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a b s t r a c t

Bisphenol A (BPA) is a widely concerned endocrine disrupting chemical and hard to be removed through
conventional wastewater treatment processes. In this study, we developed a TiO2 decorated titanate
nanotubes composite (TiO2/TNTs) and used for photocatalytic degradation of BPA. TEM and XRD analysis
show that the TiO2/TNTs is a nano-composite of anatase and titanate, with anatase acting as the primary
photocatalytic site and titanate as the skeleton. TiO2/TNTs exhibited excellent photocatalytic reactivity
and its easy-settling property leaded to good reusability. After 5 reuse cycles, TiO2/TNTs also could photo-
degrade 91.2% of BPA with a high rate constant (k1) of 0.039 min�1, which was much better than TiO2 and
TNTs. Higher pH facilitated photocatalysis due to more reactive oxygen species produced and less ma-
terial aggregation. The presence of NaCl and CaCl2 showed negligible effects on BPA degradation, but
NaHCO3 caused an inhibition effect resulting from consumption of $OH. Humic acid inhibited degra-
dation mainly due to blockage of the active sites of TiO2/TNTs. Degradation pathway was well interpreted
through theoretical calculation. Hydroxyl radical played the dominate role in BPA photodegradation, and
the atoms of BPA with high Fukui index based on density-functional theory (DFT) calculation are the
radical easy-attacking (f0) sites. Considering the good photocatalytic reactivity, reusability, stability and
settle property, TiO2/TNTs promises to be an efficient alternative for removal of organic compounds from
wastewaters.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Natural waters are threatened by a variety of emerging pollut-
ants now. Among numerous persistent organic chemicals, endo-
crine disrupting chemicals (EDCs) has aroused the public concerns
in recent years (Rogers et al., 2013; Vandenberg et al., 2012).
Bisphenol A (BPA) is one of themost extensively studied EDCs for its
wide use in plastic industry and acute toxicity (Fromme et al., 2002;
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Lomb�o et al., 2015; Rogers et al., 2013). Triggered by the risk
concern, the predicted no-effect concentration (PNEC) of BPA has
been lowered from 100 to 0.06 mg/L (Wright-Walters et al., 2011).
BPA is ubiquitous in environment and can be found in landfill
leachates, air, dust and waters with concentrations higher than
PNEC values (Flint et al., 2012). In addition, BPA has an estimated
half-life of 160 days in natural waters (Staples et al., 1998), so typical
wastewater treatment plants using activated sludge or carbon
adsorption are inefficient in removing BPA (Gültekin and Ince,
2007; Zhang and Zhou, 2008).

Advanced oxidation processes, especially photocatalytic degra-
dation, are promising approaches for removing BPA from waste-
water treatment plants or surface waters (Akbari et al., 2016;
Gültekin and Ince, 2007; Guo et al., 2009; Kondrakov et al., 2014).
Titaniummaterials have attractedmuch attention as the candidates
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of appropriate photocatalysts. TiO2 nanoparticle is an effective
photocatalyst for BPA degradation (Ohko et al., 2001; Tsai et al.,
2009; Wu et al., 2016), however the difficulty of separation and
recovery of this nanoparticle limits its practical application (Guo
et al., 2009; Liu et al., 2013a). Surface/morphology modification
(Guo et al., 2009) or use of supports (Fukahori et al., 2003b) can
greatly facilitate the separation for Ti-based nanomaterials.

One-dimensional titanate nanotube (TNT) derived from TiO2 is
an excellent adsorbent for metal cations (Liu et al., 2013b; Sheng
et al., 2011) and also a good support for catalysts (Doong and
Liao, 2016; Zhao et al., 2016a). Despite of its large specific surface
area, TNTs has low photocatalytic reactivity under neither UV nor
solar illumination, mainly because of the rapid electron-hole
recombination rate (Lee et al., 2007; Yu et al., 2006a). Surface
modification through doping metals can greatly enhance either
photocatalytic reactivity or sedimentation of the materials (Chen
et al., 2013; Grandcolas et al., 2013; Liu et al., 2015; Zhao et al.,
2016a). Decorating nano-TiO2 onto the TNTs holds the promise to
combine the benefits of large surface area of TNTs and the great
photocatalytic activity of TiO2 (Yu et al., 2007; Zhu et al., 2004).
Compared to other conventional supports (such as activated car-
bon, SiO2, Al2O3 and resin) (Anderson and Bard, 1997; Cai et al.,
2013; Mutin et al., 2004; Torimoto et al., 1997), TNTs are good
supports for TiO2 considering the following advantages. Firstly, TiO2
and TNTs are both Ti-nanomaterials, titanate is derived from TiO2

through hydrothermal treatment while it also can convert to TiO2
via calcination (Bavykin andWalsh, 2010; Yu et al., 2007; Zhu et al.,
2004). Therefore “homogeneity” of TiO2 and TNT can achieve easy
phase transformation from each other. Secondly, TNTs are multi-
layered nanotubes with fine structure and specific shape (Bavykin
and Walsh, 2010; Chen et al., 2002; Liu et al., 2013b). Coating
TiO2 onto the TNTs with large specific surface area can enhance the
overall photocatalytic reactivity of the composite material, and
expose lots of nano-scale reactive sites when reacting with con-
taminants. Thirdly, excellent ion-exchange performance of TNTs
can efficiently capture Ti4þ when decorated TiO2 through sol-gel
method, and also can retard the adverse effects of metal cations
(e.g., Naþ and Ca2þ) on reaction (Liu et al., 2013b; Sun and Li, 2003).
Finally, good sedimentation property of TNTs ensures easy sepa-
ration of the material after application (Liu et al., 2013a).

