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tic degradation of
chloramphenicol with electrospun Bi2O2CO3-
poly(ethylene oxide) nanofibers: the synthesis of
crosslinked polymer, degradation kinetics,
mechanism and cytotoxicity†

Qin Xu,‡a Zijuan Song,‡a Shuting Ji,a Gang Xu, a Wenyan Shi *a

and Longxiang Shen*b

Insoluble poly(ethylene oxide) (PEO) nanofibers were synthesized by adding pentaerythrotol triacrylate

(PETA) into precursor solutions prior to electrospinning, and then the obtained fibers were exposed to an

electron beam (EB) irradiation. Bi2O2CO3 was incorporated into these fibers to extend their

photocatalytic properties. Studies confirmed that EB irradiation induced characteristic changes in PEO

and led to the formation of a crosslinked structure, from which we optimized the irradiation dose of

fibers as 210 kGy. The optimum PEO/Bi2O2CO3 membranes achieved 99.5% CPL degradation within

60 min, and we also proposed the possible degradation pathways of CPL in this study. Besides, all the

water samples and extracts of nanomaterials showed no cytotoxicity on L-929 cells. The subtle

variations in the cell viability of treated and untreated water samples could be due to the toxic

intermediates arising from the photocatalytic process. Therefore, this photocatalyst-polymer membrane

can be considered as a biocompatible composite system that can change the solubility of a polymer and

also act as a highly efficient photocatalyst for organic wastewater treatments.
1. Introduction

The contamination of aqueous systems by antibiotics is
emerging as a worldwide environmental problem.1 As one of the
low-cost antibiotics that is widely used,2,3 chloramphenicol
(CPL) exhibits excellent antibacterial properties when used in
treating diseases in both human and animals.4,5 The wide-
spread use of CPL has passed them into the environment, which
led to the emergence of drug resistant bacteria and various side
effects to human.6,7 Moreover, the great antibacterial property of
CPL also hinders the conventional biological removal of it.4,8

Therefore, it is of great importance to develop an effective
method to achieve the elimination of CPL in an aqueous system.

Photocatalytic technology could decrease the toxicity of antibi-
otics,8–10 and meanwhile degrade antibiotics to small molecules.11

Considering the potential application in solar-energy utilization,
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semiconductor-based photocatalysis has emerged with inestimable
superiority, such as economic, effective and renewable benets.12–14

Most of the photocatalysts exhibit photocatalytic performance via
their redox ability.15,16 Bi2O2CO3, as an n-type semiconductor with
a wide band gap, has enhanced charge separation efficiency due to
its unique structure with alternating Bi2O2

2+ and CO3
2� layers.17–20

Many researchers have synthesized Bi2O2CO3 in different
morphologies under harsh conditions,21–23 while Chen et al. re-
ported a simple and low-cost method conducted via hydrothermal
processes at room temperature using cetyltrimethylammonium
bromide (CTAB) as the template. So far, the great photocatalytic
activity of Bi2O2CO3 particles has been reported, but the problem is
that suspended semiconductor particles are easy to disperse in
treated water and thus are difficult to recycle. Therefore, in order to
ensure that the photocatalyst has excellent photocatalytic activity
and recyclability at the same time, electrospinningmethod could be
introduced into the experiment.

Electrospinning is a method of preparing nanoscale to
microscale bers using high electric elds,24,25 which make
electrospun bers ideal substrate materials. Many reports on the
construction of a composite system using electrospinning tech-
nology,26–28 or introducing photocatalyst into polymers to form
photocatalyst-polymer composites29–32 provide a good approach
for solving the problem of photocatalyst aggregation and loss.
Poly(ethylene oxide) (PEO) is a unique class of biocompatible, low
RSC Adv., 2019, 9, 29917–29926 | 29917
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toxicity and water soluble polymer, which has attracted
increasing interest due to its potential applications.33,34 PEO is
soluble in a variety of solvents to form precursor solution, and
therefore could be widely used in electrospinning technology to
prepare ultra-ne nanobers35–37 and prevent the adhesion of
organic pollutants.38 Since the high solubility of PEO would
restrict its application in some aqueous systems, several effective
modication methods have been used to crosslink PEO. For
example, Lee et al.39 prepared pure PEO gel via g-ray irradiation,
which formed a type of polymer network structure and exhibited
typical hydrogel properties. Smita Ghosh et al. added oxime into
PEO solution to create PEO hydrogels with excellent adhesive and
non-cytotoxic properties.40 Moreover, Jurkin et al. studied the
factors inuencing the crosslinking of PEO powders under irra-
diation via different measurement techniques.41 For maintaining
the basic morphology of electrospun PEO bers, some
researchers prepared UV-initiated crosslinked electrospun PEO
nanobers by adding a crosslinking agent into precursor solu-
tions.42,43However, the production of crosslinked elecrospun PEO
bers under an electron beam (EB) irradiation is rarely reported
in previous studies.

