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HIGHLIGHTS GRAPHICAL ABSTRACT

e SCA made Ag nanoparticles firmly and
evenly dispersed on TiO,NTAs.

o Ag/SCA/TiO;NTAs showed effective &0 % Visible
inactivation combined with PMS under 3
visible light (VL) irradiation.

e Ag/SCA/TiO;NTAs/PMS/VL system
exhibited excellent stability and reus-
ability compared to similar systems.

e SCA played a pivotal role in the pro-
duction of reactive species.

e Ag/SCA/TiO,NTAs/PMS/VL system has
a good inactivation performance in tap
water and matrices mimicking natural
waters.
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ARTICLE INFO ABSTRACT

Editor: Kyle Bibby A novel catalytic system for effective photocatalytic inactivation of Escherichia coli (E. coli) was constructed by
anchoring Ag nanoparticles (AgNPs) on silane coupling agent (SCA) pretreated TiO nano-tube arrays (Ag/SCA/

K‘eywords: ) TiO2NTAs). Morphology and structural analyses revealed that SCA could disperse AgNPs evenly on TiO;NTAs,

TiO, photocatalysis thus inducing a superior surface plasmon resonance (SPR) effect. Ag/SCA/TiO,NTAs catalyst exhibited excellent

Ag nanoparticles
Silane coupling agent
Peroxymonosulfate

E. coli inactivation

inactivation performance when in the presence of peroxymonosulfate (PMS) and visible light (VL), with 6-log
E. coli was completely inactivated within 60 min, which was 5.3, 12.5 and 13.2 times higher than that of Ag/
SCA/TiO2NTAs/VL, PMS/VL and Ag/SCA/TiO;NTAs/PMS/dark systems, respectively. Additionally, the photo-
catalyst exhibited a highly reusable property, with the inactivation performance almost unchanged after ten
cycles of uses with minimal Ag leaching. The inactivation mechanism analysis demonstrated that both radical
(SOY, *OH) and non-radical (h™, 102) pathways involved in E. coli inactivation, and SCA played a pivotal role in
the production of reactive species. Chloride ions (Cl") greatly enhanced the inactivation efficiency, while bi-
carbonate (HCO3) and phosphate (HoPO3) showed an inhibitory effect. Humic acid (HA) displayed a dual effect

* Corresponding authors.
E-mail addresses: stefanos.giannakis@upm.es (S. Giannakis), 20040076@hhu.edu.cn (T. Lin).

https://doi.org/10.1016/j.scitotenv.2023.166376

Received 19 January 2023; Received in revised form 10 August 2023; Accepted 15 August 2023
Available online 16 August 2023

0048-9697/© 2023 Elsevier B.V. All rights reserved.


mailto:stefanos.giannakis@upm.es
mailto:20040076@hhu.edu.cn
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2023.166376
https://doi.org/10.1016/j.scitotenv.2023.166376
https://doi.org/10.1016/j.scitotenv.2023.166376
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.166376&domain=pdf

J. Jia et al.

Science of the Total Environment 901 (2023) 166376

on inactivation performance, where the low concentration of HA facilitated the bacteria inactivation, while the
higher dose suppressed bacteria inactivation. Moreover, the system exhibited excellent inactivation performance
in tap water. This work first used SCA as the binder to fix AGNPs on TiO;NTAs for VL photocatalytic inactivation
of bacteria with the assistance of PMS, which was expected to provide some insights into the practical treatment

of drinking water.

1. Introduction

Despite the great advances in sanitation and water distribution,
pathogenic microorganisms in drinking water still constitute a valid
reason for concern for treatment plant operators, since they can cause
some water-borne diseases such as polio, cholera, and diarrhea (Lopez-
Vinent et al., 2022), these pose a serious threat to public health and
impede societal and economic development. Among various pathogens,
Escherichia coli (E. coli) is one of the most common diarrhea-causing
bacteria, it has been reported that over 80,000 people die from diar-
rhea each year (Lopez-Vinent et al., 2022; Rodriguez-Chueca et al.,
2019). In addition, E. coli may also provoke thrombotic thrombocyto-
penic purpura, hemolytic uremic syndrome, and urinary tract infections
(Zottola and Smith, 1990). Ozonation and chlorination are efficient for
water disinfection, but their practical application is still under caution,
partially due to the high cost but mainly due to the hazardous disin-
fection by-products (DBPs) generated (Chen et al., 2022; Zheng et al.,
2023). Therefore, there is an urgent need to develop an alternative
technique for effective disinfection in water.

Photocatalytic disinfection has been considered an alternative
promising technology for small-scale plants, not only because it can use
solar energy, but also due to the sustainable use of some photocatalysts,
and can avoid the generation of toxic and harmful DBPs (Sayilkan et al.,
2009; Chen et al., 2023). Titanium dioxide (TiO5) is the most commonly
used photocatalyst thanks to its non-toxicity, chemical stability and low
cost (Andersson et al., 2002). However, its photocatalytic efficiency,
especially in visible light (VL) is usually unsatisfactory due to the wide
band gap energy (3.2 eV) and rapid recombination of photo-generated
carriers (Srinivasan et al., 2006). To address this issue, many attempts
have been conducted such as its coupling with narrow-band semi-
conductors, doping with metal/non-metals, heterojunctions, or deco-
ration of noble metals on its surface. Owing to the surface plasmon
resonance (SPR) effect, noble metal modification can greatly enhance
the photocatalytic activity of TiO, since the noble metal could trap the
photogenerated electrons to decrease the recombination rate of photo-
induced electron-hole pairs (Wang et al., 2017). Among several noble
metals, Ag costs significantly less, and Ag itself is also a material with a
known disinfecting capacity (Kohantorabi et al., 2021a). Many studies
had combined Ag and TiO; for the inactivation of E. coli in water. For
instance, Hajjaji et al. (2018) used an Ag-decorated TiOy-nanotubes
photocatalyst to activate E. coli under VL irradiation, results revealed
that 6-log of E. coli could be completely inactivated within 90 min. Wang
and Lim (2013) synthesized Ag-AgBr/TiO5 photocatalyst and found that
the prepared photocatalyst exhibited much better photocatalytic activ-
ity than that of bare TiO; in white LED, which could achieve 7-log E. coli
inactivation within 60 min.

Although these studies have achieved good disinfection results, some
aspects of this technique still need to be addressed and improved, spe-
cifically: (1) the difficulties in separation and recovery of powder pho-
tocatalysts after disinfection is still a key point that constrains the
photocatalytic disinfection applied in large-scale industry, (2) AgNPs
usually aggregate easily and leach seriously, which is another factor
restricting its practical application, (3) the photocatalytic disinfection
efficiency in VL needs to be further improved.

For the first two issues, the combination of suitable materials and
methods to synthesize immobilized catalysts is almost a one-way road
(Ho et al., 2019). Solid matrices like cellulose (Zeng et al., 2010), clay
(Bel Hadjltaief et al., 2016), and cement (Delnavaz et al., 2015) have

been employed to construct immobilized catalysts. However, most of
these catalysts are restricted by the complex preparation process and
hazardous chemicals involved in the synthesis. Taking that into account,
selecting immobilized TiO; (Ti plate or Ti mesh) is feasible since it can
be used as the catalyst carrier and the photocatalyst simultaneously.
Besides, based on previous reports, the silane coupling agents (SCAs) can
be selected as the binder because of their strong “bridging” effect, and
the hydrophobicity of SCAs can make the catalyst more evenly dispersed
(Sang et al., 2017). For the third issue, introducing oxidants, such as
persulfate (PDS), peroxymonosulfate (PMS), and hydrogen peroxide
(H205) into the photocatalytic process can greatly improve the photo-
catalytic capacity since the oxidant can induce the production of further
series of reactive species. Among the various oxidants used so far, PMS
has attracted much attention because of its high oxidation capacity
(Giannakis et al., 2021), chemical stability (Anipsitakis and Dionysiou,
2003), and easy activation in catalytic processes (Kohantorabi et al.,
2021b). These properties have led to its wide testing for the elimination
of various organic pollutants, as well as the inactivation of bacteria and
viruses (Lopez-Vinent et al., 2022; Marjanovic et al., 2018; Rodriguez-
Chueca et al., 2019).

