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Abstract This paper demonstrates that a multilay-
ered absorbent developed using Poly(3,4-ethylene-
dioxythiophene) (PEDOT) modified cotton fabrics
provides excellent photocatalytic degradation and
remove dyes in wastewater. Low cost, highly efficient
and biobased sorbents for removing dyes and other
pollutants in wastewater are desirable. However, there
are very few absorbents that meet these criteria.
Bismuth vanadate (BiVO,) is a unique material with
strong visible light absorption and valence band
potential suitable for the degradation of dyes. How-
ever, the photogenerated carriers of single BiVO, get
recombined easily, and it is difficult to recover the
powder which may cause secondary pollution. To
overcome this limitation, we have successfully
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prepared a composite containing PEDOT/BiVO,/Iron
oxide hydroxide (FeOOH) on cotton fabrics in a
simple two-step process. Initially, cotton fabrics were
treated with PEDOT and later BiVO,/FeOOH onto the
modified fabrics. When the cotton-based composite
was used as sorbent for reactive brilliant blue dye (RB-
19), a high degradation level of 95.6% was possible
within 2 h under visible light. Further, the sorbent had
high recyclability of 92.3% even after 5 sorption and
desorption cycles. The experiment suggests that the
presence of h™ and -OH free radicals along with
excellent electron-hole transport properties of PEDOT
were responsible for the high level of degradation.
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Introduction

Manufacturing industries and, more specifically, tex-
tiles, pharmaceuticals and metal processing units use
high energy and resource- intensive levels and
contribute significantly to industrial pollution (El-
Hout et al. 2020; Kumar et al. 2020; Zhang et al.
2020a). Several approaches are used to reduce and
treat industrial pollution. Among the various pollution
treatment techniques, adsorption purification (Sun
et al. 2020), biodegradation (Liu et al. 2020), Fenton
oxidation (Guo et al. 2020), etc., have been commonly
adopted. However, these treatments are expensive, are
energy- intensive and in many cases cause secondary
pollution. Dyes produced in textile processing units,
released into water, are a significant and major cause
of pollution. Despite considerable efforts to develop
technologies to reduce and treat dyeing waste water,
there are no economically viable techniques suit-
able for adoption on a large scale. For instance, plenty
of biobased sorbents have shown potential to remove
dyes from waste water on a laboratory scale but such
absorbents’ large-scale availability and cost limit their
practical use (Duan et al. 2019; Srinivasan and
Viraraghavan 2010). Recently, nanomaterials and
advanced oxidation processes that provide higher
efficiency and lower cost than conventional tech-
niques have been developed (Samadi et al. 2019).
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Oxidation processes to treat dyes and organic
pollutants are classified as heterogenous photocataly-
sis or homogenous oxidation processes. Compared to
the two methods, the photocatalytic degradation of
dyes and organic pollutants is an emerging and
promising technology to treat polluted water. Photo-
catalytic degradation is considerably less expensive,
efficient, has high catalytic activity, and is adaptable on
a large scale. Hence, both organic and inorganic
photocatalytic materials have been developed and
extensively studied to remove pollutants (Lum et al.
2020; Marimuthu et al. 2020; Samadi et al. 2019).
Studies have demonstrated that semiconductor-based
nanostructures are particularly suited for photocat-
alytic degradation. For example, Tushar Kanti Das
et al. (2020) prepared Ag/poly(norepinephrine)/MnQO,
nanocatalyst and showed high reduction of 4-nitro-
phenol and 4-nitroaniline within 540 min. Similarly,
Sanjay Remanan and co-workers synthesized MoS,
nanosheets decorated poly(vinylidene fluoride)
(PVDF) sponges with excellent antibacterial activity
against Escherichia coli (E. coli) (Remanan et al.
2020). Tushar Kanti Das et al. (2021) prepared sliver
nanoparticles on the surface of poly(epinephrine)
coated CeO, nanotubes with high catalytic activity
to 4-nitrophenol and methylene blue. These materials
excite electrons in the conduction band and create
holes in the valence band. Further, the electron-hole
(e"-h™) pairs generate various oxygenated radical
species capable of photocatalytic dye degradation.

The type of material and conditions used for
photocatalytic degradation determine the extent of
the removal of pollutants. For example, TiO, is an
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excellent photocatalyst with high stability and limited
toxicity. However, TiO, has a large band gap (3.4 eV)
resulting in poor activity in the visible light range.
Hence, valence band electrons in TiO, can be excited
only in ultraviolet light (Hu et al. 2020). Therefore,
considerable research is being done to improve the
photocatalytic activity of materials in the visible light
range.

