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A novel biocatalytic membrane based on
 bacterial cellulose (BC), laccase@zeolitic imidazolate framework-90 (LAC@ZIF-90) biocomposites, and carboxy-
lated multi-walled carbon nanotubes (c-MWCNTs) was prepared through a facile method for detection and degradation of phenolic pollutant.
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In this work, a metal–organic framework material, zeolitic imidazolate framework-90 (ZIF-90), was firstly
used to encapsulate laccase (LAC) and to prepare ZIF-90/LAC biocomposites. Afterward, the composites
were combined with bacterial cellulose (BC) and carboxylated multi-walled carbon nanotubes (c-
MWCNTs) by a facile method to achieve a novel cellulose membrane with biocatalytic function, display-
ing excellent detection and degradation properties towards phenolic pollutant. Notably, the membrane
was directly employed as a biosensor electrode, and it exhibited a linear response to catechol from 20
to 400 lM with a detection limit of 1.86 mM (S/N = 3), as well as satisfactory selectivity, reproducibility,
and stability. In addition, the biocatalytic membrane showed higher degradation efficiency towards cat-
echol than pure LAC, and the catechol degradation efficiency of the membrane generally ranged from
93.4% to 82.1% for five cycles. Moreover, the membrane was successfully applied in enzyme membrane
reactor (EMR), achieving satisfactory results. The novel membrane harbors a broad application prospect
in the fields of real-time monitor and treatment of phenolic wastewater.
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1. Introduction

As the rapid development of global economy, environmental
problems have attracted increasingly wide attention. Among mul-
titudinous pollutants, waste water containing phenols or phenolic
compounds from textiles, dyes, agrochemicals, or packing materi-
als, is not only a great threat to ecosystem, but also hazardous
and dangerous to physical health of people [1,2]. Moreover, phenol
and phenolic compounds were included as a priority pollutant in
the list issued by the United States Environmental Protection
Agency (USEPA), requiring that the content of phenol in drinking
water must be less than 1 g/L. [3]. Therefore, it is meaningful to
exploit methods which can not only detect but also remove pheno-
lic compounds.

Up to now, a variety of methods have been exploited to detect
the concentration of phenolic compounds, including quartz crystal
microbalance, high-performance liquid chromatography, elec-
trophoresis, surface plasmon resonance spectroscopy, etc. [4]
Although these methods can offer precise detection results of phe-
nolic compounds, the analysis process is complicated and time-
consuming, and the analysis machines are usually ponderous.
Notably, enzyme-based electrochemical biosensor could effec-
tively solve the above problems, attributing to its merits including
fast response, low cost, high sensitivity, simple detection process,
and no pre-treatment of samples [5]. To the best of our knowledge,
a majority of electrochemical biosensors utilized modified elec-
trodes (like glassy carbon electrode) as working electrode, free-
standing electrodes especially flexible membrane electrode are
rarely employed to directly detect phenolic compounds.

In addition, various approaches including physical, chemical,
and biological methods have been applied in the removal of pheno-
lic compounds, such as photo-Fenton oxidation, solvent extraction,
ion exchange, electrochemical detoxification, biological treatment,
etc. [6,7] Among these methods, biological methods have aroused
wide attention due to the advantages of eco-friendly, high effi-
ciency and safety [8,9]. Especially for approaches involving biolog-
ical enzymes, which are not only efficiency in catalytic
degradation, but also exhibit gradual decline in costs [10]. How-
ever, free enzymes tend to lose their activity during the procedure
of application. In addition, the reuse of enzymes is also an unsolved
challenge. To address the above problems, immobilization of
enzymes has become a popular research topic [11].

Metal-organic framework (MOF) is a sort of porous hybrid
material with metal-based nodes and organic links. Attributed to
the large specific area, high porosity and tunable pore structures
of MOF materials [12–14], they have been widely employed as
matrix to immobilize various biological macromolecules, for
instance DNA [15], enzymes [16,17], and drugs [18]. Therefore,
the MOF-based composites are widely applied in sensors [19],
catalysis [20], and drug delivery [18].

