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Abstract: As the largest group of synthetic dyes, azo dyes can pose various health and environ-
mental risks due to their widespread use and challenging degradation. Laccases are efficient green
biocatalysts for the degradation of organic pollutants. Herein, we report the in situ packaging of
laccase in copper-doped zeolitic imidazolate framework-8 (ZIF-8) for the decolorization of reactive
black 5, which is a model azo dye. The immobilization support (Cu5/mZIF-8) was obtained via
lowering the precursor ratio of ZIF-8 and incorporating copper ions during the synthesis process.
Cu5/mZIF-8 were found to be nanospheres with an average diameter of around 150 nm. Laccase
encapsulated in Cu5/mZIF-8 showed an activity recovery of 75.6%, which was 2.2 times higher
than that of the laccase embedded in ZIF-8. Meanwhile, the immobilized laccase (Lac@Cu5/mZIF-8)
showed a higher catalytic activity in organic solvents than that of the free enzyme. In the presence of a
mediator, Lac@Cu5/mZIF-8 could remove 95.7% of reactive black 5 in 40 min. After four consecutive
cycles, the dye decolorization efficiency declined to 28%. About four transformation products of
reactive black 5 were identified via LC-MS analysis, and the potential decolorization mechanism was
proposed. The results indicated that the immobilized laccase could be used as an efficient biocatalyst
in dye decolorization.
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1. Introduction

Synthetic dyes are widely used in a variety of industries, such as textiles, printing, and
food processing [1,2]. The global annual production of dyes is estimated to be 7 × 107 tons,
and most of the dyes are consumed by the textile industry [2]. About 10–25% of textile dyes
are discharged in wastewater during the dyeing process. These dye-containing effluents
cause serious environmental hazards due to the recalcitrant and toxic nature of most
synthetic dyes [1]. According to their chemical structure, synthetic dyes can be categorized
into different groups, such as azo, anthraquinone, and triphenylmethane dyes [1,2]. Azo
dyes comprise the largest group among various commercial dyes, accounting for more than
70% of annual dye production [3]. Azo dyes contain one or more azo bonds (-N=N-) that
are linked to aromatic compounds. These dyes are generally very stable in the environment
and show adverse effects on the ecosystem and human health [3,4]. Trace amounts of azo
dyes in water bodies can reduce the penetration of sunlight and impair photosynthetic
activity, leading to a decrease in dissolved oxygen and growth inhibition in aquatic life [2].
Furthermore, the primary metabolites of azo dye degradation are toxic aromatic amines,
which are derived from the breakage of azo bonds and have potential carcinogenic and
mutagenic properties [3,4]. Therefore, it is of great concern to remove azo dyes from
wastewater to reduce their influence on the environment.
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A variety of techniques have been developed for the treatment of wastewater contain-
ing azo dyes, including physicochemical, biological, and electrochemical processes [2–4].
Although some of the physical and chemical methods are effective in the treatment of azo
dye effluents, these approaches have some drawbacks, such as high costs, the formation
of hazardous byproducts, and problematic waste disposal [2,4]. Biological processes offer
considerable potential for solving these problems, owing to their ecologically favorable
and low-cost nature. The biodegradation of azo dyes mainly relies on the capability for
microbial transformation, which disrupts the original dye structure via enzyme-catalyzed
reactions [3]. However, this treatment process can sometimes be time-consuming due to
the low growth rate and activity of microorganisms, which are often affected by the toxicity
of dyes, nutrient sources, or environmental conditions. In comparison, the enzyme-based
strategy is more efficient and straightforward in dye degradation and also produces less
sludge. As a result, the enzymatic method has been explored as a prospective solution for
dye wastewater treatment [5–7].

Several microbial enzymes, such as azoreductases, laccases, and peroxidases, are
involved in the transformation of azo dyes [5,7,8]. In recent years, laccases have shown
great potential in the decolorization of different textile dyes, including azo dyes. Laccases
(EC 1.10.3.2) belong to the broader family of multicopper oxidases [9]. These enzymes have
a broad substrate range and they do not need other cofactors for activation compared with
azoreductases or peroxidases. Moreover, laccases catalyze azo dyes through a highly non-
specific free radical mechanism, generating phenolic compounds instead of toxic aromatic
amines [5,8,10]. Despite these advantages, the application of laccases is often restricted
by their low stability and lack of recyclability. Enzyme immobilization is an efficient
strategy to overcome these limitations, which enables the provision of stable biocatalysts
with an improved reusability [10]. Laccases have been immobilized on a large number of
carriers for dye decolorization, including natural polymers, inorganic nanomaterials, and
metal–organic frameworks [10,11].