Photocatalytic materials such as bismuth vanadate
(BiVO,4) has received widespread attention as a
biosorbent due to its high visible light utilization,
non-toxicity, suitable energy band position and
stable crystal structure. Generally, BiVO, has three
different crystal structures, including monoclinic
crystal (a = 5.1935A, b = 5.0898A, ¢ = 11.6972A),
scheelite  tetragonal crystal (a=Db= 5.1470A,
¢ =11.7216A) and zircon ore tetragonal crystal
(a=b=7303A, c=6.584A) (Ikeda et al. 2018;
Laraib et al. 2019). Among them, the monoclinic
BiVO, has a higher photocatalytic performance,
separation efficiency of photo-generated electrons
and holes due to a built-in electric field (Park et al.
2013). The valence band position of BiVO, is
about + 2.4 ev (vs. NHE), which is more positive
than OH /-OH + 1.89ev (vs. NHE) (Wang et al.
2020b; Yang et al. 2021). Theoretically, it is easy to
generate -OH radicals with strong oxidizing ability by
photocatalysis, which can oxidatively degrade most
organic pollutants. Therefore, BiVO, is an ideal
material with substantial potential for photocatalytic
removal of organic or inorganic pollutants. However,
using BiVO, individually has drawbacks, such as
higher recombination of photogenerated electron-hole
pairs, lower visible light utilization, and difficulty in
recycling (Yan et al. 2020; Zhang et al. 2019a).
Researchers have attempted to overcome this limita-
tion by controlling the morphology, heterojunction
interface and developing composites of BiVO, by
modulating the reaction synthesis conditions. For
instance, changing the shape and size of the photo-
catalytic material modifies the material’s interfacial
energy, charge transport and optical performance,
thereby improving the photocatalytic activity. Liu and
co-workers proved that 1D nano BiVO, has a shorter
radial transmission distance and hence can efficiently
separate photogenerated carriers exhibiting high cat-
alytic activity (Liu et al. 2014).

Also, construction of a heterojunctions between
BiVO, and another semiconductor photocatalytic

materials such as CuO/BiVO, (Ran et al. 2019),
ZnIn,S,4/BiVO, (Yuan et al. 2020), WO5/BiVO,
(Coelho et al. 2020), etc. are capable of separating
photogenerated electron-hole pairs. In the heterostruc-
tures, the electrons and holes generated by light
excitation are transferred to the conduction band and
valence band of different semiconductors respec-
tively. Such transfer greatly reduces the chance of
recombination of photogenerated electrons and holes.
In addition, reduced graphene oxide (r-GO), carbon
nanotube, Polypyrrole (PPy) and other carbon mate-
rials with excellent electrical conductivity can be
combined with BiVO, to improve the electron trans-
port performance. This facilitates the separation of
photogenerated electron holes (Wang et al. 2020a;
Yan et al. 2020).

In addition to increasing the absorption of pollu-
tants, it is also important that the material used for
removal of the pollutants should be biodegradable and
easily recyclable. Since many photocatalysts are in
powder form, it becomes difficult to recover and reuse
them. To overcome this limitation, researchers have
developed techniques such as addition of photocata-
lyst particles (Ji et al. 2020), increasing the magnetic
properties of the photocatalyst powder (Almeida et al.
2020) or synthesize the photocatalyst onto PET-ITO
substrate (Yu et al. 2017). The above methods still
have shortcomings, such as insufficient mechanical
strength, high cost, and complicated procedures but
ensures recovery of the photocatalyst. Cotton fabric
has the obvious advantages of low cost, strong
mechanical property, and good flexibility, to be an
ideal photocatalyst loading template. A few articles
have suggested the use of cotton fabric as support for
photocatalysts since cotton fabrics are easily recy-
clable (Ran et al. 2019; Yan et al. 2020; Zhang et al.
2019a).

The common metal hydroxide FeOOH can function
as a co-catalyst and is considered to be an excellent
photosensitive material for inhibiting electron-hole
recombination. For example, gC3Ny4-Fe;04/B-FeOOH
(He et al. 2020), FeOOH/Bi,MoOg¢ (Hu et al. 2020),
and FeOOH/Ti0,/BiVO, (Yin et al. 2019) composite
catalysts have exhibited enhanced photocatalytic per-
formance. FeOOH and other semiconductor photocat-
alysts combine well to form a typical composite
heterojunction, thereby improving the light absorption
capacity of the sample. Such combinations can also
accelerate the interface charge transfer capacity and
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hence, reduce the frequency of addition of photogen-
erated carriers.