Recently, studies demonstrate that MOF is a satisfactory matrix
for enzymes immobilization, because it can protect enzymes
against the external environment, and the immobilization by
MOF is even beneficial for enhancing the biological activity of
enzyme [21–23]. Nevertheless, the recycling and reutilization of
MOF-enzyme composites are still facing enormous challenges
and difficulties. This is due to the fact that MOF materials are usu-
ally in powder form, which makes them easily dispersed in water
and hard to collect. If MOF can be made into the form of continuous
membrane materials, the recycle problem can be solved. Therefore,
MOF-based membrane material is a good choice for the reuse of
MOF-enzyme biocatalysts. Bacterial cellulose (BC) is an environ-
ment friendly fibrous material with high flexibility, strong
strength, and excellent biocompatibility [24]. Combination of
MOF and BC not only endows MOF flexible substrate but also
maintains the intrinsic properties of MOF.
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In this work, laccase (LAC) was selected as the biocatalytic
enzyme because of its excellent catalysis towards phenolic com-
pounds. ZIF-90 was chosen as the MOF material due to its good
hydrophilicity. First of all, two types of ZIF-90-LAC composites
were prepared to compare the enzyme activities of different
immobilization strategies. After that, LAC@ZIF-90 composites were
combined with BC and c-MWCNTs to prepare a flexible biocatalytic
membrane. The novel membrane displayed its excellent detection
and catalytic degradation effects towards catechol, a kind of phe-
nolic compound. The membrane could be directly applied as
biosensor electrode to detect catechol in river water. Moreover,
the membrane could also be employed as a filtration membrane
in enzyme membrane reactor (EMR) for degradation of catechol.
In brief, a novel biocatalytic membrane was prepared and it could
not only detect but also degrade phenolic compounds, which will
find its potential application in simultaneous detection and degra-
dation of phenolic pollutants in water environment.
2. Experimental

2.1. Materials

LAC (activity � 50 units/mg) was obtained from Sigma Aldrich
Chemical Co., Ltd. (St. Louis, MO, USA). BC was obtained from Jiang-
nan University, China. c-MWCNTs was obtained from Nanjing
XFNANO Materials Tech Co. Ltd. Besides, zinc nitrate, imidazole-
2-carboxaldehyde (ICA), polyvinyl pyrrolidone (PVP), catechol
were purchased from Aladdin Chemical Reagent Co. Ltd (Shanghai,
China). All the chemicals were used as received without further
purification.

2.2. Synthesis method for LAC@ZIF-90 and LAC-ZIF-90

Scheme 1 shows the schematic synthesis process of LAC@ZIF-90
and LAC-ZIF-90.

LAC@ZIF-90 was synthesized as follows: ICA (480.0 mg) and
PVP (50.0 mg) were added into deionized (DI) water (25 mL). To
obtain a clear solution, the mixture was dissolved at 80 �C for
4 h. After the solution cooled to room temperature, 0.6 mL (1 g/
L) of LAC was rapidly added to this solution in a static state for
10 min. Then, 6 mL zinc nitrate solution containing 742.6 mg of
zinc nitrate was added in the solution. The mixture solution was
kept a static state for a few minutes. Finally, the precipitate was
collected by centrifugation (10,000 g) and washed with DI water
for 3 times. Thus the LAC@ZIF-90 were obtained.

LAC-ZIF-90 was synthesized as follows: zinc nitrate (371.3 mg)
was added into DI water (3 mL). Simultaneously, ICA (480.0 mg)
and PVP (50.0 mg) was dissolved in DI water (25 mL) at elevated
temperature. After mixing the solutions above for a few minutes,
the precipitate was collected and washed by DI water. The
obtained ZIF-90 was immersed in the LAC solution (1 g/L) for
15 min. The LAC-ZIF-90 were achieved by centrifugation and
washed with DI water.

2.3. Preparation of BC/c-MWCNTs/LAC@ZIF-90 biocatalytic membrane

The preparation process of BC/c-MWCNTs/LAC@ZIF-90 biocat-
alytic membrane was depicted in Scheme 2. The whole process
was simple and expected to achieve scalable production. Firstly,
500 mg of BC was processed into cellulose nanofibers slurry using
a homogenizer. Then, 200 mg of c-MWCNTs, 100 mg of LAC@ZIF-
90, and 100 mg of cetyltrimethyl ammonium bromide (CTAB, as
dispersant) were added into the BC slurry to form a mixture
solution. Lastly, the mixture solution was disposed by vacuum
filtration utilizing a filter paper as supporting layer, the



Scheme 1. Schematic synthesis process for LAC@ZIF-90 and LAC-ZIF-90.

