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Due to the film-forming ability of polymers, a variety of photocatalytic membranes (PMs) based on polymers

easily being separated and reused have been constructed for wastewater contaminant treatment. During

their construction processes, chitosan (CS) as a bio-polymer with its distinct merits of abundant

resources, low-cost and environmental-friendliness, as well as formability and ease of modification, has

attracted great attention. However, the role of CS was mostly believed to be just a support or an

adsorbent for fixing or dispersing photocatalysts. Whether CS possessed photocatalytic activity or not

still remained vague. Herein, in this work, CS membranes (CSM) were facilely prepared for photocatalytic

degradation of tetracycline hydrochloride (TC, a model organic pollutant) in aqueous solution, and its

photocatalytic performance was investigated and compared with that of CSP (CS powder) and TiO2-P25

(a commercially used photocatalyst). The results showed that the single-phased CSM exhibited a better

visible light photocatalytic activity. After visible light irradiation for 60 minutes, the degradation efficiency

of TC can reach above 90% when the CSM was used as a photocatalyst, while with the same irradiation

time interval, less TC could be degraded over both CSP and TiO2-P25. Through radical scavenging and

EPR experiments, cO2
� and h+ were found to be the main active oxygen species generated in the

reaction system for TC degradation. After being washed with 2 wt% NaOH solution, the CSM revealed

a good recyclability implying its potential for practical applications. This study would provide a certain

theoretical and data basis for the future development of CS-based PMs and photocatalysts.
1. Introduction

With the rapid expansion of heavy industries and population
growth in the past few years, wastewater discharge has increased
intensively and posed severe threats to aquatic systems and
human health.1–4 Among the currently developed wastewater
treatment strategies, photocatalysis especially visible-light driven
photocatalysis as one of the advanced oxidation processes (AOP)
has attracted widespread attention,5–7 and also showed some
intrinsic superiorities compared with the conventionally used
strategies for wastewater treatment such as biological treatment,
adsorption, coagulation, sedimentation, and electrochemical
processes.8,9 Making use of inexhaustible solar energy as an
excitation resource and deep mineralization of target pollutants
made visible-light driven photocatalysis a green and
environment-friendly way for pollutant removal. Meanwhile, it
also exhibited amoderate reaction condition. Based on the above
merits, visible-light driven photocatalysis showed a promising
rsity, Chengdu, Sichuan 610064, China.

hengdu, 610064, China

tion (ESI) available. See DOI:

f Chemistry 2020
potential for practical applications and thus numerous visible
light responsive photocatalysts were developed.10,11

However, most of them were generally in form of suspended
powder, which made it difficult to be separated from the water
body and possibly resulted into a secondary pollution. To
address the above drawbacks and make it more suitable for
practical applications, magnetic photocatalysts12,13 and those
with various shapes14,15 such as microsphere, membrane, etc.
were thus developed. Specially, due to the lm-forming ability
of polymers, a variety of photocatalytic membranes (PMs) based
on polymers easily being separated and reused were hence
constructed and used for wastewater contaminants treat-
ment.16,17 Nevertheless, till now, based on an appropriate
material with features of rich resources, low-cost, wide avail-
ability and environmental-friendliness to develop visible-light
PMs with high photocatalytic efficiency through simplied the
present fabrication procedures of PMs is still a challenging.