To the best of our knowledge, so far there is no report employing
SCAs for Ag/TiO5 photocatalyst immobilization with subsequent acti-
vation of PMS under VL irradiation for water disinfection. Based on the
above discussion and the advantages the proposed combination may
bring, in this study, according to a simple method we attempt to prepare
a TiOg-based immobilized photocatalyst, operational in VL, for PMS-
mediated advanced water treatment. Specifically, TiO, nanotube ar-
rays (TiO2NTAs) were prepared by anodic oxidation of Ti mesh at room
temperature, while SCAs and the photoreduction deposition method
were subsequently used to anchor AgNPs on the TiO;NTAs. The physi-
cochemical, electronic, and structural stability properties of the catalyst
were studied systematically by a series of characterization techniques,
and the bacterial inactivation performance of the catalyst after acti-
vating PMS under VL irradiation was evaluated with E. coli as the model
pathogen. The insights on the probable inactivation mechanism were
provided by conducting appropriate quenching experiments coupled
with Electron Paramagnetic Resonance (EPR) tests. The influences of
inorganic anions and natural organic matter (NOM) on inactivation
performance were also evaluated to assess the robustness of the system
to the water composition. Furthermore, the inactivation in tap water
was also conducted to investigate the practical suitability of the system.

2. Materials and methods
2.1. Chemicals and reagents

Titanium mesh (80 mesh, 99.8 % purity) was purchased from Kang
Wei Metal Screen Products Co., Ltd. (Hebei, China). Silver nitrate
(AgNOs; Sinopharm, China), 3-(Methacryloyloxy) propyltrimethox-
ysilane (KH570, a kind of SCAs; Aladdin, China). Peroxymonosulfate
(Oxone, 2KHSOs5-KHSO4-K2SO4; Merk, Spain), Sodium bicarbonate
(NaHCOg3; Merk, Spain), sodium chloride (NaCl; Merk, Spain), potas-
sium phosphate (KH,PO4; Merk, Spain), humic acid (HA; Sigma-Aldrich,
China). All the other chemicals and reagents were analytically pure
without further purification. Milli-Q water was used throughout the
experiments.
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2.2. Preparation of immobilized Ag/TiO>NTAs photocatalyst

The immobilized Ag/TiO,NTAs photocatalyst was prepared by
employing Ti mesh as the substrate since its three-dimensional grid
structure can provide more active sites. Firstly, TiOoNTAs were grown in
situ on Ti mesh and were obtained by an anodization method, based on a
previous study (Jia et al., 2020a). Then, the prepared TiO;NTAs were
put into a mixture of water and ethanol (the volume ratio is 1:1) with
0.25 g KH570 (a kind of SCA) in it. After stirring for 1 h at 80 °C, the
modified TiO,NTAs by KH570 was obtained after drying at 60 °C for 2 h.
After that, the photoreduction method was employed to deposit Ag onto
TiOoNTAs by employing AgNOs as a precursor. Briefly, the pretreated
TiOoNTAs by KH570 were immersed into the AgNOg solution (50 mlL,
0.01 mol/L) at 60 °C for 1 h. Then, a xenon lamp (300 W, full spectrum)
was turned on, the entire photoreduction process lasted 1 h. After
rinsing the sample several times with deionized water, the immobilized
Ag/TiO,NTAs photocatalyst was finally obtained after drying in an oven
for 1 h at 60 °C, hereon which was denoted as Ag/SCA/TiOoNTAs. The
load amount of Ag was about 0.005 g by calculating the mass difference
before and after above processing steps, the specific process was shown
in Fig. 1. In addition, to highlight our research, comparative experi-
ments were also conducted, where Ag was deposited directly on
TiOoNTAs without SCA treatment (the Ag load was about 0.009 g),
denoted as Ag/TiO2NTAs.

2.3. Characterization

The crystal structure of the photocatalysts was recorded by a Bruker
D8 X-ray diffractometer (XRD) equipped with Cu Ka radiation (A =
0.15418 nm). The surface morphology was observed by a field emission
scanning electron microscope (FE-SEM, Zeiss SUPRA 55 SAPPHIRE).
The optical properties of samples were analyzed by UV-vis diffuse
reflectance spectra (DRS) (Shimadzu, UV2550). The surface chemistry
states were investigated using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Thermo) with Al Ka line (1486.6 eV) radiation. The
reactive species were identified by EPR (Bruker, A200, Germany).

2.4. Bacterial preparation protocol

As the most commonly used indicator of intestinal pathogens, E. coli
K12, a non-pathogenic wild-type strain was selected as the model bac-
teria in disinfection experiments. E. coli was stored in cryo-vials con-
taining 20 % glycerol at —80 °C. The detailed preparation protocol is
provided elsewhere (Giannakis et al., 2022). In short, the inoculated LB
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medium was inoculated by an E. coli colony and was incubated over-
night at 37 °C, with continuous shaking at 180 rpm, and then used for
the preparation of the stock of stationary phase bacteria. 1 mL of the
suspension was centrifuged at 8000 rpm for 2 min, followed by washing
the bacterial pellet with sterile saline solution (0.8 g KCl/L, 8 g NaCl/L).
The obtained bacterial stock was about 10° CFU/mL, then was further
diluted to 10° CFU/mL, which was the experimental concentration.

2.5. Inactivation experiments and analytical methods

2.5.1. Bacterial inactivation experiments

All the inactivation experiments were performed in Milli-Q water
with a certain amount of E. coli in it, where a 100 mL quartz cylinder was
employed as the reactor with 50 mL bacterial suspension. The VL was
emitted by an array of TLD-type lamps (Philips) with a light intensity of
93.5+ 0.5 W/mz, the emission spectrum (as per manufacturer) of the
lamp is displayed in Fig. S1. The irradiated (available) area of the
photocatalyst was 1 x 2 cm?. The temperature of the reaction system did
not exceed 30 °C. The inactivation experiment was triggered by adding a
certain amount of PMS to the reaction system and light introduction to
the system. At desired time intervals, 100 pL samples were taken from
the reactor, immediately spread on Petri dishes containing plate count
agar, or serially diluted (1:10) in saline solution to guarantee measur-
able counts of colonies when necessary. The E. coli colonies were
manually counted after 24 h incubation at 37 °C.

2.5.2. Ag leaching experiments

The concentration of leached Ag in the reaction solution was
measured on an ICP-MS spectrometer (Perkin Elmer, Optima 5300DV).
Prior to the determination, the solution was sampled under constant
stirring, and was filtered manually with the injection syringe equipped
with a 0.22 um filter membrane. Then, 1 pL solution was diluted to 10
mL by using 3 % nitric acid matrix. A 5-point standard curve was made
to evaluate the leached Ag ions concentration, with a range of 1-50 ppb
(1, 5, 10, 20, 30 and 50 ppb prepared by volume) which was diluted in
the 3 % nitric acid matrix. All standards and samples were measured for
3 times and averaged. A 30 s flush time with ultrapure water was con-
ducted between all runs. Before the measurement of each unknown
sample, two blanks were analyzed to verify removal of all residual
metals from the instrument.

2.5.3. ROS exploration experiments
To explore the roles of reactive species generated in the system,
certain amounts of radical quenchers like isopropanol (IPA), sodium
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Fig. 1. Schematic diagram of Ag/SCA/TiO,NTAs preparation process.
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chloride (NaCl), sodium oxalate, superoxide dismutase (SOD), and L-
histidine were added into the system to quench *OH, SO, h*, 0%, 10,,
respectively. For electron paramagnetic resonance (EPR) experiments,
5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-Tetramethyl-4-
piperidinol (TEMP) were employed as spin-trapping reagents for radi-
cals and singlet oxygen (*05) detection, respectively. The EPR spectra
was recorded using a Bruker A200 spectrometer (Germany) under
following conditions: microwave power = 18.7 mW, microwave fre-
quency = 9.766 GHz, temperature = 20 °C.