In addition to formation of the heterojunctions,
adding conductive polymers with good -electron
mobility to the photocatalysts to form a ternary
composite is also an effective way to enhance
photocatalytic  performance.  Poly(3,4-ethylene-
dioxythiophene) (PEDOT) is one of the conductive
polymers that has been widely studied due to its
excellent electrical conductivity, biocompatibility,
and flexibility. Studies have shown that poly(3,4-
ethylenedioxythiophene) (PEDOT) has ultra-high
electrical conductivity particularly during photolumi-
nescence. It is usually used as a hole transport layer to
quickly transfer photo-generated holes and inhibit the
Auger recombination of electrons and holes (Ivanko
et al. 2019; Koyama et al. 2015). PEDOT has a wide
range of applications in electromagnetic shielding,
biomass sensors, light-emitting diodes, and other
fields (Ghosh et al. 2019; Gueye et al. 2020; Kayser
and Lipomi 2019). PEDOT is an organic semicon-
ductor that can combine with inorganic semiconductor
and form an organic-inorganic hybrid composite
structure to obtain enhanced photochemical properties
(Trzcinski et al. 2016; Zhang et al. 2020b). Cellulose-
based composite photocatalytic materials usually have
low carrier mobility due to their low conductivity,
resulting in poor photocatalytic reaction kinetics. We
have utilized PEDOT as electrons and holes transport
layer in our sequentially assembled composite fabric.
PEDOT has affinity with cotton fabric (Ghosh et al.
2019), excellent electron hole transport properties as
well as easily recombines with inorganic semicon-
ductors (Wang et al. 2018).

In this paper, we use a simple dipping and drying
method to assemble PEDOT on a clean cotton fabric to
improve its electrical conductivity. Later, the pre-
prepared BiVO, was loaded on the modified cotton
fabric by immersion at high temperature. Through this
approach, FeOOH is synthesized on the fabric through
a mild hydrothermal reaction. The obtained PEDOT/
BiVO,/FeOOH @ Cotton demonstrated excellent pho-
tocatalytic performance in the organic dye removal
experiment. In the subsequent experiments, the pre-
pared composite material exhibited good stability. The
photocatalytic  mechanism of PEDOT/BiVO,/
FeOOH@cotton hybrid was studied through free
radical and hole scavenging experiments. A possible
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mechanism for improving the photocatalytic activity
of BiVO, has also been proposed.

Materials and methods
Materials

PEDOT: PSS aqueous suspension (Clevious pH1000)
was purchased from Heraeus Electronic Materials Co.,
Ltd. Bismuth nitrate pentahydrate (Bi (NO3)3-5H,0,
> 99%), ammonium metavanadate (NH4VO;,
> 99.0%), ferric chloride hexahydrate (FeCl;-6H,0),
absolute ethanol (CH;CH,OH), urea (CO(NH,),,
> 99%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Cotton fabric (plain, 120 g/m?) was
purchased from Esquel Group, China. The cotton
fabric was ultrasonically cleaned with 100 mL of
distilled water and ethanol mixture (1:1) for 30 min
before use. Sodium oxalate (Na-OA), t-butanol (TBA)
and 1,4-p-benzoquinone (BQ) were obtained from
Adamas Reagent Co., Ltd. Reactive dyes (RB-19)
were purchased from Dystar Printing and Dyeing
Technology Co., Ltd. All these reagents were of
analytical grade and used without further purification.

Modification of cotton fabric

The cleaned cotton fabric was first treated with
PEDOT through a simple dip drying method. The
detailed steps are as follows. First, 2 mL of PEDOT:
PSS solution was added into 50 mL of absolute
ethanol, sonicated for 15 min at room temperature to
form a uniform solution. Cleaned cotton fabrics
weighing 0.4 g (5 x 5 cm) were immersed in this
solution and heated at 60 °C for 15 min. This process
was repeated five times to obtain a uniform coating of
PEDOT on the cotton fabrics.

Assembly of BiVO /FeOOH catalyst

The single BiVO, catalyst was prepared by a typical
hydrothermal reaction (Wang et al. 2020b). First, 5
mmol Bi(NO3)3-5H,0 and NH,VO; was dissolved in
20 mL of 4 M nitric acid and sodium hydroxide,
respectively, and then ultrasonically treated for
15 min. Next, under magnetic stirring, the Bi(NO3);.
5H,O0 solution was added drop-wise into the NH,VO;
solution to form a yellow suspension and
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Fig. 1 Illustration of manufacturing process of PEDOT/BiVO,/FeOOH @ Cotton composite

subsequently, the pH of the solution was reduced to 3.
The solution was maintained for 30 min before the
hydrothermal treatment was done in an oven at 180 °C
for 4 h. Finally, after cooling to room temperature, the
prepared BiVO, was washed with ethanol and water
several times and further dried to obtain a single
BiVO, catalyst.