Chitosan (CS), a linear natural polysaccharide obtained from
full or partial deacetylation of chitin, as a bio-polymer is being
expected to become the aforementioned candidate owing to its
abundant resources, low-cost and wide-availability,
environmental-friendliness, as well as formability and ease of
modication.18,19 In fact, in the past few decades, several kinds
of lm-shaped photocatalysts based on CS have already been
RSC Adv., 2020, 10, 45171–45179 | 45171
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developed. Zhu et al.20 immobilized SnO2/ZnO quantum dot
heterojunction on crosslinked chitosan and acquired an
inorganic/organic composite lm (SnO2/ZnO/CS) for decolor-
ization of azo dyes. Due to the combination of SnO2/ZnO
quantum dot heterojunction and organic matrix at nanometer
scale, the lm exhibited enhanced properties. Besides, CuO/CS
and TiO2/ZnO/CS nanocomposite thin lms were also fabri-
cated as visible photocatalysts for organic pollutants degrada-
tion and the photocatalytic activities of the above composite
lms were all enhanced compared with the component single-
phased metal-oxide semiconductor.21,22 In the above studies,
the role of CS was believed to be just a support or an adsorbent.
Through stabilizing or dispersing the photocatalyst, more
reactive sites of the photocatalyst were exposed and its photo-
catalytic performance was hence improved. Meanwhile, taking
advantage of the chelation between its rich amounts of func-
tional groups (amino groups (–NH2) and hydroxyl groups (–OH))
and many organic pollutants, the surface photocatalytic reac-
tion can be accelerated. Moreover, it was reported that the –NH2

and –OH can provide electron-rich microenvironment to attract
holes generated from the excited semiconductor and effectively
promote carrier separation.23 As we know, inherent photo-
catalytic activity of chitosan itself has never been reported.
Whether CS possesses photocatalytic activity or not, and if it can
be solely utilized as a photocatalyst still remained vague.

Herein, in this work, in order to further investigate the
prospect of CS for being used to construct CS-based visible-light
PMs with high photocatalytic efficiency, CS membranes were
prepared through a facile way by taking use of its lm form-
ability. Tetracycline hydrochloride (TC) was chosen as a model
pollutant, and the above CS membranes were applied for its
photocatalytic degradation in aqueous solution. Meanwhile, the
photocatalytic performance of CS as well as its photocatalysis
mechanism were also explored in detail, which would be helpful
for the future construction of CS-based photocatalysts as well as
the development of CS-based PMs.
2. Experimental
2.1 Materials

Chitosan powder (medium viscosity, 200–400 mPa s) and
tetracycline hydrochloride (TC) were purchased from Shanghai
Aladdin Bio-Chem Technology Co., LTD (Shanghai, China).
AEROXIDE® TiO2-P25 was obtained from Degussa AG. Glacial
acetic acid, disodium ethylenediamine tetraacetic acid dihy-
drate (EDTA-2Na, h+ scavenger), isopropyl alcohol (IPA, cOH
scavenger), 1,4-benzoquinone (BQ, cO2

� scavenger) were
purchased from Kelong Chemical Reagent Factory (Chengdu,
China). All the reagents used in this work are analytical grade
unless otherwise specied.
2.2 Preparation of chitosan membrane

Chitosan membrane (CSM) was prepared by the method of
casting and evaporation of the solvent by adding 500 mg of
chitosan powder (CSP) into 20 mL 2% (v/v) glacial acetic acid
solution and stirring it in an oil bath at 80 �C for 3 h to obtain
45172 | RSC Adv., 2020, 10, 45171–45179
a completely dissolved chitosan gel. The solution was cast into
a 120 mm diameter glass Petri dish with natural ow-through
and dried in a 35 �C oven for 12 hours, next, 10 mL 2 wt%
NaOH solution was added to the Petri dish, soaking for 1 h to
neutralize excess acetic acid. Then the CSM was washed with
5 mL deionized water for 3 times to remove the excess NaOH
and nally it was dried completely at the ventilated environ-
ment for usage. The schematic diagram of CS membranes
preparation was illustrated in Scheme 1.