Metal–organic frameworks (MOFs) are excellent supports for enzyme immobilization,
owing to their large pore volume and tunable structure [12]. Additionally, MOFs are
frequently used as adsorbents for pollutant removal from wastewater [13,14]. Therefore, the
integration of MOFs with enzymes might increase the pollutant removal efficiency. Some
MOFs can be prepared under biocompatible conditions and enable the assembly of MOFs
around enzymes during the synthesis process. The frequently used MOFs for this purpose
include zeolitic imidazolate frameworks (ZIFs), HKUST-1, and MIL-53. In particular, ZIF-
8 is the most widely used MOF for the in situ encapsulation of enzymes [11,12]. However,
the small pore-aperture size of ZIF-8 (3.4 Å) often results in severe mass transfer limitations
in enzymatic reactions. For instance, laccase embedded in ZIF-8 exhibited a size-selective
substrate specificity. The encapsulated laccase showed no activity against 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS), which is not able to enter the pores of ZIF-8.
While it could convert two small substrates (2,6-dimethoxyphenol and syringaldazine), the
highest activity recovery was rather low (about 11%) [15]. To address this issue, structural
defects have been introduced to ZIF-8 to generate larger pores for enzyme encapsulation.
ZIF-8 with hierarchical pores favors substrate entrance and product transport and, thus,
enhances the catalytic activity of the embedded enzymes [16–18]. However, few laccases
have been encapsulated in ZIF-8 with defective structures.

Hierarchical structures in ZIF-8 can be generated using template-based or template-
free strategies [16,18]. It has been reported that the precursor concentrations and ratios
play a vital role in the crystallization of ZIF-8 [19]. As a result, structural defects could be
introduced to ZIF-8 through simply controlling the precursor concentrations during the
synthetic process [16,17]. Previously, we successfully expressed a laccase gene from Bacillus
amyloliquefaciens in Escherichia coli. The recombinant laccase could be produced with a high
yield in the culture supernatant [20]. In this work, we aimed to improve the in situ encapsu-
lation of the recombinant laccase in modified ZIF-8 (mZIF-8) and achieve its repeated use
in dye decolorization. We synthesized mZIF-8 at low precursor concentrations and further
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investigated the effect of copper ions on the preparation of laccase@mZIF-8 composites. The
resulting immobilized laccase (Lac@Cu5/mZIF-8) was characterized via Fourier-transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and thermogravimetric analysis
(TGA). Finally, the prepared biocomposites were utilized for azo dye decolorization, and
the transformation products were identified via liquid chromatography–mass spectrometry
(LC-MS).

2. Materials and Methods
2.1. Materials

Syringaldazine, reactive black 5, acetosyringone, and 2-methylimidazole (2-MeIM)
were obtained from Sigma-Aldrich (Shanghai, China). Zinc acetate dehydrate, zinc nitrate
hexahydrate, and copper acetate monohydrate were products of Aladdin (Shanghai, China).
Other chemicals were of analytical reagent grade. The recombinant laccase of Bacillus
amyloliquefaciens was purified as previously described [20].

2.2. Immobilization of Laccase

The conventional laccase-ZIF-8 biocomposites (Lac@ZIF-8) were prepared via a water-
based approach [21]. The purified laccase (0.5 mL) and zinc nitrate solution (0.31 M,
0.5 mL) were added into 2-MeIM (1.25 M, 5 mL). The mixture was then stirred at room
temperature for 1 h. The product was collected via centrifugation at 12000 rpm for 10 min,
and washed three times with deionized water. The synthesis of ZIF-8 was similar without
laccase addition.