However, fundamental water chemistry associated with the
photolysis of BPA with the TiO2 decorated TNTs (abbreviated to
TiO2/TNTs) remain unexplored. Key information includes the ef-
fects of pH, coexisting ions and natural organic matter (NOM),
along with the materials recyclability and the underlying degra-
dation mechanisms. The generation of radicals, ionization state,
and agglomeration behavior of contaminants or photocatalysts in
solution systems are highly pH-dependent (Akpan and Hameed,
2009; Konstantinou and Albanis, 2004). The influence of
commonly detected ions, e.g., Naþ, Ca2þ and HCO3

�, are also of
research interest. NOM ubiquitously exists in groundwater with
concentrations ranged from 0.5 to >20 mg/L as total organic carbon
(TOC) (Thurman, 2012). NOM can significantly impact the surface,
transport and fate of nanomaterials and some organic contami-
nants (Wu et al., 2016; Zhao et al., 2016b). Likewise, such conditions
may affect BPA photodegradation and need to be further studied.

In addition, knowledge on the BPA degradation mechanism,
especially structural information on aromatic products of BPA
photocatalytic degradation is limited (Kondrakov et al., 2014). It is
of high importance and interest to reveal the relations between BPA
properties and photocatalyst activity. Theoretical calculation,
especially the development of density-functional theory (DFT),
provides a new tool for exploring the interaction between material
and pollutants, or reaction mechanisms in typical processes (e.g.,
photocatalysis) (Di Valentin et al., 2008; Wei et al., 2017; Zhao and
Liu, 2007). Therefore, theoretical calculation on photocatalysis of
BPA will present new sights for better understanding the under-
lying mechanisms.

With consideration the challenges in photocatalytic water
treatment area, such as energy-saving, material recovery, and high
radicals yield efficiency (Cates, 2017), the developed photocatalysts
are expected to have some specific characteristics. Firstly, the
photocatalysts should show high photocatalytic activity, which has
high radicals (e.g., $OH) yield so as to efficiently attack contami-
nants; Secondly, the photocatalysts should be able to easily sepa-
rated from waters and reused so as to reduce application cost;
Thirdly, the photocatalysts should present high reactivity even in
complex water matrix; Finally, degradation mechanisms for
different contaminants should be explored so as to better design/
modify photocatalysts. Given the above context, we have developed
a composite material (TiO2/TNTs) of good practical application
potential, which was used for photocatalytic removal of BPA. In this
study, the developedmaterials have all themeritsmentioned above
and BPA degradation mechanism was clearly investigated. The
specific objectives of this work were to: (1) synthesize an effective
and reusable TiO2/TNTs for BPA removal under UV light; (2) test the
effects of typical water chemistry parameters on photocatalysis,
including pH, coexisting ions and humic acid (HA); (3) explore the
degradation pathway of BPA; and (4) interpret the underlying
mechanism on BPA attacking by radicals in the photocatalysis
process by means of DFT calculation.

2. Methods and materials

2.1. Chemicals and materials

TiO2 (P25, ca. 80% of anatase and 20% of rutile) was supplied from
Degussa (now Evonik) of Germany. Tetra-butyl titanate (Ti(OBu)4,
>98%) was obtained from Strem Chemicals of USA. NaOH (GR grade),
NaCl, CaCl2, NaHCO3, KI, isopropanol and p-benzoquinone (BQ) were
all purchased from Acros Organics (Fair Lawn, NJ, USA). Deionized
(DI) water (Millipore Co., 18.2 MU cm) was used to prepare all so-
lutions. Humic acid (Sigma-Aldrich, St. Louis, MO, USA) was used as
the model NOM. BPA (Acros Organic, USA, properties shown in
Table S1) was dissolved into methanol (HPLC grade, BDH, USA) to
form a stock solution of 1 g/L, and diluted properly for further use.

2.2. Synthesis and characterizations of TiO2/TNTs

Firstly, TNTs were prepared through an alkaline hydrothermal
method as described by Xiong et al. (2010). Specifically, TiO2
nanoparticles were dispersed into 10 M NaOH solution and
magnetically stirred for 12 h. Afterwards, the mixture was trans-
ferred into a Teflon reactor with a stainless cover, and then heated
at 130 �C for 72 h. When cooled down to ambient temperature, the
white precipitates were washed with DI water to neutral and then
dried at 80 �C for 4 h.

TiO2/TNTs were then synthesized through a sol-gel method.
2.13mL tetra-butyl titanate was added into 21.0 mL absolute alcohol
(in a 100 mL beaker) with stirring for 10 min. 0.2 g TNTs was then
added into the mixture and stirred for another 10 min, followed by
an addition of 0.188 mL concentrated HCl. After 1 h of stirring, 1 mL
of deionized water was added dropwise for hydrolysis, and after
another 2 h of stirring, the milk-like mixture was centrifuged at
10000 rpm for 10min. The obtained precipitates were washed with
absolute ethanol twice and deionizedwater three times. Finally, the
products were dried at 80 �C for 4 h firstly and then calcined at
400 �C in a muffle furnace for 3 h.

Details on characterization methods of TiO2/TNTs are shown in
Supplementary data (M1).
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2.3. Photocatalysis of BPA

Photocatalytic experiments were conducted in a cuboid quartz
reactor with a total volume of 300 mL (5 � 5 � 12 cm) under UV
light, which was supplied by a high-pressuremercury lamp (150W,
365 nm). The light was placed beside the reactor (10 cm away) with
cooling air supplied to maintain the system temperature of
25 ± 0.5 �C. The UV light density at 365 nm in the reactor center was
determined as 2.5 mW/cm2. Fig. S1 gives the illumination spectra of
the UV lamp, which was measured by a Newport model 1916-R
optical power meter.

