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A B S T R A C T

TiO2 photocatalysis and peroxymonosulfate (PMS) oxidation can exhibit a good performance in ultraviolet light
but a less activity in visible light (VL). Herein, the TiO2 nano-tubes arrays (TiO2NTAs) and PMS were combined
to degrade bisphenol A (BPA) under VL irradiation. Surprisingly, about 94.6% of BPA was removed in
TiO2NTAs/PMS/VL system within 30 min, which was much higher than that of TiO2NTAs/VL (20.1%) and PMS/
VL (9.4%) systems. A series of spectroscopic characterizations and photoelectrochemical measurements con-
firmed the formation of PMS-TiO2 complex with VL response, which can be excited by VL to transfer electrons to
the conduction band (CB) of TiO2 for activating PMS. The quenching tests and electron spin resonance (ESR)
spectra indicated that SO4

•− and ·OH were responsible for BPA degradation, and then the possible degradation
pathways of BPA were proposed. Humic acid (HA) and chloride ions (Cl−) significantly enhanced the BPA
degradation, while bicarbonate (HCO3

–) and phosphate (H2PO4
−) exhibited an inhibition effect. Moreover,

TiO2NTAs/PMS/VL system displayed an enhanced BPA degradation in tap water and drinking water compared
with deionized water, and as an immobilization catalyst which fabricated on Ti plate, TiO2NTAs exhibited
excellent stability and separability without complex catalyst separation/recovery processes. We believe this
work will provide a new insight of the VL-induced photocatalytic PMS activation in practical water treatment.

1. Introduction

Bisphenol A (BPA), as one of the most common endocrine disrupting
compounds, has attracted a great concern owing to its potential threat
to human and ecosystems [1]. Due to the extensive use, BPA has fre-
quently been detected in water environment. It has been found that the
concentrations of BPA were 1.47 μg/L in groundwater [2], 56 μg/L in
surface water [3] and 370 μg/L in wastewater treatment plants
(WWTPs) effluents [4]. Conventional treatments, such as adsorption
[5], filtration [6] and biodegradation [7], have been proved difficult to
remove BPA effectively. Thus, an effective method for BPA removal is
urgently needed.

Advanced oxidation processes (AOPs) have been intensively used to
remove organic pollutants due to the production of various reactive
oxygen species (ROS). Among various AOPs, sulfate radical-based AOPs
(SR-AOPs) which represent by peroxymonosulfate (PMS) or perox-
ydisulfate (PDS) has drawn enormous interests thanks to their good
chemical stability and the formation of high reactive species (e.g. SO4

•−

and ·OH) [8]. Various techniques have been developed to activate PMS
for degradation of pollutants, such as ultrasound [9], ultraviolet [10],
heat [11], and electrochemistry [12]. Besides, various materials and
materials-based AOPs were also used to induce PMS activation
[13,14,15]. However, these methods either require abundant energy
input or the powder catalyst is difficult to be separated and recycled,
and may bring the secondary pollution. Thus, economic and environ-
mental friendly activation techniques are still highly in demand.

Due to accounting for approximate 45% of the solar spectrum, the
visible light (VL) induced PMS activation is much desirable and pro-
mising compared with ultraviolet activation (only accounting for about
4% of the solar spectrum). Some photocatalysts such as TiO2 [16],
BiVO4 [17], CeO2/Co3O4 and ZnFe2O4 [18] have been developed for
PMS activation under VL irradiation. Among these catalysts, TiO2 has
been considered as the most promising semiconductor of photocatalysis
because of its nontoxicity, low cost and long-term photostability [19],
and TiO2 photocatalysis has been reported to effectively activate PMS
for organic pollutants removal [20,21,22,23]. Particularly, Chen et al.
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[22] reported that the main activation mechanism for the enhanced
removal of Acid Orange 7 in the TiO2/PMS/VL system was that the VL
irradiated Acid Orange 7 photosensitization to produce electrons for
activating PMS into ·OH and SO4

•−. The results indicated that a notable
synergistic effect was observed in the TiO2/PMS/VL system. Besides the
PMS, TiO2 can also activate another peroxide H2O2 through metal–li-
gand charge transfer mechanism under VL irradiation. In this process,
H2O2 can combine with TiO2 to generate a VL-responsive complex
(> Ti-OOH), which is derived from the complexing of the hydroxyl
component on the surface of Ti with H2O2 and releasing a H2O mole-
cule (> Ti-OH + H2O2→>Ti-OOH + H2O). Under VL irradiation, the
Ti-OOH complex can be excited and transfer the electrons to the con-
duction band (CB) of TiO2. Then, the excited electron reductively splits
H2O2 into ·OH, and the surface-complexed intermediate Ti-·OOH further
releases 1/2O2 and converted into initial > Ti-OH for next reaction
[23]. Considering the VL-responsive character of H2O2-complexed
TiO2, PMS activation by VL-induced photocatalysis may also follow the
similar activation mechanism. That is, PMS not only acts as a radical
precursor metal–ligand to complex the photocatalyst, but also a me-
tal–ligand to complex the photocatalyst when combined PMS and TiO2

under VL irradiation.
In this work, the TiO2 nano-tubes arrays (TiO2NTAs) was selected to