Modified ZIF-8 (mZIF-8) was synthesized according to Wu et al. [16]. Briefly, 2 mL of
zinc acetate solution (20 mM) was added into 2 mL of 2-MeIM (80 mM). Then, they were
mixed via stirring for 30 min at room temperature. The prepared mZIF-8 was centrifuged
at 12,000 rpm for 10 min, followed by washing with deionized water. Encapsulation of
laccase in mZIF-8 (Lac@mZIF-8) was conducted similarly by including 0.6 mL of purified
laccase in the reaction system. The effect of copper on laccase immobilization was assessed
via the preparation of a zinc acetate solution (20 mM) containing different molar ratios of
copper acetate. Then, the metal acetate solutions were mixed with laccase and 2-MeIM
to obtain encapsulated laccases. The copper-doped supports prepared with 5:100, 10:100,
and 15:100 Cu:Zn ratios will be denoted as Cu5/mZIF-8, Cu10/mZIF-8, and Cu15/mZIF-8,
respectively. The immobilized laccase with the highest activity recovery was selected for
further study.

2.3. Laccase Activity Assay

Laccase activity was measured at 30 ◦C using syringaldazine as the substrate [22]. The
oxidation of syringaldazine (0.1 mM) was measured at 525 nm (ε525 = 65,000 M−1 cm−1) in
0.1 M citrate–phosphate buffer with a UV-2100 spectrophotometer (Shanghai Spectrum,
Shanghai, China). One unit of enzyme activity was defined as the amount of enzyme
required to oxidize 1 µmol of substrate per minute.

2.4. Characterization of Immobilized Laccase
2.4.1. Scanning Electron Microscopy (SEM)

The morphology of synthesized supports was observed via SEM using a JSM-6700F
instrument at an accelerating voltage of 5 kV in high-vacuum mode (JEOL, Tokyo, Japan).
The samples were coated with gold via sputtered deposition prior to SEM observation.

2.4.2. XRD Analysis

The XRD results of the samples were obtained via an X’Pert 3 Powder diffractometer
(PANalytical, Almelo, The Netherlands) using Cu Kα radiation (λ1 = 1.5406 Å, λ2 = 1.5444 Å,
40 kV, 40 mA) with a step size of 2 ◦C/min and a 2θ range from 5 to 40◦.
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2.4.3. FT-IR Spectra

FT-IR spectra were recorded via a Nicolet is50 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) in transmission mode at ambient temperature. The samples
were mixed with KBr, were pressed to disc, and underwent FTIR analysis. The measurement
parameters were set as follows: spectral range, 4000–400 cm–1; resolution, 4 cm–1; number
of spectrum accumulations, 32.

2.4.4. TGA Analysis

TGA measurements were performed using an STA449 F3 analyzer (Netzsch, Selb,
Germany). The samples were heated from room temperature to 800 ◦C at a rate of 5 ◦C/min
under an atmosphere of air.

2.4.5. Enzyme Characterization

The optimal pH and temperature of the immobilized laccase were measured via the
determination of the laccase activities at various pH values and temperatures, as previously
described [20]. The kinetic parameters of the immobilized enzyme were assayed at 30 ◦C,
using different concentrations of syringaldazine (5–100 µM). The effects of organic solvents
on the laccase activity were determined via the incorporation of 10% (v/v) of organic
solvents into the enzyme assay mixture. The laccase activity in the absence of organic
solvents was recorded as 100%. All assays were carried out in triplicate.

2.5. Dye Decolorization

Dye decolorization was conducted using reactive black 5 as the model azo dye. The
reaction mixture (2 mL) contained 20 mg/L of dye, 0.1 mol/L Tris-HCl buffer (pH 7.0), and
laccase (100 U/L). The mediator effect on dye decolorization was tested via the inclusion of
0.1 mM of acetosyringone in the reaction system. Reactions were initiated via the addition
of laccase and incubated at 30 ◦C under shaking conditions (150 rpm). Control samples
were run in parallel without the addition of laccase. The reusability of the immobilized lac-
case was evaluated in batch mode. After each cycle (40 min), the immobilized laccase was
recovered through centrifugation (12,000 rpm, 10 min) without washing. Then, the immobi-
lized laccase was resuspended in a fresh reaction containing Tris-HCl buffer (0.1 mol/L, pH
7.0), reactive black 5 (20 mg/L), and acetosyringone (0.1 mM) to start a new decolorization
cycle. Dye decolorization was determined at 597 nm with a UV-2100 spectrophotometer.
All reactions were performed in triplicate. The decolorization percentage was defined
as follows:

Decolorization percentage (%) = (A0 − A)/A0 × 100

where A0 is the dye absorbance of the control, and A is the dye absorbance of the reac-
tion sample.