2.3 Characterization

For measurement of molecular weight and molecular weight
distribution of CS, we injected 20 mL 0.5 mg mL�1 CS solution
into ELEOS system gel chromatography (GPC, Wyatt, USA) for
analysis. The X, pert Pro MPD X-ray powder diffractometer (XRD
Philips, Netherlands) was used to observe the crystallographic
properties of the CSM samples. The microscopic morphology of
the sample was observed by a JSM-7500F scanning electron
microscope (SEM, Japan Electronics). The infrared spectra of
CSM was obtained by Fourier transform infrared spectrometer
(FT-IR, Nicolet 6700, American Thermoelectronics). Electronic
paramagnetic resonance spectrometer (EPR, EMX plus X-band
CW, Bruker) was employed to analyze the species of reactive
oxygen species at room temperature. Ultraviolet-Visible-Near
infrared spectrophotometer (UV-vis DRS, UV-3600, Shimadzu
Corporation) was used to measure the ultraviolet-visible diffuse
reection signal of the CSM at a wavelength range of 200–
800 nm. Mott–Schottky plots was measured by a Autolab
PGSTAT302N workstation (Metrohm Switzerland) at room
temperature using a standard three-electrode system with 0.1 M
Na2SO4 solution (pH¼ 7) as the electrolyte. All calculations were
carried out using the Gaussian 16 C.01 program package. The
geometry optimizations were performed using hybrid B3LYP
exchange correlation. The 6-311+G(d, p) basis set was used for
H, C, N, and O atoms. Vibrational frequency calculations were
performed to characterize the nature of each stationary point
and to make the zero-point energy (ZPE) corrections. A tight
convergence (10�12 au) criterion was employed.

2.4 Photocatalytic experiments

For photocatalytic reaction system construction, a 300 W xenon
lamp (PLS-SXE300) equipped with a 400 nm cut-off lter was
served as the light source. A double-layer beaker capable of
connecting condensed water as a reaction vessel. A typical
photocatalytic degradation experiment of tetracycline hydro-
chloride (TC) was employed to investigate the photocatalytic
performance for CSM. All photocatalytic reactions were carried
out under the same initial conditions, except that varying
dosage (2–10 g L�1) of CSM were immersed in 50 mL TC solu-
tions with different initial concentrations (20–50 mg L�1). The
CSM was rstly immersed at TC solution for 1 h in dark to
achieve adsorption–desorption equilibrium, and then it was
illuminated for 1 h by turning on the light source. Once the
photocatalytic reaction was initiated, every 1 mL TC solutions in
the system were collected at varying reaction time points for the
following absorbance measurement.
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic diagram of CS membranes preparation.
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3. Results and discussions
3.1 Characterization

XRD and FT-IR were used to examine the phase composition
and structure of CSM, and the results were shown in Fig. 1a and
b. For comparison purpose, the same characterization was also
given for CSP. For both CSM and CSP, the characteristic
diffraction peaks ascribed to CS can be clearly observed at about
2q ¼ 10� and 20�,24 indicating the single phase composition of
the two samples and no other phases apparently appeared aer
the CS membranes forming (Fig. 1a). However, compared with
the CSP, the broadened diffraction peaks of CSM implied its
decreased crystallinity, which probably caused by the lm-
forming process. From Fig. 1b, the absorption peaks attrib-
uted to the characteristic groups of CS were all observed in the
FT-IR spectra of both CSM and CSP. The broad peak at the
wavenumber of 3438 cm�1 resulted from the overlapped –NH
stretching vibration and –OH stretching vibration,25 while the
peak at 2880 cm�1 belonged to the –CH stretching vibration of
methyl or methine groups on sugar residues. Besides, the
–NHCO (I) tensile vibration caused by incomplete CS deacety-
lation appeared at 1647 cm�1 and the peaks at 1079 cm�1 or
Fig. 1 (a) XRD patterns and (b) FT-IR spectra of CSM and CSP. SEM ima

This journal is © The Royal Society of Chemistry 2020
1031 cm�1 can be assigned to the –CO tensile vibration of CS.26

In addition, the peak at 1597 cm�1 assigned to –NH bending
vibration indicated a higher degree of deacetylation of the two
samples. According to the FT-IR results, although the crystal-
linity of the CSM changed a little in comparison with the CSP,
no signicant difference showed in the functional groups,
which demonstrated that the molecular structure of CSM was
not been changed by the lm-forming process.

