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A B S T R A C T   

To enhance the photocatalytic activation of peroxymonosulfate (PMS), the precious metal was used to modify the 
catalyst. However, the catalyst suffered from metal leaching due to the oxidation of zero-valent metal into the 
ionic state by PMS. Herein, the silane coupling agent, KH570, was selected to fix metal Ag on the surface of TiO2 
nanotubes arrays (TiO2NTAs) firmly and dispersedly. The prepared Ag/KH570/TiO2NTAs were efficient visible- 
light (VL) photocatalytic PMS activators for the degradation of bisphenol A (BPA). The Ag/KH570/TiO2NTAs/ 
PMS/VL system exhibited a higher degradation rate (kobs = 0.1 min− 1) and exceptional stability even after 30 
cycles (0.098 min− 1) compared to Ag/TiO2NTAs/PMS/VL system (0.074 and 0.015 min− 1 for first and fourth 
use, respectively). KH570 well-dispersed Ag0 on the surface of TiO2NTAs showed significantly enhanced VL 
absorption, photo-generated current, and electro-transfer ability, which boosted PMS activation. The Ag0 also 
activated PMS and converted to Ag+, which was quickly reduced to Ag0 again by photo-generated electrons. 
KH570 well-immobilized Ag0/Ag+ promoted above catalytic cycles with minimal Ag leaching. Activation of PMS 
by the photo-generated electrons and Ag0 resulted in the generation of •OH and SO4

•− , which seized the principal 
position for BPA removal. The wide pH adaptability and production of more oxidant in water matrixes (Cl− , 
HCO3

− , and humic acid) enabled Ag/KH570/TiO2NTAs/PMS/VL system to exhibit excellent performance in the 
actual waterbodies (groundwater and tap water). This work would provide useful information in the construction 
of stable zero-valent metal modified catalysts for the (photo)catalytic activation of PMS/persulfate.   

1. Introduction 

Advanced oxidation processes based on peroxymonosulfate (PMS) 
have been extensively regarded as efficient methods for the elimination 
of organic compounds [1,2]. PMS cannot only oxidize organic pollutants 
in water itself, but also be activated to form other reactive oxygen 
species (such as SO4

⋅− , •OH, and 1O2) to oxidize organics [3–5]. Ap
proaches to activate PMS include ultraviolet radiation [6], ultrasound 
[7], thermolysis [8], homogeneous/heterogeneous catalysis [9,10], etc. 
Among them, heterogeneous catalytic activation has received wide
spread attention due to the cost-effectiveness, strong applicability, and 
sustainability of catalyst [1]. Metal oxides are one of the most commonly 

used catalysts. The activation process usually follows the redox reaction 
of the variable valence metals with PMS to form reactive species [11]. 
Some metal oxide semiconductors (TiO2, BiOCl, Fe2O3, Bi2MoO6, etc) 
can conduct photocatalytic activation of PMS via the photo-generated 
electrons to convert PMS into reactive oxidants [12–16]. This process 
combines the dual merits of photocatalysis and PMS activation oxida
tion. Besides, the element doped metal oxide, single atom modified 
metal oxide, and composite metal oxide are developed to improve the 
performance of photocatalytic activation of PMS [17–25]. Nevertheless, 
the activity of these catalysts decreases apparently after several cycles of 
operation, and/or the powder catalysts are difficult to separate and 
recycle, which is easy to cause secondary pollution. 
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Among metal oxides, TiO2 nanomaterials have been widely studied 
in the field of photocatalytic water purification due to their advantages 
of chemical stability, cheapness, and non-toxicity [26–28]. To improve 
the practicability of TiO2, TiO2 nanotubes arrays (TiO2NTAs) were 
synthesized vertically on Ti-metal substrate by electrochemical anod
ization [15,29]. The oriented tubular structure of TiO2NTAs provides 
exceptional charge transport and light harvesting capabilities [30]. 
Moreover, the chemical bonding of TiO2NTAs to the Ti-substrate enables 
easy recovery of the catalyst for long-term usage. Nevertheless, the low 
VL absorption of TiO2NTAs hinders its application. To solve this disad
vantage, TiO2NTAs are modified with noble metals [29,31,32]. For 
instance, surface plasmon resonance (SPR) of zero-valent silver (Ag0) 
can enhance the utilization of VL [33]. Usually, Ag0 is loaded onto the 
TiO2NTAs surface without chemical bonding through the deposition 
method [34,35]. To our knowledge, the Ag0-modified TiO2 photo
catalyst for PMS activation has been rarely reported. The reason may be 
that the addition of PMS oxidizes Ag0 into ionic state and reduces its load 

stability. Previous studies have reported that silane coupling agents can 
improve the adhesion of catalyst through their powerful “bridging” ef
fect [36–38]. Their molecular structure can be expressed as Y-R-SiX3. 
The -X represents halogen, acetoxy, alkoxy, etc., and their hydrolysis can 
result in the generation of silanol hydroxyl groups (-Si-OH), which can 
bond to the surface of inorganic materials through hydrogen bonding or 
dehydration [38]. The -Y represents amino, mercapto, vinyl (alkene), 
etc, which can chelate/coordinate metals [39–42]. Given the adhesion 
function of silane coupling agents, they can be used to connect Ag0 with 
TiO2NTAs for improving its stability in PMS activation. 