2.6. Identification of Decolorization Products

The decolorization products were collected via centrifugation at 12,000 rpm for 10 min.
The supernatants were filtered through a 0.45 µm membrane filter and used for further
analysis. The identification of transformation products was achieved using a Vanquish
high-performance liquid chromatography (HPLC) system coupled to a Q Exactive Focus
mass spectrometry system (Thermo Fisher Scientific, Waltham, MA, USA). The HPLC
separation was performed using a Hypersil GOLD column (100 × 2.1 mm, 1.9 µm, Thermo
Fisher Scientific, Waltham, MA, USA), with an injection volume of 5 µL and a flow rate
of 0.35 mL/min. The mobile phases were 0.1% formic acid (A) and methanol (B), using
the following gradient elution (A/B, v/v): 98:2 at 0–1 min, 2:98 at 9–12 min, and 98:2 at
13–15 min. The MS analysis was performed with an electrospray ionization source with
a spray voltage of 3.0 kV, and a capillary temperature of 320 ◦C. The MS acquisition was
processed in full scan mode from 70 to 1000 Da, with a mass resolution of 70,000. The mass
spectra were processed using the Xcalibur 4.1 software (Thermo Fisher Scientific).
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3. Results and Discussion
3.1. Preparation of Immobilized Laccase

ZIF-8 can be synthesized in water via simply mixing zinc ions with 2-MeIM at room
temperature. This property greatly favors their application in the one-pot immobilization
of enzymes [11,12]. Laccases from different sources have been encapsulated in ZIF-8 [11].
However, laccase encapsulated in ZIF-8 may suffer from a strong diffusion barrier and
exhibits a low catalytic activity because of the small pore window size of ZIF-8 [15]. The
structural evolution of the protein-ZIF-8 composite involves two key amorphous phases,
including 2-MeIM/Zn amorphous particles and protein/2-MeIm/Zn particles [19]. Amor-
phous particles form at low 2-MeIM/Zn ratios or low precursor concentrations instead of
highly crystalline ZIF-8 [16,19]. In this case, the protein-triggered crystallization of ZIF-8 ex-
hibits a multiphase structure containing amorphous phase and coordination-defected units,
which favors substrate entrance [16,23]. Therefore, we prepared modified ZIF-8 (mZIF-8)
for laccase encapsulation by introducing structural defects into ZIF-8, which was achieved
through decreasing the concentrations of 2-MeIM [16]. Compared with the conventional
ZIF-8 support, mZIF-8 showed an improved activity recovery for laccase immobilization.
The laccase encapsulated in the ZIF-8 and mZIF-8 showed an activity recovery of 34.9%
and 63.9%, respectively (Figure 1). Using the same approach, Wu et al. found that glucose
oxidase, catalase, and lipase encapsulated in the amorphous ZIF-8 exhibited almost 100%
relative activity compared to the free enzymes, which was about 5–20 times higher than that
of those immobilized in ZIF-8 [16]. The results proved that structural defects introduced
into ZIF-8 could greatly enhance substrate accessibility for the embedded enzymes.
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As laccases are copper-containing enzymes, copper ions play a vital role in substrate
oxidation for laccases [24]. Some laccases immobilized in Cu-MOFs demonstrated high
activity owing to the synergistic effect between the laccases and copper nanoparticles [11].
For example, the laccase embedded in Cu-BTC showed a 16.5-fold activity in comparison
with the same amount of free laccase [25]. We tested the effect of introducing copper
into mZIF-8 on the laccase activity. Copper-doped ZIF-8 can be easily achieved through
the incorporation of copper ions into the synthesis process of ZIF-8, which leads to the
simultaneous partial substitution of zinc by copper ions [26,27]. The activity recoveries
of laccase embedded in copper-doped mZIF-8 supports are presented in Figure 1. The
incorporation of copper into mZIF-8 further increased the activity of immobilized laccase.
A Cu:Zn ratio of 5:100 led to the highest activity recovery (75.6%) for laccases encapsulated
in copper-doped mZIF-8, which was about 2.2 times higher than that of those immobilized
in ZIF-8. Further increases in the copper content showed no improvement in the laccase
activity (Figure 1). The resulting copper-doped biocomposites (Lac@Cu5/mZIF-8) were
used for enzyme characterization and dye decolorization.
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3.2. Characterization of Immobilized Laccase