The surface and cross-section morphologies of the CSM were
further displayed in the corresponding SEM images (Fig. 1c and
d). Since no porogen was used, both the surface and the cross-
section of the CSM all presented a dense morphology without
apparent pores emerged. Moreover, possibly due to its single-
phase composition, no other phases can be observed to
disperse in the CSM and thus endowed it a smooth surface and
cross-section. Besides, the thickness of the CSM can be
measured from Fig. 1d and the approximate value was given as
85.1 mm. In addition, the weight-average molecular weight (Mw)
and number-average molecular weight (Mn) of the CSM were
also determined by GPC method with its polydispersity index
(PDI) given by the ratio of Mw to Mn (Table S1 in ESI†). From
Table S1,† it can be seen that the molecular weight of the CSM
ges of (c) the surface and (d) cross-section of CSM.

RSC Adv., 2020, 10, 45171–45179 | 45173
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used in this work exceeded 1 � 106 g mol�1 with an uniform
dispersion (PDI close to 1.0).
3.2 Photocatalytic performance

To evaluate the photocatalytic performance of CSM, TC was
chosen as a model pollutant and CSM was used to degrade TC
in aqueous solution. For obtaining the optimal degradation
performance, some related parameters including the dosage of
CSM, initial TC concentrations as well as initial pH values of the
solution were all optimized before the photocatalytic perfor-
mance of CSM was investigated.

3.2.1 Optimization of related parameters. The effect of the
dosage of CSM on the degradation of TC was examined in the
range of 2–10 g L�1 and the results were given by Fig. 2a. As
shown in Fig. 2a, when the catalyst dosage increased from 2 g
L�1 to 6 g L�1, the corresponding degradation efficiency of TC
also increased from 48.1% to 90.3%. However, with more CSM
adding (the CSM dosage increased from 6 g L�1 to 10 g L�1), the
degradation efficiency of TC began to decrease. The increasing
amount of the CSM possibly provided more active species for
the degradation of TC and thus resulted into an increasing
degradation efficiency. However, when the catalyst dosage
increased to a certain extent, it would block the light and affect
the light absorption, leading a decreased degradation effi-
ciency.27 Therefore, in this work, the catalyst dosage of 6 g L�1

was chosen and used in the subsequent experiments.
Fig. 2b showed the effects of the initial concentration of TC

varied from 20 mg L�1 to 50 mg L�1 on its photocatalytic
degradation. Apparently, when the adsorption of TC on the CSM
reached equilibrium in dark, the adsorption efficiency of TC
was almost the same, which indicated that different initial
concentration of TC in the range of 20 mg L�1 to 50 mg L�1

could not lead it a different surface adsorption. Accordingly,
probably owing to the similar surface adsorption of TC and
equivalent dosage of the CSM in the above system, no signi-
cant change of the degradation efficiency can be observed
(91.6%, 90.9%, 89.9%, and 90.0% corresponding to TC with 20,
30, 40 and 50 mg L�1) when the initial concentration of TC
varied from 20 mg L�1 to 50 mg L�1. In this work, 50 mg L�1 as
a conventional concentration of organic pollutants used in
previous reports was chosen.28,29

Since active species generated during the photocatalysis
process might be different under different pH environments,
Fig. 2 Effects of (a) CSM dosage (b) initial TC concentrations; (c) initial p

45174 | RSC Adv., 2020, 10, 45171–45179
the pH value of the aqueous solution might signicantly inu-
ence the photocatalytic performance of the CSM.30 Therefore, in
this work, the effect of a series of pH values (pH ¼ 3, 4.1, 5, 7, 9
and 11) controlled by NaOH (0.1 M) or HCl (0.1 M) solutions was
examined with the results displayed in Fig. 2c. Obviously, the
degradation efficiency of TC under pH 11 was much higher than
that under pH 3 aer visible light irradiation for 60 min. Based
on the previous study,31 the above signicant difference could
be attributed to the instability of TC at high pH, as well as the
inhibited decreasing of active sites of CSM with the adsorbed
degradation intermediates of TC dissolving in alkaline solu-
tions. However, when the pH of the aqueous solution lay in the
range of 4.1–9.0, the degradation efficiency of TC almost
remained stable. Meanwhile, under the pH value of 3, the
degradation efficiency of TC also could reach at the same level
(�90%) with prolonged light irradiation from 60min to 120min
(inset of Fig. 2c). Considering the original pH of TC solution is
just 4.1, the pH value was thus set at 4.1 for convenience.