2.5.4. Inactivation in matrices mimicking natural water bodies

The tests on bacteria inactivation efficacy of system in different
water background composition were conducted by introducing a certain
amount of NaCl, NaHCO3, KH,PO4 and humic acid (HA) to the reaction
system, and HA stock solutions were prepared based on our previous
study (Jia et al., 2020a, 2020b).

All experiments were conducted in triplicate, and the average values
with standard deviations were employed which denoted by error bars in
corresponding graphs.

2.6. Statistical analysis

Analysis of variance (one-way ANOVA) was used to compare the
effects of different concentrations of PMS and water matrix on E. coli
inactivation at 60 min. In addition, student’s t-test was used to statisti-
cally analyze the E. coli inactivation under different treatments and the
Ag leaching of different systems at 60 min from the first use to the fourth
use, and the results were returned to a p value. All p values <0.05 were
considered statistically significant.

Signal A =SE2
Mag= 200KX

EHT=10.00kV
WD = 88mm

Science of the Total Environment 901 (2023) 166376

3. Results and discussion
3.1. Characterization of the photocatalyst

The morphologies of Ag/TiOoNTAs and Ag/SCA/TiO;NTAs were
studied by SEM. As can be seen in Fig. 2, the particles scattered on the
surface of TiOoNTAs in the Ag/TiO;NTAs sample are likely to be
agglomerated AgNPs, and with further magnifying of the images, some
cubic like crystals were found on the surface of TiO;NTAs (Fig. 2a-b).
Nevertheless, under the same magnification, no serious aggregates were
found in Ag/SCA/TiOoNTAs (Fig. 2c), instead, it was found that some
small Ag pellets were distributed evenly along the edge of TiO;NTAs or
inside of it (Fig. 2d). To better highlight the effect of SCA, and the
consistency of samples morphology, the SEM images at different regions
of the samples were also taken. As shown in Fig. S5b—d, the particles are
relatively uniform and monodisperse, having particles of approximately
the same size, and no AgNPs agglomeration was found in Ag/SCA/
TiOoNTAs compared with Ag/TiOoNTAs (Fig. S5a). The particle size
distribution histogram of AgNPs of Ag/SCA/TiO;NTAs was measured
with nano-measurer software and the average size was 24 + 5.3 nm
(Fig. S6(a)), and the size range of AgNPs in Ag/TiO,NTAs was 105-519
nm with the average size of 260 + 65.1 nm (Figs. 2a and S6(b)). A
previous study has reported that SCA (KH570) could stabilize and
restrain nanoparticles aggregation by diminishing the -OH groups of
nanoparticles (Fu et al., 2021). Therefore, it can be concluded that in
this study, the introduction of SCA effectively inhibited the agglomer-
ation of AgNPs and made them more uniformly dispersed on TiO;NTAs.

Fig. 3a depicts the XRD spectra of the as-prepared photocatalysts.
The peaks at 20 = 25.6° and 63.1° could be ascribed to (101) and (204)

EHT = 10.00 kV
WD= 8.8 mm

Signal A= SE2
Mag= 50.00K X

Date :28 Oct 2020
Time :19:20.05

Date :28 Ocf 2020
Time :19:31:47

EHT = 10.00 kV
WD = 86mm

Signal A = SE2
Mag= 200KX

Date :28 Oct 2020 ZEISS)|
Time :20.03:55

EHT=10.00 kv
WD= 8.8 mm

Signal A= SE2
Mag= 100.00K X

Date :17 Oct 2020
Time :11.02:58

Fig. 2. SEM image of fresh Ag/TiO,NTAs (a, b) and Ag/SCA/TiO,NTAs (c, d).
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Fig. 3. XRD patterns of three fresh photocatalysts (a), high-resolution XPS spectra of Ag3d (b), C1s (c), O1s (d), Si2p (e) of fresh Ag/SCA/TiOoNTAs, and UV-Vis DRS

spectrum of three fresh photocatalysts (f).

planes of anatase phase TiOy (JCPDS NO. 21-1272), respectively (Li
et al., 2021). Therefore, it can be confirmed that all three samples are
crystallized in the anatase phase. Peaks at 20 = 38.3°, 40.4°, and 53.1°
were corresponding to (002), (101), and (105) crystal plane of Ti metal
(JCPDS NO. 44-1294), respectively. In addition, peaks at 26 = 44.4° and
64.5° were observed both in Ag/TiO;NTAs and Ag/SCA/TiO;NTAs,
which could be indexed to (200) and (220) planes of Ago, respectively
(Chen et al., 2016). It should be noted that the characteristic peak of Ag
in Ag/SCA/TiO2NTAs was broader than that of Ag/TiOoNTAs. Accord-
ing to Debye-Scherrer formula, the broader the half-peak width is, the
smaller the particle size is. Namely, in this study, the particle size of Ag
in Ag/SCA/TiOoNTAs is smaller than that of Ag/TiO;NTAs. The XRD
analysis results were consistent with the SEM results, further indicating
that the introduction of KH570 could suppress the agglomeration of
AgNPs.

The elemental composition and electronic states of Ag/SCA/TiO,N-
TAs constituents were analyzed by XPS. As shown in Fig. 3b, Ag 3d high-
resolution XPS spectrum exhibited two peaks at 374.1 and 368.1 eV
(Fig. 3b, fresh sample), which correspond to Ag 3d3/2 and Ag 3d5/2,
respectively (indexed as Ago) (Wang et al., 2012). Cls spectrum con-
sisted of three peaks (Fig. 3c), the peak at 284.6 eV could be ascribed to
C—H and C—C (Ni et al., 2012). Peaks at 286.2 eV and 288.5 eV were
C=C/C-0 and C=0 bonds, respectively (Zan et al., 2004), which could
be due to the introduction of SCA. O 1 s spectrum (fresh sample) was
divided into three peaks (Fig. 3d), the peak at 530.1 eV was the lattice
oxygen of TiO, (Ji et al., 2016), the peak at 531.9 eV was assigned to the
Ti-O-Si bond (Lu et al., 2000) and the peak at 532.9 eV was the -OH
adsorbed on the surface of the photocatalyst (Ahmed et al., 2016). The
characteristic peak of Si 2p was also found, however, its peak intensity
was relatively weak compared to other peaks (Fig. 3e). XPS results
suggested that the Ag element in the sample existed as metallic Ag’, and
SCA was successfully grafted onto TiOaNTAs.

The optical property of the photocatalysts was explored by UV-vis
DRS. As displayed in Fig. 3f, TiOoNTAs showed strong absorption mainly
in the ultraviolet region, while the absorption of Ag/TiO2NTAs and Ag/

SCA/TiO2NTAs in the VL region (400-800 nm) was significantly stron-
ger than that of TiO;NTAs. The intense VL region absorption of Ag/
TiOoNTAs and Ag/SCA/TiO;NTAs could be attributed to the SPR effect
caused by Ag, which greatly enhanced the VL absorption of two pho-
tocatalysts. In addition, no matter in the ultraviolet region or VL region,
the absorption intensity of Ag/SCA/TiO;NTAs was always stronger than
that of Ag/TiO2NTAs. This could be ascribed to the fact that SCA made
Ag more evenly dispersed on TiO2NTAs for better VL absorption, while
the weaker absorption of Ag/TiO;NTAs was due to the higher agglom-
eration of AgNPs, which reduced the active sites of the photocatalyst,
resulting in an inadequate SPR effect. Note that, although the peak
broadness of Ag in both Ag/SCA/TiO;NTAs and Ag/TiO,NTAs was
similar, it does not mean that the particle size of two catalysts was also
comparable, since the two photocatalysts were not pulverous, it was not
accurate to calculate the size of the whole catalyst. Moreover, the
UV-vis characterization might not provide the best resolution into dis-
tinguishing slight differences in size/aggregation between two photo-
catalysts. Based on above analysis, it could be expected that Ag/SCA/
TiOoNTAs should demonstrate a superior photocatalytic activity
compared to Ag/TiOoNTAs.

