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Abstract The treatment of wastewater generated by
textile industry has attracted researchers’ attentions,
and photocatalysis is considered as a good strategy to
solve this problem because of the strong redox
capacity. Herein, a novel visible light-responsive
cotton-PPy-MWCNTs-BiVO, photocatalytic material
with the hierarchical structure was successfully pre-
pared by a simple layer assembly method. The
composite material has excellent degradation perfor-
mance for reactive brilliant blue (RB-19) dye solution,
and the degradation efficiency can reach 97.8% under
visible light irradiation for 2 h. The performance
improvement is mainly ascribed to the interaction
between polypyrrole (PPy) and multi-walled carbon
nanotubes (MWCNTSs) in the system, where PPy can
efficiently transfer holes and MWCNTSs can separate
electrons, thereby greatly speeding up the separation
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of photogenerated carriers. The loading of BiVO,, PPy
and MWCNTs on cotton fabrics exhibits better
stability and recyclability than traditional powdery
photocatalysts. In sum, this paper provides a feasible
idea for the application of flexible cellulose-based
photocatalytic materials.
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Introduction

With the development of industrialization, environ-
mental pollution and energy shortages have increas-
ingly received attention (Trowbridge et al. 2018).
Photocatalysis has been considered as one of the best
strategies to solve these problems because it shows
great potential in the field of photocatalytic hydrogen
evolution (Ran et al. 2017; Wang et al. 2019; Zhang
et al. 2016), CO, photoreduction (Crake et al. 2019;
Dai et al. 2017; Tasbihi et al. 2018) and photocatalytic
degradation of pollutants (Dong et al. 2019; Li et al.
2019; Xu et al. 2019). For the treatment of pollutants,
compared with the traditional strategies, such as
physical adsorption (Kyzas and Matis 2015; Ma
et al. 2014) and chemical oxidation (Wactawek et al.
2017), photocatalysis has the competitive advantages
of low secondary pollution and operating cost. There-
fore, the mechanism and application have been the
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important research parts in the photocatalysis field (A
et al. 2018; Komeily-Nia et al. 2019). With the
deepening of research, a fairly reliable mechanism has
been proposed (Xiao et al. 2018). The semiconductor
photocatalyst absorbs light when the energy of the
photo is equal to or larger than the band gap of
semiconductor, and the electrons on the valence band
(VB) is subsequently excited onto the conduction band
(CB). Thus, photogenerated electrons can be gener-
ated on the CB and holes can be formed on the VB.
The photogenerated electrons and holes will be
adopted in reduction and oxidation reaction. Gener-
ally, the photocatalytic reaction consists of three main
steps: (1) Photoexcitation generates electrons and
holes; (2) Electrons are separated from holes and
transferred to the surface; (3) Reduction and oxidation
reaction occurs on the surface. However, during the
second step, only about 5% (Legrini et al. 1993) of the
electrons and holes are involved in the catalytic
process, and most of the electrons and holes (about
95%) recombine. For this reason, the research on
improving the photocatalyst stability and the charge
carrier separation efficiency is a main issue in
photocatalysis.

BiVO, is a suitable photocatalytic material to solve
the above problems thanks to its favorable stability,
suitable band gap and low cost (Yang et al. 2020).
BiVO,4 mainly has three crystal forms, including
orthorhombic pucherite, tetragonal dreyerite, and
monoclinic clinobisvanite. The monoclinic BiVO,,
which possesses a band gap of 2.4 eV, shows better
photocatalytic activity than other types of BiVO, in
the visible region (Safaei et al. 2018). However, the
photocatalytic efficiency of monoclinic BiVO, is also
limited due to the high electron—hole recombination
and short hole diffusion length. Therefore, numerous
methods are used to strengthen its performance. For
example, the enhancement can be obtained by forming
the heterojunction with other catalysts (Liu et al. 2019;
Lv et al. 2015; Wang et al. 2018). Heterojunction can
significantly improve the charge separation efficiency
and broaden the light absorption range, which
enhances the photocatalystic performance accord-
ingly. In addition, the introduction of conductive
materials like graphene oxide (GO) and Ag is also a
good strategy to overcome the mentioned challenges
(Yang et al. 2019). Ning Lv et al. constructed a series
of GO/TiO,/Bi,WO¢s composite photocatalysts by
solvothermal method and found that the introduction
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of GO reduced the crystal size of the composite
catalyst and greatly enhanced the separation efficiency
of the charge (Lv etal. 2019). Besides, Z-scheme WO3/
Ag/Bi,WOg had been constructed by the ordinary
composite method and exhibited excellent degrada-
tion effect. The better degradation effect was benefited
from the Z-scheme structure and Ag NPs, which
reduced the recombination of photogenerated charge
and increased light absorption range (Zhou et al.
2019).