3.2.2 Photocatalytic activity and recyclability. The photo-
catalytic activity of the CSM was investigated under the above
optimized conditions with visible light excitation (l > 400 nm),
and the aqueous solution without photocatalysts was set as
blank. For comparison purpose, those of the CSP as well as
TiO2-P25 (a commercially used photocatalyst) were also exam-
ined and the results were given by Fig. 3a. Apparently, the curve
of the blank showed that TC could not be self-degraded when
there was no photocatalysts existed. On the contrary, with CSM
in the aqueous solution, the degradation efficiency of TC can
reach 91.7% aer visible light irradiation for 60 min. However,
as CSP and TiO2-P25 were used, only 85.2% and 65.8% of TC
could be degraded aer being exposed to visible light for the
same time interval, indicating a better visible light photo-
catalytic ability of CSM. The reason why TiO2-P25 can present
a visible light driven photocatalytic activity should be attributed
to the self-sensitization effect of TC according to the previous
report32 and this effect was also demonstrated shown in ESI.†

Furthermore, the degradation kinetics of TC over the above
three samples were then studied by Langmuir–Hinshelwood (L–
H) kinetic model and the results were shown in Fig. 3b. From
Fig. 3b, it can be seen that the degradation of TC well tted with
the pseudo-rst order correlation (ln(C0/Ct)¼ kt). With regard to
the degradation rate of TC, that of CSM as the photocatalyst
(0.041 min�1) was higher than that of CSP or TiO2-P25 being
H on the degradation of TC over CSM under visible light irradiation.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Degradation efficiency and (b) the pseudo-first order reaction kinetics of TiO2-P25, CSP and CSM. Cycling performances of CSM after
washing with (c) deionized water and (d) 2 wt% NaOH.
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used (only 0.031 min�1 and 0.028 min�1, respectively), further
demonstrating the better photocatalytic activity of CSM than
that of CSP or TiO2-P25.

Since chemical stability and reusability of a photocatalyst
were important for its practical application, the photocatalytic
stability of CSM for TC degradation was thus investigated. As
shown in Fig. 3c, aer ve cycles, the color of CSM was changed
from light brown to dark brown, with the degradation efficiency
of TC decreasing sharply from 93.0% to 29.7%, which implied
that the CSM could be easily inactivated aer being used for
a period of time. From the color change of the CSM, it could be
deduced that some TC degradation intermediates generated
during the TC degradation process can compete with TC
molecules to occupy the adsorption or photocatalytic sites of
CSM surface, which possibly made the active sites of the CSM
decreased and hence resulted into a decreased TC degradation
efficiency.33,34

Considering the aforementioned signicant effect of high
pH value on the TC degradation, the recyclability of the CSM
was then examined washing by 2 wt% NaOH solution aer every
degradation cycle. Clearly, the color of the CSM didn't change as
much as that of without washing shown in Fig. 3d. Moreover,
aer 5 cycles use, the TC degradation efficiency still remained
above 84% indicating its greatly improved recyclability aer
being washed with NaOH solution. Besides, no appreciable
change about the phase composition and functional groups of
the CSM before and aer 5 cycles reuse could be observed
(Fig. S1†), further demonstrating the stability and recyclability
of the CSM.
This journal is © The Royal Society of Chemistry 2020
3.3 Origin of visible-light absorption ability of CSM

Although there were no chromophores in the given molecular
structure of CS (Fig. 4a), the UV-DRS spectra (Fig. 4b) indicated
that the light absorption of both CSM and CSP were all in the
range of 200 to 500 nm suggesting their visible light absorption
ability. Moreover, this visible light absorption ability also can be
judged from the pale-yellow colour of CS (Fig. S3 in ESI†). In
fact, CS is just a partially deacetylated product of chitin and
residual acetyl groups are retained in its real molecular struc-
ture (shown in Fig. 1b). Therefore, we guess the visible light
absorption ability of CS probably results from the residual
acetyl groups.