Herein, we successfully prepared crosslinked PEO bers in the
presence of PETA and an EB irradiation. A wide variety of EB
irradiation dose was investigated to determine the appropriate
dose for the preparation of bers with desired properties. Based on
the optimized method, we prepared insoluble electrospun PEO/
Bi2O2CO3 membranes, which exhibited excellent photocatalysis
properties to CPL in water. The possible decomposition pathways
of CPL and the cytotoxicity of water samples and obtained nano-
materials have been discussed. This study might be useful in the
synthesis of PEO/Bi2O2CO3 and the degradation of CPL for future
applications in environmental pollution and control.
2. Experimental
2.1 Materials

Poly(ethylene oxide) (PEO, Mn ¼ 100 000), sodium carbonate
(Na2CO3), hexadecyl trimethyl ammonium bromide (CTAB) and
bismuth nitrate pentahydrate (Bi(NO3)3$5H2O) were purchased
from Anpel Laboratory Technologies (Shanghai, China). Pen-
taerythrotol triacrylate (PETA) was purchased from Yuanye
Biological Inc (Shanghai, China). Dichloromethane (DCM,
HPLC), methanol (AR) and N,N-dimethylformamide (DMF, AR)
were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). The above-mentioned reagents were used as
provided by the manufacturer without further purication.
Ultrapure water produced from a Milli-Q device (18.2 MU cm�1)
was used throughout the experiments. L-929 broblast cells,
Dulbecco's modied Eagle medium (DMEM), fetal bovine
serum (FBS) and cell Counting Kit-8 (CCK8) were purchased
from Shanghai Fanmeng Biotechnology Co., Ltd (Shanghai,
China).
2.2 Synthesis

2.2.1 Synthesis of Bi2O2CO3 particles. 4.85 g Bi(NO3)3-
$5H2O in HNO3 was taken as Solution A. 1.0 g CTAB and 8.45 g
29918 | RSC Adv., 2019, 9, 29917–29926
Na2CO3 were taken in distilled water and stirred to form solu-
tion B. Solution A was then introduced dropwise to solution B
under continuous stirring. High-speed centrifuge was used to
separate the as-prepared emulsion. The precipitates were
washed several times with distilled water and ethanol, and then
dried at 60 �C in oven for 6 h before further experiments.

2.2.2 Fabrication of the crosslinked PEO membranes. An
electrospinning apparatus manufactured by Ucalery Co. Ltd.
(Beijing, China) was used. 10 wt% of PEO (DCM/DMF, 3 : 1(v/v))
added to 20 wt% of PETA solution was stirred till the polymer
completely dissolved. The PEO solution was loaded into a 5 mL
syringe with a stainless needle (with a diameter of 0.33 mm),
which was connected to a positive voltage power supply. The
electrospun PEO nanobers were collected on an aluminum foil
that was placed at a distance of 12 cm from the needle. The
syringe pump was set to deliver the solution at a rate of 0.14
mm min�1 (0.02 mL h�1) and high voltage (12 kV) was applied.
Electrospinning process was performed at room temperature.
The above lms were well-sealed, isolating oxygen by N2 and
irradiated by electron beams (dose energy: 2 meV, dose rate: 10
kGy per pass) under different irradiation doses.