A continuous photocatalysis tests were firstly designed for
comparison on photocatalytic activities of TiO2/TNTs, precursor
TiO2 and TNTs. The reaction was initialized with addition of 5 mg/L
of BPA and 0.2 g/L photocatalyst at pH 7. After 1 h's reaction, the
material was separated through gravity settling, which was lasted
for 6 h. The supernate was removed and the precipitate (material)
was further reused for BPA degradation with initial concentration
of 5 mg/L at pH 7. Thematerial reuse was lasted for 5 cycles and BPA
degradation kinetic was investigated in each cycle. In addition,
photocatalytic degradation of BPA at low concentration of 200 mg/L
was also evaluated at identical conditions.

Four scenarios were investigated for the effects of water
chemistry factors on photocatalytic degradation of BPA: (1) To test
the effect of material dosage, TiO2/TNTs dosage was varied from
0.05 to 0.8 g/L with initial BPA concentration of 5 mg/L at pH 7; (2)
To test the effect of pH, solution pH was adjust from 3 to 11 using
diluted HCl and NaOH, and TiO2/TNTs dosage was 0.2 g/L with
initial BPA concentration of 5 mg/L; (3) To test the effect of con-
ventional ions, 5 mmol/L NaCl, CaCl2 and NaHCO3 was added,
respectively; (4) To test the effect of HA, HA concentration was
varied as 0e10 mg/L (as TOC), material dosage was 0.2 g/L while
initial BPA concentration was 5 mg/L at pH 7. Adsorption of HA at
various concentrations by TiO2/TNTs was also studied at identical
conditions, and HA adsorption kinetics were firstly examined
lasting for 180 min. HA concentrations before and after adsorption
were measured as TOC on a VCPN TOC-analyser (Shimadzu, Japan).

Samples were taken at specific time intervals, and then imme-
diately centrifuged (8000 rpm, 3 min) and supernatant was filtered
through a 0.22 mm polytetrafluoroethylene (PTFE) membrane. BPA
concentration in the aqueous phase was determined using an
Agilent 1100 high performance liquid chromatography (HPLC)
equipped with a Zorbax RX-C18 column (2.1 � 150 mm, 5 mm).
Mobile phase was run as mixture of methanol and water at 60:40
(v/v) and a flow rate of 0.2 mL/min in the isocratic mode, and the
eluate was analyzed with a UV diode array detector at 220 nm. TOC
of the sample during the photocatalysis was also determined using
a VCPN TOC-analyser (Shimadzu, Japan) to investigate BPA
memorization efficiency.

First-order kinetic model simplified from Langmuir-
Hinshelwood (L-H) model was introduced to describe the photo-
catalysis reaction (Liu et al., 2014; Satterfield, 1970):

lnðC0=CtÞ ¼ k1t (1)

in which C0 and Ct (mg/L) are the BPA concentrations at initial and
time t (min), respectively, and k1 (min�1) is the first-order apparent
rate constant.

All the photocatalytic experiments are conducted in duplicate.
Data were plotted as mean of duplicates, and error bars were
calculated as standard deviations, indicating the data reproduc-
ibility. Statistical significance testing of calculated values was per-
formed by means of ANOVA t-test using SPSS (SPSS 14.0, Chicago,
Illinois, USA).
2.4. Identification of degradation products

BPA degradation products were determined on a high perfor-
mance liquid chromatography-mass system (HPLC-MS, HP 1100 LC-
MSn Trap SL System, Agilent, USA) with a Zorbax RX-C18 column.
Details on LC-MS operation conditions are shown in
Supplementary data (M2 and Table S2).

2.5. Computational calculation theories and methods

All of the computations were performed based on DFT method
using a Gaussian 03 package (Frisch et al., 2003). Geometry opti-
mization and sing-point (SP) energy calculation were executed
using the hybrid B3LYP method, which combines Hartree, Fock and
Becke exchange terms with the Lee-Yang-Parr correlation function.
And a 6e31* basis set was used.

For the DFT reactivity descriptor calculations, Fukui function is
an important concept in conceptual density functional theory,
which has been widely used in prediction of reactive site of elec-
trophilic, nucleophilic, and radical attacks (Parr and Yang, 1984).
Fukui function is defined as:

f ðrÞ ¼
 

v2E
vN: vvðrÞ

!
¼
�

vm

vvðrÞ
�
N
¼
�
vrðrÞ
vN

�
VðrÞ

(2)

where rðrÞ is the electron density at a point r in space, N is electron
number in present system, and the constant term v in the partial
derivative is external potential. In the condensed version of Fukui
function, atomic population number is used to represent the
amount of electron density distribution around an atom. The
condensed Fukui function can be calculated unambiguously for
three situations:

Nucleophilic attack : fþk ¼ qkN � qkNþ1 (3)

Electrophilic attack : f�k ¼ qkN�1 � qkN (4)

Radical attack : f 0k ¼
�
qkN�1 � qkNþ1

�.
2 (5)

where qk is the atom charge population of atom k at corresponding
state. The Fukui function contains relative information about
different sites of one molecule, and the reactive sites usually have
larger value of condensed Fukui function (CFF) than other regions.