Scheme 2. Schematic preparation process for BC/c-MWCNTs/LAC@ZIF-90 membrane.
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BC/c-MWCNTs/LAC@ZIF-90 biocatalytic membrane was finally
obtained by separate the membrane on the surface of filter paper.
2.4. Materials characterization and measurements

The detailed materials characterization and measurements
could be found in supplementary material.
3. Result and discussion

3.1. Characterization of LAC/ZIF-90 composites

3.1.1. Morphology characterization
ZIF-90 and LAC@ZIF-90 composites were observed by scanning

electron microscopy (SEM). As shown in Fig. 1a and b, ZIF-90 and
LAC@ZIF-90 possessed the same truncated cubic crystals struc-
tures, with an average diameter of ca. 2 lm, which is in consistent
with that reported in literature [21]. For further confirming the
immobilization of LAC by ZIF-90 crystal and evaluating the pres-
ence and spatial distribution of LAC in (or on) the ZIF-90, the
LAC/ZIF-90 bio-composites were examined using confocal laser
microscopy (CLSM). LAC-ZIF-90 and LAC@ZIF-90 show a different
enzyme spatial distributions in Fig. 1c and Fig. 1d (also see in
Fig. S1). The LAC molecules were mainly determined on the sur-
faces of the LAC-ZIF-90 composites, while the LAC molecules were
evenly dispersed throughout LAC@ZIF-90 [25], which demon-
strated that the LAC was well immobilized on (or in) the ZIF-90,
and the morphology structures of the ZIF-90 crystals were not
damaged.
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3.1.2. Structure analysis
UV–visible spectra was employed to investigate the basic struc-

ture changes of the LAC and the LAC/ZIF-90 composites. As shown
in Fig. S2a, a UV-absorption peak of the protein were depicted at
229 nm, attributing to the absorption peak of peptide group, which
was coincident with the peak position in previous studies. LAC-ZIF-
90 and LAC@ZIF-90 show the same absorption peaks with the free
LAC, indicating that the basic structure of the LAC on (or in) ZIF-90
maintained unchangeable.

Fig. 2a shows the fluorescence spectroscopy of ZIF-90, free LAC,
and LAC/ZIF-90 bio-composites. Since the fluorescent emission
products of tryptophan derivatives (Trp �14, �142, �182, �185,
�276 and �302) are sensitive to environmental, the fluorescence
of tryptophan is usually used to explore the conformational change
of LAC. As is depicted in Fig. 2a, the emission files of LAC-ZIF-90
and LAC@ZIF-90 is basically consistent with the free LAC.
(kmax = 333 nm) [21]. It can be considered that the tertiary struc-
ture of the LAC was not destructed, whether the LAC is immobi-
lized on or inside the ZIF-90 particles.
3.1.3. XRD, FTIR, BET, and TGA analysis
X-Ray diffraction (XRD) was employed to study the crystal

structure of ZIF-90. In XRD spectra (Fig. 2b), the positions and
intensities of diffraction peaks of the synthesized ZIF-90 are consis-
tent with the previous reports [26,27], revealing the successful for-
mation of ZIF-90. The diffraction peaks at 2h from left to right are
X-ray reflections from (011), (200), (112), (022), (013), (222),
(114), (233) and (134) planes of crystal structure which corre-
sponding appeared in 7.6�, 10.6�, 12.9�, 14.9�, 16.6�, 18.2�, 22.3�
and 26.8�. After combining with LAC, the position of the major



Fig. 1. SEM images of (a) ZIF-90 and (b) LAC@ZIF-90, CLSM images of (c) LAC-ZIF-90 and (d) LAC@ZIF-90.

Fig. 2. (a) Fluorescence spectroscopy of LAC, ZIF-90, LAC-ZIF-90, and LAC@ZIF-90; (b) XRD patterns of ZIF-90, LAC-ZIF-90, and LAC@ZIF-90; (c) FT-IR spectra of LAC, ZIF-90,
LAC-ZIF-90, and LAC@ZIF-90; (d) Nitrogen adsorption–desorption isotherm and (e) Pore size distribution curves of ZIF-90, LAC@ZIF-90, and LAC-ZIF-90.
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diffraction peaks of LAC-ZIF-90 and LAC@ZIF-90 bio-composites
showed almost no change. While, the intensity is reduced, which
may be ascribed to a change in composition or blowhole blockage
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resulted by the combination of LAC and ZIF-90. All in all, the
diffraction peaks of LAC-ZIF-90 and LAC@ZIF-90 demonstrate that
there are no obvious change in ZIF-90 crystal and structure.