2.2.3 Fabrication of the crosslinked PEO/Bi2O2CO3

membranes. Schematic of the processing steps for the
production of crosslinked PEO membranes immobilized with
Bi2O2CO3 is depicted in Fig. 1. The electropun Bi2O2CO3/PEO
membranes were fabricated by following processes: the cross-
linked pure PEOmembranes were used as a substrate, the lower
concentration PEO (added with 20 wt% PETA) solution mixed
with Bi2O2CO3 particles was prepared as the secondary
precursor for electrospinning (the mixing ratio is shown in
Table 1). The particle suspension was electrospun at an applied
voltage of 16 kV and a ow rate of 0.30 mm min�1 (0.04
mL min�1) using a 0.60 mm nozzle. Other electrospinning
conditions remained unchanged. The fabric was dried in an
oven at 60 �C for 4 h. Aer the electrospinning process, the
obtained bers were crosslinked by the EB irradiation method
at 210 kGy.

2.3 Membrane characterization

Scanning electronmicroscopy (SEM, JSM-7500F) was performed
to observe the morphologies. Powder X-ray diffraction (XRD)
patterns were recorded on a Rigaku Ultima IV diffractometer
equipped with Cu-Ka radiation. The contact angle of the
crosslinked samples was measured by the contact angle
measuring instrument (JY-82B). Fourier transform infrared
spectroscopy (FT-IR) was performed using a Nicolet iS10 FT-IR
Spectrometer (Thermo Scientic, USA) in the range of
600 cm�1 to 4000 cm�1. Differential scanning calorimetry (DSC)
was performed using a TA Instrument (DSC, 200 PC, Netzsch,
Germany) programmed from 50 �C to 170 �C at a heating rate of
10 �C min�1.

2.4 Photocatalytic experiments

The photocatalytic activity experiments were performed under
a 300W Xe lamp equipped with a 420 nm cut off lter. Chlor-
amphenicol (CPL) was used as the target pollutant, and the as-
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the processing steps for the production polymer-inorganic nanofibers.
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prepared ber was cut into a square sample of 4 � 4 cm2, and
added into solution (50 mL, 15 mg L�1). Typically, the solution
was stirred in dark for 30 min to achieve the adsorption equi-
librium between the organic molecules and the catalyst surface.
At designed time intervals, 1 mL of the reacted solutions was
taken out and ltered through a 0.22 mm lter for further
analysis.
2.5 Analysis

The concentration of CPL was analyzed by a high-performance
liquid chromatograph (HPLC, Agilent 1200LC), using a Zorbax
Eclipse XDB-C18 column (4.6 mm � 150 mm, 5 mm) and a UV/
Vis detector at 277 nm, with methanol and water (60/40, v/v) as
an effluent at a ow rate of 1.0 mL min�1. The sample injection
volume was set as 20 mL, and chromatographic column
temperature was set as 40 �C.

The intermediates formed from the photocatalytic degrada-
tion of CPL were analyzed using an Agilent 1260 Innity II HPLC
that was coupled to an Agilent 6545 Q-TOF mass spectrometer
using an electronspray ionization (ESI) source. An Agilent Zor-
bax RRHD Eclipse Plus C18 (2.1 � 50 mm) column, 1.8 mm
particle size (Agilent) was used with 40 �C of column tempera-
ture. A mobile phase of formic acid 0.1 vol% (A) and methanol
(B), with a UV detector wavelength of 278 nm was employed for
the CPL analysis. The gradient program was as follows: 0–
2.0 min 0–60% A, 2.0–4.5 min 60–40% A, and 4.5–6.0 min 40–
60% A. The scanning acquisition mass-to-charge ratio (m/z)
range was set at 50–500. The value of capillary voltage, nebulizer
pressure, nozzle voltage, drying gas ow rate and temperature
was 3500 V, 35 psi, 1000 V, 8 L min�1 and 320 �C, respectively.
2.6 Cytotoxicity

To evaluate the biocompatibility of nanomaterials (PPB0, PPB2,
PPB6 and PPB8), the ISO 10993-5 standard test method though
Table 1 The concentration of Bi2O2CO3 in solution

No. Polymer blending
Bi2O2CO3 concentration
in solution (wt%) Sample name

1 PEO-PETA 0 PP
2 2 PPB2
3 6 PPB6
4 8 PPB8

This journal is © The Royal Society of Chemistry 2019
CCK-8 assay was used. Before the experiment, the samples were
sterilized with a UV lamp, immersed in complete medium (90%
DMEM, 10% FBS for tissue culturing) and incubated 5% CO2 at
37 �C for 24 h. The extraction media from tissue culture plate
was added into the medium in a 96-well plate which have
contained 100 mL of L929 (mouse broblast) cell suspension
and incubated for 24 h.