To verify this view, computational analysis was hence per-
formed. Limited by the method of simulated models' building,
only three optimized models of CS as well as their corre-
sponding frontier molecular orbital (FMO) density distributions
were given. As shown in Fig. 5, model 1 and 2 contain 1
monomer, namely, b-(1 / 4)-2-amino-D-glucose (denoted as
GluAm, Fig. 5a) for model 1 and b-(1 / 4)-2-acetamido-D-
glucose (denoted as GluAc, Fig. 5b) for model 2. For model 3,
both monomers (GluAm and GluAc) can be found (Fig. 5c).
Apparently, different simulated molecular structure of CS
resulted in different band structure and energy gap. Without
carbonyl groups in model 1, it showed a higher energy gap (7.31
eV). However, probably due to the signicant contribution of
the p-type orbitals of C]O unit to HOMO and LUMO orbitals,
the calculated energy gap of model 2 (6.29 eV) andmodel 3 (6.58
eV) were all lower than that of model 1. The above results
indicated that the existence of acetyl group can regulate the
RSC Adv., 2020, 10, 45171–45179 | 45175
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Fig. 4 (a) Molecular structure of CS. (b) The UV-vis diffused reflectance spectrum of CSP and CSM.

Fig. 5 Simulated molecular models of CS and their Frontier Molecular
Orbital (FMO) density distributions: model 1 (a), model 2 (b) and model
3 (c).

Fig. 6 Simulated UV spectra and possible electron transitions of
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band structure of CS and possibly would affect its light
absorption.

Simulated UV absorption spectra and electron transitions of
the above three models further demonstrated the effect of acetyl
group in CS. From Fig. 6, no UV absorption can be observed for
model 1, indicating no electron transitions occurring. While for
model 2 and model 3, apparent UV absorption at about 220 nm
appeared, which could be attributed to the electron transitions
from HOMO to LUMO+4 excitation (mode 2, Fig. 6b) and
HOMO�1 to LUMO+4 excitation (model 3, Fig. 6c). Since the
HOMO and LUMO orbitals of model 2 and 3mainly consist of p-
type orbitals of carbonyl groups, the absence of UV absorption
of model 1 thus can be ascribed to the absence of acetyl groups
in its molecular structure. Accordingly, based on the above
theoretical calculation results, the HOMO and LUMO orbitals
consist of p-type orbitals of carbonyl groups contribute to the
light absorption.

However, the light absorption of CS only occurred in the UV
range, which possibly caused by the structure simplication of
the simulated models. Actually, based on the UV-DRS spectrum,
CSM presented a light absorption from UV to visible range.
Considering the existence of highly delocalized conjugated
systems in typical polymer semiconductors such as PANI
45176 | RSC Adv., 2020, 10, 45171–45179
(polyaniline) and g-C3N4 (graphitic carbon nitride), we suppose
the p-electrons of the residual acetyl groups of CS should be
delocalized and the delocalization may be caused by the
following process. Firstly, with the increasing of deacetylation
degree, the molecular chains of CS become more exible.35

Then these exible chains can randomly twist and the resultant
interaction between carbonyl groups of different chains prob-
ably endow the p-electrons a certain delocalization.

Based on the above supposition and combined with the
above calculation results, the visible light absorption of CSM
should be ascribed to its delocalized p-electrons among acetyl
groups, when these electrons were excited by visible light, they
can jump from HOMO orbitals where they stay to LUMO
orbitals and thus generate charge carriers. In this sense, we thus
treated CSM as a semiconductor and the methods convention-
ally used for evaluating typical semiconductors were also
employed in this work.

Besides, inspired by the self-sensitization effect of TC on
TiO2-P25, the light absorption property of CSM aer TC
different CS models: mode 1 (a), model 2 (b) and model 3 (c).