Table 2
Kinetic profile of free LAC, LAC-ZIF-90, and LAC@ZIF-90.
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The FTIR spectra of pure LAC, ZIF-90, LAC-ZIF-90, and LAC@ZIF-90
are shown in Fig. 2c. In the pure ZIF-90 crystal, the bands at 600–
1500 cm�1 are caused by the entire ring stretching or bending. The
peaks at 954 cm�1 and 785 cm�1 are respectively attributed to the
in-plane and out-of-plane bending of imidazole ring [28,29].
Besides, a band which appears at 1360 cm�1 accounts for the CAN
stretching vibration of the imidazole moieties. Specifically, due to

the C@O stretching, there is a characteristic peak at 1667 cm�1,

which could provide further evidence for aldehyde groups present
in ZIF-90 crystals [302827]. It is worth noting that a new peak at
3440 cm�1 appears in the spectra of LAC-ZIF-90 and LAC@ZIF-90
composites,while thepeak couldnotbe seen in theZIF-90 spectrum.
Therefore, It could be considered that the hydroxyl groups take
effect, simultaneously, it reflected the spectrum of LAC after protein
immobilization. In addition, the peak of LAC-ZIF-90 was more obvi-
ous than that of LAC@ZIF-90, since the LAC molecules were dis-
tributed on the surface region for LAC-ZIF-90. The above results
demonstrate that LAC has been successfully loaded by ZIF-90.

The pore textural properties of ZIF-90 were determined by N2

adsorption isotherm in Fig. 2d and Fig. 2e. According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC) classifica-
tion, the corresponding isotherm of ZIF-90 is identified as type Ι
isotherm. The results (see Table 1) exhibited that the BET surface
area of ZIF-90 was 721.49 m2 g�1, indicating the excellent adsorp-
tion capacity of ZIF-90. According to the density functional theory
(DFT), the pore volume of the mesoporous cage was 0.338 cm3 g�1

and the pore diameter of ZIF-90 was 46.218 Å. Primarily, the resid-
ual porosity after enzyme immobilization varies with the immobi-
lization strategies. While, the BET specific surface area of LAC-ZIF-
90 composite material was significantly decreased to 123.41 m2

g�1, which was caused by that the external pores of ZIF-90 was
blocked by LAC. Notably, the BET specific surface area of
LAC@ZIF-90 was slightly decreased to 526.62 m2 g�1. Actually,
the LAC in the pores of ZIF-90 occupies parts of the pore volumes.
Therefore, the pore volume of LAC-ZIF-90 reduced significantly,
while that of LAC@ZIF-90 decreased mildly. Because the larger
BET surface area and pore size of ZIF-90 were beneficial to adsorp-
tion and catalysis of phenolic pollutant, LAC@ZIF-90 was more
suitable for preparation of biocatalysis membrane in the following
experiments.

Fig. S2b shows TGA curves of ZIF-90, LAC-ZIF-90, and LAC@ZIF-
90. For ZIF-90, an initial weight loss occurred among the tempera-
ture range 50–320 �C, attributing to the exclusion of unreacted
species (such as water and DMF molecules) that trapped in the
pores of ZIF-90 [31]. The second weight loss from 320 to 800 �C
was caused by the collapse of framework structure of ZIF-90
[32]. Notably, the remaining weight percentage of ZIF-90 at
800 �C was 58.2%, while that of LAC@ZIF-90 at 800 �C was only
52.3%, corresponding to the decomposition of LAC molecules. Thus,
the TGA results demonstrated the successful immobilization of LAC
in ZIF-90.
Sample Immobilization amount (mg
g�1)

Vmax (lmol
min�1)

Km

(mM)

LAC 8.73 0.68
LAC-ZIF-90 52.31 3.67 2.37
LAC@ZIF-

90
107.83 7.11 0.82
3.2. Comparison of free LAC, LAC-ZIF-90, and LAC@ZIF-90

3.2.1. Kinetics analysis
Michaelis-Menten kinetic was employed to fit the oxidation

kinetics of ABTS by free LAC, LAC-ZIF-90, and LAC@ZIF-90, respec-
Table 1
Porous characteristic of free LAC, LAC-ZIF-90, and LAC@ZIF-90.