The precursor concentrations affect both the size and morphology of ZIF-8 materi-
als [19,28]. The ZIF-8 particles synthesized at high precursor concentrations appeared as
rhombic dodecahedrons, with an average size of about 1.5 µm (Figure 2a). After lowering
the precursor concentrations, as well as including copper ions, the obtained copper-doped
mZIF-8 (Cu5/mZIF-8) exhibited the form of nanospheres, which had an average diameter
of around 150 nm (Figure 2b). The size and morphology of Cu5/mZIF-8 were very similar
to those of aZIF, which was synthesized at the same precursor concentrations [16].
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It has been reported that amorphous structures exist in aZIF, so we examined the
crystallinity of Cu5/mZIF-8 via XRD analysis. As shown in Figure 3a, ZIF-8 particles
exhibited characteristic peaks at 7.2◦, 10.2◦, 12.5◦, 14.6◦, 16.3◦, 17.8◦, 24.3◦, and 26.5◦,
which could be assigned to planes of (011), (002), (112), (022), (013), (222), (233), and
(134), respectively. The results confirmed the sodalite structure of ZIF-8 with a high
crystallinity [28,29]. Unlike the amorphous structure of aZIF, Cu5/mZIF-8 showed some
typical peaks (2θ = 14.7◦, 16.4◦, 17.9◦ and 26.5◦) of ZIF-8 with a sodalite topology [29,30].
However, the prominent peaks of ZIF-8 at 7.3◦ and 10.3◦ were not observed in Cu5/mZIF-8,
indicating that the growth of (011) and (002) planes was hindered (Figure 3a). According to
previous reports, a low 2-MeIM/Zn ratio limited the growth of ZIF-8 (sod) crystals and led
to the formation of a ZIF-8 (dia) topology or amorphous ZIF [16,19]. Also, some diffraction
peaks of zinc–hydroxide-containing byproducts and other unknown phases could be
observed in the XRD patterns of ZIF-8 synthesized at low 2-MeIM/Zn ratios [28,30,31].
After laccase encapsulation, the obtained Lac@Cu5/mZIF-8 exhibited the XRD patterns of
both ZIF-8 and Cu/mZIF-8, implying that laccase addition during Cu5/mZIF-8 synthesis
favored the formation of ZIF-8 (Figure 3a). The result was in agreement with previous
studies on the synthesis of protein-ZIF-8 composites at a low precursor ratio [19,23]. While
the 2-MeIM/Zn precursor was unable to crystallize at a low precursor ratio, the proteins
directly triggered the nucleation of ZIF-8 crystals [23].

The FT-IR spectra of the supports and immobilized laccase are shown in Figure 3b. The
characteristic peak at 423 cm–1 corresponding to the Zn-N stretching mode was observed in
ZIF-8, Cu5/mZIF-8, and Lac@Cu5/mZIF-8 [30]. The peaks of 995 cm–1 and 1581 cm–1 are
derived from the C-N bending vibration and C=N stretching mode of 2-MeIM, respectively.
The stretching mode of the imidazole ring demonstrates a band at 1420 cm–1 [30]. Addition-
ally, the FT-IR spectra of these materials show the bands at 650–800 cm–1 and 930–1350 cm–1,
which are associated with the out-of-plane and in-plane bending of the imidazole ring,
respectively [30]. The aromatic C-H stretching in the imidazole ring at 3134 cm–1 and the
aliphatic C-H stretching in the methyl group at 2930 cm–1 are also found in the spectra of
the tested samples [32]. Compared with ZIF-8, the new peaks of Cu5/mZIF-8 at 499 cm–1

and 538 cm–1 might be associated with Cu-N bond stretching and vibration, implying the
coordination of copper with nitrogen atoms on 2-MeIM [27,33]. For Lac@Cu5/mZIF-8, the