investigate the formation of metal–ligand (PMS-TiO2) complexation
and its performance of photocatalytic activation PMS under VL irra-
diation. The aim of selection of the immobilized TiO2NTAs was to solve
the secondary pollution and tedious recycle of the pulverous catalyst in
the suspending system. The complexation of PMS with TiO2 and the
charge transfer were confirmed by a series of spectroscopic character-
izations. The VL response of PMS-TiO2 complex was verified by the
UV–vis diffuse reflectance spectra (DRS), and the PMS activation was
confirmed by cyclic voltammetry (CV) curves. The ROS involved in the
reaction system were identified via the quenching experiments and
instrument characterization, and the probable degradation pathways of
BPA were proposed. Besides, the effects of operating parameters and
water matrices on BPA degradation were investigated, and the perfor-
mance of the system applied in tap water and drinking water was ex-
plored. Finally, the stability and reusability of TiO2NTAs were also
evaluated.

2. Experimental section

2.1. Materials

Titanium plates (0.5 mm thickness, 99.5% purity) were obtained
from Shenzhen Futai metal materials Co. Ltd., China.
Peroxymonosulfate (PMS, KHSO5·0.5KSHSO4·0.5K2SO4) and 5,5-di-
methyl-1-pyrolin-Noxide (DMPO) were obtained from Sigma-Aldrich
Co. Ltd., USA. Bisphenol A (BPA), tert butyl alcohol (TBA), methanol
(MeOH) and humic acid (HA) were purchased from Aladdin Chemistry
Co. Ltd., China. HA was refined according to the previous literature
[24]. All other reagents were of analytical grade. Deionized water was
employed throughout the experiments.

2.2. Preparation of TiO2NTAs

The TiO2NTAs were fabricated by anodization of Ti plates in an
aqueous solution which containing 0.5 wt% NH4F in glycerol including
a 40% (v/v) of deionized water. Before anodization, Ti plates were pre-
treated according to the previous literature [25]. Afterwards, the ano-
dization was conducted in a two-electrode system, in which the as-
treated Ti plate was set as anode and Pt plate as cathode. The anodi-
zation process was carried out under a constant 20 V for 2 h at 25 °C,
with the distance between the two electrodes set at 2 cm. The obtained
TiO2NTAs samples were rinsed with deionized water for several times,
and then were dried at 70 °C for 4 h. Finally, TiO2NTAs with anatase
phase was obtained by annealing in a tube furnace at 500 °C for 2 h

with a ramping rate of 3 °C/min.

2.3. Characterization

The morphology of the prepared TiO2NTAs and electron energy loss
spectroscopy (EELS) mapping were observed using a field emission
scanning electron microscope (FE-SEM, Hitachi SU8010). The crystal
phase of the sample was confirmed with the Bruker D8 X-ray dif-
fractometer equipped with Cu Ka radiation (λ = 0.15418 nm). The
surface composition, the distribution of sulfur and the surface func-
tional groups of the materials were recorded on a X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, VG Scientific) with Al Kα line
(1486.6 eV) as an excitation source. The reactive radicals were identi-
fied by using Electron spin resonance (ESR) spectroscopy (Bruker A300
spectrometer, Germany). The UV–vis diffuse reflectance spectra (DRS)
were collected by conducting a spectrophotometer (Shimadzu,
UV2550). Fourier transform infrared spectroscopy (FT-IR) was tested
with a Perkin Elmer Spectrum One instrument.

2.4. Photoelectrochemical measurement

All the photoelectrochemical measurements including transient
photocurrent response (TPR), electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) were conducted with an electro-
chemical station (Metrohm PARSTAT302A, Switzerland). A typical
three-electrode system was employed, in which the TiO2NTAs, Pt
electrode and saturated calomel electrode (SCE) were employed as the
work electrode, counter electrode and reference electrode, respectively.
The supporting electrolyte was 0.1 M Na2SO4 solution. The EIS was
measured with a frequency range of 0.01 Hz ~ 100 KHz. The applied
voltages of CV measurement ranged from−1.5 to 0.6 V at a scan rate of
50 mV s −1.

2.5. BPA degradation

Photocatalytic activation of PMS for BPA (1 mg/L) degradation was
conducted in a 100 mL beaker which contained 50 mL aqueous solution
of BPA under magnetic stirring. The VL source was obtained by a 300 W
Xenon lamp (Beijing NBeT) with a 400 nm cut-off filter. The distance
between the solution interface and the light was set as 10 cm. Prior to
irradiation, the prepared TiO2NTAs was fixed in the beaker with the
photoreaction areas of 1 × 2 cm2. Afterwards, PMS was added into the
reactor with/without of substrates (e.g., Cl−, NOM) to trigger the re-
action with Xenon lamp switched on (Fig. S1). The pH of the reaction
solution was 3.98 after the addition of PMS to system. In addition,
during the study of pH influence, 1.0 M H2SO4 or NaOH solution were
employed to control the pH of the reaction system. The temperature
was maintained at 25 ± 2℃ by continuous circulation cooling water.
At given time intervals, 1.0 mL of reaction solution was withdrawn and
filtered through a 0.22 μm membrane, and was then injected into a
brown vial with 0.5 mL methanol (MeOH) inside to terminate the
oxidation. Most experiments were conducted in triplicate, the average
values were employed with standard deviations which represented by
error bars.