Particles BET Surface area (m2 g�1) Langmuir su

ZIF-90 721.49 1104.66
LAC-ZIF-90 123.41 199.81
LAC@ZIF-90 526.62 802.79
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tively. As is shown in Table 2, the immobilization amount of LAC
for LAC@ZIF-90 is 107.83 mg g�1, which is almost double of that
for LAC-ZIF-90, indicating the higher immobilization capacity by
encapsulation method. Besides, the Vmax value and Km value of free
LAC were 8.73 lmol min�1 and 0.68 mM, respectively. While, for
LAC-ZIF-90, the Vmax value was decreased to 3.67 lmol min�1,
the Km value increased to 2.37 mM. This phenomenon may be
caused by the restricted substrate diffusion by LAC-ZIF-90. Never-
theless, these two values changed slightly for LAC@ZIF-90, which
were 7.11 lmol min�1 and 0.82 mM, respectively. This result sug-
gested that the substrate diffusion occurred smoothly in LAC@ZIF-
90.
3.2.2. Stability of LAC, LAC-ZIF-90, and LAC@ZIF-90
In order to investigate the protection function of ZIF-90 for LAC,

the influences of different temperatures on LAC activity were com-
pared, the results are shown in Fig. 3a. As the environmental tem-
perature increased from 50 to 70 �C, the residual activity of LAC
declined apparently. It is noticeable that the activity of LAC for
LAC@ZIF-90 was much higher than those of free LAC and LAC-
ZIF-90, even at 70 �C, it still remained an above 60% of activity,
demonstrating that the ZIF-90 could effectively protect the inside
LAC against high temperature. Fig. 3b shows the effects of various
organic solvents on the activity of LAC. Likewise, the LAC of
LAC@ZIF-90 displayed the highest residual activity than the free
LAC and LAC-ZIF-90, suggesting that ZIF-90 protective layer could
help LAC against the influence of organic solvent. In addition, the
storage stability and recyclability of LAC, LAC-ZIF-90, and
LAC@ZIF-90 were also studied. It can be seen from Fig. 3c, the
LAC@ZIF-90 showed apparently higher residual activity as compar-
ison with free LAC and LAC-ZIF-90. Even through 30 days of stor-
age, the LAC in LAC@ZIF-90 could maintained above 80% of initial
enzyme activity, indicating the excellent storage stability of
LAC@ZIF-90. Meanwhile, the LAC@ZIF-90 exhibited better recycla-
bility than LAC-ZIF-90, LAC@ZIF-90 still retained over 80% of activ-
ity while the activity of LAC-ZIF-90 has been decreased to only 46%
of initial activity after 8 cycles. Based on the above research, the
LAC@ZIF-90 demonstrated its outstanding stability, hence we used
LAC@ZIF-90 to prepare conductive biocatalysis membrane in the
following experiments.
3.3. Characterization of BC/c-MWCNTs/ LAC@ZIF-90 membrane

3.3.1. Morphology characterization
Fig. 4a shows the photo of as-prepared BC/c-MWCNTs/LAC@ZIF-

90 membrane, which is a black and free-standing circular mem-
brane. Meanwhile, this membrane is flexible, as shown in Fig. 4b.
rface area (m2 g�1) Pore volume
(cm3 g�1)

Pore size (Å)

0.338 46.218
0.054 38.030
0.244 44.410



Fig. 3. (a) Thermal stability, (b) Organic solvent stability, (c) Storage stability of free LAC, LAC-ZIF-90, and LAC@ZIF-90; (d) Recyclability of LAC-ZIF-90 and LAC@ZIF-90.
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Fig. 4c and 4d displays the SEM images of pure BC nanofibers and
BC/c-MWCNTs/LAC@ZIF-90, respectively. The BC nanofibers were
formed by randomly distributed ultrafine fibers with average
diameter of ca. 30 nm. And the c-MWCNTs and LAC@ZIF-90 were
well combined with BC nanofibers, which can be seen from
Fig. 4d. Besides, according to the EDS results (see Fig. 4e and 4f),
it is manifested that the content of C element of BC/c-MWCNTs/
LAC@ZIF-90 membrane was much more than that of BC/LAC@ZIF-
90 membrane, also demonstrating the existence of c-MWCNTs.
3.3.2. EDS, XPS, and TGA analysis
The surface elements of BC/c-MWCNTs/LAC@ZIF-90 membrane

were characterized by EDS and XPS. Fig. 5 depicts the SEM-EDS ele-
mental mapping images of BC/c-MWCNTs/LAC@ZIF-90, the C, N, O,
and Zn elements were uniformly distributed on the whole mem-
brane surface, suggesting the homogeneous distribution of
LAC@ZIF-90 in composite membrane.