To form the composite on the cotton fabrics, 0.1 g
BiVO4 and 0.01 g PEG-2000 were uniformly dis-
persed in 50 ml deionized water into which the
PEDOT treated cotton was added and the temperature
of the suspension was raised to 98 °C. PEG-2000 was
used as a dispersing agent for suspending BiVO,
particles in the medium. The excellent adhesiveness of
PEG-2000 helps achieve high adhesion of BiVO, to
cellulose. The fabric was maintained in the water bath
at 98 °C for 60 min. Later, the fabric was taken out
and dried in an oven at 60 °C.

Based on the successful incorporation of PEDOT/
BiVO, onto the cotton fabrics, deposition of an
additional layer of FeOOH was considered. To add
FeOOH, a (Xue et al. 2019) gentle hydrothermal
method was followed. Initially, 0.013 g of FeCl;-6H,.
O and 0.003 g of urea (CO(NH,),) were dissolved in
100 mL of deionized water to obtain a uniform
solution. Later, the prepared PEDOT/BiVO,@Cotton

fabric was added and the hydrothermal reaction was
carried out at 100 °C for 4 h. The treated fabric was
thoroughly washed with deionized water and dried to
obtain the multifunctional PEDOT/BiVO,/
FeOOH@Cotton composite material. The lower
hydrothermal reaction temperature and longer reac-
tion time allows FeOOH to grow uniformly, with
minimal damage to the strength of the cotton fabrics
during the hydrothermal reaction. The complete step-
by-step process of manufacturing the PEDOT/BiVO,/
FeOOH @Cotton composite is shown in Fig. 1.

Analysis of fabrics

The crystal structure of the composite photocatalytic
material was analyzed by an X-ray polycrystalline
diffractometer (D/max-2550 PC) under Cu-Ka radia-
tion. The 26 range was from 5° to 90° with scanning
speed of 0.02°/0.06 s. The morphology and size of the
composite material were observed by scanning elec-
tron microscope (SEM: JSM-5600LV). The content
and distribution of the elements on the surface of the
composite were analyzed using energy dispersive
spectrometer (EDS: IE 300 X). X-ray photoelectron
spectrometer (XPS: Escalab 250Xi) was used to
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analyze the surface states of the valence elements on
the photocatalytic fabrics by measuring the light
absorption of the photocatalytic fabric between 200
and 800 nm in an ultraviolet-visible spectrometer
(UV-vis: UV-3600) with BaSO, as a reference.

Photodegradation of reactive dye

The ability of the cotton composite for photocatalytic
removal of reactive brilliant blue dye (RB-19) was
investigated. In this study, the treated fabric
(5 x 5 cm; 0.40 g) was added into 50 mL of 60 mg/
L RB-19 solution in a quartz tube. The quartz tube was
placed in the photochemical reactor, and a 1000 W
Xenon lamp radiant tube was used to simulate
sunlight. First, under dark conditions, the fabric
immersed in the dye solution was magnetically stirred
for 30 min to reach the dye adsorption-desorption
equilibrium. Later, the light source was activated for
2 h to start the photocatalytic reaction. During this
period, precisely 5 mL solution was taken out every
30 min and the absorbance was measured in an
ultraviolet spectrophotometer (model U3310). To
eliminate the influence of other factors during the
photoreaction process, a cold-water circulation system
was used to maintain he temperature inside the
photochemical reactor at about 25 °C.

To explore the possible mechanism of photocat-
alytic fabric removal of dyes, free radical scavengers
(Na-OA, t-BuOH, BQ) were added. The photochem-
ical reaction was carried out for 2 h, and the changes in
dye degradation rate were used to determine the main
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active species responsible for the photoreaction. After
each cycle of exposure and dye degradation, the fabric
was soaked in deionized water for 3 h to clean it and
then dried in an oven at 60 °C. Treated fabrics were
reused and subjected to the dye absorption and
photocatalytic degradation for five cycles.

Results and discussion

Changes in the physical structure of the cotton
fabrics

Figure 2 shows the changes in the X-ray diffraction
patterns of pure cotton and cotton fabrics after various
modifications using photodegradation chemicals. In
addition to the distinct diffraction peaks of pure cotton
fabrics (main peak at 22.7° belonging to the (200)
plane), it is clearly observed that the diffraction peaks
of the composite sample coincide with the BiVO,
monoclinic phase (JCPDS.NO.14-0688). Since
PEDOT is an amorphous substance, PEDOT treated
cotton fabrics do not show any major changes in the
diffraction peaks compared to unmodified cotton
fabrics (Zhang et al. 2020b). Similarly, the diffraction
peaks of FeOOH are also not observed, probably due
to their low concentration on the fabrics (Shi et al.
2020). No other impurity peaks were observed,
indicating that the prepared sample was comparatively
pure. From the comparison of the diffraction peaks of
PEDOT/BiVO,@Cotton and PEDOT/BiVOy/
FeOOH @Cotton, it can be inferred that the hydrother-
mal reaction after loading BiVO, did not affect the
crystal structure of BiVO, suggesting that BiVO,
could withstand the conditions due to the hydrother-
mal reaction.