Herein, the silane coupling agent, KH570, was attempted to immo
bilize metal Ag on the surface of TiO2NTAs. The prepared Ag/KH570/ 
TiO2NTAs were applied for photocatalytic activation of PMS by VL (Ag/ 
KH570/TiO2NTAs/PMS/VL) to degrade bisphenol A (BPA), a typical 
endocrine disruptor that is frequently detected in various water envi
ronment and can produce toxic effects after entering the human body 
[43]. KH570 fixed Ag nanoparticles enhanced BPA removal and 

Fig. 1. XRD patterns of catalysts (a); Full-scale XPS spectra of catalysts (b); High-resolution spectra for Si 2p (c), Ag 3d (d), O 1s (e), and C 1s (f) of Ag/KH570/ 
TiO2NTAs samples. 
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achieved long-term stable PMS activation. The reactive species for 
oxidation of BPA were identified, and the probable reaction mechanism 
was proposed. Additionally, the effects of reaction parameters and water 
matrixes on the degradation performance were investigated. Finally, 
BPA removal in real waterbodies by Ag/KH570/TiO2NTAs/PMS/VL 
system was evaluated. 

2. Materials and methods 

2.1. Chemicals and reagents 

Chemicals and reagents were provided in Supplementary Materials 
(Text S1). 

2.2. Preparation of Ag/KH570/TiO2NTAs 

The preparation process of Ag/KH570/TiO2NTAs was illustrated in 
Fig. S1. First, TiO2NTAs were prepared on Ti mesh using the anodization 
method. The detailed procedures are described in Text S2. Second, 
TiO2NTAs were immersed into 50 mL mixed solution (water: ethanol =
1:1 in volume) containing 0.25 g KH570, and the solution was contin
uously stirred for 60 min at 80 ◦C to obtain KH570 coated TiO2NTAs 
(KH570/TiO2NTAs). Afterward, KH570/TiO2NTAs were washed with 
ethanol to remove the residual KH570, and dried at 60 ◦C for 120 min. 
Third, Ag-decorated KH570/TiO2NTAs (Ag/KH570/TiO2NTAs) were 
synthesized by photodeposition, which was irradiated by 300 W Xenon 

lamp in 0.01 mol/L AgNO3 solution for 60 min. The obtained Ag/ 
KH570/TiO2NTAs were rinsed with deionized water and dried at 60 ◦C 
for 1 h. For comparison, Ag directly deposited TiO2NTAs without KH570 
pretreatment were also prepared and named Ag/TiO2NTAs. The 
methods of characterization of catalyst were given in Text S3. 

2.3. Evaluation of degradation performance 

The schematic diagram of the experimental device was depicted in 
Fig. S2. BPA degradation experiments were performed in a 100 mL 
beaker containing 50 mL BPA (10 mg/L). The VL was provided using a 
300 W Xenon lamp equipped with a 400 nm cut-off filter. The light in
tensity on the catalyst surface was 70 mW/cm2. The reaction area of 
catalyst was 1 × 2 cm2. The reaction solution was sampled at specified 
time intervals, filtered with 0.22 μm PTFE membrane and injected into a 
vial containing excessive methanol (MeOH) to terminate the reaction. 
The BPA concentration was determined by an ultra-performance liquid 
chromatography (UPLC, Waters, USA) equipped with a BEH C18 column 
(1.0 mm × 50 mm × 1.7 μm) and a UV detector (λ = 230 nm). The 
mobile phase was comprised of methanol and ultrapure water (V/V =
65/35) at a flow rate of 0.1 mL/min. The concentration of Ag ion in 
solution was determined with an inductively coupled plasma mass 
spectrometry (ICP-MS, NexION300Q, PerkinElmer). The PMS concen
tration was quantified with the ABTS method on a UV–Vis spectropho
tometer (T6, PERSEE). 

Fig. 2. SEM images of TiO2NTAs (a, b), Ag/TiO2NTAs (c, d), and Ag/KH570/TiO2NTAs (e, f).  
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2.4. Photoelectrochemical measurement 

The photoelectrochemical properties of the samples were analyzed 
on a CHI760E electrochemical workstation. In a typical three-electrode 
system, the Pt electrode, saturated calomel electrode (SCE), and pre
pared catalyst were used as the counter electrode, reference electrode, 
and work electrode, respectively. The 0.5 M of Na2SO4 solution and a 
300 W Xenon lamp with a 400 nm cut-off filter were employed as sup
porting electrolyte and light source, respectively. 