2.6. Analytical methods

The BPA concentration was measured by the UPLC system (Waters,
MA, USA) with a BEH C18 column (1.0 × 50 mm, 1.7 μm) and an UV
detector (λ = 230 nm). The mobile phase consisted of 65% MeOH and
35% ultrapure water with a flow rate of 0.1 mL/min. The intermediate
products of BPA oxidation were detected by employing HPLC/ESI-QQQ
(5500 MS, ABSciex USA). The mass spectra was measured with a scan
range of 50–600 m/z in a negative mode. The ion spray voltage was
4500 V, the source temperature was 500℃, the curtain gas and nebu-
lizer gas were 35 psi and 50 psi, respectively. The de-clustering
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potential (DP) was 100 V, and the collision energy (CE) was −30–45 V.

3. Results and discussion

3.1. Characterization of the TiO2NTAs

Fig. 1a presents the surface morphology (SEM image) of the pre-
pared TiO2NTAs. The highly ordered nano-tubular structure could be
clearly observed with an average inner diameter of 100 nm and the wall
thickness of 20 nm. Fig. 1b exhibits the XRD patterns of the Ti plate and
the prepared TiO2NTAs. Both of them showed obvious titanium matrix
diffraction peaks (JCPDS NO. 44-1294). In addition, the TiO2NTAs
showed obvious anatase diffraction peaks at 25.3° and 48.1°, which
demonstrated that anatase TiO2NTAs were successfully prepared.

3.2. Removal of BPA by TiO2NTAs/PMS/VL system

The BPA degradation under different conditions were explored, and

the results were presented in Fig. 2a. Clearly, the BPA degradation in VL
was negligible without TiO2NTAs and PMS (blank group). The addition
of PMS resulted in only 9.4% removal of BPA within 30 min under VL
irradiation. The similar result was also got by Liu et al., who also found
that VL activated PMS could degrade organic pollutant to some extent
[26]. In addition, after 30 min of reaction, around 20.1% of BPA was
removed in the TiO2NTAs/VL system. The BPA removal was likely si-
milar to that the degradation of phenolic compounds in the TiO2/VL
photocatalytic system [27]. The generation of surface complexes of BPA
on TiO2NTAs surface are active to VL, and could be excited by VL to
transfer electrons to the CB of TiO2. Then the electrons could react with
dissolved oxygen to produce the active oxidants for subsequent oxida-
tion of organic pollutants. Surprisingly, when PMS was added into the
TiO2NTAs/VL system, the BPA degradation efficiency improved sig-
nificantly. About 94.6% of BPA was oxidized within 30 min, which was
4.7 and 10.1 times higher than that of TiO2 NTAs/VL and PMS/VL
systems, respectively. Besides, the BPA degradation followed well
pseudo-first-order kinetics, and the reaction rate constant of the TiO2
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Fig. 1. SEM images (a) and X-ray diffraction (XRD) pattern (b) of TiO2NTAs.
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Fig. 2. BPA degradation under different systems (a), kinetics liner fitting curves (b). Experimental conditions: [PMS] = 0.05 mM, [BPA] = 1 mg/L, [pH] = 3.98,
T = 25℃.
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NTAs/PMS/VL system (k = 0.098 min−1) was calculated to be 13.2
and 29.7 times higher than those of TiO2 NTAs/VL (k = 0.0074 min−1)
and PMS/VL (k = 0.0033 min−1) systems, respectively (Fig. 2b), in-
dicating that a synergistic effect for the degradation of BPA was oc-
curred when combining TiO2NTAs and PMS under VL irradiation.

3.3. Formation of PMS-TiO2 complex

Fig. 3a and b present the EELS maps of the sulfur element in
TiO2NTAs before and after reaction in the TiO2NTAs/PMS/VL system.
Compared with the pristine TiO2NTAs, the used TiO2NTAs exhibited an
increase in the content of sulfur element (sulfur element in the pristine
TiO2NTAs may be ascribed to the impurities on the surface of TiO2NTAs
or the error bring by the instrument), which indicated the formation of
surface sulfur species on the surface of TiO2NTAs. Besides, the S2p
high-resolution XPS spectra of the pristine and used TiO2NTAs in PMS

solution were investigated (Fig. 3c). The S2p peak with the binding
energy of 168.8 eV was observed only in the used TiO2NTAs, con-
firming the existence of surface sulfur species [28]. Meanwhile, the O1s
XPS spectra of the pristine and used TiO2NTAs were fitted to two
(529.6 eV and 531.4 eV) and three (529.6 eV, 531.6 eV and 532.6 eV)
kinds of chemical states, respectively (Fig. 3d and e). The corresponding
XPS data were listed in Table 1. The binding energy at ca.529.6 eV and
531.4 eV could be attributed to the lattice oxygen in TiO2 and hydroxyl
groups/oxygen in sulfate, respectively [29]. While the peak at
ca.532.6 eV could be assigned to oxygen of H2O adsorbed on TiO2 [30].
Obviously, the content of hydroxyl groups/oxygen in sulfate of the used
TiO2NTAs was higher than that of pristine TiO2NTAs, indicating that a
sulfur-oxygen species existed on the surface of TiO2. The S-O bond
stretching of the used TiO2NTAs was observed at 1199 cm−1 in the FT-
IR spectra [31], and became more evident when 10-fold higher PMS
dose was added to the TiO2NTAs/VL system (Fig. 3f), suggesting the
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probably linkage of PMS to the surface of TiO2NTAs. In addition, the
stretching vibrations of O–H bond of PMS and TiO2 at around
3400 cm−1 were disappeared after the combination of them, further
indicating that a condensation reaction was occurred.