Similarly, when a suitable conductive material is
added to the BiVO,, the problem of high charge
recombination rate can be improved, and photocat-
alytic performance can be enhanced. Multi-walled
carbon nanotubes (MWCNTs) have been widely used
in the fields of medicine, architecture and energy due
to its extremely high conductivity and good mechan-
ical property (Wu et al. 2017b). Therefore, MWCNTs
as conductors of photogenerated electrons have
received increasing attention in the field of photo-
catalysis. In the preliminary work of the Task Force, a
composite photocatalytic material based on BiVOy,
MWCNTs and Bi, WOg4 was successfully prepared and
exhibited the good catalytic performance on the soil
treatment (Lin et al. 2016). Besides, Zhao et al.
synthesized BiVO, @ MWCNTs photocatalytic com-
posite by one-step hydrothermal method. MWCNTSs
were successfully embedded in BiVQy, and the good
degradation effect on rhodamine B were obtained
(Zhao et al. 2017). Thence, MWCNTs are chosen as a
conductive material in this work to be compounded
with BiVO,.

Polypyrrole (PPy), which is considered as an
excellent conductive material due to its m-conjugated
heterocyclic structure, easy synthesis method and
ideal stability, has also received great attention in the
field of photocatalysis. Han et al. demonstrated the
introduction of PPy on g-C3Ny by in-situ polymeriza-
tion and proposed a new understanding of the role of
PPy in composite catalysts. It was found that PPy not
only transferred photogenerated electrons but also
acted on holes (Han et al. 2018). Similarly, Liu et al.
designed a system of BiOBr-Ag-PPy and verified its
highly efficient catalytic ability. The underlying
mechanism was PPy acted as a good hole acceptor to
accelerate charge separation, thereby enhancing cat-
alytic degradation (Liu and Cai 2018). The above
works show that PPy, as a receiver and transmitter of
holes, can greatly enhance separation efficiency of
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photogenerated electrons and holes. Hence, we
designed a ternary system containing BiVO,,
MWCNTs and PPy to improve the carrier separation
efficiency and BiVO, catalytic activity by taking
advantage of MWCNTS’ ability to transmit electrons
and using PPy as a hole receptor.

Except for the charge separation, another challenge
in designing an efficient photocatalyst is to improve
the recyclability. The conventional powder photocat-
alysts are not the good candidates because of its
recyclability and safety. To overcome these short-
comings, the most useful method is to fix the catalyst
on a reusable substrate (Komeily-Nia et al. 2019).
Among them, cotton fabric is a good choice due to its
good biocompatibility, environmental friendliness and
accessibility (Fan et al. 2019). In this paper, the PPy-
MWCNTs-BiVO, ternary system was loaded on the
cotton fabrics by simple layer assembly. Specifically,
in-situ polymerization was used to spread PPy evenly
on the surface of cotton fabric. MWCNTSs were
attached to PPy driven by the electrostatic force and
BiVO, was finally introduced and adhered to the
composite surface by intermolecular forces between
the surfaces. Subsequently, RB-19 was used as an
indicator to verify the photocatalytic performance and
cycle stability of the composite system. The compo-
sition and properties of the catalyst were clarified by
SEM, XPS and other characterizations. Finally, a
proposed mechanism was investigated by the free
radical trapping experiments.