3. Results and discussion 

3.1. Characterization of Ag/KH570/TiO2NTAs catalyst 

Fig. 1a shows the XRD patterns of the catalysts. All samples exhibited 
the obvious phase of Ti metal at 38.4◦, 40.2◦, and 53.1◦ (JCPDS NO. 
44–1294). The diffraction peaks at 25.6◦ and 63.1◦ belonged to (101) 
and (204) crystal planes of anatase TiO2 (JCPDS NO. 21-1272), 
respectively [44]. Both Ag/TiO2NTAs and Ag/KH570/TiO2NTAs 
exhibited two Ag0 peaks at 44.4◦ and 64.5◦, corresponding to the (200) 
and (220) planes, respectively [33,45]. Notably, the (101) crystal plane 
of TiO2 in Ag/TiO2NTAs disappeared, possibly due to the covering of 
metal Ag. Compared with Ag/TiO2NTAs, Ag/KH570/TiO2NTAs clearly 
showed lower peak intensity and wider peak width (half height) for 
diffraction peak of Ag0. According to the Debye-Scherrer formula, the 
size of Ag0 particle in Ag/KH570/TiO2NTAs samples was smaller than 
that in Ag/TiO2NTAs samples. This indicated that Ag0 particles might 
aggregate on the surface of TiO2NTAs, while KH570 could disperse Ag0 

particles. 
The elemental composition and chemical state of the catalysts were 

analyzed by XPS measurement. The C, Ag, O, and Ti elements were 

observed in Ag/KH570/TiO2NTAs full-scale spectrum (Fig. 1b), while 
the Si element could be only found in the high-resolution spectrum due 
to its weak intensity (Fig. 1c). The peak intensity of Ag element in Ag/ 
TiO2NTAs exceeded that in Ag/KH570/TiO2NTAs (Fig. 1b and 7). It 
suggested that Ag content in Ag/TiO2NTAs samples was higher under 
the same photo-reduction time. The high-resolution Ag 3d spectrum of 
Ag/KH570/TiO2NTAs exhibited two Ag0 peaks at 374.1 and 368.1 eV 
(Fig. 1d) [46]. The O 1 s spectrum was divided into three peaks (Fig. 1e). 
The peaks at 530.1, 531.9, and 532.9 eV were indexed to the lattice 
oxygen of TiO2, Ti-O-Si bond, and adsorbed –OH, respectively [47–49]. 
The C 1 s spectrum also consisted of three peaks (Fig. 2f). The peak of 
284.6 eV was attributed to the C–H or C–C bonds of adventitious carbon. 
The C=C/C–O (286.2 eV) and C=O (288.5 eV) bonds were ascribed to 
the introduction of KH570 [50]. Overall, the XPS results indicated that 
KH570 was successfully grafted onto the surface of TiO2NTAs, and the 
Ag element existed in the form of zero-valent Ag, which was consistent 
with the XRD result. 

The morphologies of catalysts were shown in Fig. 2. TiO2NTAs pre
sented a smooth nanotube surface. In the SEM images of Ag/TiO2NTAs, 
the large cubic Ag0 particles of 200–250 nm were deposited on the 
surface of TiO2NTAs. Nevertheless, the introduction of KH570 resulted 
in the generation of smaller Ag0 nanoparticles, with a size of around 50 
nm. Nanoscale metal particles would provide more active sites, which 
were more conducive to the catalytic reaction. Previous literature has 
indicated that KH570 could stabilize nanoparticles and prevent their 
aggregation via a bridging effect [38]. Hence, the bridging function of 
KH570 restrained the growth of Ag0 particles during the photo- 
reduction deposition of Ag ions. 

Fig. 3. (a) BPA removal efficiency in different reaction systems under visible light; (b) Kinetics of BPA removal for consecutive four cycles in Ag/KH570/TiO2NTAs/ 
PMS/VL and Ag/TiO2NTAs/PMS/VL systems; (c) Long-term BPA removal in Ag/KH570/TiO2NTAs/PMS/VL system; (d) Ag leaching concentration in (b). Experi
mental conditions: [PMS]0 = 0.5 mM, [BPA]0 = 10 mg/L, [pH]0 = 4.0, T = 25℃. 
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3.2. Evaluation of catalytic performance 

The photocatalytic activation of PMS by the prepared catalyst was 
performed for the degradation of BPA, as shown in Fig. 3. The previous 
study confirmed that the direct VL photolysis hardly removed BPA [16]. 
The BPA removals by catalysts adsorption were also ineffective (<10%) 
(Fig. S3). Even after the addition of PMS, improvement in degradation 
efficiency was not profound. The BPA degradation rates in PMS/dark, 
TiO2NTAs/PMS/dark, Ag/TiO2NTAs/PMS/dark, and Ag/KH570/ 
TiO2NTAs/PMS/dark systems were 10.5%, 15.5%, 19.2%, and 20.3%, 
respectively (Fig. S3). These indicated that the catalysts had a weak 
ability to activate PMS in dark. The alone photocatalytic processes 
showed measurable BPA removals (Fig. 3a), which were 14.2%, 21.8%, 
29.2%, and 36.6% for PMS/VL, TiO2NTAs/VL, Ag/TiO2NTAs/VL, and 
Ag/KH570/TiO2NTAs/VL systems, respectively. The deposition of Ag0 