The UV–vis diffuse reflectance spectra (UV–vis DRS) and the cor-
responding (αhυ)1/2-hυ relation curve of the pristine and used TiO2NTAs
were shown in Fig. 3g and h, respectively. As can be seen, the ab-
sorption edge of the used TiO2NTAs displayed a distinct red-shifting
compared to the pristine TiO2NTAs. Furthermore, according to Ku-
belka-Munk equation (αhυ)2 = k(hυ-Eg) (where, α is absorption coef-
ficient, h Planck constant, υ light frequency, Eg band energy), the band
gap energies of the pristine TiO2NTAs and used TiO2NTAs were cal-
culated to be 3.08 eV and 2.61 eV, respectively, indicating that the
addition of PMS could induce the formation of VL-responsive PMS-TiO2

complex.

3.4. Charge transfer of PMS-TiO2 complex under VL irradiation

Similar to H2O2-TiO2 complex, the direct electron transfer from the
PMS-TiO2 complex to the CB of TiO2 might also occur when under VL
irradiation. The transferred electron might activate PMS to generate the
corresponding radicals. To confirm the electron transfer of PMS-TiO2

complex under VL irradiation, a series of photoelectrochemical char-
acterizations were measured. Fig. 4a depicts the transient photocurrent
of TiO2NTAs in different systems. As can be seen, neither TiO2NTAs nor
TiO2NTAs/PMS showed photocurrent response in the dark. However, as
the Xenon lamp was switched on, the photocurrent was observed in
both systems. The pristine TiO2NTAs induced a weak photocurrent re-
sponse, which could be ascribed to its wide band gap with a very little
VL absorption. Noticeably, the TiO2NTAs/PMS system exhibited a sig-
nificant photocurrent generation in contrast with TiO2NTAs alone. The
photocurrent results could be taken as an evidence of the direct charge
transfer from the PMS-TiO2 complex to the CB of TiO2 [28]. Further-
more, the EIS measurements of different reaction systems were com-
pared to support the photocurrent results (Fig. 4b). Normally, the
smaller circular arc radius in the plots of EIS Nyquist manifested the
better charge transfer ability [32]. Obviously, the circular arc diameter

was decreased with VL irradiation, which could be attributed to the
effective charge transfer under VL irradiation. Compared with
TiO2NTAs/VL system, TiO2NTAs/PMS/VL system exhibited a smaller
arc diameter, indicating that the electron transfer in the PMS/
TiO2NTAs/VL system was faster than the TiO2NTAs/VL system. This
further confirmed the directly electron transfer from the PMS-TiO2

complex to the CB of TiO2.
In addition, as can be seen in Fig. 4c, the curve shape of TiO2NTAs/

dark system was similar to those of TiO2NTAs/PMS/dark and
TiO2NTAs/VL systems. All of the three systems presented a small re-
duction peak from −1.0 V to −1.2 V, which could be ascribed to a
common reduction for TiO2NTAs electrode [33]. While a pronounced
reduction peak at −0.62 V appeared in the TiO2NTAs/PMS/VL system,
indicating that a reduction reaction was occurred in the system. This
might be attributed to the fact that PMS could be activated by the
transferred electrons which mainly derived from the PMS-TiO2 complex
and a small part from TiO2NTAs under VL excitation. In this process,
some PMS bonded to the TiO2 surface could serve as the electron do-
nors, while the other PMS acted as the electron acceptors might be
activated into radicals.

3.5. Catalytic oxidation mechanism

The radical quenching experiments were carried out to identify the
reactive species produced in the TiO2NTAs/PMS/VL system (Fig. 5a).
The ·OH and SO4

•− are generally considered as the common reactive
species for pollutant degradation in PMS oxidation processes. They are
usually distinguished by TBA and MeOH since they own different rate
constants to the two radicals (TBA: 3.8–7.6 × 108 M−1s−1 for ·OH,
MeOH: 1.6–7.7 × 107 M−1 s−1 for ·OH and 1.2–2.8 × 109 M−1 s−1 for
SO4

•−) [34,35]. In Fig. 5a, the degradation rate of BPA was reduced by
58.59% and 47.1% within 30 min when MeOH and TBA were added in
the reaction system, respectively. Hence, it could be deduced that SO4

•−

and ·OH were both responsible for the oxidation of BPA. It was worth
noting that the degradation of BPA was not completely suppressed
when the excess MeOH was added, the removal efficiency of BPA was
36.0% (94.6%-58.6%), even minus the removal efficiency caused by
TiO2NTAs (20.1%), the degradation rate could still reach 15.9%. The
similar phenomenon was also found by Jo et al. [28]. For this, our
speculation is that the PMS-TiO2 complex itself may have the ability to
oxidize pollutants directly. However, so far we have not found an ef-
fective way to prove this hypothesis. Since it was a very interesting and
meaningful issue to be solved, we will try to explore it in our future
work.