3. Results and discussion

3.1. Characterizations of TiO2/TNTs

Fig. 1 shows the transmission electronmicroscopy (TEM) images
of various titanium materials. In accordance with the previous
studies (Liu et al., 2013b; Xiong et al., 2010; Zhao et al., 2016a), TiO2
(P25) nanoparticles exhibit as nanospheres with diameters of
20e50 nm (Fig. 1a). After hydrothermal treatment, multilayered
titanate nanotubes are formed, with an inner diameter of ca. 4.5 nm
and outer diameter of 9 nm (Fig. 1b). The interlayer distance of TNTs
was 0.75 nm, which is consistent with the crystal plane of titanate
(020) (Chen et al., 2002). For TiO2/TNTs, TNTs are broken with a
decreased interlayer distance of 0.69 nm (Fig. 1c and d), due to
damage of tubular structure and conversion of titanate to TiO2 in
the calcination process (Lee et al., 2007; Yu et al., 2006b). More
importantly, small particles with diameters of 2e3 nm coated onto
TNTs (Fig. 1d), which is anatase according to further X-ray diffrac-
tion (XRD) analysis. Energy dispersive X-Ray spectra (EDS) analysis

http://www.agilent.com


Fig. 1. TEM images of (a) P25, (b) TNTs, (c) and (d) TiO2/TNTs.
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indicates that the main elements of TiO2/TNTs are Na, O and Ti
(Fig. S2), suggesting formation of sodium titanate.

Fig. 2 displays XRD patterns of different materials. TiO2 P25
exhibits as mixed crystal phases of anatase and rutile. After hy-
drothermal treatment for TNTs synthesis, all the TiO2 converts to
titanate. In addition, the obtained material is a kind of sodium tri-
titanate, with chemical formula of NaxH2-xTi3O7 (in which
x¼ 0e0.75, depending on the remaining sodium content) (Liu et al.,
2013b; Sun and Li, 2003). The tri-titanate composes of layered
corrugated ribbons formed through edge-sharing of triple [TiO6]
octahedrons as its skeletal structure and Hþ/Naþ located in in-
terlayers (Liu et al., 2013b; Sun and Li, 2003). The peak at 9.5�

represents the interlayer distance of TNTs (Liu et al., 2013b; Sun and
Li, 2003). TiO2/TNTs present both crystal phases of TiO2 and tita-
nate. However, only the titanate peaks at 9.7� and 28.0� remain, and
the interlayer peak greatly decreased due to damage of tubular
structure via calcination. Moreover, part of titanate converted to
anatase at high temperature. All the TiO2 attached are found to be
anatase, which shows high photocatalytic activity under UV light.

TNTs (272 m2/g) exhibited much larger Brunauer-Emmett-Teller
(BET) specific surface area than P25 (47 m2/g) (Table S3) (Liu et al.,
2014), resulting from its multilayered tubular structure (Bavykin
et al., 2006; Xiong et al., 2010). After anatase deposition and
calcination for TiO2/TNTs, the BET surface area decreases to 187 m2/
g, due to damage of the nanotubes as shown in Fig. 1c and d. For
both TNTs and TiO2/TNTs, the N2 adsorption-desorption isotherms
fitted type IV isothermswith H3 hysteresis loops according to BDDT
classification (Fig. S3a) (Brunauer et al., 1940), suggesting the
presence of mesopores (2e50 nm) in the material. The single point
total pore volume of TiO2/TNTs (0.85 cm3/g) was also lower than
that of TNTs (1.26 cm3/g), and proportion of small pores (2e3 nm)
remarkably decreased for TiO2/TNTs (Fig. S3b), because deposited
Fig. 2. XRD patterns of various titanium materials.
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anatase nanoparticles blocked into the nanotubes and tubes
damaged during calcination. The detected point of zero charge
(pHPZC) of TiO2/TNTs (2.93) was close to that of TNTs (2.56) (Fig. S4),
but much lower than that of P25 (6.67) (Liu et al., 2014), as still
abundant of �ONa/OH groups were located on calcined TNTs.

3.2. Comparison on photocatalytic degradation of BPA by TNTs and
TiO2/TNTs

Fig. 3 compares the photocatalytic degradation kinetics of BPA
by different photocatalysts over 5 continuous cycles, and Table S4
lists the simulated first-order kinetic model parameters. Less than
5% of BPA uptake was found in the dark for the all the materials
based on adsorption tests. TNTs showed almost no photocatalytic
activity toward BPA under UV light, with a low k1 of 0.001 min�1

and a total removal of 5.8% at 60 min even in the first cycle. TiO2
(P25) showed good photocatalytic activity, with a high k1 of 0.0849
min�1 and removal efficiency of 100% at 60 min in the first cycle.
However, due to hard settling of TiO2 (Fig. S5),>93% of TiO2 NPs will
lose after gravity settling and can not be reused in the next cycle,
resulting in dramatic decrease on k1 (only 0.0003 min�1 in the 5th
cycle). Only 2.0% of BPA could be removed after 5 cycles by TiO2. It is
quite different for TiO2/TNTs considering its excellent sedimenta-
tion property, as 95.8% of the material could be separated after 6 h'
gravity-settling (Fig. S5). Although slightly lower of BPA removal
efficiency (94.4%) was observered in the first cycle compared to
TiO2, reusability of TiO2/TNTs was pretty good. Even in the 5th cycle,
the k1 valuewas still as high as 0.0394min�1 and 91.2% of BPA could
be degraded. In addition, <2% of Ti was dissolved into the solution
in the total 5 runs, indicating good stability of TiO2/TNTs. Therefore,
TiO2/TNTs is a much more promising material compared to TiO2
NPs for practical application, which will greatly reduce the com-
mercial and energy costs.