FE-SEM images provide information on the distri-
bution and structural changes of the photocatalytic
material on the fabric surface during the preparation
process. Figure 3, shows that the surface of untreated
cotton fabrics is smooth and clean (Fig. 3a, e).
Compared to the untreated cotton fabric, the surface
of the PEDOT@Cotton (Fig. 3b, f) is covered with a
uniform thin layer, implying that PEDOT has been
successfully loaded onto the surface of cotton fabric
after the dipping and drying steps. This change is
caused because the conductive polymer PEDOT
macromolecular chains have many polar groups, such
as ether bonds. These form hydrogen bonds with the
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Fig. 3 FE-SEM images of Clean Cotton (a, e), PEDOT@Cotton (b, f), PEDOT/BiVO,@Cotton (¢, g), PEDOT/BiVO,/
FeOOH@Cotton (d, h) and EDS-mapping of PEDOT/BiVO,/FeOOH@ Cotton

hydroxyl groups on the cellulose (Ghosh et al. 2019).
From the FE-SEM images of PEDOT/BiVO,@Cotton
(Fig. 3c, g), it can be observed that the BiVO, crystals
deposited on the cotton fabrics are in the form of flakes
and plates which are uniformly dispersed on the
surface of the fibers. In addition, the magnified Fig. 3g
shows that the BiVQO, flakes have size between 200
and 300 nm. The flaky structure is more evident after
using the PEDOT/BiVO4@Cotton as a template to
synthesize FeOOH by hydrothermal reaction (Fig. 3d,
h). In the magnified image Fig. 3h, we can observe that
the particle’s size is about 100 nm. The above results
demonstrate the successful deposition of PEDOT/
BiVO,/FeOOH@Cotton composite photocatalytic
fabric.

From the EDS spectrum, it can be observed that the
five elements C, O, Bi, Fe and V form a major portion
of the fabric complex. Among them, the atomic
content of C and O elements is the highest since the
cotton fabric and PEDOT are organic materials. The
atomic percentages of Bi and V are in good agreement
with the stoichiometric ratio of BiVO, and cotton
fabric used. The proportion of the Fe element is the
lowest because the FeOOH content is low, as observed
in the XRD patterns.

The elemental composition and chemical valence
state of the composite photocatalytic fabric samples
were characterized by XPS. As seen in Fig. 4a, the
XPS spectrum indicates that Bi, C, V, O, and Fe
elements exist in PEDOT/BiVO4/FeOOH@Cotton
fabric. The high-resolution XPS spectrum in

@ Springer
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Fig. 4b—f shows that the binding energies at 157.4 eV
and 164.8 eV can be attributed to Bi 4f5;, and Bi 4f;/,
in BiVOy, respectively, which confirm that Bi exists as
Bi**+ (Shen et al. 2020; Soomro et al. 2020). As seen
from Fig. 4c, the binding energy at 516.9 eV and
524.4 eV corresponds to V 2ps, and V 2py, respec-
tively, which matches well with V°* belonging to
VO,>~ (Ju et al. 2020). This result indicates the
presence of BiVO, in the composite photocatalytic
fabric. Figure 4d shows the high-resolution XPS
spectrum of Fe 2p with a binding energy of
711.6 eV and 725.3 eV assigned to Fe 2p3,, and Fe
2p1,2, respectively, indicating that the Fe element in
the photocatalytic fabric is Fe>" (She et al. 2020). At
the same time, the high-resolution XPS spectrum of O
1s (Fig. 4e) shows two peaks with binding energies of
531.2 and 532.8 eV that can be assigned to Fe-O and
Fe-OH bonds (Zhang et al. 2019a), which confirms
that FeOOH was successfully formed during the
hydrothermal reaction. The peak at 530.1 eV is
attributed to the lattice oxygen in the crystal BiVO,
(Gao et al. 2020). Besides, the XPS spectrum of C 1 s
has three peaks at a binding energy of 284.8 eV,
286.5 eV and 288.7 eV corresponding to the —-C-C, —
C-0, and —C=0 functional groups in the fabric (Wang
et al. 2020a).