Besides, the ESR measurements were conducted to further confirm
the radicals by employing DMPO as a trapping agent. As shown in
Fig. 5b, there were no definable characteristic peaks found in the
TiO2NTAs/PMS/Dark system. While the characteristic peaks of DMPO-

Table 1
Curve fitting results of high resolution XPS spectra for the O1s region.

Sample Lattice
oxygen

Sulfate oxygen/
hydroxyl oxygen

H2O
oxygen

Pristine TiO2NTAs r (%)
Eb (eV)

80.23 19.76
529.6 531.4

Used TiO2NTAs r (%) 50.27 36.21 13.51
Eb (eV) 529.6 531.6 532.6

0 50 100 150 200 250 300

0.00

0.05

0.10

0.15

0.20

0.25 TiO2 NTAs + PMS (light)
TiO2 NTAs (light)
TiO2 NTAs + PMS (dark)
TiO2 NTAs (dark)

C
ur

re
nt

 (m
A

/c
m

2 )

Time (s)

Light on

Light off

-1.5 -1.0 -0.5 0.0 0.5 1.0

-0.006

-0.004

-0.002

0.000

0.002

TiO2 NTAs (dark)
TiO2 NTAs+PMS (dark)
TiO2 NTAs (light)
TiO2 NTAs+PMS (light)

C
ur

re
nt

 (A
)

Potential (V)
0 100 200 300 400 500 600

0

200

400

600

800

1000

1200

TiO2 NTAs (dark)
PMS+TiO2 NTAs (dark)
TiO2 NTAs (light)
PMS+TiO2 NTAs (light)

-
(O

hm
)

Z'(Ohm)

ca b
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SO4
•− adduct (αN = 13.2 G, αH = 9.6 G, αH = 1.48 G and αH = 0.78

G) and DMPO-·OH adduct (aN = aH = 14.9 G) with the typical quartet
lines with peak strength of 1:2:2:1 were emerged in the TiO2NTAs/
PMS/VL system [36]. The ESR tests further confirmed the existence of
SO4

•− and ·OH radicals in the TiO2NTAs/PMS/VL system.
Combining the above results and analyses, a possible mechanism for

enhanced BPA degradation by the TiO2NTAs/PMS/VL system was
proposed in Fig. 6. On one hand, PMS was likely to participate in the
formation of PMS-TiO2 complex at TiO2NTAs surface, and thus the
electrons would be transferred from PMS-TiO2 complex to the CB of
TiO2 under VL irradiation as described in section 3.3 and 3.4 (Eq. (1)
and (2)). As an electron acceptor, another portion of PMS would com-
bine with these electrons to produce SO4

•− (Eqs. (3)), and the generated
SO4

•− could further react with H2O to generate ·OH (Eqs. (4)). On the
other hand, the complexation of BPA on TiO2NTAs surface might offer
another electron transfer pathway for PMS activation (Eqs. (5) and (6))
to generate SO4

•− and ·OH. The residual •SO5
− could be combined to

form SO4
•−, and TiO2 could adsorb the –OH for next cycle (Eqs. (7) and

(8)). All the generated reactive species resulted in the degradation of
BPA in the TiO2NTAs/PMS/VL system (Eq. (9)).

Based on previous study, the ratio of reaction rate constants could
represent the degradation contribution of different processes [37]. In
this study, the degradation rate constant of BPA by the PMS-TiO2

complex system accounted for 89.1% ((0.098 min−1 (TiO2NTAs/PMS/
VL)-0.0074 min−1 (TiO2NTAs/VL)-0.0033 min−1 (PMS/VL)/
0.098 min−1) of the total BPA degradation, indicating that electrons
transfer of PMS-TiO2 complex under VL irradiation played a dominant
role in the activation of PMS for organic pollutant oxidation.

Ti-OH + HSO5
− → Ti-OOSO3

− + H2O (1)

Ti-OOSO3
− + hv → Ti-·OOSO3 + TiO2 (e−) (2)

TiO2 (e−) + HSO5
− →SO4

•− + OH– (3)

SO4
•− + H2O → H+ + SO4

2− + ·OH (4)

TiO2NTAs-BPA + hv → TiO2NTAs-BPA* + e− (5)

e− + HSO5
− →SO4

•− + ·OH (6)

Ti-·OOSO3 + Ti-·OOSO3 → 2SO4
•− +2Ti (7)

TiO2 + –OH → TiO2-OH (8)

SO4
•−/·OH + BPA → Products (9)