Experiment
Materials and reagents

Pyrrole monomer (Py) was obtained from Aladdin
Reagents Co., Ltd. Barium nitrate pentahydrate
(BiNO3-5H,0), ammonium metavanadate (NH;VO5),
sodium hydroxide (NaOH), nitric acid (HNO3), ferric
chloride hexahydrate (FeCl;-6H,0), sodium dodecyl-
benzene sulfonate (SDBS), sodium hypophosphite
(NaH,PO,) were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd. Carbon nanotube (MWCNTs,
Purity > 95%, -COOH content: 3.86 wt%) was pro-
vided by XFMANO, INC. Cotton fabric (120 g/mz)
was obtained from Sequel Group, China. Reactive
brilliant blue (RB-19) was purchased from Dystar
Printing and Dyeing Technology Co., Ltd. Sodium

oxalate (Na-OA, purity 99%), 2-methyl-2-propanol (t-
BuOH, purity 99%) and 1,4-p-benzoquinone (BQ,
purity 99%) were all provided by Adamas Reagent
Co., Ltd. All the chemicals were used without further
purification except for specific mention.

Preparation of BiVO,

BiVO,4 was prepared through the previously reported
protocol (Wang et al. 2020). 1.94 g of Bi(NO3)-5H,O
was dissolved in 5 mL of 4 mol/L of nitric acid, then
25 mL of deionized water was added to form solution
A. 0.468 g of NH4;VO; were dissolved in 20 mL of
1 mol/L of NaOH, and mixed with 10 mL of deion-
ized water to fabricate solution B. Finally, solution B
was added dropwise to A under magnetic stirring, and
the pH of the mixed solution was adjusted to 3 by
adding NaOH solution. The prepared solution was
transferred into a Teflon-lined autoclave and main-
tained at 180 °C for 4 h. The obtained product was
treated with suction filtration and washed with deion-
ized water/ethanol to remove the impurities before
drying at 60 °C.

Preparation of cotton-PPy composite fabric

Pyrrole monomer was deposited on the surface of
cotton fabric by in-situ polymerization. Firstly,
0.16 mL of pyrrole was added into 200 mL of
deionized water and well dispersed under ultrasonic
conditions for 10 min. 3 g of treated cotton fabric
(washed by 50 mL 50% ethanol solution with ultra-
sound sonication for 60 min) was added to the pyrrole
solution. At the same time, 0.13 g of FeCl;-5H,0 (the
mole ratio of pyrrole to oxidant is 1:2) was dissolved in
20 mL of deionized water and added dropwise to the
cotton/pyrrole mixed solution. The final solution was
incubated for three hours under magnetic agitation.
The cotton was recovered when the color changed
from white to off-white, and washed thoroughly prior
to drying at 60 °C to obtain cotton-PPy composite
fabric.

Preparation of cotton-PPy-MWCNTs composite
fabric

100 mg of MWCNTs and 100 mg of SDBS were

added into 100 mL of deionized water and dispersed
under ultrasonication for 30 min, followed by

@ Springer



5244

Cellulose (2020) 27:5241-5253

introducing 0.2 g of sodium hypophosphite and ultra-
sonicating for 10 min to obtain an ink-like solution.
Subsequently, cotton-PPy composite fabric prepared
in the previous step was immersed in the solution and
the mixture was ultrasonicated for 15 min. Finally, the
fabric was washed with deionized water and dried at
60 °C to obtain cotton-PPy-MWCNTSs composite
fabric.

Preparation of cotton-PPy-MWCNTs-BiVO,
composite fabric

0.1 g of BiVO, and 0.01 g of PEG2000 were added
into 50 mL of deionized water and ultrasonicated for
30 min to obtain a uniform suspension. Then the
cotton-PPy-MWCNTs  composite  fabric ~ was
immersed into the suspension and the mixture was
slowly stirred in an 80 °C water bath for 2 h. The
composite fabric was recovered with a black surface
covered by a yellow layer. Cotton-PPy-MWCNTs-
BiVO, composite was obtained after washing with
deionized water and drying at 60 °C. The preparation
scheme of cotton-PPy-MWCNTs-BiVO, fabrication
is shown in Fig. 1.