Fig. 6a exhibits the XPS spectra of BC, BC/LAC@ZIF-90, and BC/c-
MWCNTs/LAC@ZIF-90. It is manifest that the BC/c-MWCNTs/
LAC@ZIF-90 shows Zn2p peaks compared with pure BC. These
two peaks were located at 1023 and 1046 eV, corresponding to
Zn 2p3/2 and Zn 2p1/2, respectively (see Fig. 6b) [33]. The XPS char-
acterization also demonstrated the existence of LAC@ZIF-90 in the
membrane. Fig. 6c shows the TGA curves of BC, BC/LAC@ZIF-90,
and BC/c-MWCNTs/LAC@ZIF-90. For BC, the initial weight loss
occurred between 30 and 100 �C, ascribed to the evaporation of
water. After that, there were two stages of weight variations that
100–320 �C and 320–600 �C, respectively, which could be corre-
sponded to the typical degradation of cellulose chains. It is notice-
able that the residue weight of BC/c-MWCNTs/LAC@ZIF-90 at
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800 �C was larger than that of BC/LAC@ZIF-90, much more than
that of pure BC. Moreover, the maximum thermal decomposition
speed also displayed obvious difference (see Fig. 6d). On the one
hand, c-MWCNTs and ZIF-90 were hard to thermal degradation;
on the other hand, they also enhanced the thermal stability of BC
nanofibers.
3.4. Biosensor application of BC/c-MWCNTs/LAC@ZIF-90 membrane

3.4.1. Electrochemical characterization of BC/c-MWCNTs/LAC@ZIF-90
Electrochemical Impedance Spectroscopy (EIS) was employed

to investigate the interface resistance of LAC, ZIF-90, c-MWCNTs/
LAC@ZIF-90, and BC/c-MWCNTs/LAC@ZIF-90 modified electrodes,
and the results are illustrated in Fig. 7a. The semicircle diameters
of the EIS plots reflect the electron transfer resistance of the elec-
trochemical reaction (Ret), i.e. interface resistance. Apparently,
LAC and MOF modified electrodes exhibited relatively high inter-
face resistance due to their poor conductivity. Nevertheless, the
c-MWCNTs/LAC@ZIF-90 and BC/c-MWCNTs/LAC@ZIF-90 modified
electrodes showed much lower interface resistance (see Fig. S3),
which could be attributed to the excellent conductivity of c-
MWCNTs.

Fig. 7b compares the CVs of different electrodes in 300 lM of
catechol solution. Herein, BC/LAC@ZIF-90 and BC/c-MWCNTs/
LAC@ZIF-90 free-standing membrane were directly used as work-
ing electrode. It can be clearly seen that the BC/c-MWCNTs/
LAC@ZIF-90 membrane electrode displayed the largest anodic
(Epa) and cathodic (Epc) peak currents compared with other three
electrodes, indicating the optimal electrocatalysis towards cate-
chol. Besides, as shown in Fig. 7c, the anodic and cathodic peak cur-



Fig. 4. (a) Photo of as-prepared BC/c-MWCNTs/LAC@ZIF-90 membrane; (b) Flexural display of BC/c-MWCNTs/LAC@ZIF-90 membrane; SEM images of (c) pure BC nanofibers
(inset: diameter distribution of nanofibers) and (d) BC/c-MWCNTs/LAC@ZIF-90 membrane; EDS of (e) BC/LAC@ZIF-90 membrane, and (f) BC/c-MWCNTs/LAC@ZIF-90
membrane.

Fig. 5. SEM-EDS elemental mapping images of BC/c-MWCNTs/LAC@ZIF-90 membrane: (a) Original image; (b) C mapping; (c) N mapping; (d) O mapping; (e) Zn mapping; (f)
Overlap mapping.
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rents increased simultaneously with the increase of scan rates
from 10 to 90 mV/s. Moreover, the current change values were pro-
portional to the scan rates according to the fitting plot in the inset
of Fig. 7c, suggesting that the whole electrochemical process was a
surface-controlled redox process. Moreover, the Epa and Epc peak
potentials changed to more positive and more negative values,
respectively, suggesting that the electrochemical reaction process
was a quasi-reversible process. Fig. 7d depicts the influence of
solution pH on the CV curve of BC/c-MWCNTs/LAC@ZIF-90. It can
be seen that the whole curves shifted to left as pH changed from
3 to 6. The largest anodic peaks current was 20.86 lA when pH
was 4. Therefore, pH 4 was selected as the optimum pH in the fol-
lowing differential pulse voltammetry (DPV) tests.
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3.4.2. Catechol detection by BC/c-MWCNTs/LAC@ZIF-90 membrane
electrode