improved BPA removal apparently, while the introduction of KH570 
further promoted its degradation. Additionally, when PMS was added, 
distinct enhancements of BPA degradation in TiO2NTAs/PMS/VL, Ag/ 
TiO2NTAs/PMS/VL, and Ag/KH570/TiO2NTAs/PMS/VL systems were 
achieved, with removal efficiencies of 53.1%, 98.8%, and >99.9% 
within 60 min, respectively. The BPA degradation data were well-fitted 
with the pseudo-first-order kinetic model. The rate constant of Ag/ 
KH570/TiO2NTAs/PMS/VL system was 0.099 min− 1, which was 1.4 and 
8.3 times that of Ag/TiO2NTAs/PMS/VL (0.069 min− 1) and TiO2NTAs/ 
PMS/VL systems (0.012 min− 1), respectively (Fig. S4). The Ag content in 
Ag/KH570/TiO2NTAs was around 5 wt% (The Ag content of Ag/ 
KH570/TiO2NTAs in the full text was 5% unless otherwise stated), 
which was the optimal amount (Fig. S5). The other Ag content 
(including 1 wt%, 2 wt%, and 10%) modified samples also performed 
higher performance than TiO2NTAs, confirming the critical role of Ag 

for the enhancement of photocatalytic activation of PMS (Fig. 3a and 
S5). It was worth noting that Ag content in the Ag/TiO2NTAs exceeded 
that of Ag/KH570/TiO2NTAs (Fig. 1b and 6). The results indicated that 
the addition of KH570 not only reduced the use of metal Ag but also 
enhanced the removal of BPA. 

The stability of the catalyst is the key to ensuring its continuous 
application. To further highlight the role of KH570, cyclic experiments 
were conducted. As depicted in Fig. 3b and S6, BPA removal efficiency of 
Ag/TiO2NTAs/PMS/VL remarkably decreased as the cycle times 
increased. After four cycles, BPA degradation efficiency was only 54.9%, 
which was almost equal to that of the TiO2NTAs/PMS/VL system 
(53.1%). In contrast, Ag/KH570/TiO2NTAs/PMS/VL system could 
maintain highly efficient and stable BPA removal, even after 30 cycles 
(Fig. 3c). The decrease in BPA removal efficiency of Ag/TiO2NTAs/ 
PMS/VL might be due to a large amount of Ag leaching, while KH570 in 
Ag/KH570/TiO2NTAs could well anchor Ag on the surface of TiO2NTAs 
(Fig. 3d, S7, and 6). KH570 could potentiate the adhesion between Ag 
and TiO2NTAs through the “bridging” function, in which the vinyl group 
in KH570 could coordinate the Ag metal and the silanol hydroxyl groups 
in KH570 would connect with TiO2 [38,42]. The Ag leaching content in 
Ag/KH570/TiO2NTAs (excepting first use) could meet the requirement 
(<0.05 mg/L) of Standards for drinking water quality in China (GB 
5749–2022). Furthermore, more decomposition of PMS by the used Ag/ 
KH570/TiO2NTAs further demonstrated its catalytic potential (Fig. S8). 
Compared with other immobilized catalysts listed in Table S1, Ag/ 
KH570/TiO2NTAs exhibited superior pollutant removal efficiency and 
catalytic stability, as well as reduced oxidant dosage. It was worth 
noting that regardless of whether the Ag content in Ag/TiO2NTAs was 
higher or lower than that in Ag/KH570/TiO2NTAs, the BPA removal 
efficiency in Ag/TiO2NTAs/PMS/VL system was consistently lower than 

Fig. 4. UV–Vis DRS (a) and photo-electrochemical properties (transient photocurrent response spectra for (b), electrochemical impedance spectroscopy Nyquist plots 
for (c), and linear sweep voltammetry curves for (d)) of Ag/TiO2NTAs and Ag/KH570/TiO2NTAs. 
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that of Ag/KH570/TiO2NTAs/PMS/VL system (Fig. 1b, 3, and S7). 
Therefore, it could be inferred that at the same Ag content, the BPA 
removal performance of catalysts with KH570 would still surpass that 
without KH570. 

3.3. Catalytic oxidation mechanism 

The effect of KH570 on light absorption of Ag/TiO2NTAs was studied 
(Fig. 4a). UV–Vis diffuse reflectance spectra (DRS) showed that TiO2N
TAs had ultraviolet light absorption and a small amount of VL absorp
tion due to its band-gap energy of 2.95 eV (Fig. S9). The Ag/TiO2NTAs 
and Ag/KH570/TiO2NTAs exhibited strong absorption in the VL region, 
which was attributed to the surface plasmon resonance of Ag metal [51]. 
By comparison, stronger absorptions in Ag/KH570/TiO2NTAs were 
observed relative to Ag/TiO2NTAs in both ultraviolet light and VL re
gions. The KH570 restrained the growth of Ag0 particles and made Ag0 

nanoparticles disperse well on the surface of TiO2NTAs, resulting in the 
formation of more VL absorption sites to induce surface plasmon reso
nance. After four cycles, Ag/KH570/TiO2NTAs still showed high ultra
violet light and VL absorption, while Ag/TiO2NTAs exhibited a decrease 
in VL absorption due to Ag leaching, in which the curves was almost 
overlapped with that of TiO2NTAs (Fig. S10a). 