Characterization

Field emission scanning electron microscopy (FE-
SEM, Hitachi SU8220, Japan) was used to observe the
surface topography of the prepared sample. X-ray
photoelectron spectroscopy (XPS, Escalab 250Xi,
Thermo Fisher) was employed to study the chemical
composition of photocatalysts. The crystal structure of
the catalyst was measured by X-ray diffraction (XRD,
Bruker D8 ADVANCE). The light absorption
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properties of the catalyst were obtained by UV—Vis
diffuse reflection spectra (DRS, Lambda 900) in the
wavelength range between 200-800 nm. Separation
efficiency of charges were characterized by PL spectra
on a PTI QM/TM fluorescence spectrometer with the
excitation at 325 nm. Electrochemical impedance
spectroscopy (EIS) and photocurrent response density
were measured by electrochemical analyzer (model
PGSTAT302N).

Degradation experiment

Dye degradation experiments were used to evaluate
the photocatalytic performance of the catalyst. The
experiment was carried out in a 70 mL quartz tube, in
which unloaded cotton and fitted cotton fabric after
loading (3 x 3 cmz) floated in RB-19 solution
(50 mL, 70 mg/L). The reaction system was held at
a constant temperature environment (about 15 °C) and
the Xe lamp (1000 w) was used as the light source.
7 mL of solution was continuously taken out every
30 min and centrifuged. The concentration of RB-19
was tested by  visible  spectrophotometer
(HitachiU3310).

Results and discussion
Catalyst characterization

The surface morphology of cotton fabrics and com-
posite photocatalytic cotton fabric are obtained by
SEM, as shown in Fig. 2. The untreated cotton fabric
surface is very smooth (Fig. 2a, b). However, as the
introduction of PPy, the film-like substance is attached

$395%
PEG2000 298 QQ‘QA"
80°C 2h PN

Cotton-PPy-MWCNTs Cotton-PPy-MWCNTs-BiVO,

Fig. 1 Preparation of Cotton-PPy-MWCNTs-BiVO, composite cotton fabric
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Fig. 2 the FE-SEM of composite cotton fabrics; a, b cotton; ¢, d cotton-PPy; e, f cotton-PPy-MWCNTs; g, h cotton-PPy-MWCNTs-

BiVO,

to the surface of the cotton fabric in Fig. 2¢c, d.
Numerous PPy particles are founded on the cotton
surface, which confirms the successful loading of PPy.
The SEM images of cotton-PPy-MWCNTSs three-
component composite fabric are presented in Fig. 2e,
f. The tubular structures and granular structures can be
clearly observed, indicating the good compatibility
and tight integration between MWCNT and PPy. The
images of cotton-PPy-MWCNTs-BiVO, in Fig. 2g, h
show that the BiVO, flakes are attached to the
substrate. A close connection among BiVO,, PPy
and MWCNTs also can be observed, which is helpful
for the charge separation. Obviously, the results of
SEM prove the successful establishment of cotton-
PPy-MWCNTs-BiVO, four-component system and
the tight connection between each component.

The element composition and distribution of the
composite cotton fabric are tested by EDS. As shown
in Fig. 3, there are (C, N, O, Bi and V) five elements on
the surface of composite cotton fabric. The large
amount of C, N and O element are assigned to carbon-
containing functional groups in cotton fibers, PPy and
MWCNTs, and the presence of Bi and V is attributed
to flakes of BiVO,. The above EDS analyzes confirm
that PPy, MWCNTs and BiVO, were successfully
loaded on cotton fabric surface.

X-ray diffraction (XRD) is used to study the crystal
structure and phase composition of the catalyst. As
shown in Fig. 4, all diffraction peaks of cotton-PPy-
MWCNTs-BiVO, can be corresponded to monoclinic
of BiVO, (ICDD PDF#75-1867). Notably, the char-
acteristic diffraction peaks of PPy and MWCNTs are

not found in cotton-PPy, cotton-PPy-MWCNTSs and
cotton-PPy-MWCNT-BiVO, composites. This is
because that PPy is amorphous (Harraz et al. 2015)
and the loading of MWCNTSs on the fabric surface is
less than 5% (Maity et al. 2018). After introducing
BiVO, into the composite system, the strongest peak
at 20 =28.99° and secondary strong peak at
20 = 30.62° are found, corresponding to the (112)
and (004) facet (Miao et al. 2016). No other impurity
peaks were found in the XRD pattern, showing that
only the monoclinic of BiVOy is introduced in the
layered assembly process.