In addition, to fully understand the oxidation process of BPA in the
TiO2NTAs/PMS/VL system, the oxidation intermediates of BPA were
identified by LC-MS/MS analysis. Based on the LC-MS/MS results and
previous reports [38,39,40,41], the possible intermediates were listed
in Fig. S2 and Table S1, and the probable degradation pathways of BPA
were proposed in Fig. 7. Firstly, the C–O bond of BPA might be attacked
by sulfate radicals or hydroxyl radicals via a dehydroxylation pathway,
generating C1 (4-Cumylphenol, m/z = 211). Secondly, the reactive
species continue to attack the electron-rich alkyl carbon leading to the
formation of C2 (2-(4-hydroxypheny)-propanol-2-ol, m/z = 151). In
addition, BPA might also be hydroxylated by hydroxyl radicals to
convert to C3 (BPA-o-catechol, m/z = 243), which could be trans-
formed into C4 (Quinone of BPA-o-catechol, m/z = 241), and further
oxidized into C2. Then, the tertiary hydroxyl would be attacked, re-
sulting in the formation of C5 (4-Hydroxyacetophenone, m/z = 135).
Besides, the aromatic ring of C3 might be attacked to form C6 (dihy-
droxylated BPA, m/z = 259). Finally, the ring-opening reactions might
occur on C5 and C6 in the presence of sulfate radicals and hydroxyl
radicals, which would be transformed into C7 (divinyloxyethane, m/
z = 113) and further be mineralized to CO2 and H2O.
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diation.

J. Jia, et al. Separation and Purification Technology 253 (2020) 117510

6



3.6. Effects of reaction parameters

Fig. 8a presents the effect of reaction areas of TiO2NTAs on BPA
degradation in the TiO2NTAs/PMS/VL system (the dark adsorption was
shown in Fig. S3a). As shown in Fig. 8a, the removal efficiency of BPA
promoted from 46.7% to nearly 100% with the reaction area of
TiO2NTAs increased from 0.5 to 8 cm2 within 30 min. Generally, the
greater reaction areas could provide more reactive sites, which was
beneficial to produce more reactive species to degrade BPA. Never-
theless, when the reaction area was enlarged from 4 to 8 cm2, the in-
crease in degradation rate was not significant. This could be explained
by that the PMS dose was fined in the system, though the reaction area
of TiO2NTAs increased, there was no enough PMS to react with it to
form the corresponding reactive species, thus there is a little difference
in the amount of reactive species between the 8 and 4 cm2 groups,
resulting in the insignificant improvement of removal efficiency.

Fig. 8b depicts the effect of PMS dose on BPA degradation (the dark
adsorption was shown in Fig. S3b) in the TiO2NTAs/PMS/VL system. As
can be seen, the removal efficiency of BPA was promoted as the con-
centration of PMS increased from 0.03 (59.4%) to 0.07 mM (97.3%).
This could be attributed to that the higher PMS dose would lead to the
more generation of active radicals, resulting in the enhancement of BPA
degradation [42]. However, with PMS concentration further increased,
the degradation showed a declining trend, which decreased from 97.3%
(0.07 mM) to 77.2% (0.5 mM). Although increasing PMS content en-
hanced the reactive radicals concentration, the excessive PMS could
react with the SO4

•− to generate a less reactive radical (SO5
•−) (Eq.

(10)) [43]. Moreover, the reaction between SO4
•− and ·OH (Eq. (11))

and the self-scavenging of SO4
•− radicals (Eq. (12)) [44] also decreased

the concentration of reactive radicals, thus retarding the degradation of
BPA.

HSO5
− + SO4

•− → SO5
•− + SO4

2− + H+ (10)

SO4
•− + ·OH → HSO5

− (11)

SO4
•− + SO4

•− → S2O8
2− (12)

The effect of initial solution pH ranging from 3.0 to 11.0 on BPA
degradation in the TiO2NTAs/PMS/VL system was also tested. As
shown in Fig. 8c. The pH value of 3.98 was the natural pH of the
system. Interestingly, it was found that the BPA degradation increased
when the system was set to be more acidic or alkaline condition, and
the acidic condition was more conducive to BPA degradation. This
could be ascribed to that under acidic and alkaline conditions, the
surface of TiO2NTAs is positively and negatively charged, respectively
(the pH of the point of zero charge is 6.3) [45], and PMS exists in the
form of anion in a wide pH range (i.e., pKa1 = 0.4 and pKa2 = 9.3)
[46]. Due to the electrostatic attraction between PMS and TiO2NTAs at
acidic condition, more PMS could be adsorbed on the surface of
TiO2NTAs. This could enhance the possibility of the PMS-TiO2 complex
formation and the reaction between PMS and electrons which derived
from the PMS-TiO2 complex under VL irradiation, thus favoring BPA
degradation. In reverse, because of the electrostatic repulsion between
TiO2 and PMS under alkaline condition, PMS has less opportunity to
accumulate on the surface of TiO2 in quantity, this would greatly re-
duce the formation of PMS-TiO2 complex and the chance of reaction
between electrons and PMS, hence leading to the decrease in BPA de-
gradation. However, it was also reported that the alkaline condition
could facilitate the activation of persulfate, where the negatively
charged –OH was more likely to donate the electron compared with
H2O molecules [47]. The results of the dark adsorption also confirmed
this (Fig. S3c). Thus, in this way, the BPA degradation was enhanced
with the pH of the system increased from 7.0 to 11.0.