The photo-generated electrons and electron-transfer performances 
affect the generation of reactive oxygen species and the degradation of 
pollutants in the photocatalytic activation of the PMS process. Thus, the 
photo-electrochemical performances of the catalysts were studied to 
analyze the mechanism of enhanced pollutant removal. In Fig. 4b, the 
samples with KH570 elevated photocurrent value apparently, indicating 
that more light absorption would lead to more photo-generated elec
trons. Also, the introduction of KH570 maintained a stable photo- 

generated current (Fig. S10b), which corresponded well with DRS re
sults. Moreover, a smaller arc radius in the electrochemical impedance 
spectroscopy Nyquist plots (Fig. 4c) and a higher current in the linear 
sweep voltammetry curves (Fig. 4d) of the Ag/KH570/TiO2NTAs sug
gested its low interface electron-transfer resistance and excellent 
electron-transfer capacity, respectively. The well-dispersed nanoscale 
Ag0 particles in Ag/KH570/TiO2NTAs could maximize the utilization of 
photo-generated electrons, and the KH570 modification did not influ
ence the transfer of photo-generated electrons (Ag0 nanoparticles not 
only connected with KH570 but also directly contacted with TiO2NTAs). 
The more photo-generated electrons and fantastic electron-transfer 
ability could effectively boost PMS activation to produce abundant 
reactive species for BPA removal. 

Scavenging experiments were carried out to identify the reactive 
species. MeOH and tert-butyl alcohol (TBA) were used to distinguish the 
contribution of SO4

•− and •OH. Although both are efficient for scav
enging •OH (9.7 × 108 M− 1 s− 1), MeOH (2.5 × 108 M− 1 s− 1) scavenges 
SO4

•− more quickly than TBA (4–9.1 × 105 M− 1 s− 1) [52,53]. In Fig. S11, 
after the addition of TBA and MeOH, BPA removal rates in Ag/TiO2N
TAs/PMS/VL system were reduced from 98.8% to 27.44% and 16.5%, 
and BPA removal rates in TiO2NTAs/PMS/VL system were decreased 
from 53.1% to 22.74% and 14.5%, respectively. Combination with 
Fig. 3a and S3, it can be concluded that •OH and SO4

•− were the reactive 
oxygen species in TiO2NTAs/PMS/VL and Ag/TiO2NTAs/PMS/VL sys
tems, and •OH played a dominant role. However, in Ag/KH570/ 
TiO2NTAs/PMS/VL system (Fig. 5a), adding TBA and MeOH decreased 
BPA removal from >99.9% to 55.8% and 27.2%, respectively. MeOH did 
not inhibit the oxidation of BPA completely. This indicated that there 
were other reactive species in the Ag/KH570/TiO2NTAs/PMS/VL sys
tem that contributed to BPA removal. In TiO2NTAs photocatalytic 

Fig. 5. Effects of various quenchers on BPA degradation (a); BPA degradations in H2O and D2O systems (b); DMPO (c) and TEMP (d) spin-trapping EPR spectra. 
Experimental conditions: Ag/KH570/TiO2NTAs/PMS/VL system, [PMS]0 = 0.5 mM, [BPA]0 = 10 mg/L, [TBA]0 = [MeOH]0 = [EDTA-2Na]0 = 10 mM, [FFA]0 =

[TEMP]0 = 20 mM, [DMPO]0 = 50 mM, [pH]0 = 4, T = 25℃. 
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system, holes (h+) might also contribute to the oxidation of organics 
under VL irradiation (Fig. S9). EDTA-2Na as a scavenger of h+ inhibited 
completely the BPA removal in Ag/KH570/TiO2NTAs/PMS/VL system 
(Fig. 5a) [54], and a similar phenomenon was observed in Ag/TiO2N
TAs/PMS/VL system (Fig. S11). Nevertheless, it showed a certain inhi
bition (less than the inhibition of TBA) in the TiO2NTAs/PMS/VL system 
(Fig. S11). The results indicated that h+ was involved in the reaction, but 
it only was used for generating the •OH. Therefore, the additional BPA 
removal was not contributed by h+. The complete inhibition of BPA 
degradation by adding EDTA-2Na might be attributed to the fact that it 
could chelate Ag metal [55], resulting in the failing active site. 
Furthermore, 1O2 species, which was usually found in the PMS-based 
advanced oxidation process, was investigated with furfuryl alcohol 
(FFA) [56]. The addition of 20 mM FFA inhibited the BPA degradation 
from >99.9% to 11.2% (Fig. 5a), confirming the involvement of 1O2 in 
BPA removal. It has been reported that the lifetime of 1O2 in D2O, 
relative to H2O, lasted approximately ten times longer [57]. To further 
confirm the role of 1O2, BPA degradation in D2O was carried out, and the 
results showed promotion of BPA removal (Fig. 5b), thus validating the 
presence of 1O2 from another perspective. 

The EPR spectra of reactive species were examined using 5,5- 
dimethyl-1-pyrolin-N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperi
dinol (TEMP) as spin-trapping agents (Fig. 5c). In the DMPO group, no 
reactive species adducts appeared in dark. Under VL irradiation, the 
DMPO-OH and DMPO-SO4 adducts emerged, indicating the generation 
of •OH and SO4

•− , respectively. Additionally, the TEMP-1O2 adduct with 
a typical 1:1:1 triplet signal appeared in Fig. 5d, confirming the exis
tence of 1O2. PMS self-decomposition can slowly generate 1O2 via the 
reaction shown in Eq. (1) [58].  