Processes 2023, 11, 2937 7 of 13

characteristic band at 1655 cm−1 resulted from the C=O stretching of amide I, while the
peak at 1250 cm–1 is ascribed to amide III [30,34]. The results confirmed the successful
encapsulation of laccase in Cu5/mZIF-8.
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The TGA curve of Cu5/mZIF-8 was very similar to that of ZIF-8 (Figure 3c). While
ZIF-8 was rather stable below 400 ◦C, Cu5/mZIF-8 showed gradual weight loss in the
range of 220–400 ◦C. The result suggested that the thermal stability of Cu5/mZIF-8 was
slightly lower than that of ZIF-8, which could be due to the structural defects introduced in
Cu5/mZIF-8. Both matrices demonstrated a sharp weight loss between 400 and 530 ◦C,
indicating the structural decomposition of the tested samples [34]. The incorporation
of laccase was also supported by the TGA analysis. There are two steps of weight loss
of Lac@Cu5/mZIF-8 (Figure 3c). The first step was observed in the temperature range
of 130–220 ◦C, which was attributed to the removal of adsorbed water and unreacted
reagents [30,34]. The second weight-loss stage (from about 220 to 400 ◦C) corresponded to
the decomposition of protein molecules [30,35].

3.3. Catalytic Performance of Immobilized Laccase

The catalytic activity of immobilized laccase was compared with that of the free
enzyme under different pHs and temperatures. Both the free and immobilized laccase
showed an optimum pH of around 6.6. However, the immobilized laccase had a slightly
higher activity under more acidic conditions than the free enzyme (Figure 4a). This might
be related to the instability of the ZIF support, which tends to decompose below pH 6.0 [36].
As a result, the immobilization matrix displayed a suitable buffering function and alleviated
the inactivation of laccase caused by acidic conditions. The immobilized laccase exhibited
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the same maximum temperature as its free counterpart, and their temperature profiles for
catalytic activity were very similar (Figure 4b). This recombinant laccase has been proved
to be a rather thermal stable enzyme, showing a half-life of about 8 h at 60 ◦C [37]. The
good thermostability would facilitate its application in wastewater treatment.
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The kinetic constants of laccase were estimated from the Lineweaver–Burk plot. The
Km values of the free laccase and immobilized laccase were determined as 18.3 ± 2.8 µM
and 21.9 ± 3.5 µM, respectively. The increase in the Km value suggested that the affinity
of the laccase to the substrate decreased after immobilization, which was in agreement
with previous studies [38,39]. The reason for the change in substrate affinity might be due
to the decline in substrate accessibility to the embedded enzyme [38,39]. Accordingly, a
slight decrease in Vmax was also observed after laccase immobilization. The Vmax value
of the immobilized laccase was 11.6 ± 0.9 nmol/min, while that of the free laccase was
12.2 ± 0.6 nmol/min. The stability of Lac@Cu5/mZIF-8 in common organic solvents was
tested using methanol, ethanol, acetone, and acetonitrile. All the tested organic solvents
caused an obvious decline in laccase activity; however, Lac@Cu5/mZIF-8 demonstrated
higher activity in these organic solvents than that of the free laccase (Table 1).

Table 1. The effect of organic solvents on the activity of the free and immobilized laccase.

Organic Solvent (10%, v/v)
Residual Activity (%)

Free Laccase Immobilized Laccase

Methanol 54.6 ± 3.5 58.8 ± 1.8
Ethanol 42.4 ± 1.6 44.3 ± 2.6
Acetone 42.6 ± 2.1 45.7 ± 3.0