The cytotoxicity of the treated and untreated CPL solutions
were also determined by a CCK-8 assay. CPL solution was set as
the positive control (concentration of 15 mg L�1). In a typical
procedure, the L929 (mouse broblast) cell suspension (100
mL) was seeded in the medium in a 96-well plate supplemented
with obtained water samples (10 mL) and incubated at 37 �C for
24 h.

All the samples had six parallel wells. Further, 10 mL of CCK-8
solution was added into the wells (including materials and
water samples) and incubated for another 4 h at 37 �C in dark.
The absorbance was determined at 450 nm using a plate reader
(Tecan Spark, Switzerland). The cell viability was calculated
according to the following equation:

Cell viability (%) ¼ Abstest/Abscontrol � 100

3. Results and discussion
3.1 Effect of EB irradiation doses

In order to determine the optimal irradiation dose of cross-
linked membranes, the properties of PEO-PETA bers exposed
to different EB irradiation doses were investigated by XRD, FTIR
and DSC.

The chemical composition and phase structure of the as-
synthesized samples were determined by XRD. As shown in
Fig. 2, the characteristic diffraction peaks of pristine PEO bers
and PP bers are well matched with the standard XRD patterns
of PEO 6000 (JCPDS no. 49-2109). Most synthetic samples
exhibited characteristic peaks at 2q ¼ 19.06�, 23.2� and 26.8�,
which demonstrate the (120) (112) and (131) planes of PEO,
respectively. The results show that the characteristic peak
strength of PEO is inversely proportional to the EB irradiation
dosed applied by the sample, and the decrease in the charac-
teristic peak strength also means the decrease in crystallinity. A
wide weak peak appears in the XRD curve of PP300, which
means that the sample gets converted to amorphous at this
point of time.44
RSC Adv., 2019, 9, 29917–29926 | 29919
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Fig. 2 XRD patterns of the electrospun PEO and PEO–PETA nano-
fibers at different electron beam irradiation doses.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
2:

26
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The FT-IR spectra of a series of PEO–PETA polymers irradi-
ated by different EB irradiation doses are given in Fig. 3. Typical
characteristic peaks of PEO observed at 2889 cm�1 and
1102 cm�1 are attributed to the CH2 stretching and C–O
stretching respectively.45 Three additional peaks presented in
Fig. 3, at 1731 cm�1 (C]O), 1635 cm�1 (C]C) and 1201 cm�1

(C–O) can be related to PETA,42 indicating that PETA was graed
onto the PEO backbone.46

In a possible crosslinking mechanism (Fig. 4), with the
increase in the EB irradiation doses, the intensities of the CH2

peaks of PEO and the three characteristic absorbance peaks of
PETA mentioned above decrease rst and increase subse-
quently. When the amount of EB irradiation increases to 210
kGy, radiation promotes the formation of PEO radicals and
stimulates the PETA to produce a triplet state that can attract
protons from a PEO chain to form free radicals.42 According to
Fig. 3 FTIR spectra of the electrospun PEO and PEO–PETA nanofibers
at different electron beam irradiation doses.

29920 | RSC Adv., 2019, 9, 29917–29926
the principle of minimum energy and the principle of prox-
imity, free radicals could combine with their neighbouring
radicals to form an intricate three-dimensional network struc-
ture of PEO and PETA,47,48 thus increasing the crosslinking
degree of PEO and reducing its crystallinity. The fact that the
absorption intensities of the PEO crystalline spectra (CH2

stretching at 2889 cm�1) decrease signicantly aer irradiation
(0-210 kGy) can also prove this point. Excessive energy could
open crosslinked chains and accelerate the movement of free
radicals, which makes scission become the main reaction
instead of crosslinking,48 and so the intensity of the character-
istic peaks increases aer further increase in the irradiation
dose.