TiO2/TNTs also showed a high removal efficiency for BPA at low
concentration of 200 mg/L, and almost all (>99%) of BPA could be
degraded within 30 min (Fig. 4). Therefore, TiO2/TNTs presented a
great application potential for removal of such micropollutants in
wastewaters, which are usually at ppb level concentration (Fromme
et al., 2002; Lomb�o et al., 2015; Rogers et al., 2013; Vandenberg
et al., 2012). Moreover, 66.9% and 100% of TOC was eliminated at
BPA concentration of 5 mg/L and 200 mg/L respectively, indicating
the high mineralization efficiency during photocatalysis. The BPA
Fig. 3. Photocatalytic degradation of BPA by TiO2, TNTs and TiO2/TNTs over 5 contin-
uous cycles (Initial BPA ¼ 5 mg/L, material dosage ¼ 0.2 g/L, initial pH ¼ 7.0 ± 0.2,
temperature ¼ 25 ± 2 �C).
degradation and mineralization pathway will be discussed in detail
in Section 3.5.

In a typical photocatalysis process for degradation of BPA by
TiO2/TNTs, TiO2 (anatase) will be excited under UV light, and gen-
erates electrons (e�) in the conduction band and hole (hþ) in the
valence band (Eq. (2)) (Akpan and Hameed, 2009; Guo et al., 2009;
Zhao et al., 2016a). Subsequently, molecular oxygen and water will
accept the electrons and holes to produce reactive oxygen species
(ROS) (Eqs. (6)e(10)) (Akpan and Hameed, 2009; Guo et al., 2009;
Zhao et al., 2016a). BPA will be further attacked by ROS (Eq. (11)).

TiO2þ hv / TiO2* (e��hþ) (6)

O2 þ e� / $O2
� (7)

H2O þ hþ / $OH þ Hþ (8)

$O2
� þ 2Hþ þ e� / H2O2 (9)

H2O2 þ $O2
� / $OH þ OH� þ O2 (10)

BPA þ ROS ($OH, $O2
� and H2O2) / intermediates /CO2þH2O(11)

TNTs exhibit negligible photocatalytic reactivity, due to the
rapid electron-hole recombination rate after excitation (Lee et al.,
2007; Yu et al., 2006a). While for TiO2/TNTs, the anatase TiO2
nanoparticles are almost uniformly decorated onto the surface of
TNTs, forming a peculiar heterogeneous structure of binary
composition on nanoscale. The supports/skeletons, TNTs, which
possess large specific surface area, are also the precursor of
deposited TiO2 nanoparticles. Thus the heterogeneous structure of
TiO2/TNTs ensures the high photocatalytic activity of TiO2. Previous
work also demonstrated a higher photocatalytic reactivity of TiO2/
TNTs than both TNTs and nano-TiO2 over acetone (Yu et al., 2007).
3.3. Effect of TiO2/TNTs dosage on photocatalytic degradation of
BPA

Fig. 5 displays the photocatalytic degradation kinetics of BPA at
different TiO2/TNTs dosages. Higher removal efficiency and faster
degradation kinetics were observed at higher dosage of the
Fig. 4. Photocatalytic degradation of BPA by TiO2/TNTs at different initial concentra-
tions and mineralization efficiency (Initial BPA ¼ 5 mg/L and 200 mg/L, material
dosage ¼ 0.2 g/L, initial pH ¼ 7.0 ± 0.2, temperature ¼ 25 ± 2 �C).
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material. Table S5 gives the calculated parameters of the first-order
kinetic models. Fairly good model fitting for degradation was ob-
tained for the simplified first-order kinetics model with R2 > 0.99 in
all cases. Addition of 0.05 g/L of TiO2/TNTs only removed 86.1% of
BPA with a k1 of 0.0324 min�1. While the removal efficiency
reached up to 97.8% when 0.8 g/L of TiO2/TNTs added and the
removal rate was nearly doubled (0.0635 min�1).

In the present study, the removal efficiency of BPA was
enhanced at higher TiO2/TNTs dosage. Higher dosage of photo-
catalyst can provide more active sites for BPA reaction due to more
radicals production, and the enchantment effect will be limited
when the system is saturated (Kaneco et al., 2004; Tsai et al., 2009).
It is because excess catalysts cannot enhance the reactivity anymore
but shield part of UV illumination resulting in a saturated system,
and self-consumption of radicals ($OH in our system) dramatically
occur at higher concentration (Andreottola et al., 2008; Kaneco
et al., 2004; Tsai et al., 2009). Since high BPA removal efficiency
(94.4%) was got at 0.2 g/L, we chose this material dosage in the
following tests for economy and cost consideration.
3.4. Effects of water chemistry factors on photocatalytic
degradation of BPA by TiO2/TNTs

3.4.1. Effect of initial pH on photocatalytic degradation of BPA
Fig. 6a shows the kinetics results of BPA photocatalysis by TiO2/

TNTs at initial pH of 3e11. The total removal of BPA was promoted
with increasing pH. The first-order apparent removal rate k1
increased from 0.0301 to 0.0594 min�1 when initial pH increased
from 3 to 11 (Table S5), implying the BPA photocatalysis by TiO2/
TNTs was more favored under alkaline condition.