DPV was employed to determine the concentration of catechol
in acetate buffer (0.2 M, pH 4), the result is shown in Fig. 7e. Obvi-
ously, as the catechol concentration enhanced from 20 to 400 lM,
the DPV peak currents increased simultaneously. The calibration
curve of DPV peak currents vs. catechol concentration was dis-
played in Fig. 7f. The linear equation was I = 86.96 + 22C,
r2 = 0.9938, where I is the peak current in lA and C is the concen-
tration in lM. The sensitivity was as high as 22 lA/mM and the
detection limit (S/N = 3) was 1.86 lM. The performance of BC/c-
MWCNTs/LAC@ZIF-90 based biosensor was compared with other
LAC based biosensors, as shown in Table S1. Our sensor possessed



Fig. 6. XPS spectra (a), TGA curves (c), DTG curves (d) of BC, BC/LAC@ZIF-90, and BC/c-MWCNTs/LAC@ZIF-90; (b) High-resolution Zn 2p peaks of BC/c-MWCNTs/LAC@ZIF-90.
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satisfactory detection limit and wide linear range, implying its
application potential in the field of phenolic compounds detection.

The biocatalytic mechanism is displayed in Scheme 3. It can be
seen that the conductive membrane electrode was consisted by BC,
c-MWCNTs, and LAC@ZIF-90. The BC offered a flexible membrane
substrate, c-MWCNTs enabled the membrane conductive, and the
LAC@ZIF-90 could catalyzed the phenolic compounds. The catechol
on contact with the LAC embedded in ZIF-90 was oxidized to 1,2-
benzoquinone along with oxygen molecular reduced to H2O. Dur-
ing this process, the electrons could transport through the c-
MWCNTs, which could produce current response detected by elec-
trochemical workstation.

3.4.3. Selectivity, reproducibility, stability, and real sample analysis of
the biosensor

Selectivity is important for the application of biosensors. In this
study, several sorts of phenolic compounds, including aminophe-
nol, gallic acid, catechin, phenol, and hydroquinone were employed
to investigate the selectivity of the biosensor via DPV. The peak
currents were determined by the biosensor in 300 lM of catechol
solution containing the interferents with 1:1 ratio. Through record-
ing the response current before and after adding interferents, it can
be found that every interferent almost not contributed to the sen-
sor response (see Fig. S4), indicating the satisfactory selectivity of
the biosensor.

In addition, the biosensor also showed great reproducibility,
repeatability, and stability. Three BC/c-MWCNTs/LAC@ZIF-90
membrane were prepared by same conditions and the relative
standard deviation (RSD) of the response of the three membrane
biosensors towards catechol was only 2.3%, implying the good
reproducibility of the biosensor. During 10 times of successive
tests for catechol of one biosensor, the RSD was within 2%, demon-
strating the great repeatability of the biosensor. Fig. S5 displays the
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storage stability of the biosensor at 4 �C, it was manifest that even
through 30 days of storage, the sensor response still could main-
tained ca. 93.6% of the initial value. Thus, the biosensor possessed
satisfactory storage stability.

Yangtze river water was chosen as real water sample to inves-
tigate the practical application of the biosensor. Herein, a recovery
experiment with 5 times was employed, and the results are dis-
played in Table S2. It can be seen that the recoveries were satisfac-
tory, demonstrating that the biosensor could meet the detection
requirement in real water sample analysis.

3.5. Catechol degradation and EMR application

To investigate the degradation capacity of BC/c-MWCNTs/
LAC@ZIF-90 membrane towards hazardous phenolic compounds,
catechol was selected as object to compare the degradation effects
of free and immobilized LAC. As shown in Fig. 8a, through 2 h of
degradation, the degradation efficiency of free LAC towards cate-
chol was 88.4%. Nevertheless, this value for BC/c-MWCNTs/LAC
was decreased to 46.8%, indicating that the enzyme activity of
LAC declined after immobilization on BC/c-MWCNTs membrane.
Notably, the degradation efficiency of BC/c-MWCNTs/ LAC@ZIF-
90 was as high as 93.4%, which proved the excellent degradation
capacity of LAC@ZIF-90 towards catechol. It can be attributed to
that the framework of ZIF-90 well protected the LAC to avoid
reduction of enzyme activity. Meanwhile, the favorable adsorption
role of ZIF-90 improved the capture property of composite mem-
brane to catechol.