HSO5
− + SO5

2− → SO4
2− + HSO4

− + 1O2                                             (1) 

Nevertheless, this process could be overlooked at pH 4.0 because of 
the negligible SO5

2− considering the dissociation constants of PMS (pKa1 
= 0.4 and pKa2 = 9.4). Previous study has reported that O2

•− is the 
precursor of 1O2 and has limited reactivity with BPA [59,60], so the 
generation of 1O2 might derive from O2

•− . The O2
•− was usually generated 

from a one-electron reduction of dissolved oxygen in a photocatalytic 
system. However, after aerating N2 into the system (Fig. S12), BPA 
degradation was not inhibited, therefore ruling out the production of 
1O2 derived from O2. Moreover, it is well-known that PMS reacting with 
Ov could form 1O2. Given the absence of Ov in new Ag/KH570/ 
TiO2NTAs samples (Fig. 1e), it was speculated that Ov might be formed 
during the reaction process. 

The high-resolution XPS spectra of the Ag/KH570/TiO2NTAs after 
four uses (Fig. 6a) showed the characteristic peak of Ov (531.0 eV), 
manifesting that Ov generated during the photocatalytic activation of 
PMS [61,62]. No Ov formed in Ag/TiO2NTAs/VL/PMS system (Fig. 6b). 
Thus, it could be concluded that the formation of Ov was closely related 
to KH570. In addition, the Ag chemical states of the used Ag/KH570/ 
TiO2NTAs were studied (Fig. 6c). Except for Ag0 peaks, Ag+ peaks at 
367.5 eV and 373.5 eV were observed [63]. In the Ag/KH570/TiO2N
TAs/VL/PMS system, PMS could oxidize Ag0 to Ag+, some of which was 
then reduced into Ag0 by photo-induced electrons, just like the process 
of Ag+ photo-deposition on KH570/TiO2NTAs. Due to the bridge effect 
of KH570, the above process could continuously occur. It was worth 
noting that no Ag-O bond (528.5 eV) formed in the high-resolution XPS 
spectrum of O 1 s (Fig. 6b) [64], thus excluding the presence of Ag2O. 
Recently, during the preparation process of Ag-doped ZnO by an elec
trochemical deposition method, Ov would be generated by replacing 
Zn2+ sites with Ag+ due to the difference in valence state between Ag+

and Zn2+ ions [61]. Inspired by this, the continuous photo-deposition 
during the reaction might lead to the replacement of Ti4+ with Ag+. 

Fig. 6. High-resolution XPS spectra of the Ag 3d and O 1 s in new and used Ag/KH570/TiO2NTAs (a, c) and Ag/TiO2NTAs (b, d) samples.  

J. Jia et al.                                                                                                                                                                                                                                       



Separation and Purification Technology 319 (2023) 124029

8

The difference in valence state between Ag+ and Ti4+ ions would readily 
induce the generation of Ov. However, without KH570, Ag+ and Ov 
could not be formed (Fig. 6). 

Based on the above analyses, the enhanced catalytic degradation 
mechanism in Ag/KH570/TiO2NTAs/PMS/VL system was proposed. 
The TiO2NTAs could respond to VL to form e− and h+, and the latter 
reacted with OH–/H2O to generate •OH (Eqs. (2)–(3)). The bridge 
function of KH570 was capable of well dispersing and solidly anchoring 
the Ag0 nanoparticles on the surface of TiO2NTAs. It dramatically 
enhanced the VL-induced SPR effect and the generation of photo- 
generated electrons (Eq. (4)). The more photo-generated electrons 
enabled activation of the PMS to produce more SO4

⋅− and •OH (Eqs. (5)– 
(7)). Besides, the Ag0 transformed to Ag+ in the photocatalytic activa
tion of PMS (Eq. (8)). A part of generated Ag+ could dope into TiO2 by 
replacing the Ti4+ sites, inducing the generation of Ov (Eq. (10)). The 
PMS was then trapped by Ov and transformed into 1O2 (Eq. (11)) [65]. 
Meanwhile, the residual Ag+ was reduced by photo-generated electrons 
to Ag0 again (Eq. (9)). Because of the anchoring by KH570, the gener
ated Ag+ leaked into the solution scarcely and could repeat the above 
catalytic cycle stably (Eqs. (4)–(11)), which resulted in a highly efficient 

catalytic performance (Eq. (12)). The contribution proportions of reac
tive species were calculated based on the degradation kinetics (Fig. S13). 
As shown in Table 1, •OH and SO4

⋅− were the main reactive species, 
contributing 86.7%, and 8.2% for BPA removal, respectively. However, 
the proportion of 1O2 accounted for only 3.2%. The optimization and 
generation mechanism of 1O2/Ov required further investigation.  