The optical absorption of the prepared photocat-
alytic composite fabrics was studied by UV-vis diffuse
absorption spectra. As seen from Fig. 5a, the intensity
of absorption of the pure cotton fabric was consider-
ably low and in the range of 200—800 nm and did not

(a) 16

Cotton
) PEDOT@ Cotton
1.4 ~——PEDOT/BiVO @ Cotton
1.2 ~——PEDOT/BiVO /FeOOH@ Cotton

0.6

Absorbance
=]
*®

0.4

0.2

Wavelength(nm)

(b) Cotton

0.0 - - - - -
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increase significantly even after treating with PEDOT.
However, the optical absorption of photocatalytic
fabrics has been significantly enhanced, especially in
the 200-450 nm wavelength region after treatment
with BiVO,. Further increase in the optical intensity
can be observed after treating with FeOOH. It is worth
noting that the enhancement of visible light absorption
above 400 nm is of great significance to improve the
utilization of light energy. This phenomenon can be
attributed to the optical properties of FeOOH, which
improve the visible light absorption of BiVO,.

The Kubelka—Munk equation was used to estimate
the band gap (Eg): (ozhv)2= (Ahv-Eg), where o, h, v, A
and Eg represent the absorption coefficient of diffuse
reflection, Planck’s constant, vibration frequency,
proportional constant, and band gap respectively
(Zhang et al. 2019a). As shown in Fig. 5b, the band
gap of PEDOT/BiVO,@Cotton is 2.44 eV while the
band gap of PEDOT/BiVO4/FeOOH@Cotton sample
is approximate 2.30 eV. This shows that FeOOH
reduces the band gap of BiVO,, which means that it
has a better light utilization rate, enhancing the
photocatalytic performance.

Typically, the separation efficiency of photoexcited
electrons and holes can be characterized by Photolu-
minescence Spectroscopy (PL). The stronger PL peaks
mean a higher recombination rate of electron-hole
pairs and lower separation efficiency. In the above
discussion, it has been shown that PEDOT/BiVO,@-
Cotton and PEDOT/BiVO4/FeOOH@Cotton have
significant light absorption. The electron-hole
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Fig. 5 UV-Vis diffuse reflectance spectra of untreated and treated fabrics (a) and the corresponding plots of (othv)? versus hv (b)

@ Springer



11060

Cellulose (2021) 28:11051-11066

separation efficiency of the treated fabrics was deter-
mined using PL studies. The PL characterization
results in Fig. 6a show that the PEDOT/BiVO,/
FeOOH@Cotton fabric peak is much lower than
PEDOT/BiVO4@Cotton suggesting that the introduc-
tion of FeOOH enhances the separation of photoex-
cited pairs.

To further understand the separation efficiency of
photoexcited carriers during the process of photo-
catalysis, we performed the photocurrent analysis on
the two photocatalytic fabrics. As shown in Fig. 6b,
the intensity of the transient photocurrent was detected
after switching the lights every 50 s. A stable transient
photocurrent can be observed in both samples in each
cycle. Among them, PEDOT/BiVO4/FeOOH @ Cotton
exhibits a stronger transient photocurrent, indicating
that it has a higher light-excited carrier density and a
higher separation efficiency. This result is consistent
with the photoluminescence spectrum results. Based
on the above observations, it can be inferred that
FeOOH forms a heterostructure with BiVO,, which
changes the transfer path of photoexcited electrons
and holes, and significantly improves their separation
efficiency.

Photocatalytic results of samples

In this study, we have evaluated the photocatalytic
performance of untreated and treated cotton by
degrading a common reactive dye (RB-19). To
account for the light stability of the dye, we first

(a)
PEDOT/BiVO4(a‘Cotton

—_ — PEDOT/BiVO4/FeOOH(£C0tton
=

«

-

-~

o —

w

=

D
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£

—

o

400 500 600 700
Wavelength (nm)

=2

Photocurrent (nA/cm?)

irradiated the dye for 2 h without adding a catalyst and
found that the dye concentration barely decreased
confirming that the photostability of the substrate has
little effect on the experimental results.

As seen from Fig. 7a, the concentration of dyes in
the solution starts to decrease after 15 min, and after
30 min, the sorption reaches saturation. Among the
different fabrics used, the sorption increases as the
layers on the cotton fabric increase. The dye adsorp-
tion performance of these composite materials can be
attributed to the porosity of the cotton substrate and its
high affinity for reactive dyes (Fan et al. 2019) and to
increased specific surface area of the composite
materials (Yang et al. 2020). Figure 7b shows that
the reaction time of 2 h in simulated sunlight did not
provide the cotton fabric and PEDOT @Cotton fabric
ability to degrade RB-19 significantly. However,
modification of the fabrics with BiVO, increases the
dye absorption to 64.8%. It is hypothesized that this
phenomenon is mainly due to the weak light absorp-
tion properties of cotton and PEDOT, while BiVO,
has considerable light-driven performance (Yentiir
and Diikkanci 2020). Although PEDOT/BiVO,@Cot-
ton has a band gap of 2.44 eV and visible light driving
characteristics, the rapid recombination of photo-
excited carriers and limited light absorption may
severely hinder photocatalytic activity. The PEDOT/
BiVO4/FeOOH@Cotton sample exhibits the best
photocatalytic performance compared to other sam-
ples. The photocatalytic degradation of more than 95%
of the reactive dyes occurs within 2 h. This may be