This journal is © The Royal Society of Chemistry 2020
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addition was also examined. As shown in Fig. 7a, although TC
showed almost no visible light at about 400 nm, the visible-light
absorption of CSM at about 400 nm was enhanced with TC
addition and a new absorption peak can be clearly observed
(Fig. 7b), which demonstrated that TC indeed can form surface
complex with CSM and hence promoted the visible light harvest
of CSM and made it can work under visible light illumination.

Consequently, on the basis of the above discussions, the
combined effects of self-sensitization and excited delocalized p-
electrons should be considered as the origin of visible-light
absorption of CSM.

3.4 Possible photocatalytic mechanism

In order to clarify the reason why CSM exhibited a visible light
photocatalytic activity for effective degradation of TC, its band
structure, as well as the redox species generated aer being
excited by visible light were all explored with the results shown
in Fig. 7 and 8.

Estimated from the intercept of the tangents to the plot of
(ahn)1/2 vs. photoenergy with transformed Kubelka–Munk
function (Fig. 7c), the band gap of the CSM and CSP was iden-
tical (2.47 eV), which indicated that different shape of CS had
almost no effect on its band gap. However, the membrane shape
of CS maybe favored a better light utilization than powered CS,
resulting a better photocatalytic activity of CS membrane than
CS powder.

To determine the band structure of the CSM, its at-band
potential (V) was tested through the electrochemical Mott–
Schottky experiment at three different frequency. From the x
intercepts of the linear region in the MS plots shown in Fig. 7d,
the at-band potential of the CSM was found to be �0.36 V
versus a saturated Ag/AgCl electrode or �0.15 V versus a normal
hydrogen electrode (NHE). Meanwhile, the positive slope of the
Mott–Schottky plots indicated that the photocatalytic
Fig. 7 (a) Ultraviolet absorption spectra of 50 mg L�1 TC solution. (b) T
adsorption of 50 mg L�1 TC solution for 1 h. (c) Band gap diagram of CSP

This journal is © The Royal Society of Chemistry 2020
performance of the CSM was analogous to n-type semi-
conductors.36 As the at-band potential was generally about
0.2 V below the CB (Conductive Band) potential for n-type
semiconductor,37 the potential of the LUMO energy level
(ELUMO) of the CSM thus can be evaluated to be �0.35 V.
Moreover, based on the band gap of 2.47 eV for the CSM given
before, the EHOMO of the CSM as well as the scheme diagram of
its band structure can be obtained as shown in Fig. 7e. Since the
ELUMO is negative than the redox potential of O2/cO2

� (E0 ¼
�0.33 eV/NHE), the photoelectrons can be expected to react
with O2 dissolved in water to generate cO2

� radicals for TC
degradation.

For further conrming the predominant active species
generated in the photocatalysis system, radical scavenging and
EPR experiments were carried and the results were shown in
Fig. 8. Apparently, as displayed in Fig. 8a, with the adding of
EDTA-2Na (ethylenediaminetetraacetic acid disodium salt,
scavenger of h+) or BQ (benzoquinone, scavenger of cO2

�) in the
reaction system, the photocatalytic degradation of TC was
signicantly inhibited, and the degradation efficiency of TC
decreased sharply. On the contrary, no obvious decrease of the
TC degradation efficiency can be observed with the introduction
of IPA (isopropanol, scavenger of cOH). The above results
implied that the dominant redox species generated during the
photocatalytic process could be assigned to be h+ and cO2

�,
while not hydroxyl radical (cOH). Moreover, based on the EPR
experiment, only the signal of DMPO-cO2

� adducts could be
clearly detected as shown in Fig. 8b, also demonstrating the
emerging of cO2

� during the photocatalytic process, which was
accordance with the above results of radical scavenging exper-
iments. However, for TiO2-P25, no ROS can be detected under
the same situation (Fig. S4†).

