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Abstract Polylactic acid (PLA) has been extensively

applied in the fields of biology and renewable biodegrad-

able materials because of its superior biodegradability.

PLA has excellent potential as a renewable biodegradable

adsorbent in wastewater treatment. However, its poor

photocatalytic properties have hindered its practical

application. In this study, polyvinylpyrrolidone (PVPP) or

glutaraldehyde (GA) was utilized as an adhesive agent to

prepare Ag/AgCl/PLA photocatalysts with highly efficient

visible light photocatalysis on a PLA fabric by utilizing the

electron beam irradiation method. The photocatalytic

activities of the Ag/AgCl/PLA samples were examined

under visible light irradiation to analyze the degradation of

methylene blue (MB) and chloramphenicol (CPL). Our

experimental results demonstrate that the nanomaterial Ag/

AgCl was uniformly distributed on the PLA fiber surface;

this can be attributed to the effects of the crosslinking

PVPP or GA. Under electron beam irradiation, adding

crosslinking PVPP (or GA) is beneficial to the loading of

Ag/AgCl onto the PLA. For the composite Ag/AgCl/PLA,

the degradation rate for MB was as high as 97% after

150 min of visible light irradiation. The addition of 4 mg/

ml of Ag/AgCl solution resulted in the greatest photocat-

alytic activity for CPL, and we advanced the possible

degradation pathways of CPL with the best sample.

Additionally, the as-prepared composite Ag/AgCl/PLA

exhibited favorable antibacterial activity against E. coli and

S. aureus, with a bacterial removal rate of[ 77%.

Keywords Ag � AgCl � PLA � Adhesive agent � Electron
beam irradiation � Photocatalysis � Antibacterial activity

1 Introduction

Continuous urbanization and industrialization have

made environmental pollution a huge challenge for the

sustainable development of human society. In recent years,

an increasing number of organic pollutants have entered

and damaged water systems based on their complex char-

acteristics, slow degradation, and high biological toxicity

[1, 2]. Organic dyes and antibiotics are two typical exam-

ples of organic pollutants in water. Methylene blue (MB)

and chloramphenicol (CPL) are commonly studied as tar-

get pollutants. MB is a water-soluble and toxic organic dye

that can affect entire ecosystems when it is released into

water. It cannot be completely degraded by sunlight [3].

CPL is effective at eliminating Gram-positive and Gram-

This work was supported by the National Natural Science Foundation

of China (Nos. 11775138, 11675098, and 41473089), Innovation

Program of the Shanghai Municipal Education Commission (No.

13YZ017), and Program for Changjiang Scholars and Innovative

Research Teams in Universities (No. IRT13078).

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s41365-020-0726-8) contains supple-
mentary material, which is available to authorized users.

Shu-Ting Ji, Qin-Qing Wang and Juan Zhou have contributed equally

to this work.

& Gang Xu

xugang@shu.edu.cn

& Wen-Yan Shi

wyshi1981@shu.edu.cn

1 School of Environmental and Chemical Engineering,

Shanghai University, Shanghai 200444, China

2 Shanghai Applied Radiation Institute, Shanghai University,

Shanghai 200444, China

123

NUCL SCI TECH (2020) 31:22(0123456789().,-volV)(0123456789().,-volV)

https://doi.org/10.1007/s41365-020-0726-8

http://orcid.org/0000-0002-8580-8564
http://orcid.org/0000-0002-6171-2373
https://doi.org/10.1007/s41365-020-0726-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-020-0726-8&amp;domain=pdf
https://doi.org/10.1007/s41365-020-0726-8


negative cocci and bacilli, making it essential for the

treatment of human and animal diseases. However,

excessive CPL discharge can lead to significant water

pollution. It is a more stable pollutant in water than MB

and can eventually harm human health [4, 5].