The chemical composition and chemical state of the
cotton composite fabric are tested by XPS analyses. It
can be clearly observed that C, N, O, Bi and V are the
main elements in the composite fabric surface
(Fig. 5a), which is consistent with the EDS analyses
result. Figure 5b shows the high-resolution Bi 4f
spectra consist of two peaks at 164.27 eV and
158.94 eV, which belong to Bi 4fs, and Bi 4f;,
respectively. This proves that the Bi element in the
composite fabric is in the Bi** ion state (Ou et al.
2018). The spectra in Fig. 5¢ demonstrates that C 1 s
has two characteristic peaks, located in 289.5 eV and
284.5 eV. The former represents polypyrrole skeleton
and sp? hybridized carbon (Liang et al. 2019), and the
latter is mainly considered as C-O and hydroxy carbon
(Jo and Sagaya Selvam 2016). The N 1 s spectra of
composite fabric are shown in Fig. 5d,which is
divided into two peaks at 405.77 eV and 399.63 eV,
corresponding to C-N and N-H in Polypyrrole (Cai
etal. 2017). The O 1 s spectra can be decomposed into
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Fig. 3 EDS-mapping analysis of cotton-PPy-MWCNTs-BiVO, sample
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Fig. 4 XRD pattern of as-prepared samples

two adjacent peaks of 532.08 eV and 529.65 eV,
representing O-C = O and lattice oxygen in BiVO,4 (Jo
and Sagaya Selvam 2016; Ou et al. 2018), respec-
tively. Figure 5f shows that V 2p spectrum has two
peaks of 523.78 eV and 516.37 eV, which corre-
sponds to the split of the V> spin orbit, indicating that
V ions exhibit a valence of V' in the system (Wu
et al. 2017a). The XPS analyses results demonstrate
the chemical state of each element, which is consistent
with the theoretical results of BiVO4, PPy and
MWCNTs.

As shown in the Fig. 6a, UV-Vis diffuse reflection
spectra (DRS) is used to study photo-selective
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absorption property of composite fabrics. Cotton-
PPy-MWCNT-BiVO, possess better absorption prop-
erties than the three other control samples in the
visible region of 400 ~ 500 nm. The enhancement of
visible light absorption is due to the introduction of
monoclinic BiVO,, which has higher photocatalytic
activity. At the same time, cotton-PPy-MWCNTs also
has a great level of light absorption considering the
black color brought by MWCNTS. The improvement
of cotton-PPy-MWCNTs in the full-band light absorp-
tion can further confirms this assumption. The
enhancement of visible light absorption in cotton-
PPy-MWCNT-BiVO, system is of great significance
for improving photocatalytic performance. Further-
more, the band gap energy spectrum is obtained by the
Kubelka—Munk equation (Sangiorgi et al. 2017) based
on the UV-Vis diffuse reflectance data. As shown in
Fig. 6b, the Eg of Cotton-PPy-MWCNT-BiVO, is
approximately about 2.44 eV. Smaller band gap
means the better carrier separation efficiency, which
can increase the actual amount of active material and
improve the efficiency of photocatalytic reaction.

Photocatalytic performance

Charges separation efficiency for the photocatalyst is
characterized by PL spectra. As shown in Fig. 7a, the
intensity of the peak at 426.9 nm gradually weakens
with the component loaded on the cotton, which
means that the recombination probability of
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Fig. 6 a UV-Vis diffuse reflectance spectra of all the samples and b Band gap energy evaluation of all the samples

photogenerated charges and holes decrease with the
loading of the components. Besides, this result reveals
that PPy, MWCNTs and BiVO, tightly combine with
each other and the combination can obviously improve
the charges separation efficiency under visible light.
The photocurrent response density is also a popular
strategy to study charge separation efficiency, as

shown in Fig. 7b. With the progress of radiation, it can
be clearly visible that the photocurrent density of all
four groups increases and the density increases with
the superposition of the components. It indicates that
the composite catalyst can generate electrons by light
excitation and the separation efficiency of charges is
improved especially after the introduction of BiVOy,.
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Therefore, the combination of PPy, MWCNTs and
BiVO, plays a vital role in increasing the separation
efficiency of charges.