) 0.5{ Light on PEDOT/BiVO,,@Cotton
1 ———PEDOT/BiVO /FeOOH@Cotton
Light off

0.41 \\\J
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0.1 \
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Fig. 6 PL characterization results of photocatalytic fabrics with enhanced light absorption (a) and transient photocurrent results (b)
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Fig. 7 The dye adsorption curves (a), the dye concentration in photocatalytic degradation process (b), the first-order model fitting
straight line (c) and the dye degradation results of radical capture experiment (d) of all samples

because FeOOH and BiVO, have good energy band
matching to form a p-n heterojunction, which pro-
motes the separation of light-excited holes and elec-
trons, thereby significantly  improving the
photocatalytic performance.

Further, the dye degradation kinetics were assigned
to the apparent first-order model: In(Cy/C,) = kt.
Where C,, C, k, and t represent the initial dye
concentration, the dye concentration at time t, the
reaction rate constant and time, respectively. The
results after linear fitting are shown in Fig. 7c, and it
can be clearly observed that the In(Cy/Ct) ~ t point
has good linearity. The dye degradation reaction rate
constant k can be measured from the slope of the fitted
straight line. The k of pure Cotton, PEDOT @Cotton,
PEDOT/BiVO,@Cotton and PEDOT/BiVOy/

FeOOH @Cotton are 0.00199 min~ ',
0.00306 min~ ',0.00911 min~ ' and 0.02760 min~ ',
respectively. The reaction rate constant of PEDOT/
BiVO,/FeOOH@Cotton is much higher than that of
other samples, and its value is more than 3 times that of
PEDOT/BiVO,@Cotton suggesting that the treated
fabric has fast dye photodegradation, consistent with
the results discussed before.

Possible photodegradation mechanism

The main oxidizing species in the photocatalytic
oxidation reaction are light-excited holes ht, radicals
‘O~ and -OH. The paper proves the successful
preparation of PEDOT/BiVO4/FeOOH @ Cotton com-
posite photocatalysis and its superior
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photodegradation performance. To better understand
the possible mechanism of the photocatalytic degra-
dation of dyes, the hole scavenger sodium oxalate (Na-
OA), the free radical -O,~ scavenger benzoquinone
(BQ) and the free radical -OH scavenger t-butanol (t-
BuOH) were added to the dye solution. As a control, a
photodegradation experiment without adding any
scavenger agents was carried out under the same
conditions. It can be observed from Fig. 7d, that in the
experiment without adding scavengers, the degrada-
tion rate reached more than 96% after 2 h. When
different scavengers were added, the degradation rate
of dyes decreased, indicating that h™, -O, ™ and -OH all
play a role in oxidative degradation. Among them,
adding Na-OA reagent decreased the dye degradation
rate to about 18%, which means that h' is the
dominant active species in the photocatalytic oxida-
tion system. Addition of t-BuOH and BQ reagents,
decreased the dye degradation rate to 67% and 42%,
suggesting that -O, ™ is also the main active species in
the reaction process and -OH has a slight effect on
photodegradation.

Typically, BiVO, is an n-type semiconductor,
while FeOOH is a p-type semiconductor. When these
two are combined, a p-n heterojunction can be formed,
which can promote the photo-generated hole-electron
pairs separation (Zhang et al. 2019b). According to
previous reports, the valence band potentials of BiVO,
and FeOOH are 2.75 eV and 1.75 eV, respectively
while the conduction band potentials of NHE are
0.30 eV and — 0.35 eV, respectively (She et al. 2020).
These reasonable positions of the valence band and
conduction band of the two semiconductors form type-
IT heterojunctions. Due to the electric field at the mass
junction interface, excitons separate rapidly in this
area. The photo-generated electrons migrate from the
valence band of FeOOH to BiVOy, the photo-gener-
ated holes are transferred from the conduction band of
BiVO, to FeOOH at the same time, which signifi-
cantly improves the separation efficiency of photo-
generated electrons and holes. Besides, PEDOT and
BiVO, form an inorganic—organic hybrid structure.
Considering that the conduction band (CB) position of
BiVO, is very close to the HOMO level of PEDOT,
the photo-generated electrons accumulated on the

Fig. 8 The possible reaction mechanism of PEDOT/FeOOH/BiVO,@Cotton in the photocatalytic degradation of pollutant (RB-19)

@ Springer



Cellulose (2021) 28:11051-11066

11063

(a)
1.0 2nd 4h

0.8+

0.61

C/C,

0.41

0.2

0.0

Time (h)

(b)