The DSC curves of the irradiated and non-irradiated PEO–
PETA bers are given in Fig. 5. From the DSC curves of irradi-
ated and non-irradiated PEO-PETA nanobers, the crystalline
melting temperatures (Tm), enthalpy of fusion (DHm), and the
corresponding crystallinities (X 0

c, the degree of crystallinity of
the PEO in the composites) were calculated, which are shown in
Table 2. The crystallization ability of the miscible blend could
be limited compared to the corresponding pure compo-
nents.49,50 It can be seen that in the presence of PETA, the
melting temperature of PP gradually decreases lower than 61.0�,
which is related to the formation of a three-dimensional
crosslinking network under irradiation, which can hinder the
crystallization process51 and the addition of the fragments of
PETA chains in PEO would reduce Tm. Thus, the PEO crystalli-
zation in composites is quite different or imperfect from it in
the original PEO. The results also demonstrate that bers irra-
diated by a 210 kGy EB dose has the lowest crystallinity, which is
consistent with the conclusion of the above FTIR results.

The morphology of irradiated and non-irradiated electro-
spun PEO–PETA bers are shown in Fig. 6. It can be found that
the EB irradiation has a signicant effect on the morphology of
the surface nanobers of PEO. The electrospun bers without
irradiation are 247 � 158 nm in diameter with a cylindrical
shape and slightly beaded surface morphology, while the
diameter of irradiated bers is almost twice that of unirradiated
ones. In addition, the surface of bers became rough with more
shrinkage aer irradiation,52,53 but their structural integrity
were retained.

It is shown in Fig. 7 that insoluble PEOmembranes exhibited
hydrophilic properties were successfully prepared. The hydro-
philic surface of the membrane could be related to membrane
fouling.54–57 Increasing the hydrophilicity of the membrane is
benecial to reduce the hydrophobic binding of the membrane
surface to organic contaminants, thereby preventing the
adsorption of contaminants between the membrane and water
and prolonging the service life of the membrane. The functional
groups can be considered as the main factor affecting the
hydrophilicity of the materials.58,59 Different dissociation ener-
gies of the hydrogen-bonded complexes result in different
hydrophilic properties of functional groups. The decrease in the
contact angles of the nanobers (from 30 to 210 kGy) was
mainly due to the increase in the hydroxyl (3446 cm�1) content,
decrease in the methylene (2889 cm�1) content and somehow
corresponding to the surface roughness of the materials.60 With
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The possible crosslinking mechanism of PEO and PETA with the increase in the EB irradiation intensity.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
2:

26
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the further increase in the EB irradiation intensity, the contact
angle decreases from 8.5� for PP210 to 23.5� aer EB irradiation
of 300 kGy, which indicates the decrease in hydrophilicity of the
membrane and could be directly related to the decrease of
hydroxyl.

3.2 Photocatalytic degradation of CPL

The photocatalytic activity of the PEO/Bi2O2CO3 bers was
evaluated by photodegrading the CPL under a visible light
irradiation. As we can see in Fig. 8(a), the adsorption capacities
(irradiation time �30–0 min) of PP, PPB2, PPB6 and PPB8 are
Fig. 5 DSC curves of the electrospun PEO and PEO–PETA nanofibers
at different electron beam irradiation doses.

This journal is © The Royal Society of Chemistry 2019
14.4%, 14.8%, 11.0% and 15.2%, respectively, which indicate
that the adsorption effect did not play a primary role in the
whole CPL removal process. Moreover, the photocatalysis of
CPL can be neglected in the absence of Bi2O2CO3 particles
(Pristine PEO), suggesting that the degradation CPL is induced
by photocatalysis.

Aer 1 h visible light irradiation, CPL can be almost
decomposed (99.5% and 98.7%, respectively) by PPB6 and
PPB8. The order of the photocatalytic activities of these bers
can be summarized as PPB6 > PPB8 > PPB2 > pristine PEO. It
can be seen that the introduction of Bi2O2CO3 effectively
improves the photocatalytic activity of PEO. PPB6 shows the
best photocatalytic activity under visible light.