Such dyes and antibiotics pose significant threats to the

environment and human beings. Therefore, it has become

an important research topic to determine how to remove

common organic contaminants from water. As a non-pol-

luting solution that consumes no energy, photocatalytic

degradation technology has shown several advantages for

wastewater treatment [6–8]. Nanomaterials, such as

cuprous oxide (Cu2O) [9], zinc oxide (ZnO) [10–12], tita-

nium dioxide (TiO2) [13–16], AuTiO2 [17, 18], Au/Cu2 O

[19], Ag/Cu2O [20], and Ag noble metal photocatalysts, are

capable of degrading organic pollutants under visible light.

This discovery has attracted significant attention from

researchers [21]. Recently, additional attention has been

paid to Ag/AgX (X = Cl, Br) surface plasmon photocata-

lysts. Specifically, a novel method has been developed to

expand the visible light absorption of photocatalytic

materials based on the plasmon resonance of metal sur-

faces, which is achieved by combining the surface plasmon

resonance effect of noble metals, contact of metal semi-

conductors, and characteristics of semiconductor photo-

catalytic materials, thereby promoting the separation of

photogenerated electrons in photocatalytic systems [22].

However, some problems regarding the practical appli-

cations of nano-silver photocatalysts must be solved, such

as the agglomeration of nanoparticle Ag and degradation of

substrate materials. To prevent the aggregation of nano-

silver photocatalysts in degradation systems, it is necessary

to immobilize the photocatalyst on a substrate, such as

fabric [23] or plastic [24–26]. Polylactic acid (PLA), which

has the advantages of low production cost, no pollution,

easy biodegradation, and natural circulation, possesses

excellent physical and mechanical properties with a porous

structure, which can promote the absorption of contami-

nants, making it an excellent photocatalyst carrier.

To the best of our knowledge, the preparation of fiber-

based Ag/AgCl/PLA has not been reported previously. In

this study, polyvinylpyrrolidone (PVPP) and glutaralde-

hyde (GA) were utilized as crosslinkers to prepare

stable Ag/AgCl/PLA composite photocatalytic materials by

means of electron beam irradiation. We studied the pho-

tocatalytic degradation properties of the as-prepared com-

posites with two common organic compounds (methylene

blue (MB) and chloramphenicol (CPL)) as target pollu-

tants. As expected, the Ag/AgCl/PLA composite exhibited

better properties for the photocatalytic degradation of MB

and CPL compared to pure PLA fibers under visible light

irradiation. Additionally, we observed promising

antibacterial activity of the Ag/AgCl/PLA composite for

pathogenic E. coli and S. aureus.

2 Experimental

2.1 Chemicals

All the chemicals were analytical grade or better and

could be utilized as received without any further purifica-

tion. AgNO3, GA, and absolute ethanol were purchased

from Sinopharm. MB, CPL, polyvinylpyrrolidone (PVPP),

glucose, NaCl, and ethylene glycol were purchased from

Anpel Laboratory Technologies (Shanghai, China). PLA

textiles were provided by Tong Jeliang (Shanghai, China).

E. coli, S. aureus, an inoculating loop, liquid medium, and

agar plate were purchased from Guangdong Huan Kai

Microbiology Co., Ltd. (Shanghai, China). Ultrapure water

produced by a Milli-Q device (18.2 MX/cm) was utilized

in all experiments.

2.2 Fabrication of Ag/AgCl

Cube-type nano-AgCl was synthesized according to the

water-soluble NaCl salt crystal template process [27]. First,

0.544 g of AgNO3 and 2.0 g of PVPP were sequentially

dissolved in 100 ml of ethylene glycol solution (glycol/

water = 5:1) under ultrasonic treatment and stirred at room

temperature (25 �C) for 10 min. Next, 20 ml of 7 mM

NaCl aqueous solution was added and stirred for 1 h at

room temperature. Finally, 20 ml of 18 mM glucose was

added and heated in a water bath at 40 �C for 3 h. The

obtained material was then washed with distilled water, a

50% ethanol solution (ethanol/water = 1:1), and absolute

ethanol successively three times, followed by sealing in

absolute ethanol [28].