In addition, the recyclability of the LAC-modifiedmembranes by
5 cycles were compared. As shown in Fig. 8b, the degradation rate
of BC/c-MWCNTs/LAC was reduced to only 26.8%, almost half of
initial value. While, BC/c-MWCNTs/LAC@ZIF-90 still maintained
ca. 82.1% of degradation rate to catechol, only slight decline as



Fig. 7. (a) EIS of LAC, ZIF-90, cMWCNTs/LAC@ZIF-90, and BC/cMWCNTs/LAC@ZIF-90 electrodes; (b) CVs of LAC, LAC@ZIF-90, BC/ LAC@ZIF-90, and BC/cMWCNTs/LAC@ZIF-90
electrodes in 300 lM of catechol solution; (c) CVs of BC/cMWCNTs/LAC@ZIF-90 electrode at different scan rates from 10 to 90 mV/s (inset: plots of the corresponding anodic
and cathodic peak currents vs. scan rate); (d) CVs of BC/cMWCNTs/LAC@ZIF-90 electrode by different pH from 3 to 6 (inset: plots of the oxidation peak current vs. pH); (e)
DPVs of BC/cMWCNTs/LAC@ZIF-90 electrode towards different concentration of catechol from 20 to 400 lM; (f) Calibration curve of DPV peak currents vs. catechol
concentration.

D. Li, Y. Cheng, H. Zuo et al. Journal of Colloid and Interface Science 603 (2021) 771–782
comparison with initial value. Thus, the BC/c-MWCNTs/LAC@ZIF-
90 also possessed excellent reuse performance, displayed expected
application potential in the field of phenolic wastewater treatment.

In order to evaluate the practical application of the membrane,
we employed an enzyme membrane reactor (EMR) to investigate
its degradation ratio towards catechol. As shown in Scheme 4
and Fig. S6, the reactor possesses a capacity of 500 mL, and the
membrane with 8.0 cm of diameter was overlaid on a PS ultrafiltra-
tion membrane with same size to form the reaction layer. The cat-
echol solution was added through a peristaltic pump with
adjustable pressure, which utilized a N2 regulator to control the
flow rate. The filtrate was ejected from the outlet for the subse-
quent analyses.
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As shown in Fig. 9a, when the operational pressure was
enhanced from 20 to 200 Pa, the flux value of EMR was increased
from 0.15 ± 0.02 to 0.83 ± 0.04 L m�2 min�1 (black curve), while
the degradation ratio of catechol was declined from 91 ± 2.2% to
80 ± 2.9% (red curve). Therefore, the EMR could maintain a satisfac-
tory degradation radio towards catechol even though the opera-
tional pressure and flux value were increased by several times.
Moreover, the reusability of the EMR was studied, the result is
shown in Fig. 9b. The removal rate of the EMR was analyzed once
every day for 5 days (reaction time of 2 h) to examine the reusabil-
ity. The initial removal rate was set as 100%, and the EMR still
maintained ca. 72% of relative removal rate through 5 repeating
cycles. In sum, the EMR based on the BC/c-MWCNTs/ LAC@ZIF-90



Scheme 3. Schematic illustration of the biocatalytic mechanism of the as-prepared membrane.

Fig. 8. (a) Removal efficiency of catechol by the free and immobilized LAC; (b) Recyclability of LAC-modified membrane by 5 cycles.

Scheme 4. Schematic diagram of the assembled EMR.
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membrane possessed superior stability, catalysis efficiency, and
reusability.

4. Conclusions

In summary, LAC was encapsulated in ZIF-90 to prepare
LAC@ZIF-90 biocomposite. A bacterial cellulose-based biocatalytic
membrane was prepared by combining LAC@ZIF-90, BC, and c-
780
MWCNTs. The as-prepared BC/c-MWCNTs/LAC@ZIF-90 membrane
showed excellent detection and degradation properties towards
catechol. The membrane-based biosensor showed a linear
response to catechol from 20 to 400 lM with a detection limit of
1.86 mM. Moreover, the membrane was successfully applied in
EMR for the degradation of phenolic pollutant. Thus, the novel bio-
catalytic membrane will find its potential application on simulta-
neous monitor and degradation of phenolic wastewater.



Fig. 9. (a) Degradation ratios of catechol under varied operational pressures; (b) Reusability of the EMR.
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