The influence of initial BPA concentration on BPA removal in the
TiO2NTAs/PMS/VL system was presented in Fig. 8d (the dark adsorp-
tion was shown in Fig. S3d). As can be seen, the BPA removal per-
centage within 30 min was gradually decreased from 94.6% to 8.9% as

CO2+H2O 

OH

OH

HO OH

HO HO

OH

OH

HO
O

HO OH

OH

HO
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Fig. 7. Probable degradation pathways of BPA in TiO2NTAs/PMS/VL system.
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the initial BPA concentration increased from 1 to 20 mg/L. Theoreti-
cally, the overall ROS yield would be not increased once the PMS dose
was fined under the identical condition. Hence, the removal percen-
tages of BPA were relatively low at high BPA concentrations in a spe-
cific reaction time. However, as the previous study reported, it was
difficult to analyze the influence of initial organic pollutant con-
centration based on the temporal evolution of normalized concentra-
tion [48]. Thus, the initial rate was employed as a better method to
study this issue. As shown in Fig. S4, the initial rate of BPA was not
linearly corresponding to the initial BPA concentration, and too low
(1 mg/L) or too high (20 mg/L) concentration of BPA has a relatively
small initial rate. This could be explained by that the increased BPA
concentration can improve the opportunity of collision between re-
active species and BPA, thus leading to an accelerated reaction. While
the excess BPA might occupy the reactive sites of TiO2 nano-tubes and
inhibit the PMS adsorption on it, hindering the generation of reactive
species and thus resulting in a slow rate of reaction.

3.7. Effect of water matrices on BPA degradation

There are various inorganic anions in natural water bodies such as
Cl−, HCO3

–, H2PO4
−, NO3

– and SO4
2−, which would influence free

radical-induced reactions in water treatment process [49,50]. In this

work, three common inorganic anions, namely Cl−, HCO3
– and H2PO4

−

were chosen to evaluate the effect of inorganic anions on BPA de-
gradation. Besides, as one of the representative constitutes of NOM, the
influence of humic acid (HA) on BPA degradation was also investigated.

Fig. 9a depicts the BPA degradation behavior at different Cl− con-
centrations ranging from 0 to 5 mM. With the presence of Cl−, the
removal efficiency of BPA was obviously promoted. It has been reported
that as an effective scavenger for SO4

•− and ·OH, Cl− could rapidly
react with SO4

•− and ·OH to produce some active chlorine species in-
cluding Cl·, ·Cl2−, ClOH•−, and Cl2/HOCl, which promoting the BPA
degradation. In addition, PMS can directly react with Cl− to form HOCl
and Cl2 [51,52]. Thus, it was likely that the reactive chlorine species
promoted the BPA degradation.

Unlike the Cl−, the addition of bicarbonate distinctly suppressed the
BPA degradation. As shown in Fig. 9b, the degradation rate of BPA
decreased from 94.6% to 51.9% within 30 min with HCO3

– con-
centration increased from 0 to 5 mM. This could be ascribed to the fact
that HCO3

– is an effective scavenger for ·OH and SO4
•−, and CO3

•−,
which generated in the reaction of HCO3

– with ·OH/SO4
•− radicals

owns the weaker redox ability compared with ·OH/SO4
•− radicals (Eqs.

(13) and (14)) [53,54]. Thus, the decreased BPA degradation efficiency
in this system could be due to the decreased number of ·OH / SO4

•−

radicals and the lower redox capacity of CO3
•−.
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·OH + HCO3
– → CO3

•−+H2O (13)

SO4
•−+ HCO3

– → CO3
•−+HSO4

− (14)

As shown in Fig. 9c, the presence of phosphate would inhibit the
BPA degradation in the TiO2NTAs/PMS/VL system. The BPA removal
efficiency was inhibited from 94.6% to 37.8% with the increase of
phosphate from 0 to 5 mM. There were two probable reasons for this
phenomenon. Firstly, phosphate anions might quench the active radi-
cals in the reaction system as shown in Eqs. (15) and (16) [55,56].
Secondly, the previous study had found that the surface-adsorbed
phosphates could effectively inhibit PMS sorption as well as its surface
complexation on TiO2 [28]. Due to the above two reasons, the BPA
removal efficiency decreased when phosphate existed in the reaction
system.

SO4
•− +H2PO4

− → SO4
2−+H2PO4

• (15)

·OH + H2PO4
− → OH–+H2PO4

• (16)

As one of the main components of NOM, HA own a complex
structures which may exert complicated influence on oxidation process.
Therefore, it is necessary to investigate the effects of HA on BPA

degradation in the TiO2NTAs/PMS/VL system. As shown in Fig. 9d, the
degradation rate of BPA was promoted after the addition of HA. With
HA concentration increased from 0 to 5 mg L−1, the degradation effi-
ciency of BPA increased by 10.9% within 20 min. Generally, HA could
compete with the pollutants for the ROS generated in the solution
[57,58]. Besides, HA could also compete for photons with catalysts,
resulting in the reduced generation of reactive species in the reaction
system [59]. However, Cho et al. [60] found that as a photosensitizer,
the excited HA by VL could eject electrons to the CB of TiO2, and then
degraded pollutants by a series of electron transfer processes. In this
work, the enhanced photocatalytic performance might be due to the
similar reason. Besides, as an electron acceptor, PMS could also com-
bine with the electrons derived from the VL excited HA to generate
corresponding reactive species. Since HA owns a complex chemical
structures and properties, this issue deserves further studies.