2.3 Fabrication of the Ag/AgCl/PLA composite

First, the PLA fibers were cut into pieces that were 4 cm

9 4 cm in size and packaged within a custom bag (5 9

5 cm in area) fabricated from polytetrafluoroethylene

(PTEF) for subsequent use. Second, 2, 4, and 6 mg/ml of

nano-Ag/AgCl and 1 ml of ethanol solution were collected.

The crosslinking PVPP or GA was then added, and the

obtained solution was injected into the PTEF bag to allow

the PLA to be completely saturated by the nano-Ag/AgCl

solution. Oxygen was removed through repeated nitrogen

blasting, followed by bag sealing. The sealed bag was then

irradiated utilizing an electron beam irradiation device at

an irradiation dose range of 20–50 kGy. Following this

experiment, the composite fiber material was removed
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from the bag and vacuum-dried at 60 �C for approximately

6 h to obtain the composite Ag/AgCl/PLA.

2.4 Characterization methods

The sample was characterized utilizing X-ray diffraction

(XRD) (Riken Electric Co., Ltd, 18 kw D/MAX2500V?/

PC, Japan) with a tube voltage of 40 kV, tube current of 35

MA, scanning range of 2h = 5–80 �C, and scanning speed

of 4 �C/min with a CuKa radiation source (k = 0.154 nm)

[29]. Field-emission scanning electron microscope (SEM)

(International Co., Ltd., JSM-7500F, Japan) and energy-

dispersive X-ray spectroscopy (EDX) were also employed.

The sample surface topography and other features were

carefully observed. Additionally, Mg Ka radiation was

carried out utilizing X-ray photoelectron spectroscopy

(XPS) (Thermofisher Scientific China, Ltd., WSCALAB,

UK). Additionally, the structure of the functional groups

was observed in a range of 500–4000 cm-1 utilizing

Fourier transform infrared spectroscopy (FTIR) (Bruker

Hongkong Limited, VERTEX 70, Germany). The optical

properties of the samples were analyzed utilizing ultravi-

olet–visible (UV–Vis) spectroscopy and fluorescence

spectrophotometry (PL) (PERKINELMER, LS-55, UK).

2.5 Photocatalytic experiments

The adsorption/photocatalytic activities of Ag/AgCl/

PLA materials were analyzed based on the degradation of

MB and CPL under a 300-W Xe lamp equipped with a

420-nm cutoff filter. In the photocatalytic experiments, Ag/

AgCl/ PLA composites with dimensions of 4 cm 9 4 cm

were added to MB and CPL solutions (50 ml, 10 ppm) and

the mixtures were stirred in the dark for 30 min to achieve

adsorption equilibrium prior to photoreaction. Next, 2.5 ml

of the degraded MB and CPL solutions were sampled every

30 min under visible light irradiation and filtered through a

0.22-lm membrane for further analysis.

2.6 Analysis method

MB absorbance at 664 nm was analyzed by utilizing

UV–Vis spectroscopy to investigate the effects of electron

beam irradiation dosage on the photodegradation efficiency

of the as-prepared samples [30]. To analyze the pho-

todegradation products of CPL utilizing mass spectrome-

try, we adopted the high-performance liquid

chromatograph (HPLC, Agilent 1200LC) method to detect

the concentration of CPL. The HPLC column was a Zorbax

Eclipse XDB-C18 (4.6 mm (the size of filling mate-

rial) 9 150 mm (innerdiameter), 5 mm (length)), and the

detection wavelength was 277 nm. The other test condi-

tions were set based on our previous study [31]. The

intermediate products of CPL generated during the degra-

dation process were identified utilizing a quadrupole time-

of-flight (Q-TOF) device operating in SCAN mode (elec-

trospray ionization (ESI) (?) and ESI (-)) combined with

the HPLC method mentioned above. A solution of formic

acid (0.1 vol%, (A)) and methanol (B) was utilized as a

mobile phase with an injection volume of 20 lL. The ESI

probe tip voltage, capillary potentials, and drying gas flow

rate were set to 1 kV, 3.5 kV, and 8L min21, respectively.