Ag/KH570/TiO2NTAs + hv → e− + h+ (2)  

H2O/–OH + h+ → •OH + H+ (3)  

Ag0(surface plasmon resonance) → Ag0(e− )                                         (4)  

HSO5
− + e− → •OH + SO4

2− (5)  

HSO5
− + e− → SO4

⋅− + OH− (6)  

SO4
⋅− + OH− → SO4

2− + •OH                                                           (7)  

Ag0 + HSO5
− → Ag+ + SO4

⋅− /SO4
2− + OH− /•OH                                (8)  

Ag+ + e− → Ag0                                                                            (9)  

Ag+ + TiO2 → Ag+-TiO2(Ov)                                                        (10)  

Ov + HSO5
− → 1O2 + HSO4

− (11)  

•OH/SO4
⋅− /1O2 + BPA → degradation products + CO2 + H2O             (12)  

3.4. Effect of reaction parameters 

Fig. 7a shows the effect of initial pH on the degradation performance 
of the Ag/KH570/TiO2NTAs/PMS/VL system. The system displayed 
excellent performance in the pH range of 4.0–11.0. There was no sig
nificant difference in BPA degradation from pH 4.0 to 7.0. At pH=11.0, 
BPA could be quickly removed within 10 min. It should be pointed out 
that alkali was reported to be able to activate PMS, while the basic 
condition (pH 11) without an Ag/KH570/TiO2NTAs only provided 
14.1% of BPA removal in 60 min (Fig. S14). The increase in BPA removal 
efficiency by the catalyst at pH = 11.0 was not entirely due to alkali 
activation. Since a hydroxide ion with bare extra electrons is easier to 
donate an electron to PMS without activation of the H-O bond compared 
with water molecules to form hydroxyl radicals, the higher pH was 
favorable for PMS activation on an Ag/KH570/TiO2NTAs [66]. The BPA 
degradation performance lowered from >99.9% to 80.7% at pH 3.0. The 
strong acid circumstance might cause the corrosion/leaching of the 

Table 1 
Estimation of the relative contribution of reactive species on BPA degradation in 
Ag/KH570/TiO2NTAs/PMS/VL process.  

Process Reactive species Degradation rate 
constants of BPA 
(min− 1) 

Contribution 
(%) 

Ag/KH570/ 
TiO2NTAs/ 
PMS/VL 

•OH + SO4
•- + 1O2 

+ PMS + adsorption 
+ photolysis  

0.1 100 

Ag/KH570/ 
TiO2NTAs/ 
PMS/VL + TBA 

SO4
•- + 1O2 + PMS 

+ adsorption +
photolysis  

0.0133  

Ag/KH570/ 
TiO2NTAs/ 
PMS/VL +
MeOH 

1O2 + PMS +
adsorption +
photolysis  

0.0051  

Ag/KH570/ 
TiO2NTAs/ 
PMS/VL + FFA 

PMS + adsorption +
photolysis  

0.0019   

•OH  86.7  
SO4

•-  8.2  
1O2  3.2  
PMS oxidation +
adsorption +
photolysis  

1.9  

Fig. 7. Effect of initial pH value (a) and PMS concentration (b) on BPA degradation in Ag/KH570/TiO2NTAs/PMS/VL system. Experimental conditions: [BPA]0 = 10 
mg/L, T = 25℃. 
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loaded Ag0 and KH570. Overall, Ag/KH570/TiO2NTAs were applied 
over a wide pH range. 

Improvement of PMS concentration from 0.05 to 0.5 mM promoted 
the BPA degradation from 69.1% to over 99.9% (Fig. 7b). This result 
could be attributed to the elevated content of reactive species that were 
generated at higher PMS concentrations. Further improving PMS con
centration to 1 mM did not lift BPA removal. Instead, it showed a slight 
inhibitory effect due to the self-quenching effect between PMS and 
reactive species. Moreover, the Ag/KH570/TiO2NTAs/PMS/VL system 
was highly effective in removing low concentrations of BPA, achieving 
over 99.9% removal for 1 mg/L of BPA within 30 min (Fig. S15). This 
indicated that this system was suitable for treating organic micro- 
pollutants in water. 

3.5. Effect of inorganic anions and NOM 

Inorganic anions and NOM exist ubiquitously in various water 
bodies, and their presence can adversely affect the radical-based 
degradation of organics. Fig. 8 shows the catalytic performance of Ag/ 
KH570/TiO2NTAs/PMS/VL system in the presence of common anions 
and NOM. The Cl− had dual effects on BPA degradation (Fig. 8a). Low 
concentration of Cl− inhibited BPA removal, while high concentration of 
Cl− exhibited a promotion effect. A similar phenomenon was also found 
by Hu et al [67]. The Cl− could rapidly react with SO4

⋅− and •OH to form 
reactive chlorine species including Cl•, •Cl2− , ClOH⋅− , and Cl2/HOCl 
[67]. Some of them (such as •Cl2− ) had relatively low rate constants for 
BPA [68]. The high concentration of Cl− would react with PMS to pro
duce more reactive chlorine species (HOCl and Cl2) via the Eqs. (13)– 
(15) [69], which offset the radical consumption. In addition, the formed 
HOCl might react with photo-generated electrons to form more HO• or 

Cl• (Eq. (16)), resulting in an enhanced BPA removal [70].  

HSO5
− + Cl− → SO4

2− + HClO                                                       (13)  

HSO5
− + 2Cl− + 2H+ → SO4

2− + H2O + Cl2                                    (14)  

Cl2 + H2O → HCl + HClO                                                            (15)  

HClO + e− → HO•/OH− + Cl− /Cl• (16) 

An inhibitory effect was observed when NO3
− was added (Fig. 8a). 