~ After degradation
-

< WM
-

>

-

‘2

=

S

=

Before degradation

20 40 60
20 (degree)

Fig. 9 The stability of the PEDOT/BiVO,/FeOOH @ Cotton hybrid for the photodegradation of RB-19 under light irradiation (a), and
the XRD patterns of the corresponding sample before and after five cycles (b)

conduction band of BiVO, may effectively recombine
with the excited-holes of HOMO (Trzcinski et al.
2016). In the inorganic part, the photo-generated
electron potential on LUMO is more negative than that
of O,/-0,~ (— 0.53 eV), which can produce -O,,
while the valence band potentials of FeOOH and
BiVO, are both more positive than that of O,/-O,~
which cannot produce -O, . This is consistent with the
results of free radical capture experiments.

Based on the above discussion, a potential photo-
catalytic mechanism of the PEDOT/BiVO,/
FeOOH @Cotton composite photocatalytic fabric for
the efficient degradation of dyes has been proposed
(Fig. 8). First, under simulated sunlight, the electrons
of FeOOH and BiVO, valence band absorb energy and
are excited to the conduction band, leaving positive
holes. Due to the existence of the p-n heterojunction,
the photoinduced electrons migrate to the conduction
band of BiVO,. The holes are transferred to the
FeOOH valence band, and oxidation reactions occur
on the surface to degrade organic pollutants. At the
same time, the HOMO electrons of PEDOT are also
excited to LUMO, because the position of HOMO is
close to the conduction band position of BiVO,. The
electrons accumulated on BiVO, recombine with
HOMO holes, and the photogenerated electrons with
more negative potential on LUMO react with the

dissolved oxygen in water to produce -O, " radicals to
further mineralize organic pollutants. Although in the
free radical capture experiment, the existence of a
small amount of -OH has been proven, the OH™/-OH
potential is 2.18 eV, only the valence band holes of
BiVO, with corrected positions can oxidize OH™ to
produce -OH. This suggests that a slight excess of
single BiVO, also has a certain photocatalytic effect.
The possible reaction formulas in the photocatalysis
process are as follows:

FeOOH + hv — h| +e; (1)
BiVO, +hv — h +¢; (2)
PEDOT + hv — hi +e5 (3)
hj + OH™ — -OH (4)
‘OH + RBj9 — CO, + H,0 (5)

hi (BiVO,) — hi (FeOOH) + RBj9 — CO, + H,0

(6)
e; +0, — -0 (7)
‘0O; +RBj9 — CO, + H,0 (8)

Stability evaluation results
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The stability of the composite photocatalytic fabric is
critical to ensure that the fabrics can be recycled and
reused. In this study, we have conducted recycling
experiments to evaluate the performance of PEDOT/
BiVO4/FeOOH@Cotton. It is emphasized that the
fabric must be cleaned with deionized water before the
next cycle to ensure that most of the adsorbed dye is
removed. After five cycles, we analyzed the fabric
crystals before and after the degradation process. As
presented in Fig. 9a, the dye photodegradation effi-
ciency is 92.3% after the fifth cycle compared to
95.6% in the first cycle. At the same time, Fig. 9b
shows the XRD patterns of PEDOT/BiVO,/
FeOOH@Cotton before and after photodegradation.
The slight change between the two patterns further
confirms the durability of the composite photocat-
alytic fabric and its physical stability. Besides, we
have conducted washing experiments to prove the
fastness of composite nanoparticles on the fabric
surface. The washing method is according to the
standard GB/T 3921.1-1997 in which the standard
color-changing grey sample card is used to evaluate
the fastness. The results showed that the fading
fastness of the fabric is 4 ~ 4.5, indicating that the
composite nanoparticles have good fastness on the
fabric surface.

Conclusions

A multi-layered photocatalytic cotton fabric can
efficiently remove up to 96% of reactive dyes in
wastewater under visible light. The photochemical
degradation ability of the fabrics is stable and provides
92% degradation after 5 sorption-desorption cycles. A
simple two-step hydrothermal process has been used
to develop PEDOT/BiVO4/FeOOH@Cotton fabric
composite for dye remediation. Mechanism investi-
gations show that photo-generated h* and -O, ™ are the
main active species in the photocatalytic reaction
process. The enhancement of photocatalytic activity
can be attributed to the formation of p-n heterojunction
between BiVO, and FeOOH and the rapid transfer of
photo-generated electron by PEDOT, which can
significantly reduce carrier recombination. No signif-
icant changes were observed in the XRD patterns of
the fabric used for sorption even after 5 cycles
indicating high stability. This research provides new
insights for the preparation and optimization of

@ Springer

flexible fiber substrate photocatalytic materials with
visible light response. The potential applications in the
field of photocatalytic environmental remediation and
solar energy conversion been suggested.
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