The mass range was 50–1200 m/z, and the capillary tem-

perature was set to 40 �C.

2.7 Antibacterial experiments

The prepared nanocomposites were collected for quali-

tative experiments utilizing E. coli and S. aureus. For these

experiments, all glassware and media solutions were ster-

ilized at 120 �C for 20 min in a stereo autoclave and all

experiments were conducted in a sterile environment [22].

First, the composite Ag/AgCl/PLA, nanomaterial Ag/AgCl

monomer, and pure PLA were processed into small disks

with a diameter of 1 cm, followed by sterilization under a

UV lamp on a clean bench for 30 min. Next, 20 ll of

diluted bacterial solution was added to the solid medium

until the medium surface became smooth and dry. The

sterilized materials (Ag/AgCl/PLA, Ag/AgCl monomer,

and PLA) were subsequently pressed onto a solid agar

nutrition plate utilizing sterile forceps such that the mate-

rials were in close contact with the plate. Next, the cells

were cultured in a constant-temperature incubator at

37 �C ± 2 �C for 24 h. Each experiment was repeated two

times [32].

Quantitative experiments were also performed utilizing

the two types of bacteria mentioned above. A diluted

bacterial suspension was uniformly mixed into a triangular

conical flask containing 60 ml of nutrient medium. The

sterile materials (Ag/AgCl/PLA) were then treated with the

solution by utilizing sterile forceps. The Ag/AgCl mono-

mer and PLA were placed in a conical flask for spreading

and incubated for 24 h on a shaker at a constant tempera-

ture (37 �C ± 2 �C, 160 rpm). Each experiment was

repeated two times.

3 Results and discussion

3.1 Characterization of the prepared samples

The elemental composition of the nanocomposite Ag/

AgCl/PLA was characterized utilizing XPS. Figure 1a

presents the full spectrum of the composite Ag/AgCl/PLA

with crosslinking PVPP. One can see that the characteristic

peaks are largely attributed to Ag3d, Cl2p, C1s, O1s, and
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N1s, where the sources of the Ag and Cl peaks correspond

to the prepared sample materials. Additionally, the high-

resolution XPS spectrum in Fig. 1b indicates that the

characteristic peaks at 367.2 and 373.2 eV correspond to

the binding energies of Ag 3d5/2 and Ag 3d3/2 orbitals,

while those at 368.2 and 374.5 eV correspond to Ag

nanoparticles, indicating the presence of zero-valence Ag

nanoparticles in the composite. The characteristic peaks at

197.6 and 199.2 eV in the Cl 2p high-resolution full

spectrum in Fig. 1c can be attributed to the binding ener-

gies of the Cl 2p3/2 and Cl 2p1/2 orbitals, respectively [33].

Furthermore, the peaks at 284.7, 286.7, and 388.7 eV

(Fig. 1d) can be attributed to C [24], while those at 530.8

and 533.7 eV correspond to O (Fig. 1e). When crosslinking

GA is added, the nanocomposite Ag/AgCl/PLA is almost

identical to that with crosslinking PVPP (Fig. S1). The

carbon signal is induced by PLA, PVPP, GA, and indefinite

hydrocarbons contained in the XPS instrument itself [34].

The oxygen signal can be attributed to the PLA, PVPP, and

GA, while the nitrogen signal comes from the air [35].

The PLA surface was smooth with fiber widths of

approximately 15,000 nm, as shown in Fig. 2a. In Fig. 2b,

the nano-Ag/AgCl exhibits a regular cubic structure with

particle sizes in the range of approximately 100–200 nm.