Due to the very low reaction rates between NO3
− and oxidants, the in

hibition caused by its quenching oxidants was ruled out. The VL with 
low energy was unlikely to excite NO3

− to produce NO2
− which can 

scavenge radicals, so the inhibition did not come from the photolysis of 
nitrate [71]. The inhibition might be ascribed to the fact that NO3

−

competed with PMS for the photo-generated electrons to reduce the 
generation of radicals, and its reduction products (NO2

− and NH4
+) also 

consumed the reactive species [72]. 
The HCO3

− is also a quencher for SO4
•− and •OH, and they react to 

form carbonate radicals (CO3
•− ) with low reactivity, leading to the in

hibition of BPA removal in the radical-based system [73]. It was inter
esting that in our system, low concentration of HCO3

− only marginally 
inhibited BPA degradation (around 3%), while high concentration of 
HCO3

− promoted its removal significantly (Fig. 8c). Adding HCO3
− would 

affect the solution pH and then promote PMS activation. When 5 mM 
HCO3

− was added, the solution pH elevated from 4.0 to 9.6. At this pH, 
BPA degradation efficiency without HCO3

− was 95.8% at 60 min 
(Fig. S16), which was lower than that of the group of 5 mM HCO3

−

(99.9% within 10 min), suggesting that the improving pH was not 
responsible for the enhanced BPA removal. The increase of HCO3

− con
tent might improve the steady-state concentration of CO3

•− or induce the 

Fig. 8. Effects of (a) Cl− , (b) NO3
− , (c) HCO3

− , and (d) Humic acid contents on BPA degradation. Experimental conditions: Ag/KH570/TiO2NTAs/PMS/VL system, 
[PMS]0 = 0.5 mM, [BPA]0 = 10 mg/L, T = 25℃. 
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generation of 1O2 via the Eqs. (17)–(18), which not only compensated 
for its smaller reactivity and consumption of radicals but also degraded 
more BPA [74,75].  

CO3
2−
ads + HSO5

− → SO5
•− + HCO3

− + e− (17)  

SO5
•− + SO5

•− → S2O8
2− + 1O2                                                         (18) 

Increasing humic acid concentration from 0 to 5 mg/L accelerated 
BPA removal dramatically. Generally, humic acid acts as a scavenger for 
radicals. However, our previous study has suggested that under VL 
irradiation, humic acid containing aromatic constituents/phenolic 
groups could be excited to generate eaq

− and excited state humic acid, 
which could activate PMS to generate the reactive species [76]. This 
mechanism could also apply to this study, which explained the accel
erated removal of BPA. As the concentration of humic acid improved to 
10 mg/L, the BPA degradation was suppressed. This was because the 
higher humic acid content competed with BPA for radicals and increased 
the turbidity of the solution, impeding the transmission of VL. None
theless, the BPA removal efficiency remained above 90%, implying that 
the system is high resistance to the NOM. 

3.6. Application in actual water sample 

The application potential of Ag/KH570/TiO2NTAs/PMS/VL system 
in actual water sample was investigated. As shown in Fig. 9, the 
degradation efficiency of BPA in deionized water was comparable to that 
in tap water. The BPA removal in groundwater was enhanced, while it 
was inhibited in surface water. Furthermore, the results of mineraliza
tion were similar to those of BPA removal, with the mineralization ef
ficiencies of 75%, 68%, 63%, and 15% in groundwater, deionized water, 
tap water, and surface water, respectively. In general, the photocatalytic 
performance in actual water sample was hindered, especially in water 
with bicarbonate or NOM that could scavenge radicals. It was observed 
that the different water matrices exerted opposing effects on BPA 
removal, including promotion and inhibition. The results suggested that 
the promotion effect offset the inhibition influence in tap water, and the 
high concentration of Cl− and HCO3

− in groundwater contributed to the 
improvement of BPA removal (Table S2). The suppression of BPA 
removal in surface water could be attributed to factors such as TOC, 
NO3

− , and low concentration of Cl− . In addition, PO4
3− could also scav

enge SO4
•− and •OH to produce H2PO4• with low reactivity, resulting in 

an inferior performance. 

4. Conclusions 

In summary, we successfully synthesized a stable Ag-modified 

TiO2NTAs with KH570 as the binder for VL photocatalytic activation 
of PMS. The Ag/KH570/TiO2NTAs/PMS/VL system exhibited excellent 
removal performance for BPA with minimal Ag leaching even after 30 
cycles, which was ascribed to the bridge function of KH570. On the one 
hand, the KH570 could disperse well Ag on the surface of TiO2NTAs, 
which improved VL absorption and photo-electrochemical perfor
mances. On the other hand, KH570 anchored firmly Ag on the surface of 
TiO2NTAs, which ensured continuous generation of photo-generated 
electrons and Ag0, thus leading to efficient PMS activation. Mecha
nism analysis showed that •OH and SO4

•− oxidations played the domi
nant role in the removal of BPA. The Ag/KH570/TiO2NTAs/PMS/VL 
system was suitable for a wide pH range (4–11) and low concentrations 
of BPA. The proper presence of Cl− , HCO3

− , and humic acid generated 
more reactive species for enhanced removal of BPA, which were the 
reason that BPA was effectively removed in actual water samples 
(groundwater and tap water). In the future, we would develop a 
decentralized drinking water treatment device using Ag/KH570/ 
TiO2NTAs catalyst under actual solar irradiation. 
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