Acetonitrile 48.7 ± 2.6 51.7 ± 1.7

3.4. Dye Decolorization

Reactive black 5 is a toxic and recalcitrant azo dye [40], so we selected it as a model dye
to test the decolorization ability of the immobilized laccase. As shown in Figure 5a, reactive
black 5 was poorly decolorized by the free and immobilized laccase. Only 9.5% and 14.3%
dye removal were achieved after 10 h for the laccase and Lac@Cu5/mZIF-8, respectively.
Meanwhile, the result also indicated that reactive black 5 had little adsorption on the
immobilization matrix. To facilitate dye decolorization, we included acetosyringone as a
laccase mediator in the degradation system. In the presence of the mediator, reactive black
5 could almost be completely decolorized by Lac@Cu5/mZIF-8. About 95.7% decolorization
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was reached within 40 min (Figure 5b). Meanwhile, the free laccase could also decolorize
about 94% of the tested dye with the help of the mediator. Similar results have been
found for other laccases, which required the participation of a mediator for the efficient
decolorization of reactive black 5 [41–43]. The reusability of immobilized enzymes can favor
their application through reducing operational costs. The recyclability of Lac@Cu5/mZIF-
8 was assessed through the performance of several consecutive cycles for reactive black
5 decolorization. The dye decolorization percentage decreased from the third reaction
cycle, and only 28% of the dye was removed by the immobilized laccase after four cycles
(Figure 5b). The decline in decolorization efficiency was ascribed to the gradual sample loss
during the recovery process [38,44]. The immobilized laccase could not be easily recovered
via centrifugation because of its small size. A similar result has been observed for glucose
oxidase immobilized in ZIF-8 [44]. The immobilized enzyme (GOx/ZIF-8) lost more than
70% of its original activity after just two cycles owing to its nanometer size (around 400 nm).
After the introduction of PDA to the synthesis process, the particle size of the immobilized
enzyme (PDA@GOx/ZIF-8) increased to 5–40 µm, which greatly facilitated its recovery as
well as its reusability [44]. Moreover, the decrease in activity after repeated use might result
from enzyme inactivation or product inhibition [30,38]. The reaction products of both the
synthetic dye and mediator might result in a decrease in laccase activity. In particular, the
free radicals generated in the laccase-mediator system have been proven to have an adverse
impact on laccase activity [45–47]. As the recyclability of Lac@Cu5/mZIF-8 is relatively
low during batch-mode operation, it may be more suitable for use in fluidized-bed or
packed-bed bioreactors under continuous mode [48].
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3.5. Identification of Decolorization Products

To elucidate the decolorization mechanism of reactive black 5, the transformation
products (TPs) were identified using LC-MS. Generally, reactive black 5 is degraded
through the cleavage of the azo bond, resulting in the formation of 1,2,7-triamino-8-
hydroxynaphthalene-3,6-disulfonic acid (Mw = 349.3) and 2-(4-aminobenzene-sulphonyl)-
ethoxy-sulphonic acid (Mw = 281.3) [49–51]. Except for the cleavage of -N=N- bonds
under reductive conditions, the most labile sites for the oxidative attack of reactive black
5 include the C1, C4, C9, C15, C21, and C24 sites. Therefore, the oxidation of reactive black
5 leads to the cleavage of C(4)-N(7), C(9)-N(8), C(15)-N(19), and C(21)-N(20) bonds. About
four transformation products (TPs) of reactive black 5 were identified after treatment via
the immobilized laccase–mediator system, and the possible degradation mechanism of
reactive black 5 was proposed (Scheme 1). TP1 was formed via the cleavage of C(9)-N(8)
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and C(15)-N(19) bonds, which has been detected in reactive black 5 degradation by lac-
case from Weissella viridescens [52] and laccase from Cyathus bulleri [53]. Meanwhile, the
breakage of C-N bonds produced an intermediate, which was subsequently transformed
into TP2 through hydroxylation. The product TP3 was generated via the cleavage of the
azo bonds and the C(4)-N(7) or C(21)-N(20) bond. Then, it was decomposed to TP4 via
deamination, hydroxylation, and desulfonation [52]. Based on the above results, the de-
colorization of reactive black 5 was achieved through non-specific oxidative attack, which
was mediated by the free radical of acetosyringone generated via laccase catalysis. The
main mechanism of reactive black 5 decolorization by Lac@Cu5/mZIF-8 included oxidative
cleavage, hydroxylation, deamination, and desulfonation. The suggested mechanism was
in agreement with previous reports on reactive black 5 decolorization [52–54].
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4. Conclusions

In summary, we synthesized copper-doped modified ZIF-8 for laccase immobilization.
The immobilization matrix (Cu5/mZIF-8) was obtained through lowering the precursor
ratio of ZIF-8 as well as the incorporation of copper. Compared with ZIF-8, Cu5/mZIF-
8 had a different morphology and size and provided an improved activity recovery for
laccase encapsulation. The immobilized laccase displayed a higher catalytic activity in
organic solvents than that of the free enzyme. Lac@Cu5/mZIF-8 could efficiently decolorize
reactive black 5 in the presence of the mediator and could be recycled in dye decolorization.
The transformation products of reactive black 5 were identified, and the major reaction
pathways were proposed, with the possible mechanisms including oxidative cleavage,
hydroxylation, deamination, and desulfonation.
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