3.2. E. coli inactivation performance

3.2.1. E. coli inactivation in the absence of PMS

The E. coli inactivation efficiency by the as-prepared photocatalysts
under dark (control tests) and VL irradiation was explored, and the re-
sults were shown in Fig. 4. As can be seen, VL alone almost does not
affect bacteria inactivation within 60 min, indicating that the light in-
tensity and spectral distribution used in this study was not enough to
sterilize. This is considered normal, as the lamp type used is a common
indoor fluorescent tube. A similar result was also observed in TiOoNTAs/
dark system, manifesting that TiOoNTAs itself could not inactivate
bacteria, and adsorption is negligible. The diameter of the tubes (of the
order of 100 nm) does not permit the introduction of the pm cells into
the body of the nanotubes, hence no cells are trapped to manifest a high
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Fig. 4. (Photo) catalytic inactivation of E. coli mediated by the as-prepared
photocatalysts in dark and visible light irradiation without PMS. Experi-
mental conditions: [bacteria] = 10° CFU/mL, [pH] = 7.5. The inactivation
experiments were performed in triplicate (the standard error was found to be of
~5 %).

adsorption effect. Additionally, as shown in the SEM image (Fig. S2),
TiOoNTAs were in a regular and ordered tubular arrangement on the Ti
substrate, with smooth closed edges, hence the mechanical stress orig-
inated from TiO,NTAs could be considered so minimal that was not
enough to inactivate the bacteria.

TiOaNTAs/VL system exhibited a weak inactivation efficacy,
implying that VL at this intensity could not effectively stimulate
TiOoNTAs to produce reactive species. Furthermore, a moderate inac-
tivation effect was observed in both Ag/TiO,NTAs/dark and Ag/SCA/
TiOoNTAs/dark systems. Since TiO;NTAs have been shown not to
inactivate bacteria, the inactivation performance of the two systems can
be ascribed to the antibacterial property of Ag itself and the mechanical
stress of the non-SCA-containing photocatalyst (Prabhu and Poulose,
2012). Notably, although the severe Ag agglomerations resulted in less
active sites in Ag/TiOoNTAs, the mechanical stress produced by the
sharp edges of metallic Ag aggregates in Ag/TiOoNTAs (formed by Ag
agglomeration, Fig. 2b) could also cause the bacteria to die, leading to
similar inactivation results of two systems. The inactivation efficiency of
Ag/TiOsNTAs and Ag/SCA/TiOoNTAs was further improved under VL
irradiation; Ag/TiO;NTAs/VL and Ag/SCA/TiOoNTAs/VL systems ach-
ieved about 0.9-log and 1.3-log inactivation, respectively, which could
be attributed to the photocatalytic activity brought by the SPR effect of
AgNPs. Owing to the introduction of SCA, AgNPs were more evenly
distributed on TiO,NTAs, leading to a stronger SPR effect than that of
Ag/TiOoNTAs, and corresponding higher inactivation efficiency.
Although the observed inactivation was multiple times higher under VL,
this ~90 % elimination (1 log U) is rather low for the needs of water
treatment. Hence, its enhancement by oxidant is considered imperative.

3.2.2. E. coli inactivation in presence of PMS

Considering the moderate E. coli inactivation in oxidant-free systems,
PMS introduction in the photo-catalytic process was then investigated.
Firstly, the PMS dose was optimized. As shown in Fig. 5a, four concen-
trations of PMS (0.01 mM, 0.03 mM, 0.05 mM, and 0.1 mM) were used
alone or in combination with Ag/SCA/TiO;NTAs under VL irradiation
for E. coli inactivation. At PMS concentration of 0.01 mM, there was
almost no inactivation in PMS/VL system, implying that PMS at this
concentration was not enough to inactivate the existing concentration of
bacteria in the system. Ag/SCA/TiO;NTAs/PMS/VL system exhibits
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Fig. 5. Effect of PMS concentration on the inactivation performance of the sole
PMS system and Ag/SCA/TiO;NTAs system (a), E. coli inactivation in different
systems in the presence of PMS (b). Experimental conditions: [bacteria] = 10°
CFU/mL, [pH] = 7.5, [PMS] = 0.05 mM. The inactivation experiments were
performed in triplicate (the standard error was found to be of ~5 %).

about 1.5-log inactivation, which was very close to the result of the Ag/
SCA/TiO,NTAs/VL system, suggesting that at this concentration, Ag/
SCA/TiO2NTAs could not activate PMS effectively for E. coli inactiva-
tion. When the PMS concentration increased, the inactivation perfor-
mance in both systems was improved correspondingly. When PMS
concentration reached 0.1 mM, the total inactivation of E. coli was
observed within 30 min in PMS/VL system, effectiveness consistent with
literature reports on the efficacy of PMS for disinfection (Berruti et al.,
2021). In the case of the Ag/SCA/TiO2NTAs/PMS/VL system, complete
inactivation was observed within 60 min and 20 min at PMS concen-
trations of 0.05 mM and 0.1 mM, respectively. Additionally, analysis of
variance (ANOVA) was conducted to confirm the effect of PMS con-
centration on E. coli inactivation. As shown in Table S2, the p-value was
<0.05, manifesting the statistically significant difference between PMS
concentration and E. coli inactivation. The corresponding post hoc tests
were shown in Table S3 to disclose the specific concentration groups
differed (highlighted in bold). Although Ag/SCA/TiO2NTAs/PMS/VL
system exhibited a faster E. coli inactivation at a PMS concentration of
0.1 mM, at this concentration, the pseudo-first-order rate constants (kops)
of Ag/SCA/TiO2NTAs/PMS/VL system was only 1.6 times higher than
that of PMS/VL system (Table 1). This suggests that doubling the con-
centration did not yield a corresponding effect and the system is no
longer efficiently using PMS. However, at a PMS concentration of 0.05
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Table 1
Pseudo first-order rate constants (k.p) for E. coli inactivation in different
systems.
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Table 2
Comparison of the efficacy of Ag/SCA/TiO,NTA in the presence and absence of
VL and PMS (photocatalyst concentration: 0.14 g/L, inactivation time: 60 min).

Kops (min™)

0.00407 + 0.0017

0.06457 + 0.00628
0.00873 + 0.00261
0.1029 + 0.01836

0.01266 =+ 0.00291
0.24897 + 0.05124
0.46374 + 0.17116
0.73169 =+ 0.36965

System

PMS/VL (0.01 mM)
Ag/SCA/TiO;NTAs/PMS/VL (0.01 mM)
PMS/VL (0.03 mM)
Ag/SCA/TiO,NTAs/PMS/VL (0.03 mM)
PMS/VL (0.05 mM)
Ag/SCA/TiO,NTAs/PMS/VL (0.05 mM)
PMS/VL (0.1 mM)
Ag/SCA/TiO;NTAs/PMS/VL (0.1 mM)

mM, the ko of Ag/SCA/TiOoNTAs/PMS/VL system was 19.7 times
higher than that of the PMS/VL system. Obviously, the inactivation at a
PMS concentration of 0.1 mM was mainly ascribed to the higher PMS
dose rather than the synergistic effect between PMS and Ag/SCA/
TiOoNTAs. Therefore, from the system efficiency point of view, a PMS
concentration of 0.05 mM was selected as the case-specific optimized
concentration and was used in the following tests.

The E. coli inactivation in different systems using the optimal PMS
dose was then compared and summarized in Fig. 5b. It was observed that
the sole PMS in the dark exhibited a poor inactivation ability towards
E. coli, manifesting that PMS at this concentration was barely able to
inactivate E. coli via plain oxidation. On the other hand, the PMS/VL
system exhibited about 0.5-log inactivation within 60 min. PMS acti-
vation driven by VL has been reported by many studies (Liu et al., 2018;
Wu et al., 2017; Zhang et al., 2018), the limited inactivation efficiency
here might be due to the emitted light spectrum or low concentration of
PMS (Ozores Diez et al., 2020). In further control tests, the bacteria
could hardly be inactivated in TiO;NTAs/PMS/dark system, implying
that TiOoNTAs could not activate PMS in the dark, which is consistent
with our previous study (Jia et al., 2020b).