The rate of photocatalytic degradation follows a pseudo rst
order kinetics based on the Langmuir–Hinshelwood model:

ln(C0/Ct) ¼ kt
Table 2 The thermal properties of the PEO–PETA nanofibers at
different electron beam irradiation doses

Sample Sample name Tm (�C) DHm (J g�1) X 0
c
a (%)

Pristine PEO-PETA PP 61.0 20.0 97.6
PEO-PETA-EB90 PP-EB90 55.1 12.6 61.5
PEO-PETA-EB150 PP-EB150 40.3 5.1 24.9
PEO-PETA-EB210 PP-EB210 45.2 3.9 19.0
PEO-PETA-EB300 PP-EB300 39.8 7.6 37.1

a X 0
c was calculated using equation X 0

cð%Þ ¼ 100� ðDHm=ðCPEODH
OÞÞ,

where DHO ¼ 205 J g�1 is the enthalpy of the fusion of 100%
crystalline PEO, and CPEO is the weight fraction of the PEO matrix in
the composite.

RSC Adv., 2019, 9, 29917–29926 | 29921
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Fig. 6 SEM images of non-irradiated (a and b) and irradiated (c and d) the PEO-PETA fibers at a 210 kGy EB irradiation dose.
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where k is the rst-order rate constant, C0 is the equilibrium
concentration and Ct is the concentration at any time. Fig. 8(b)
shows the experimental kinetics of CPL degradation by the as-
prepared bers. The k values for PP synthesized with 0, 2, 6
and 8 wt% Bi2O2CO3 are 0.0033, 0.0298, 0.0809 and
0.0529 min�1, respectively, from which we could observe that
the photodegradation rate constant of CPL by PPB2, PPB6 and
Fig. 7 Contact angles of the as-prepared samples in different EB
irradiation.

29922 | RSC Adv., 2019, 9, 29917–29926
PPB8 are generally dozens of times than that of the pristine
PEO.

Thus, it can be seen that Bi2O2CO3 particles are advanced
photocatalysts, whose contents could directly affect the photo-
catalytic performance of composites. In this study, composite
exhibited the best photocatalytic activity when added with 6% of
Bi2O2CO3. The above results indicated that the photocatalytic
activity of PPB can be enhanced by introducing a suitable
amount of Bi2O2CO3. However, the active sites on the surface of
bers would be covered by the further loading of catalysts as
discussed in many studies,61–63 resulting in the reduction of
photocatalytic performance (Fig. S1†).
3.3 Identication of intermediates formed by the PEO/
Bi2O2CO3 composite nanobers

To further elucidate the degradation pathways of CPL, unknown
by-products were identied by LC-Q-TOF using samples ob-
tained during the photocatalytic reaction. The intermediates
formed during the photocatalytic degradation of CPL by PPB6 at
30 min, 60 min, 90 min, 120 min and 180 min were analysed.
Fig. S2† provides the ESI mass spectra of the photocatalytic
degradation of CPL at different reaction times in different ESI
modes (ESI� and ESI+). The intermediates are identied using
the information of mass-to-charge ratio (m/z) of the generated
fragment ion, and each intermediate produced at different
reaction time is listed in Table S1.† According to the results, the
characteristic peaks of CPL were detected at 0, 30 and 60 min
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Photocatalytic activities of the as-prepared samples for CPL (a) degradation under visible-light (l > 420 nm); the pseudo-first-order
kinetic model for the photodegradation of CPL (b).
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and disappeared aer 90 min, which is consistent with the
HPLC results. On the basis of above data and referring to
previous studies,64–68 the possible photocatalytic degradation
pathways of CPL on PPB6 within 180 min are proposed in Fig. 9.

