@SiO, and
free laccase were stored in a 0.2 mM sodium acetate buffer
with a pH of 3.0 at 4 °C for 30 days. Sampling was done at 5
day intervals, and the activity of laccase at the optimum
temperature and pH on day zero was fixed as 100%.

Decolorization Analysis. Acid Red 88, Eriochrome Black
T, and Reactive Black S were chosen as model dyes to test the
decolorization capacity of the free laccase, Fe;O,-MWCNT@
Si0,, and laccase@Fe;O,-MWCNT@SiO,. In this study, the
decolorization was performed without a mediator; a stock
solution of the dyes at a concentration of 40 mg/L in the buffer
(0.2 M, pH 3.0) was prepared. The prepared solution was kept
in the dark and employed in the experiments. The reaction
process was accomplished at 60 °C with stirring for 3.5 h.
Briefly, 30 mg of the biocatalytic system (1.222 U), 2 mL from
12 mg/mL for the free enzyme (75 U/mL), or 30 mg of
Fe;0,-MWCNT@SiO, and 30 mL of dyes were mixed in a
100 mL one-neck round flask separately for each dye. After
that, 1.5 mL was taken at particular time intervals and filtered,
and subsequently, the absorbance was examined spectrophoto-
metrically through different wavelengths of the utilized dyes
such as Eriochrome Black T (523 nm), Acid Red 88 (505 nm),
and Reactive Black S (597 nm). The percentage of
decolorization was calculated as follows:

B-C
D=

X 100

where D is the decolorization percentage, B is the initial
absorbance, and C is the final absorbance of the dye at each
time interval.
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