Concerning VL-mediated photocatalytic PMS activation, we found
that the TIOoNTAs/PMS/VL system obtained about 0.7-log inactivation.
Previous studies have reported that under VL irradiation, TiO5 could
react with PMS to form a complex that shows a higher VL response than
PMS alone, then the photoexcited complex would inject the electrons to
the conduction bond (CB) of TiOoNTAs to activate PMS via the ligand-to-
metal charge transfer mechanism (Jia et al., 2020b; Jo et al., 2018).
Compared to Ag/TiOoNTAs/dark and Ag/SCA/TiO,NTAs/dark systems,
in the presence of PMS, the inactivation efficiency of both systems
showed a negligible improvement, manifesting that neither photo-
catalyst could activate PMS effectively under dark conditions. As ex-
pected, the Ag/TiOoNTAs/PMS and Ag/SCA/TiO2NTAs/PMS systems
exhibited a dramatic inactivation performance enhancement under VL
irradiation, reaching 4-log and 6-log inactivation, respectively, indi-
cating the high PMS activation by Ag/TiOoNTAs/VL and Ag/SCA/
TiOoNTAs/VL processes. Particularly, Ag/SCA/TiO2NTAs/PMS/VL sys-
tem exhibited stronger inactivation effectiveness than that of the Ag/
TiOoNTAs/PMS/VL system, implying that a more efficacy PMS activa-
tion was obtained in the Ag/SCA/TiO2NTAs/PMS/VL system. This could
be ascribed to the introduction of SCA; the coupling agent made AgNPs
more evenly dispersed on TiO;NTAs, thus providing more active sites for
PMS activation under VL irradiation. Additionally, t-test analysis results
in different systems revealed the significant difference (p < 0.05)
(Fig. S7).

The inactivation efficacy of Ag/SCA/TiO,NTAs in the presence and
absence of VL and PMS was also compared and the results were shown in
Table 2. Based on previous study, the inactivation efficiency in this work
could be calculated by following Eq. (1) (Liu et al., 2021),

bacterial reduction(CFU/mL)

System Bacterial reduction Inactivation efficiency (CFU/
(CFU/mL) (g-min))

Ag/SCA/TiO,NTA 2.51 + 0.79 2.99 x 10% + 93.55
Ag/SCA/TiO;NTA/ 3.16 + 0.63 3.76 x 10% + 74.54

PMS
Ag/SCA/TiO;NTA/VL 19.9 £+ 2.55 2.38 x 10° + 303.52
Ag/SCA/TiO,NTA/ 1.00 x 10° £ 0 1.19 x 108+ 0

PMS/VL

It can be clearly seen that when in the presence of both VL and PMS,
the efficacy of Ag/SCA/TiO;NTAs has the highest value (1.19 x 10%),
which was 3.97 x 10°, 3.16 x 10° and 5.0 x 10* times higher than that
of Ag/SCA/TiO;NTAs alone, Ag/SCA/TiOoNTAs/PMS and Ag/SCA/
TiOoNTAs/VL groups, indicating the high synergy of the Ag/SCA/
TiO,NTAs/PMS/VL system. Moreover, a comparison of E. coli inactiva-
tion by different reported photocatalytic AOPs was conducted and
summarized (Table 4). As shown in Table 4, taking the aspects of light
intensity, the dose of photocatalyst and PMS, the complexity preparation
process of the catalyst, and the reusability of the photocatalyst into
consideration comprehensively, it could be confirmed that the Ag/SCA/
TiOoNTAs had a superior performance among most of the listed
photocatalysts.

The excellent inactivation performance of the Ag/SCA/TiO;NTAs/
PMS/VL system makes the system a good candidate for environmental
applications, if other characteristics also comply, such as its suscepti-
bility to common water constituents, its stability, and reusability. As
such, the next tests deal with these aspects.

3.2.3. Reusability and stability experiments

The stability and reusability of catalysts are important features that
define their practical applicability in water treatment. Therefore, to
explore the potential of the Ag/SCA/TiO2NTAs/PMS/VL system, cyclic
reuse experiments were conducted. For comparison, the Ag/TiO,NTAs/
PMS/VL system was also subjected to perform the cyclic inactivation
experiments. As shown in Fig. 6a, after four cycles of use, the Ag/SCA/
TiOoNTAs/PMS/VL system could still attain complete inactivation
within 60 min. However, for Ag/TiO;NTAs photocatalyst, although Ag/
TiOoNTAs/PMS/VL system could completely inactivate bacteria in the
first round, its inactivation efficiency was gradually attenuated in the
following cycles. After four cycles, the system could only inactivate
about 0.8-log E. coli, which was almost as same as the TiOoNTAs/PMS/
VL system, hence the catalyst is passivated. For this phenomenon, we
suggest that the reduced inactivation performance was attributed to that
the Ag NPs falling off from TiO2NTAs, since there was no binder was
used in Ag/TiO,NTAs photocatalyst.

To confirm this hypothesis and identify the reasons behind the
apparent loss of activity, the ICP-MS characterization was conducted to
comparatively detect the Ag leaching in the two systems. As displayed in
Table 3, the amount of Ag lost in the Ag/TiO;NTAs/PMS/VL system
from the first to the fourth cycle was 8.01, 0.20, 0.05, and 0.004 mg/L,
respectively. However, the value identified in Ag/SCA/TiOoNTAs/PMS/
VL system from the first to the fourth cycle was only 0.39, 0.018, 0.004,
and 0.001 mg/L, respectively. Additionally, Ag leaching of the two
systems in Milli-Q water in the absence of E. coli was also conducted, and
was shown in Table S1. It can be concluded that the presence or absence
of E. coli had little effect on Ag leaching, indicating that there is little
adsorption or interaction between Ag and E. coli. Notably, based on the
Table 3, Ag loss percentage of Ag/TiO2NTAs/PMS/VL system was only

@

Inactivation efficiency =

photocatalyst concentration(g/L) X inactivation time(min)
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Fig. 6. Cyclic experiments for E. coli inactivation in Ag/SCA/TiO;NTAs/PMS/VL and Ag/ TiO;NTAs/PMS/VL systems (a), repeated experiments in Ag/SCA/
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conditions: [bacteria] = 10° CFU/mL, [pH] = 7.5, [PMS] = 0.05 mM. The inactivation experiments were performed in triplicate (the standard error was found to be

of ~5 %).

4.6 %, however, the XRD and XPS characterization of the used Ag/
TiOoNTAs indicated that a serious Ag leaching occurred in Ag/TiOoN-
TAs. This might be due to that the filtration before the ICP-MS test would
trap most of Ag in the Ag/TiOo;NTAs/PMS/VL system, because of the
pore size of the filter membrane is 0.22 pm, which is much smaller than
the size of most of AgNPs (Figs. 2b and S5a). While, it hardly affects the

Table 3
Ag leaching in different systems from the first use to fourth use in the presence of
E. coli.

System Number of cycles/Ag leaching (mg/L)
1 2 3 4
Ag/TiO;NTAs/PMS/ 8.01 + 0.20 £+ 0.05 + 0.004 +
VL 0.223 0.015 0.010 0.001
Ag/SCA/TiO,NTAs/ 0.39 + 0.018 + 0.004 + 0.001 +
PMS/VL 0.010 0.001 0.001 0.0001

Ag/TiOoNTAs/PMS/VL system:

Ag loss content in = (8.01 + 0.2 + 0.05 + 0.004) mg/L * (1 L/1000 mL) * 50 mL
= 0.41 mg.

Ag loss ratio = 0.41/9 x 100 % = 4.6 %.