Electrochemical impedance spectroscopy (EIS) is
an efficient method to investigate the transfer and
migration of charges, where the electron transfer rate
is determined by the radius of the arc. As shown in
Fig. 7c, the cotton fabric exhibits the largest arc
radius, which indicates that it has a huge resistance.
Subsequently, as the two conductive materials PPy
and MWCNTs are loaded onto the cotton, the radius of
the formed cotton-PPy and cotton-PPy-MWCNs sys-
tem become smaller and the resistance gradually
decreases. The further introduction of BiVO, dramat-
ically reduces the radius of the arc, representing that
the synergistic effect exists between BiVO,, PPy and
MWCNTs. The maximum separation of holes and
electrons efficiency can only be achieved when
BiVO,, PPy and MWCNTs are in close contact. This
synergistic effect greatly reduces the electric resis-
tance and increases the electron transfer speed, thereby
effectively reducing the probability of carrier recom-
bination and improving photocatalytic activity.

The catalytic ability and absorption property of the
prepared photocatalyst are evaluated by degrading
RB-19. As shown in Fig. 8a, after incubation in the
dark condition for 30 min, RB-19 is hardly absorbed
by the cotton fabric, while the adsorption values for
the cotton-PPy and cotton-PPy-MWCNTs are quite
high. This phenomenon can be ascribed to the
following reasons. Firstly, the reactive dye RB-19 is
anionic and the pH of the dye solution is about 2.5. PPy
will undergo protonation reaction under this pH
condition, which can form bonds with the dye anion
and increase the adsorption of the dye. Secondly,
MWCNTs have good adsorption properties of dyes as
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they are a hollow tubular structure with a large specific
surface area. After the introduction of BiVOy, part of
the originally exposed PPy and MWCNTs is covered.
The adsorption capacity of the cotton-PPy-MWCNTs-
BiVO, quaternary composite fabric is weakened, but
remains at a high level. The strong adsorption capacity
means that more dyes will be adsorbed on the surface
of the catalyst, and the reaction opportunity of the dye
with the active substances increases, thus improving
the catalytic speed and efficiency (Hao et al. 2012; Yu
et al. 2005). With the degradation of the adsorbed dye,
the free dye in solution can almost be absorbed by the
cotton composite fabric and the new degradation
process is induced.

To better understand the degradation kinetics in the
photocatalytic reaction, the apparent first-order model
(InCy/C, = K-t) is used to fit the curve of the
conversion against time. It is observed in Fig. 8b that
all the photocatalytic processes fit well with the model
and the slope of the line formed by the fit increases
with the load of conductive components. The slope for
the cotton-PPy-MWCNTs-BiVO, quaternary com-
posite fabric is 2.9 times of that for the ternary system
(cotton-PPy), which illustrates that the combination
between PPy, MWCNTs and BiVO, can greatly
accelerate the separation of photogenerated electrons
and holes, thus greatly improving the degradation rate.

Stability and recyclability

In order to investigate the stability and reusability
performance, the cycle experiment of the cotton-based
composite photocatalytic materials is carried out.
Degradation property and XRD test of the composite
are shown in Fig. 9. The degradation efficiency of the
RB-19 solution by cotton-PPy-MWCNTSs-BiVO,
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quaternary composite fabric within 2 h can still
maintain at 90% after three cycles usage, indicating
that this composite material has excellent cycling
ability. The XRD spectrum of the composite cotton
fabric sample after the degradation experiment do not
show significant change compared with the unused
sample, which further illustrates this catalyst is enough
stable with reused. Therefore, the composite photo-
catalytic fabric not only has good degradation effect,
but also maintains a high level of recyclability and
stability.