Smaller silver nanoparticles (\ 100 nm) can be observed

on the tops of the AgCl cubes. In Fig. 2c, d, a large amount

of cubic crystal nanomaterial Ag/AgCl is evenly bonded

onto the PLA surfaces following the electron beam irra-

diation at 40 kGy. The binders are also combined, indi-

cating that the nanomaterial Ag/AgCl and crosslinking

PVPP and GA are successfully connected to the PLA

surface. EDX spectra of PLA coated with Ag/AgCl and GA

and with Ag/AgCl and PVPP are presented in Fig. 2e, f,

respectively. One can clearly see the presence of C, O, Ag,

and Cl in the composites. According to Table 1, the atomic

ratios of Ag to Cl are 1.3:1 and 2.1:1 in the two composites,

respectively, indicating the presence of Ag in Ag/AgCl

nanojunction systems [36].

The crystalline structures of PLA, Ag/AgCl, Ag/AgCl/

PLA containing PVPP and Ag/AgCl/PLA containing GA

were utilizing XRD (Fig. 3a). One can see that the PLA

retains diffraction peaks at approximately 2h = 16.79�,
which can be attributed to the PLA itself [37]. The char-

acteristic diffraction peaks of Ag/AgCl/PLA containing

PVPP and Ag/AgCl/PLA containing GA at 2h = 28.0�,
32.4�, 46.4�, 54.9�, 57.6�, and 67.5� correspond to the

cubic AgCl (111), (200), (220), (311), (222), and (400)

planes, respectively [38]. These results indicate that the

nanomaterial Ag/AgCl was successfully attached to the

PLA surface by means of electron beam irradiation and that

Fig. 1 (Color figure online) XPS spectra of Ag/AgCl/PLA with PVPP nano-frames: a survey spectra, b Ag3d, c Cl 2p, d C 1s, e O 1s, and f N 1s
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the crosslinkers were successfully adhered. However, a

significant nano-Ag characteristic peak cannot be observed

in the XRD spectra of Ag/AgCl and PLA, which can be

attributed to the small nano-Ag size and low deposition

content of Ag on the PLA surface [25, 39].

Fig. 2 (Color figure online) SEM images of a PLA, b Ag/AgCl, c Ag/AgCl/PLA with GA, and d PVPP, and corresponding EDX spectra of Ag/

AgCl/PLA with e GA and f PVPP
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Figure 3b presents the UV–Vis diffuse reflectance

spectrum of the composite Ag/AgCl/PLA. One can see that

the absorption edge of the pure PLA is located at approx-

imately 405 nm, while the light absorption edge of the

composite Ag/AgCl/PLA exhibits a slight red shift. The

light absorption edge of the pure Ag/AgCl nanoparticles is

located at approximately 410 nm, which corresponds to the

band gap of AgCl (3.2 eV). The light absorption capacity

of the Ag/AgCl/PLA composites is slightly enhanced in the

ultraviolet and visible regions after they are deposited,

which can be attributed to the surface plasmon resonance

effect of the Ag species formed on the original AgCl

nanoparticle surfaces, implying that loading Ag/AgCl

nanoparticles onto PLA fibers can facilitate the utilization

of visible light.

Figure 3c presents the fluorescence spectra of PLA,

nanomaterial Ag/AgCl, and composite Ag/AgCl/PLA. One

can see that the pure PLA exhibits the strongest fluores-

cence emission peak, while that of the composite is rela-

tively weak, which could be a result of the electron

trapping effect of Ag, which could lead to the deposition of

Ag/AgCl nanoparticles on the PLA, significantly inhibiting

the recombination of photoexcited electron–hole pairs.

The chemical interactions between Ag/AgCl and the

PLA fabric surface were investigated utilizing FTIR

(Fig. 3d). Figure 3d presents the FTIR spectra of PLA and

composite Ag/AgCl/PLA in a spectral range of

Fig. 3 (Color figure online) a XRD, b UV–vis, c PL, and d FTIR characterization of Ag/AgCl/PLA with PVPP, Ag/AgCl/PLA with GA, and

PLA

Table 1 Major element contents of the composite photocatalytic

materials

Major element (content, mass%)