Ag/SCA/TiO;NTAs/PMS/VL system:

Ag loss content in = (0.41 + 0.021 + 0.004 + 0.001) mg/L * (1 L/1000 mL) * 50
mL = 0.02 mg.

Ag loss ratio = 0.02/5 x 100 % = 0.4 %.

Ag leaching in Ag/SCA/TiO;NTAs/PMS/VL system, since the AgNPs
sizes of Ag/SCA/TiOoNTAs were ranged from 13 to 46 nm (Fig. S6),
which was much smaller than 0.22 pm. Even so, Ag ion leaching (did not
contain leached AgNPs) in the Ag/TiO;NTAs/PMS/VL system after
filtration was much larger than the total Ag leaching in Ag/SCA/
TiOoNTAs/PMS/VL system, which was further clarified the stability of
Ag/SCA/TiO2NTAs photocatalyst. The detected Ag leaching in the sys-
tem without SCA might also be due to that a part of Ag aggregates
dissolve in solution and then pass through the filter membrane. More-
over, the t-test results about Ag leaching in the two systems showed the
significant difference (p < 0.05) (Fig. S8), further demonstrating that
SCA could effectively prevent Ag leaching. It was worth noting that the
EPA (United. States. Environmental Protection Agency) recommends
drinking water contain no >0.05 mg/L of Ag. Therefore, if Ag/SCA/
TiOoNTAs/PMS/VL system was applied in practice, pre-experiment
should be conducted several rounds in a specific reactor to avoid the
Ag lost exceeding the limit value, and this was also conductive to the
subsequent recovery of Ag.

The ICP-MS results verified our speculation and demonstrated the
high reusability of Ag/SCA/TiO;NTAs. The high reusability of Ag/SCA/
TiOoNTAs could be ascribed to the ‘bridging’ effect brought by SCA
(Sang et al., 2017; Zheng et al., 2019), in which the silanol hydroxyl
groups of SCA could connect with TiO;NTAs, and the vinyl group of SCA
could coordinate the AgNPs (Burgess and Steel, 2011; Fu et al., 2021), in
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Table 4
Comparation of different photocatalytic AOPs towards E. coli inactivation under visible light irradiation.
Photocatalyst Light intensity =~ Photocatalyst PMS Inactivation Bacterial Inactivation efficiency  Cycle Ref
(W/m?) concentration (g/L) (mg/L) time (min) reduction (CFU/ (CFU/(g-min)) index
mL)
Chlorella 1000 1.0 - 60 10° 1.67 x 107 4 Xu et al., 2022
@Fe;0,@BiOCl

La-doped CeO, 46.5 + 0.6 4.0 - 150 10* 1.67 x 10* 6 Chatterjee
et al., 2023

P/Ag/Ag>0/ 750 0.5 - 20 107 1.00 x 10° 5 Liu et al

AgsP0O,/TiOy

Ag/g-CaN, 2710 0.1 - 120 107 8.33 x 108 4 Wei et al., 2020

Ce0,/g-C3Ny 1760 0.2 - 180 107 2.78 x 108 Unknown  Huang et al.,
2021

GO/TiO, 500 1.05 - 30 10% 3.17 x 10* Unknown  Ch-Th et al.,
2021

3D-rGO 380 0.001 10 30 2 x 10° 6.67 x 10'° Unknown  Karbasi et al.,
2020

N-MgO@Fe304 430 0.1 75 15 10° 6.67 x 108 Unknown  Akbari et al.,
2022

Cu-TCPP(BA)-MOF 2000 0.094 94.3 50 107 4.70 x 10%° 5 Bai et al., 2022

g-CaNy 1500 0.1 153.5 120 10° 8.33 x 10° 5 Zhang et al.,
2021

Ag/SCA/TiO,NTAs  93.5 + 0.5 0.14 15.35 60 10° 1.19 x 10® 10 This work

this way, the adhesion strength between Ag and TiO,NTAs was greatly
improved, resulting in a highly reusable catalyst. It was worth noting
that the maximum leaching of Ag* in the Ag/SCA/TiO,NTAs/PMS/VL
system was 0.39 mg/L, which was lower than the suggested Minimum
Inhibitory Concentration of Ag™ for E. coli (0.78 mg/L) (Liu et al., 2021),
implying that the effective inactivation of Ag/SCA/TiOoNTAs/PMS/VL
system was mainly ascribed to photocatalytic oxidation performance of
the system, rather than any homogeneous the antibacterial effect
brought by the released Ag™" from the catalyst. In addition, it was found
that the Ag/SCA/TiOoNTAs/PMS/VL system could still achieve 6-log
inactivation after ten cycles of uses (Fig. 6b), manifesting the excellent
reusability Ag/SCA/TiO;NTAs possesses.

Furthermore, to explore the physicochemical stability of photo-
catalyst, a series of characterization of Ag/SCA/TiO2NTAs before and
after the reaction were provided. As can be seen, the XRD patterns
(Fig. 6¢) were almost identical before and after four cycles of use. In
addition, although the XPS survey demonstrated that the chemical
composition of the sample was the same before and after used (Fig. S3a),
the peak intensity of Ag 3d after used was a little weaker than the fresh
one. Likewise, the UV-vis DRS spectrum showed that in the VL region,
the peak intensity of the used Ag/SCA/TiO2NTAs was a slight decrease
compared to the fresh one (Fig. S3b). The above phenomena could also
be ascribed to the loss of Ag. Even so, the used Ag/SCA/TiOoNTAs was
still displayed a relatively intense absorption in the VL region, sug-
gesting the good stability of the catalyst. The above description indicates
that Ag/SCA/TiOsNTAs possesses highly stable physicochemical prop-
erties. Combining the facile preparation, no need for separation (as
slurry TiOg needs), and high recycling ability, the developed photo-
catalytic system may serve as a good candidate in a real environment for
efficiency and sustainable application.

3.3. Pathways and species involved in E. coli inactivation

To identify the possible reactive species involved in Ag/SCA/

Table 5

Physicochemical characteristics of the waters used in the experiments.
Parameter Milli-Q water Tap water
pH 6.5 7.3
TOC (mg/L) <0.05 1.7-2.4
Chloride (Cl~, mg/L) - 11-24
Sulfate (SO3~, mg/L) - 3.0-19

Nitrate (NO3, mg/L) - 1.0-7

TiOoNTAs/PMS/VL system, different quenchers were employed to trap
potential reactive species. It should be noted that in these scavenging
experiments, the chosen quenchers should have no toxicity towards
bacteria. Therefore, based on previous studies, NaCl, isopropanol, so-
dium oxalate, superoxide dismutase (SOD), and L-histidine were chosen
as quenchers for SOY, *OH, h*, 0% and 10,, respectively, and the con-
centration limits of each the quencher were also verified to be harmless
to bacteria in control tests (Jiang et al., 2022; Karbasi et al., 2020;
Kohantorabi et al., 2021a). As shown in Fig. 7a, there was significant
scavenging of the inactivation effect, but no big difference in inactiva-
tion efficiency between the tests where NaCl and isopropanol were
added into the system; the inactivation rate was reduced by about 3.3-
log and 3.5-log, respectively, suggesting that both SOF and °*OH
contributed to E. coli inactivation during the reaction process. Sodium
oxalate exhibited a lower inhibition on inactivation rate (about 2-log),
implying that h™ was also involved in E. coli inactivation, but made
less contribution compared to SO3” and *OH. When SOD was introduced
into the system, the bacteria could still be completely inactivated within
60 min, thus ruling out the participation of O%, but raises the question of
singlet oxygen participation. For this species, after L-Histidine was
introduced into the system, the inactivation rate was reduced by about
4-log, indicating that 10, might be involved in E. coli inactivation since
L-Histidine could also react with PMS and therefore decrease the inac-
tivation rate. To further confirm the role of 102, the inactivation
experiment was also performed in D50, since the lifetime of 10, in D,0
is 10 times longer than that of HyO (Yun et al., 2018). As displayed in
Fig. 7b, E. coli inactivation in DO was faster than that of H50,
demonstrating that 10, was indeed involved in the inactivation. Based
on the above results, it can be preliminarily inferred that SO¥, *OH, h™,
and 10, were all involved in E. coli inactivation in the Ag/SCA/TiOoN-
TAs/PMS/VL system.