Solution pH can play multiple roles during the photocatalytic
degradation of BPA (Akpan and Hameed, 2009; Konstantinou and
Albanis, 2004). Firstly, the ionization state of BPA and the surface
charge of the TiO2/TNTs are highly pH-dependent. Since photo-
catalytic oxidation mainly occurs at the surface of photocatalyst
(Akpan and Hameed, 2009), the effective surface interactions be-
tween photocatalyst and BPAwill influence the overall degradation.
BPAwith a pKa value of 9.6 (Table S1) can be ionized to bisphenolate
anions when pH is higher (Kosky et al., 1991). Meanwhile, the
ionization state of TiO2 or titanate surface is changed followed the
reactions (Akpan and Hameed, 2009):
Fig. 5. Effect of material dosage on photocatalytic degradation of BPA by TiO2/TNTs
(Initial BPA ¼ 5 mg/L, pH ¼ 7.0 ± 0.2, temperature ¼ 25 ± 0.5 �C).
≡Ti� OHþHþ/ ≡Ti� OHþ
2 (12)
Fig. 6. Effect of (a) pH, (b) co-existing ions and (c) HA on photocatalytic degradation of
BPA by TiO2/TNTs (Initial BPA ¼ 5 mg/L, material dosage ¼ 0.2 g/L,
temperature ¼ 25 ± 0.5 �C; for (b) and (c), pH ¼ 7.0 ± 0.2; for (b), ion
concentration ¼ 5 mM).
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≡Ti� OHþ OH�/ ≡Ti� O� þ H2O (13)

in which “≡Ti” represents the basic lattice structure of TiO2 and
titanate, i.e. [TiO6] octahedron.

First, at alkaline pH, OH� will occupy more reactive sites
resulting in decreased zeta potentials and negative charge for Ti-
based materials (Fig. S4). The detected pHPZC for TiO2/TNTs is 2.93
(Fig. S4), and TiO2/TNTs are negatively charged at pH 3 to 11. At pH 9
and 11 the electrostatic repulsion between the bisphenolate anions
and TiO2/TNTs may lead to a suppressed contact frequency and
reactivity. A decreasing trend of BPA photodegradation efficiency
(removal dropped from 100% to ~90%) under UV by TiO2 was found
at pH 9 to 11 in previous studies, and the researchers suggested the
enhanced repulsion due to charge reversal of BPA played the key
role (Tsai et al., 2009).

Second, solution pH can also affect the generation of ROS (e.g.,
$OH, $O2

�, and H2O2) (Akpan and Hameed, 2009; Konstantinou and
Albanis, 2004). The positive holes (hþ) and hydroxyl radicals ($OH)
are regarded as themajor oxidation species under acidic conditions,
and neutral or basic conditions, respectively (Akpan and Hameed,
2009; Tunesi and Anderson, 1991). Fast degradation of BPA was
observed at pH 2.6 by nano-TiO2 under solar irradiation while
limited hydroxyl radicals were generated implying positive holes or
some other ROS (e.g., superoxide radicals) may play the key role
(Wu et al., 2016). Since alkaline conditions are more beneficial for
$OH production, an increasing trend for BPA photolysis was re-
ported from neutral to higher pH values in several studies (Kaneco
et al., 2004; Wang et al., 2009; Wu et al., 2016).

Third, the aggregation of photocatalyst is affected by pH. The
aggregation of photocatalysts can cause great loss of available
surface sites for adsorption of target contaminant and photons
(Akpan and Hameed, 2009; Fox and Dulay, 1993; Konstantinou and
Albanis, 2004). According to previous work, the maximum aggre-
gation of TiO2/TNTs occurred at around its pHPZC (2.93) (Liu et al.,
2013a), which is another reason on the increasing trend of BPA
photolysis efficiency by TiO2/TNTs at pH > 3.

In summary, solution pH governs a) the surface charge of both
photocatalysts and target contaminants; b) generation of effective
ROS; and c) the aggregation of photocatalysts. Thereby, the overall
effect of pH depends on the balance of these three aspects.
Therefore, more ROS production and less aggregation at higher pH
resulted in the overall increasing trend for BPA photocatalysis from
pH 3 to 11.
3.4.2. Effect of coexisting ions on photocatalytic degradation of BPA
Fig. 6b presents the BPA photodegradation kinetics in the

presence of various common ions. The addition of 5mMof NaCl and
CaCl2 just slightly increased the BPA removal from 94.4% to 94.8%
and 96.0%, respectively, while there is no significant difference
according to t-tests (p > 0.05, level of significance ¼ 0.05). The
introduction of 5 mM of NaHCO3 reduced the BPA removal to 81.4%
with a slower kinetic, and the difference is statistically significant
(p < 0.05, level of significance¼ 0.05) compared to that without any
salt addition.

Mechanisms on effects of Naþ and Ca2þ are complicated, as they
can affect not only aggregation of photocatalyst but also reaction
with BPA. Firstly, both Naþ and Ca2þ can be strongly adsorbed on to
TNTs through ion exchange (Liu et al., 2013a, 2013b). Based on the
typical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, addi-
tion of Naþ and Ca2þ can induce electrical double layer compres-
sion, which is described as the reduced thickness of electrical
double layer and suppressed electrostatic repulsion between TNTs
(Liu et al., 2013a; Wang et al., 2013). Therefore stabilization is
impaired and the aggregation is enhanced at elevated ionic
strength. It was reported that the increase of Naþ or Ca2þ addition
greatly enhanced the aggregation of TiO2/TNTs (Liu et al., 2013a).
However, based on the observation in this study (Fig. 6b), the
greater aggregation at higher Naþ/Ca2þconcentrations did not lead
to decrease of BPA degradation efficiency. It is because of the pro-
moting effect on BPA removal by addition of Naþ and Ca2þ. This can
partially attribute to the “salting-out effect” at higher ionic
strength, which can decrease the solubility of BPA enhancing its
sorption onto TiO2/TNTs (Bautista-Toledo et al., 2005). In addition,
the adsorbed cations can create a screening effect which favors
p�p adsorbate-adsorbent dispersion interactions between BPA
and the photocatalyst (Liu et al., 2016a; Stuart et al., 1991), thereby
enhancing the adsorption of BPA. Therefore, integration on nega-
tive effect caused by material aggregation and positive effect
resulting from screening mechanism led to no significant change of
BPA degradation with addition of Naþ and Ca2þ. Similarly, previous
study on photocatalysis of 2-naphthol with TiO2 also demonstrated
the effect of Naþ or Ca2þ was negligible (Qourzal et al., 2008).