According to the bond dissociation energy (BDE) theory, the
bonds of phenyl-nitryl, O–H and C–Cl and C–N are easily
cleaved than the other bonds of CPL. The degradation is initi-
ated by the denitration or deprivation of methanol from the
branch chain of CPL, yielding intermediate with m/z 278 (P10)
and 294 (P2) aer 30 min reaction, which further forms a series
of products (P11, P9, P22 and P3) by dechloridation, dehydra-
tion and denitration. The characteristic peak of CPL weakens
aer 1 h and subsequently decomposes to intermediates P1,
P23, P12 and P14. P1 degrades into P19 by branched-chain
dehydration, which is further degraded to P20 through the
Fig. 9 Proposed photodegradation mechanism of the CPL.

This journal is © The Royal Society of Chemistry 2019
hydroxyl radical attack. The subsequent denitration or depri-
vation of methanol leads to the production of P4, which soon
degrades gradually into P6, P21 and P22. Moreover, product 12
was formed by the cleavage of CAN bond and losing of the
dichloroacetamide of CPL, while P14 is formed by the breakage
of the lateral chain of CPL. Aer 180 min reaction, the above
intermediates are further converted into products P25, P24,
P13, P15, P16 and P17. In addition, the benzenic ring of the
obtained products would further be opened by radicals and
gradually become harmless.64
3.4 Cytotoxicity

The in vitro cytotoxicity test of CPL solutions before and aer
photocatalysis was tested via the cell viability of L-929 mouse
RSC Adv., 2019, 9, 29917–29926 | 29923
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Fig. 10 Cytotoxicity of the L-929 cells in contact with CPL solutions collected during photocatalytic degradation at different times (a) and the as-
prepared extraction media exposed with the different PPB samples (b).
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broblast cells aer exposure to the solution samples collected
during photocatalytic experiments using the cell counting kit-8
(CCK-8) assay. Fig. 10(a) shows the cell viability aer 24 h of
incubation with CPL solutions treated in different times. We
found that exposing L-929 cells to test solutions for 24 h has
little effect on cell viability, so all samples show no cytotoxic
effect on the cells, as shown in Fig. 10(a). Water sample with the
minimal cell viability (81.0 � 3.1%) was collected at the pho-
tocatalysis process time of 150 min by PPB6, while some
samples even promoted the cell growth with the viability
exceeding 100%.

CPL is an inhibitor of mitochondrial protein synthesis.69

However, the low dose CPL solution could be used in
mammalian cell cultures for the elimination of light contami-
nating microorganisms without inhibiting the growth and
metabolism of the cells.70 Previous studies have shown that CPL
must be metabolized to perform its biological effects. It has
been found that NAPD (P14) and HAP (P1) (metabolites of
CPL),71–73 consistent with our studies, are slightly toxic to cells at
very high doses and so have very limited effect on cell viability in
these two products, given the low concentration in our degra-
dation process.

In order to be suitable for large-scale applications, photo-
catalytic materials should exhibit good biocompatibility. PEO is
a biocompatible polymer and Bi2O2CO3 only has the antibac-
terial activity against certain bacteria74 with no cytotoxicity to
cells.75 Fig. 10(b) reveals that PP and PP composites are not
cytotoxic (cell viability > 100%) for the concentrations used in
this study and also displays a dose–dependent cytotoxic effect to
Bi2O2CO3. These results show that the semiconductors are
wrapped by the biocompatible polymer and that electrospun PP
and PP composite bers exhibit a great potential for practical
applications.

4. Conclusion

In summary, we have successfully prepared crosslinked PEO
nanobers by adding PETA into precursor solutions prior to
29924 | RSC Adv., 2019, 9, 29917–29926
electrospinning. Exposure of the obtained bers to EB irradia-
tion and introduction of Bi2O2CO3 into the nanobers to
expand their application in photocatalysis were also done. It is
found that EB irradiation has complicated impacts on the
properties of the as-prepared materials, which involves various
changes in crystallinity, morphology, solubility and so on.
Through CPL degradation, the as-synthesized PEO/Bi2O2CO3

nanobers show good recyclability and excellent photocatalytic
activities under visible light irradiation, and thereby can be
considered to be a great substrate in photocatalytic applica-
tions. Besides, we have proposed the possible degradation
pathways of CPL and demonstrated the biocompatibility of our
composite in this study. This study provides simple methods for
the modication of PEO and the synthesis of photocatalyst-
polymer composites, which has broad application prospects
in purication water systems.
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