The EPR measurements were conducted to further explore the
reactive species by using DMPO and TEMP as spin trapping reagents. It
can be clearly seen from Fig. 7c that none of the characteristic peaks of
reactive species appeared in the DMPO group in the dark. With the light
was turned on, a distinctive signal with quadruple peaks, and with an
intensity ratio of 1:2:2:1 appeared, which is ascribed to the character-
istic peaks of DMPO-*OH and DMPO-SO%” adducts (Wang et al., 2014).
There were no characteristic signals of O3 emerging in the system (data
not shown), which was consisted with the result of the quenching ex-
periments. In addition, a triple peak signal with a ratio of 1:1:1 was
observed in Fig. 7d, which could be assigned to the characteristic peaks
of TMP-10, (Zhou et al., 2015).
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Fig. 7. Effects of various quenchers on E. coli inactivation (a); E. coli inactivation in H,O and D20 (50 %) systems (b); DMPO (c) and TEMP (d) spin-trapping EPR
spectra. Experimental conditions: Ag/SCA/TiO,NTAs/PMS system, [bacteria] = 10° CFU/mL, [PMS], = 0.05 mM, [NaCl] = 0.3 mM, [IPA] = 0.3 mM, [Sodium
Oxalate] = 0.3 mM, [SOD] = 50 units/mL, [L-Histidine] = 10 mM, T = 25 °C. Experimental conditions: [bacteria] = 10° CFU/mL, [pH] = 7.5, [PMS] = 0.05 mM.
The inactivation experiments were performed in triplicate (the standard error was found to be of ~5 %).

Among the four tested reactive species, the source of 10, is worthy of
further investigation, since the source and generation of the other three
reactive species can be easily inferred. In general, as a precursor of 10y,
0% can induce the production of 10, (Dong et al., 2020; Zhou et al.,
2022). However, the quenching tests and EPR measurements have
revealed that O3 was not present in the system. Therefore, there must be
another way that exists in the system to induce the formation of '05. Gao
et al. (2019) used perovskite to activate PMS to degrade ofloxacin and
found that 10 could be generated by PMS and oxygen vacancies (Ov) of
perovskite, and the amount of 10, is positively correlated with the
concentration of Ov. Inspired by this, it was reasonable to deduce that
Ov could also be formed in Ag/SCA/TiOoNTAs during the reaction
process, which was then reacted with PMS to induce the formation of
10,. Thus, to prove this speculation, the high-resolution XPS spectra of
O1s and Ag3d in the used Ag/SCA/TiOsNTAs were also analyzed and
compared with the fresh one. As depicted in Fig. 3d, in Ols high-
resolution spectrum, no characteristic peaks of Ov (531.0 eV) were
observed in the fresh sample, while it was found in the used one, man-
ifesting that Ov was formed during the reaction. Additionally, in the
Ag3d high-resolution XPS spectra (Fig. 3b), the characteristic peaks of
Ag" appeared in the used Ag/SCA/TiO,NTAs (peaks at 367.5 eV and
373.5 eV) (Thomas et al., 2012). However, no characteristic peak of Ov
was observed in the used Ag/TiO;NTAs (Fig. S4), and the characteristic
peak of Ag disappeared, which could be due to the serious Ag leaching
without SCA (Jia et al., 2023). Moreover, no Ag—O bond (528.5 eV) was
found in the Ols high-resolution XPS spectra of the used Ag/SCA/
TiOoNTAs (Fig. 3d), this precluded the presence of Ag,O (Cui et al.,

10

2017), indicating that the Ag" generated in the catalyst was not con-
verted into Ag oxide, which indirectly proved the possibility formation
of Ov.

In the same line of work, Li et al. (2020) found that during the
synthetic process of Ag-doped ZnO by an electrochemical deposition
method, when Ag* replaced Zn?" in ZnO, Ov could be formed owing to
the difference of valence state between Ag* and Zn?". Likewise, in this
work, during the photo-deposition process, Ag* could also replace Ti**,
resulting in the formation of Ov due to the difference in the valence state
between Ag™ and Ti**. Thus, the discovery of Ag™ in the used Ag/SCA/
TiO2NTAs could be further evidence for the existence of Ov. Based on
the XPS analysis, it can be concluded that Ov was formed in Ag/SCA/
TiOoNTAs during the reaction process, which was then leading to the
generation of 10, by reacting with PMS.

Based on the above analysis, the probable inactivation mechanism of
Ag/SCA/TiO2NTAs/PMS/VL system was proposed. As depicted in Fig. 8,
by using SCA as a binder, AgNPs were firmly fixed on TiOoNTAs surface.
In addition to the inactivation effect brought by Ag itself (a very minor
part as discussed in 3.3.1), the bacteria inactivation was mainly attrib-
uted to the reactive species generated in the system. Owing to the
introduction of SCA, AgNPs could be well dispersed on the surface of
TiO,NTAs in the form of Ag’, and thanks to the SPR effect brought by
AgNPs, the photo-excited electrons (e™) could be injected into the CB of
TiOaNTAs directly. In this way, the photo-excited electron-hole pairs
could be effectively separated (Eq. (2)). Then, the holes (h™) accumu-
lated on TiO2NTAs could inactivate E. coli directly on the surface of Ag/
SCA/TiONTAs, or react with the adsorbed H,0 or -OH to generate *OH
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Fig. 8. Proposed mechanism of E. coli inactivation in Ag/SCA/TiO,NTAs/PMS/

VL system.

(Eq. (3)). As an electron acceptor, PMS could trap e~ to produce SO
(Eq. (4)), which further promote the separation of photo-generated
carriers, and SOJ could also react with HO to form *OH (Eq. (5)). Be-
sides, Ag® could activate PMS to generate SO, during this process, Ag®
transformed to Ag+ (Eq. (6)), Ag+ could replace Ti** sites in TiO5 and
leading to the formation of Ov. Then, 'O, would be generated by the
reaction between Ov and PMS (Eq. (7)) (Gao et al., 2019). Meanwhile, a

(a)
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part of Ag+ would be reduced by e” /PMS to Ag0 again (Egs. (8) and (9))
(Jia et al., 2023). Owing to the introduction of SCA, the regenerated Ag°
would be firmly fixed on the surface of TiOoNTAs, and scarcely leaching
into the solution, then repeated the reaction of Eq. (6) to Eq. (9), forming
a stable Ag® — Ag* cycle in the Ag/SCA/TiO>NTAs/PMS/VL system (Jia
et al., 2023), hence the homogeneous reactions are negligible, and it is

the catalyst leading the highly effective inactivation of E. coli.