Anions are generally regarded as scavengers of photo-generated
holes (hþ) or hydroxyl radicals (Konstantinou and Albanis, 2004).
Anion can pose inhibition effects through following reactions
(Bhatkhande et al., 2002; Konstantinou and Albanis, 2004):

Cl� þ hþVB/,Cl (14)

Cl� þ ,OH/,ClOH� (15)

HCO�
3 þ ,OH/,CO�

3 þ H2O (16)

CO2�
3 þ ,OH/,CO�

3 þ OH� (17)

The reactivity of produced radical anions (e.g., $Cl and $CO3
�) are

much weaker than hþ or $OH (Fukahori et al., 2003a). A previous
work using C-N co-doped TiO2 also demonstrated that chloride at
5 mM only slightly retarded the BPA degradation (removal dropped
by ~1%), while bicarbonate (also 5 mM) exhibited a larger extent of
inhibition (removal dropped from 100% to 67%) (Wang and Lim,
2010). The researchers pointed out that bicarbonate can be irre-
versibly adsorbed onto the Ti-based materials, so completive
adsorption of HCO3

� with produced radicals (e.g., $OH) onto the
photocatalyst would inhibit BPA reaction (Hu et al., 2004; Rincon
and Pulgarin, 2004; Wang and Lim, 2010). However, the chloride
anions can only be loosely attracted to the material surface through
hydrogen bridges and Van der Waals force (Hu et al., 2004; Rincon
and Pulgarin, 2004; Wang and Lim, 2010). Moreover, bicarbonate
can quench the hydroxyl radicals (Eq. (16)) faster than chloride
(Gultekin and Ince, 2004). Therefore, the inhibition effect of bicar-
bonate is more important.
3.4.3. Effect of HA on photocatalytic degradation of BPA
Fig. 6c shows the effect of dissolved HA on the BPA photolysis

kinetics at neutral conditions. Addition of HA inhibited the photo-
degradation of BPA by TiO2/TNTs. Specifically, as 2.5 mg/L (as
TOC) of HA added, the total removal of BPA dropped slightly from
94.4% to 91.8%. However, with more HA introduced, the degrada-
tion of BPA was suppressed distinctly. When the HA concentration
increased to 10 mg/L, the lowest removal efficiency (73.8%) and k1
(0.0229 min�1) were obtained.

Adsorption of HA onto TiO2/TNTs could quickly reach equilib-
rium within 60 min due to the large surface area of the material
(Fig. S6), and Fig. S7 presents the adsorption isotherm of HA by
TiO2/TNTs. The linear isotherm model can well describe
(R2¼ 0.9962) the adsorption process, with a distribution coefficient
(Kd) of 7.04 (M4 in Supplementary data). Therefore, more HA was



Fig. 7. Photocatalytic degradation of BPA by TiO2/TNTs in the presence of various
radical scavengers. (Initial BPA ¼ 5 mg/L, scavenger concentration ¼ 10 mM, material
dosage ¼ 0.2 g/L, pH ¼ 7.0 ± 0.2, temperature ¼ 25 ± 0.5 �C).
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adsorbed onto TiO2/TNTs at higher HA concentration. For example,
qe (29.2 mg/g) at 10 mg/L was much larger than that (7.7 mg/g) at
2.5 mg/L. In this study, HA molecules can exist either on the surface
of TiO2/TNTs or freely in the aqueous phase. These two groups of HA
may pose different effects on BPA photodegradation. It has been
described that HA molecules can be sorbed onto nano-TiO2 and
titanate through electrostatic attraction or ligand exchange (Chen
et al., 2014; Liu et al., 2016b; Ma et al., 2017; Wu et al., 2016). The
sorbed HA molecules cause contrasting effects on BPA photolysis.
On one hand, higher amount of sorbed HA can reduce the zeta
potential, increase the steric repulsion and inhibit the aggregation
of TiO2/TNTs (Liu et al., 2013a; Wu et al., 2016), which are all
beneficial for creating larger specific area and more available active
sites. Moreover, HA molecules can serve as electron donor to
scavenge the photo-generated holes, leading to inhibited electron-
hole recombination and enhanced the $OH generation (Selli et al.,
2000). On the other hand, the sorbed HA can also trigger
blockage of active sites, surface deactivation or light attenuation
resulting in inhibited degradation of BPA (Bekbolet et al., 2002;
Konstantinou and Albanis, 2004; Wiszniowski et al., 2002). The
freely dissolved HA molecules can also shield the UV illumination
since the HA molecules are also strong UV absorber (Selli et al.,
Fig. 8. (a) BPA chemical structure; (b) HOMO orbital of BPA
2000; Wu et al., 2016).
In a previous work using nano-TiO2 for BPA photolysis under

solar light, researchers observed that the degradation of BPA was
enhancedwith only 0.1mg/L of HA added, then impededwithmore
HA (1 and 10 mg/L) introduced (Wu et al., 2016). However, we did
not found similar enhancement of BPA in this study, implying that
the addition of HA (�1 mg/L as TOC) might be oversaturated to
cause a facilitation of $OH generation. In our study, the BPA photo-
degradation was inhibited with increasing HA concentration, sug-
gesting the aforementioned negative effects of HA surpassed the
positive effects in all cases.
3.5. Degradation pathway and DFT calculation