C O Ag Cl

Ag/AgCl/PLA with GA 77.57 9.12 7.58 5.72

Ag/AgCl/PLA with PVPP 75.77 9.64 9.83 4.75
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3500–100 cm-1. Typically, an absorption peak at

2750 cm-1 is attributed to the stretching vibrations of O–H

groups, which are generated by the deformation vibrations

of PLA-absorbed water molecules [37]. The infrared

spectra of the composite Ag/AgCl/PLA and PLA were

compared and analyzed, and it was determined that the

composite Ag/AgCl/PLA exhibits a characteristic absorp-

tion peak of –C=O– at 1250 cm-1, which was not observed

for the pure PLA. We believe that both ethanol and PLA

can generate free –C=O– under high-energy electron beam

irradiation. As a result, the composite should experience

peak-shaped splitting for –C=O– (1250 cm-1). Addition-

ally, a very small absorption peak could be considered as

an acceptor for hydrogen bonds to form hydroxyl groups (–

OH), where the crosslinkers on the nano-Ag/AgCl surfaces

act as hydrogen bond donors. Specifically, hydrogen bonds

indicate chemical interactions between Ag/AgCl and PLA

following the addition of crosslinkers.

3.2 Photocatalytic experiments

Table 2 lists the nanomaterials loaded onto PLA with

1% GA and 10 mg of PVPP content under different

nanomaterial Ag/AgCl and electron beam irradiation doses.

According to these results, when 4 mg/ml of nano-Ag/

AgCl solution is added and the electron beam irradiation

dose is 40 kGy, the amount of nanomaterial Ag/AgCl

loaded onto the PLA surface reaches 2.9 mg (1% GA) and

3.2 mg (10 mg PVPP). For single-variable analysis, we

utilized MB as a target pollutant to determine the effect of

irradiation dose on the photocatalytic degradation of Ag/

AgCl/PLA with GA and PVPP (Fig. 4). Overall, the pho-

tocatalytic performance of the materials increases initially

and then decreases with increasing irradiation doses. The

‘‘40 kGy-GA’’ sample exhibits the highest photocatalytic

activity with an MB degradation rate as high as 96.98%

over 150 min, which is superior to the values for the

0 kGy-GA (75.76%), 30 kGy-GA (89.27%), and 50 kGy-

GA (87.54%) samples. The similar results can be observed

in Fig. 4b. This is because high-dose electron beams have a

negative effect on the grafting reactions between Ag/AgCl

and PLA and may even damage original grafting chains.

Additionally, the ratio of activation of the Ag/AgCl

monomer increases so rapidly at high doses that the

probability of agglomeration among monomers increases

[40].

The materials obtained under optimal conditions were

analyzed to compare photocatalytic properties among the

pure PLA fiber, Ag/AgCl/PLA containing PVPP and Ag/

AgCl/PLA containing GA based on photocatalytic degra-

dation experiments (Fig. 5). The degradation efficiency of

the pure PLA fiber for MB was only approximately 41%

after 150 min of irradiation under visible light. A portion of

this value can be attributed to the photodegradation of MB

itself (Fig. 5). These results indicate that PLA fiber has a

very weak photocatalytic effect in terms of removing MB

and only provides photo-adsorption during the photocat-

alytic process, thereby accelerating the photocatalytic

degradation process. In contrast, under the same condi-

tions, the Ag/AgCl/PLA composite system exhibits higher

photocatalytic activity with a photocatalytic efficiency of

84%. The photocatalytic activity of the Ag/AgCl/PLA with

GA composite system is 96% and that of the Ag/AgCl/PLA

with PVPP system is 97%. This is because the crosslinking

agents can increase Ag/AgCl loading in the PLA, resulting

in enhanced photocatalytic performance.