Accordingly, the visible-light photocatalytic mechanisms of
CSM and TiO2-P25 should be different. For TiO2-P25, self-
he UV-vis diffused reflectance spectrum of CSM before and after the
and CSM. (d) Mott–Schottky plots and (e) band structure of the CSM.

RSC Adv., 2020, 10, 45171–45179 | 45177
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Fig. 8 (a) Trapping experiment of active species during the photocatalytic degradation of TC over CSM under visible light irradiation; (b) EPR
spectrum of DMPO-cO2

�.

Fig. 9 Possible photocatalytic mechanism of degradation of TC by
CSM photocatalyst.
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sensitization mechanism should be the main actor, while for
CSM, the combined effects of self-sensitization and excited
localized p-electrons should be considered.

In order to further verify the inherent photocatalytic activity
of CSM, EPR experiments were also performed for different CS
powder samples and compared with CSM. Although the inten-
sities of the corresponding signals were different, DMPO-cO2

�

adducts were all detected for the above CSP samples, suggesting
the inherent photocatalytic activity of CS (Fig. S5a†). Besides,
the above CSP samples all exhibited the same color (pale yellow,
inset of Fig. S5b†) as that of CSM, also implying the visible light
absorption ability of CS. Moreover, as shown in Fig. S5b†, TC
can be degraded by all the above CS samples under visible light
excitation.

Meanwhile, the degradation efficiency of TC was also tested
with CSM excited by 400 nm and 500 nm monochromatic
light, and the results can be found in Fig. S6.† From Fig. S6,† it
can be seen that the degradation efficiency of TC under
400 nm visible light irradiation was much higher than that
under 500 nm, which implied that the light absorption at
400 nm of CSM should be better than that at 500 nm and it
also coincided with the absorption spectrum of the CSM.
Therefore, based on the above results and discussions,
although CSM is basically known as a non-photocatalyst, it
indeed exhibit a different photocatalytic activity under
different visible light irradiation.
45178 | RSC Adv., 2020, 10, 45171–45179
Finally, according to the above discussions, the possible
mechanism of TC degradation by the CSM can be schematically
depicted as Fig. 9. Under visible light irradiation, the CSM can
be easily stimulated to generate photo-induced charge carriers,
and with the photogenerated electrons from the HOMO breezily
transferring to the corresponding LUMO, the holes were le in
the HOMO (eqn (1)). Simultaneously, as the redox potential of
the LUMO of CMS was negative than that of O2/cO2

� (E0¼�0.33
eV/NHE), the dissolved O2 can react with the photoelectrons on
the LUMO, leading the cO2

� radicals generation and the charge
carrier separation (eqn (2)). With the producing of cO2

� radicals,
the main active species (cO2

� and the le holes on the HOMO
level) then directly degraded TC to be degradation products as
described in eqn (3) and (4).

CSM + hn / CSM (e�) + CSM (h+) (1)

O2 + CSM (e�) / cO2
� (2)

TC + cO2
� / degradation products (3)

TC + CSM (h+) / degradation products (4)

4. Conclusions

In this work, CS membranes (CSM) were facilely prepared for
the removal of organic contaminants in aqueous solution, in
which TC was chosen as a model organic pollutant. The
combined effects of self-sensitization and excited delocalized p-
electrons of the residual acetyl groups of CS endowed the CSM
a good visible light photocatalytic performance. Compared with
CSP and TiO2-P25, the degradation efficiency of TC over the
CSM can reach above 90%, while aer the same irradiation time
interval (60 minutes), less amount of TC could be degraded over
both CSP and TiO2-P25. Moreover, aer being washed with
2 wt% NaOH solution, the CSM revealed a good recyclability
(the degradation efficiency of TC remained above 80% even
aer 5 runs reuse of the CSM) implying its potential for practical
applications. Meanwhile, the degradation mechanism and path
were all examined, and cO2

� and h+ were found to be the main
active oxygen species directly participated in the TC
This journal is © The Royal Society of Chemistry 2020
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degradation. Based on this study, we can vision more rational
design and development of CS-based photocatalysts.
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