Ag/SCA/TiO,NTAs + hv—e~ +h*
h* + H,0/ — OH—-OH + H*

HSOs™ 4+¢ —=S0,*” +OH™

SO,*” +H,0—H" + 50, + OH
Ag’ +HSOs™—Ag"™ +S0,°~ + OH™
Oy +HSOs —'0, + HSO,~

Ag' 4+ HSOs —Ag’ +SOs*” +H*

Agt+e —Ag’

3.4. Effect of water matrices on E. coli inactivation

@
3
C)
(5)
(6)
)
(8)

)]

To evaluate the possibility to apply this catalyst in real water
matrices, the effects of naturally encountered inorganic anions on E. coli
inactivation in Ag/SCA/TiO,NTAs/PMS/VL system were explored,
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10° . o _ T
10 igé —
I ]
10° 10° 4 .o Q\é
~§\\l
~ S~ \ é
= - \
£ 10" £ 10% 5 \
~ R \
= =) \
= = \
Q 1074 Q 10° 5 \
N’ -’ - \
".§ = HCO;, \
\
S 104 Sipd -o omM .
& K —o— I'mM R
—o— 5mM N
1 1
10 10 —o— 10 mM
10° T T 10° T T T T T
0 30 60 0 10 20 30 40 50
Time (min) d Time (min)
(©) (d),.
o ——_— RO~
RS - 10° 4 §\ \
10° 5 -~ 9,
LN
~
) R = o
£ 10* 5 . E 103
< \ oy ?
= \ 2
= N =
10’ Q 107+
= = HA
5 H,PO," 2
S1°{  -o- 0mM Q24 O Omgl
5 —o— | mM N —o— I mg/L
o 5mM —o— 2mg/L
10" 5 m 10§ —o— s5mgL
—o— 10 mM
10° T T T T T 10° T T " T T
0 10 20 30 40 60 0 10 20 30 40 50

Time (min)

Time (min)

Fig. 9. Effects of (a) C1~, (b) HCO3, (c) HoPO4 and (d) HA on the inactivation efficiency of Ag/SCA/TiO,NTAs/PMS/VL system, Experimental conditions: [bacteria]

=10° CFU/mL, [pH] = 7.5, [PMS] = 0.05 mM. The inactivation experiments were performed in triplicate (the standard error was found to be of ~5 %).
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Fig. 10. The inactivation efficiency of TiO,NTAs/PMS/VL and Ag/SCA/
TiOoNTAs/PMS/VL systems in different water bodies. Experimental conditions:
[bacteria] = 10° CFU/mL, [pH] = 7.5, [PMS] = 0.05 mM. The inactivation
experiments were performed in triplicate (the standard error was found to be of
~5 %).

three common inorganic salts, i.e., NaCl, NaHCO3 and NaH;PO4 were
spiked into the reaction system. In addition, since the organic contam-
inants are usually present along with microbial agents in aqueous
matrices, humic acid (HA), one of the most common NOM in natural
water bodies was chosen as a representative organic compound to
evaluate the effect of organic contaminants on the inactivation effi-
ciency of E. coli in the developed system. The inactivation efficiency of
E. coli with different amounts of inorganic ions and HA were studied and
the results were displayed in Fig. 9.

As displayed in Fig. 9a, with the Cl™ concentration increased from
0 to 10 mM,, the inactivation efficiency was significantly improved. At
the concentration of 10 mM, the bacteria could be totally inactivated
within 10 min. This could be ascribed to the fact that the concentration
of CI” (1 mM, 5 mM, and 10 mM) was much higher compared to the
concentration of PMS (0.05 mM) used in the system. The excess Cl™
could induce the formation of CI~ based radicals, HOCI and Cl,, which
can participate in E. coli inactivation (Anipsitakis et al., 2008; Liang
et al., 2006). Notably, in the quenching experiments, the addition of
NaCl inhibited the E. coli inactivation; this could be ascribed to the
concentration of NaCl used in the quenching experiments, which was
only 0.3 mM. At low concentrations, Cl~ could react with SO% to
generate chlorine radicals, but not in excess. Compared with SO, these
chlorine radicals own a lower oxidation potential, thereby restraining
E. coli inactivation (Anipsitakis et al., 2008).

HCO3 showed an inhibitory effect on the inactivation of E. coli
(Fig. 9b). With the concentration increase from 0 to 5 mM, the inacti-
vation of E. coli was almost completely inhibited. This phenomenon
could be attributed to: (i) the role of (bi) carbonate as a quencher for
SO and *OH; HCO3 could react with the two radicals to generate CO3,
which, despite its long lifetime, it possesses a lower oxidation ability
compared with *OH and SO% (Hu and Long, 2016), thus suppressed the
inactivation; (ii) HCO3 might have complexed with Ag metal (Huang
et al., 2016); this would destroy the Ag® < Ag* cycle in the system as
discussed in Section 3.3, resulting in the less production of reactive
species in the system. It should be noted that with the concentration of
HCOj3 further improved to 10 mM, a small number of bacteria were
inactivated, this might be due to that the high concentration of HCO3
increased the pH of the system (about 10.7). This pH condition is outside
the normal survival margin for E. coli (pH:4-9), and may cause inacti-
vation due to protein denaturation.
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As depicted in Fig. 9c, three different concentrations of HoPOy all
exhibited complete inhibition of E. coli inactivation. This could be
explained by the fact that HoPOy is also a quencher for SO5 and *OH (Oh
et al., 2016). In addition, HoPO4 might also react with Ag metal to form
a complex by chelating reaction (Qi et al., 2014), the generated complex
would occupy the active reaction sites on the surface of Ag/SCA/
TiOoNTAs, this would terminate the generation of reactive species in the
system, thus retarding E. coli inactivation.

Fig. 9d depicts the effects of HA of different concentrations on E. coli
inactivation in Ag/SCA/TiOoNTAs/PMS/VL system. As it can be seen,
when 1 mg/L of HA was introduced to the system, the inactivation ef-
ficiency of E. coli was greatly improved, with 6-log inactivation was
achieved within 30 min. This was attributed to that HA could be excited
under VL irradiation, then PMS could be activated by the VL-excited HA
to generate a series of reactive species for the oxidation of the targets in
the system (Jia et al., 2020a). However, with the concentration of HA
increased from 2 to 5 mg/L, the inactivation efficiency showed a
decreasing tendency. The reason could be ascribed to the excess HA: (i)
it can occupy the reactive sites of the photocatalyst to reduce the for-
mation of reactive species, (ii) it could cause a light shielding effect,
which would reduce the light absorption of the system, resulting in less
photons available for the photocatalytic reactions in the system. Besides,
one-way ANOVA results show that all p-values of above factors were <
0.05 (Table S2), indicating the statistically significant differences be-
tween the concentration of the above water matrix (inorganic anions
and HA) and E. coli inactivation. The corresponding post hoc tests were
also conducted to show the specific concentration groups differed
(highlighted in bold, Table S4-S7).

To further evaluate the practical application of the constructed sys-
tem, it is necessary to investigate the disinfection performance of the
system in actual water bodies. As discussed above, the system may not
work in high levels of inorganic salt since two of the three inorganic salts
inhibited the inactivation performance of the system, therefore, the tap
water of Madrid was employed and was compared with Milli-Q water.
As shown in Fig. 10, when in tap water, the inactivation performance of
both TiO2NTAs/PMS/VL system and Ag/SCA/TiOaNTAs/PMS/VL sys-
tem was significantly enhanced, with the complete inactivation ach-
ieved within 30 min and 60 min, respectively, which was faster than that
of Milli Q water system. Based on the properties of tap water (Table 5)
and the analysis above, in addition to the facilitating effect brought by
Cl™, a small amount of the dissolved organic matter in tap water might
be also responsible for the enhanced inactivation efficiency as discussed
in the HA effect section. The above results manifested that Ag/SCA/
TiOoNTAs/PMS/VL system may act as a good candidate for tap water or
even upstream treatment during the drinking water treatment train.

4. Conclusions

In conclusion, the use of SCA as a binder to immobilize AgNPs on
TiO2NTAs led to excellent performance and stability of the photocatalyst
to effectively photo-catalyze bacterial disinfection, and the inactivation
efficiency was greatly enhanced after PMS was added to the system. Ag/
SCA/TiO,NTA/PMS/VL system possesses excellent stability and reus-
ability, after 10 consecutive runs, 6-logU bacterial inactivation could
still be achieved with minimal Ag leaching. The mechanism study sug-
gested that both radical (SOZ, *OH) and non-radical h™, 102) pathways
were attributed to inducing E. coli inactivation. The effect of inorganic
anions experiments demonstrated that Cl~ considerably promote the
inactivation of the system, while HCO3 and HyPOj3 exhibited inhibitory
effect. The low dose of HA facilitated the inactivation processes, while
the higher dose suppressed the bacteria inactivation. Taking into ac-
count the facile preparation processes, high inactivation efficiency,
excellent stability, and good performance in actual water matrix, the
present newly developed SCA immobilized Ag/TiO,NTAs photocatalyst
can be expected to be a bright candidate for sustainable environmental
practical application.
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