CPL is a colorless organic compound that is more

stable than MB under visible light. Therefore, CPL was

selected as a target for studying the effects of Ag/AgCl

addition on photocatalytic degradation based on the opti-

mal irradiation dose. Figure 6a reveals that when the nano-

Ag/AgCl content is 4 mg/ml, 100% degradation occurs

after 120 min for Ag/AgCl/PLA with GA. The similar

results can be observed for Ag/AgCl/PLA with PVPP, as

shown in Fig. 6b. Clearly, the addition of 4 mg/ml of nano-

Ag/AgCl contributes to the desirable particle dispersion of

Ag/AgCl, which effectively prevents the nanomaterials

from obstructing the surface active substances of the

composites based on clustering, resulting in additional

photogenerated electron–hole pairs for the photocatalytic

process [41, 42].

Figure 7 compares the XRD patterns of composites

before and after photoreaction in the range of 20–80� (2h).
Characteristic peaks at 38.1� and 44.2�, which are attrib-

uted to the (111) and (200) planes of metallic Ag [43], can

be observed after photoreaction (b, d). This indicates that

AgCl may decompose into a small amount of silver and

bromine atoms during the photoreaction process based on

its high sensitivity to light. Additionally, the

Table 2 Results when crosslinking GA (1%) and PVPP (10 mg) are

loaded onto the PLA surface via electron beam irradiation with dif-

ferent irradiation doses and nanomaterial Ag/AgCl contents

Crosslinker Irradiation dose (kGy) Nanomaterial contents (mg)

2 mg/

ml

4 mg/

ml

6 mg/

ml

GA 0 1 1.6 2

30 1.1 2.4 2.5

40 1.2 2.9 2.7

50 1.4 2.8 2.6

PVPP 0 1 1.6 2

30 1.4 2.8 3

40 1.4 3.2 3.1

50 1.5 3 2.9
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photogenerated carriers reduce the partial Ag? ions pro-

duced by AgCl into Ag0 by preventing additional light

corrosion of AgCl under xenon lamp irradiation [44].

However, the positions of the other peaks change very

little. These results indicate that the composites have suf-

ficient stability to support efficient photocatalytic reactions.

3.3 Proposed reaction pathways

The intermediate products resulting from photocatalytic

degradation of CPL by the 40 kGy-GA 4 mg/ml and

40 kGy-PVPP 4 mg/ml samples at 30, 60, 90, 120, and

150 min were analyzed. According to the mass spectra of

the photocatalytic degradation of CPL at different reaction

times (Fig. S2), the CPL disappears after 120 min, which is

consistent with the HPLC findings. Figure 8 presents the

proposed photocatalytic degradation pathways of CPL,

including radical reaction, ring opening, oxidation, substi-

tution, and decarboxylation, which were obtained via liquid

chromatography–mass spectrometry (Q-TOF) detection

[45]. The degradation of CPL begins with the cleavage of

C–Cl and C–N bonds to form p1 and p18, which are further

hydroxylated or dehydrated into p2 and p19, respectively.

Breakage of the lateral chain of CPL via hydroxylation of

C–N bonds leads to the formation of p3 at 30 min. Addi-

tionally, C–OH structures and the products of amino

groups in the branch chains of CPL can be easily oxidized

into C=O structures under photocatalytic conditions, lead-

ing to the formation of p4, p5, p7, and p11. Next, p12 and

p15 are generated via denitrification and dehalogenation

after 60 min of reaction, followed by oxidation and frac-

turing to produce a series of products (p13, p14, p16, p17)

[46]. Additionally, CPL is disintegrated via dechloridation

under hydroxyl radical attacks to produce p8 and p9.

Deprotonated products, such as p6 and p10, are formed via

further hydroxylation of p4 and p9. Ring opening products

may eventually appear after 150 min [47].