Fig. 7 presents the radical quenching results in the presence of
scavengers. KI is for quenching of hþ, isopropanol for $OH and BQ
for $O2

� (Guo et al., 2013). Addition of isopropanol greatly inhibited
the reaction, indicating $OH played the primary role in BPA
degradation. In addition, addition of KI resulted in dramatic
decrease on BPA degradation. It is because KI can the prevent for-
mation of hþ, which is highly related to the formation of $OH ac-
cording to Eq. (8). However, a slight decrease was found after in the
presence of BQ, suggesting $O2

� did not dominate the photo-
degradation in this system.

Theoretical DFT method is further used to elucidate the exact
photocatalytic degradation pathways of BPA, and the regiose-
lectivity for $OH attacking is focused. Generally, the highest occu-
pied molecular orbital (HOMO) indicates easy escape of electron,
which will be attacked by $OH with the highest probability (Casida
et al., 1998; Pearson, 1986). The HOMO orbital of BPA is mainly
located on the symmetrical phenyl rings (Fig. 8b), where can be
easily attacked by $OH. The natural population analysis (NPA)
charge distribution and Fukui index representing radical attack (f0)
of carbon atoms in BPA are further calculated (Fig. 8c). The red color
degree in Fig. 8c shows different levels of f0, and it demonstrates
that the C4, C40, C6, and C6’ in BPA (marked in pink in Fig. 8a) with
high values are the most reactive sites for radical attacks.

Base on the products identified by LC-MS and DFT calculation
results, we proposed the BPA degradation pathway (Fig. 9). Com-
pounds A (6,60-diOH-BPA), E (2-isopropylmuconic acid) and F (4-
isopropenylphenol) were the detected intermediates through LC-
MS, and therefore photocatalytic degradation of BPA generally
undergoes three pathways: 1) BPA/A/D/E, 3) BPA/B/
C/D/E and 3) BPA/B/C/F, which is consistent with the
precious studies (Guo et al., 2009; Subagio et al., 2010). According
; (c) NPA charge distribution and Fukui index of BPA.



Fig. 9. Proposed BPA degradation pathway by TiO2/TNTs under UV light.
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to DFT calculation results, the hydroxyl radicals prefer to attack on
C6 and C60, resulting in 6,60-diOH-BPA (A,m/z 257) formation. In the
meanwhile, $OH radical attacking on C4 or C40 will lead to breakage
of C4�C7 bond, and formation of 1,4-hydroquinone (B) and tran-
sient radical (*C(CH3)2C6H4OH, C). Then the *C(CH3)2C6H4OH will
soon transform into the stable 4-isopropenylphenol (F, m/z 133). In
addition, the hydroxylation of aromatic ring by hydroxyl radicals
can lead to the sequential ring cleavage. The attacks of hydroxyl
radical on A and C may produce the same intermediate D, which
can then form 2-isopropylmuconic acid (E, m/z 183) after a ring-
open process. The ring-opened products will be further oxidized
by $OH to form aliphatic compounds (e.g., carboxylic acids, formic
acid and acetic acid) and final mineralization products of CO2 and
H2O (Guo et al., 2009; Subagio et al., 2010), which is consistent with
the TOC elimination shown in Fig. 4.
4. Conclusions

This study developed and tested a TiO2 decorated TNTs (TiO2/
TNTs) for photocatalytic degradation of BPA under UV irradiation.
The primary findings are summarized as:

(1) The synthesized TiO2/TNTs is a nano composite of anatase
and titanate, of which anatase serves as primary photo-
catalyst and titanate as the skeleton/support. The heteroge-
neous structure of TiO2/TNTs ensures high photocatalytic
activity under UV light.

(2) TiO2/TNTs exhibited excellent photocatalytic reactivity for
BPA over 5 cycles. 95.8% of TiO2/TNTs could be separated
through gravity-settling. As high as 91.2% of BPA also could
be degraded by TiO2/TNTs in the 5th cycle, which was much
higher than that by virgin TiO2 (1.8%) and TNTs (2.0%).

(3) Influences of typical water chemistry parameters on BPA
photodegradation were tested. Higher pH facilitated photo-
catalysis due to more ROS produced and less material ag-
gregation. Co-existing NaCl and CaCl2 showed negligible
effects on BPA degradation, but NaHCO3 caused an inhibition
effect resulting from consumption of $OH. HA inhibited
degradation mainly due to blockage of the photocatalyst's
active sites.

(4) Hydroxyl radicals play the dominate role in BPA photo-
catalytic degradation. DFT theory is used to interpret the BPA
degradation pathway. High Fukui index considering radical
attack (f0) indicates that the easy-attacking sites on BPA are
carbon atoms on the symmetrical phenyl rings.

Overall, TiO2/TNTs would be a promising photocatalyst for BPA
removal from wastewaters through photocatalysis, and the theo-
retical calculation presented in this study also provides an available
way for research on organic compounds degradation mechanism.
Moreover, considering the good adsorption capacity of TNTs for
heavy metal cations (Bavykin et al., 2006; Liu et al., 2013b, 2016b),
TiO2/TNTs also show a great application potential in the organics-
heavy metals combined contaminants remediation area.
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