3.8. Performance in actual water bodies

The drinking water and tap water were employed to investigate the
performance of TiO2NTAs/PMS/VL system in actual water bodies. The
characteristics of drinking water and tap water were shown in Table S2.
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Fig. 9. Effects of Cl− (a), HCO3
– (b), H2PO4

− (c), and HA (d) on BPA degradation in the TiO2NTAs/PMS/VL system. Experimental conditions: [PMS] = 0.05 mM,
[BPA] = 1 mg/L, [Cl−] = [HCO3

–] = [H2PO4
−] = 0–5 mM, [HA] = 0–5 mg/L, T = 25℃.
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As observed in Fig. 10a, the removal efficiency of BPA in deionized
water was 85.8% within 20 min, while the degradation rates in
drinking water and tap water were 90.3% and 95.4% during the same
period, respectively. However, the TOC removal rate of deionized water
(71.7%) was much higher than those of drinking water (60.0%) and tap
water (55.5%) systems within 60 min (Fig. 10b). According to the
characterization of drinking water and tap water (Table S2) and the
results of section 3.6, it could be speculated that the Cl− and/or
some organic carbon in the water might promote the BPA degradation.
However, the contrary in TOC mineralization was presumably corre-
lated with the high TOC content. It was reported that some constituents
of TOC could compete with BPA for radicals (e.g., ·OH and SO4

•−), thus
restraining the mineralization of BPA [61]. Even so, the TOC removal
efficiency in drinking water and tap water still remained above 55%.
The high BPA and TOC removal efficiency in actual water bodies in-
dicated the practicability of the TiO2NTAs/PMS/VL system. It should be
noted that although the use of sulfur-containing oxidants may lead to
the release of sulfate anions to the environment, the dose of PMS in our
study was only 0.05 mM, even if all of the PMS were converted to
sulfate, the amount of sulfate was 4.8 mg/L, far less than the value
specified in the Standards for drinking water quality in China (250 mg/
L) [62], thus it could be deemed as a safe technology in practical ap-
plication.

3.9. Stability of TiO2NTAs

The stability of catalyst constitutes an important factor that de-
termines the reusability of catalyst in practical engineering application.
For this reason, the BPA degradation in TiO2NTAs/PMS/VL system was
repeated for 91 cycles to evaluate the long-term performance of
TiO2NTAs. As displayed in Fig. 11, the degradation efficiency of BPA
decreased by about 10–12% after 30 tests. This might be ascribed to the
adsorption of BPA and its degradation intermediates on TiO2NTAs
surface, which would weaken PMS complexation and activation.
However, after ultrasonic treatment of the used TiO2NTAs (conducted
in 0.1 M H2SO4 solution for 1 min to clean the surface contaminants),
the catalytic ability of TiO2NTAs/PMS/VL system recovered to the
previous level. Over 90 cycles, the degradation efficiency of BPA was
still kept above 80%. Besides, after repeated use, the stability of
TiO2NTAs was investigated by the XRD and FT-IR characterizations. As
shown in Fig. S5, the XRD pattern showed that the anatase of TiO2

at 2θ 25.3° of the used TiO2NTAs was still well crystalline after 90 re-
cycles, meanwhile, the characteristic peak of Ti-O-Ti stretch at
580 cm−1 in the FT-IR spectrum was almost unchanged [63,64]. It
should be noted that the –OH peak at around 3400 cm−1 in Fig. S5b
was not observed, which might be attributed to that the repeated
sample was dried in oven before testing. The above results demon-
strated that TiO2NTAs owned a fairly good stability and it could be used
as a prospective candidate in PMS activation for pollutants degradation
in practical application.

4. Conclusions

In this study, VL-induced photocatalytic activation of PMS at
TiO2NTAs was investigated. The results indicated that the combination
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of TiO2 with PMS under VL irradiation exhibited a synergistic effect for
BPA removal. The quenching experiments and ESR measurements in-
dicated that the SO4

•− and ·OH were the main ROS for BPA degrada-
tion. By conducting a series of spectroscopic characterizations and
photoelectrochemical measurements, the VL-responsive PMS-TiO2

complex was proposed, which exhibited a lower band gap energy
(2.61 eV) compared to the TiO2NTAs (3.08 eV), and this complex could
be induced by VL to inject electrons to activate PMS. In this process,
PMS not only acted as a complexing agent, but also used as a radical
precursor. The performance of TiO2NTAs/PMS/VL system was better at
acid and base conditions than that at neutral pH. The presence of Cl−

and HA obviously enhanced BPA degradation, while the addition of
HCO3

–, and H2PO4
− exerted a negative effect on BPA degradation. The

performances of long-term use of TiO2NTAs and TiO2NTAs/PMS/VL
system in tap water and drinking water indicated that VL photocatalytic
activation of PMS at TiO2NTAs could serve as a feasible technology for
remediation of contaminated tap water and drinking water.
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