Mechanism of degradation process

In the previous characterization, we demonstrate the
successful preparation of composite photocatalytic
materials and explore the degradation performance of
pollutants by the catalyst. Why do composite photo-
catalytic materials have better degradation perfor-
mance? To answer this question, the potential
mechanism of the catalyst is explored. Firstly, the
active material in the photocatalytic reaction is
measured by a hole radical trapping experiment.
Tert-butanol (t-BuOH), oxalate (Na-OA) and benzo-
quinone (BQ) are used as scavengers for hydroxyl
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radicals, holes and superoxide ions, respectively and
the result is shown in Fig. 10. Compared with the
sample without the inhibitor, the degradation effi-
ciency of the sample with t-BuOH do not change
obviously, indicating that the hydroxyl radical is not
the active substance of the reaction. In addition, the
degradation efficiency of the samples is reduced after
adding Na-OA and BQ. Especially after adding Na-
OA for 2 h, the efficiency is only about 28% of that
without capture agent, illustrating that the active

1
off—»| <— Light on —=— Na-OA
——BQ
—+—t-BuOH

—v— No capture agent

0.4

comcentration (C/C)
=
(=)

I
I
I
1
1
I
1
I
I
I
0'0 I 'l 1
0 30 60 90 120

Time (min)

Fig. 10 Photodegradation curves of RB-19 over cotton-PPy-
MWCNTs-BiVO, composite with different active species
scavengers under visible light irradiation

substances in the catalytic reaction are mainly holes
and partial superoxide ion.

According to the above analysis results, the possi-
ble photocatalytic mechanism of composite cotton
fabric is proposed as shown in Fig. 11. Firstly, when
the incident photon energy is greater than or equal to
the band gap of BiVO,, electrons on the valence band
are excited to the conduction band and leave positively
charged holes on the valence band. However, if no
other substances are added to the system, the electrons
will quickly return to the valence band and recombine
with the holes due to the instability of the excited state.
According to the previous DRS analysis results, the
band gap of BiVOy, is 2.44 eV, where the conduction
band positions and the valence band positions are +

0.34 eV and + 2.78 eV (Bao et al. 2016), respec-
tively. PPy has a higher LUMO potentials
(— 1.15 eV) and HOMO potentials (+ 1.05 eV) than
that of BiVO, (Li et al. 2017). When PPy is introduced
into the system, the excited photogenerated electron
holes will transfer to PPy firstly, and the electrons on
PPy will aggregate on the conduction band of BiVOj,.
In addition, the photogenerated electrons accumulated
on the conduction band can be transferred to the
surface through a well-conducting carbon tube
because of the tight contact between BiVO, and
MWCNTs, and then form superoxide ions with
oxygen. In this way, the separation of holes and
electrons is achieved, and the generated holes and

NHE/eV
0,
A
7’
< ee e + 7
S A 0.34 eV
o -1 LUMO \ 0./ KB
// e e e -0,
’ o)
s te, 7 0 e
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W 20 S g S I ~ HOMO
- N2 o &’j- Sy ==e 1— +1.05 eV
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Fig. 11 The possible photocatalytic reaction mechanism of PPy-MWCNTSs-BiVO, for degradation under visible-light irradiation

@ Springer



Cellulose (2020) 27:5241-5253

5251

superoxide ions mineralize the dyes adsorbed on the
surface, thereby degrading organic contaminants.
Meanwhile, the large specific surface area of
MWCNTs and the protonation reaction of PPy under
acidic conditions greatly enhance the adsorption
capacity of the composite fabric, and more reaction
sites are generated. Hence, the reaction equations
involved in the catalytic process are shown as follows:

PPy/MWCNTSs/BiVO, +hv — ¢ + h*
e +0*— 0,

0, +h* +RB — 19 — CO, + H,0

Conclusion

In summary, a novel cotton-PPy-MWCNTs-BiVO,
composite photocatalytic system was successfully
prepared by a simple layer assembly method. With
the introduction of PPy, MWCNTs and BiVO,
components, the composite system shows excellent
catalytic activity and can completely degrade RB-19
dye solution within two hours. The improvement of
catalytic degradation ability stems from the coupling
between PPy, MWCNTs and BiVO,. PPy and
MWCNTs can efficiently transfer holes and separate
electrons respectively, which greatly improves the
separation efficiency. In addition, the composite
photocatalytic cotton fabric material exhibits good
cycle stability, and the degradation performance after
three cycles can still be maintained at 90%. This
research provides a broad perspective for the applica-
tion of cellulose-based multilayer flexible photocat-
alytic materials in the wastewater treatment.
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