3.4 Antibacterial activity

The results of antibacterial experiments on PLA, nano-

material Ag/AgCl, and composite Ag/AgCl/PLA are pre-

sented in Fig. 9. One can see that pure PLA has no clear

antibacterial zone for E. coli and S. aureus, unlike the

composite material Ag/AgCl/PLA with PVPP, which has a

Fig. 4 (Color figure online) Degradation of MB by Ag/AgCl/PLA with a GA and b PVPP crosslinkers at different irradiation doses (C0 is

concentration of adsorption equilibrium prior to the photocatalytic experiments)

Fig. 5 (Color figure online) Photocatalytic performance of pure PLA,

Ag/AgCl/PLA with GA, and Ag/AgCl/PLA with PVPP for the

decomposition of MB under visible light irradiation (k[ 420 nm)
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bacteriostatic range of 15 mm. The composite material Ag/

AgCl/PLA with GA has an inhibition zone of approxi-

mately 16 mm. These results indicate that pure PLA has no

significant antibacterial ability, but the composite Ag/

AgCl/PLA does have significant antibacterial ability [48].

Although the antimicrobial mechanism of Ag/AgCl has not

been defined clearly, the free radicals produced by photo-

catalysis have clear bactericidal effects [49]. As indicated

by the results discussed above, the composite material

containing crosslinking GA has a larger antibacterial ring

compared to the composite material containing PVPP. We

suspected that the GA itself provided antibacterial effects,

so another set of experiments were conducted by adding

GA to the pure PLA. The results indicated no obvious

inhibition zone. Such results could be related to the

relatively small amount of GA, which may have no obvious

bacteriostatic effects.

To investigate the inhibition rates of different materials

on E. coli and S. aureus, quantitative experiments were

conducted on different materials. The experimental results

are presented in Fig. 10. As shown in Fig. 10, the inhibi-

tion rates of pure PLA for E. coli and S. aureus are only

1.64%, which are almost negligible. The inhibition rates of

the Ag/AgCl for E. coli and S. aureus are 56.56% and

55.68%, respectively. The inhibition rates of the Ag/AgCl/

PLA with PVPP for E. coli and S. aureus are 77.55% and

77.79%, respectively. The inhibition rates of the Ag/AgCl/

PLA with GA for E. coli and S. aureus are 82.66% and

82.36%, respectively. As shown by the bacteriostatic

results, the bacteriostatic effect of the monomer is much

weaker than that of the composite materials, which could

be because the presence of PLA allows the nanomaterial

Ag/AgCl to contact more bacteria, resulting in a significant

antibacterial effect. Additionally, a set of controlled

experiments was conducted on GA and PLA to confirm the

hypothesis discussed above. The results in Fig. 9 reveal

that the inhibition rate of GA is approximately 10%, which

is consistent with our hypothesis, indicating that GA is

bacteriostatic against E. coli and S. aureus.

4 Conclusion

Ag/AgCl/PLA composites containing PVPP or GA

crosslinkers were successfully prepared by means of elec-

tron beam irradiation. According to the single-control-

variable method, the optimal irradiation dose was deter-

mined based on the photodegradation of MB. We then

studied the effects of Ag/AgCl addition on the

Fig. 6 (Color figure online) Relationship between the photocatalytic activity of CPL and loading amount of Ag/AgCl/PLA with a GA and

b PVPP under visible light irradiation (C0 is concentration of adsorption equilibrium prior to the photocatalytic experiments)

Fig. 7 (Color figure online) XRD patterns of Ag/AgCl/PLA with GA

a before and b after photocatalytic reaction and Ag/AgCl/PLA with

PVPP c before and d after photocatalytic reaction
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Fig. 8 Proposed photocatalytic degradation pathways of CPL

Fig. 9 Comparative antibacterial activities against E. coli and S. aureus for PLA, Ag/AgCl/PLA with PVPP, Ag/AgCl/PLA with GA, and PLA

with GA

123

22 Page 10 of 12 S.-T. Ji et al.



photocatalytic properties of optimized samples. The com-

posites exhibited excellent photocatalytic performance for

both MB and CPL under optimal conditions. Additionally,

the Ag/AgCl/PLA composites exhibited significant

antibacterial ability with inhibition rates as high as 77%.

All these results indicate that such composites are effective

for the treatment of complex and refractory organic

wastewater. Therefore, it is of critical importance to

investigate the practical application of the composite

material Ag/AgCl/PLA.
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