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A B S T R A C T

Photocatalysis is a promising approach to remove highly toxic and refractory aromatics pollutants. However,
developing highly active photocatalyst is a long-standing challenge for pollutant degradation. This study ad-
dressed this challenge by developing GR (graphene)/TiO2 and HPW (H3PW12O40)/GR/TiO2 membranes by sol-
gel method. The removal efficiencies of HPW/GR/TiO2 (the doping of 1.0% HPW) membrane for chlorophenols
(including o-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol) and bisphenols
(such as Bisphenol A, Bisphenol AP, Bisphenol AF, and Bisphenol S) were up to 97.02–82.71% and
93.28–68.63% with simulated sunlight radiation for 5 h, respectively. Compared with GR/TiO2 composite
membrane, HPW/GR/TiO2 remarkably accelerated the formation rates of %O2

− and %OH, due to the simulta-
neous transfer of photo-generated electrons (generated by TiO2) to GR and HPW. In addition, the activity of the
HPW/GR/TiO2 membrane did not decline noticeably after 10-time recycle. Furthermore, the photocatalytic
degradation reaction rate constants (k) of phenols by HPW/GR/TiO2 membrane were calculated, and those for
other chlorophenols and bisphenols were predicted using a quantitative structure-activity relationship model.
The HPW/GR/TiO2 membrane developed in this study poses high potential as an ideal photocatalyst for removal
of phenolic pollutants in wastewater.

1. Introduction

Chlorophenols (CPs) are extensively used chemicals in daily life and
their amounts present in wastewater are considerable
(Prashanthakumar et al., 2018). CPs can severely affect human nervous
and respiratory systems and cause serious hazards to human health.
Odorous CPs in the environment have the persistence, toxicity, and
carcinogenic characteristics (Fang et al., 2019; Yan et al., 2018a,
2018b). Bisphenols (BPs), a type of endocrine disrupting chemicals
(EDCs), have attracted wide concern in the last few decades owing to its
widespread application in industry (Romena et al., 2020). In recent
years, BPs have caused various environmental problems including in-
door dust, surface water, sediment, and wastewater (Shun et al., 2019).
Moreover, the treated effluent from sewage treatment plants is a major
source of BPs entering the aquatic environment (Salgueiro et al., 2019).

Titanium dioxide (TiO2) has been used as a photocatalyst, due to its
non-toxicity, high chemical activity, long-term stability, and relatively
low cost (Fujishima et al., 2000; Yu et al., 2018). However, the rapid
recombination of e-h+ pairs is one key factor limiting the

photocatalytic activity of TiO2. An effective way to avoid the re-
combination of the e−-h+ pair is to couple TiO2 with other materials
(Sánchez-Rodríguez et al., 2018; Khaki et al., 2017). Graphene (GR)
could increase the separation efficiency of e−-h+ pair as well as expand
the optical absorption range of TiO2 to the visible light region (Perera
et al., 2012; Wang et al., 2013; Ma et al., 2016; Naderi et al., 2017;
Martins et al., 2018; Ton et al., 2018; Xu et al., 2018), and enhance the
photocatalytic activity of GR/TiO2. Furthermore, POM (Poly-
oxometalate) has unique nanoscale and environmentally friendly
transition metal-oxygen cluster, and exhibits superior photochemistry
and reversible redox properties (Zheng et al., 2018). POM is a pro-
mising building block in the photocatalytic system and photovoltaic
devices owing to the electronic transmission and storage. As a typical
POM, H3PW12O40 (HPW) could be an excellent candidate for delaying
the e−-h+ recombination on the surface of TiO2 and improve the
photocatalytic activity due to its intrinsic electronic attribution (Niu
et al., 2018; Liu and Qu, 2017). Based on the structures and properties
of TiO2, GR, and H3PW12O40, a HPW/GR/TiO2 composite could be
developed for advanced photocatalytic activity.
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Due to the continuous emergence of new pollutants, it is not realistic
to investigate their degradation individually by using photocatalysis.
Therefore, we predict the photocatalytic degradation of pollutants by
models. Quantitative structure-activity relationship (QSAR) is efficient
at correlating molecular structures of organic compounds with their
“reactivity”. However, QSAR has been limited to predict the toxicity
and environmental process parameters of organic pollutants (Peric
et al., 2015; Wang et al., 2015; Heo et al., 2019), while the prediction of
the photocatalytic degradation reaction rate constant (k) values of
pollutants has rarely been reported. Therefore, using the QSAR model
established by the k values of pollutants to predict the k values of
homologous pollutants is more practical.

In this work, GR was prepared using grass according to our previous
study (Ma et al., 2016). GR/TiO2 membranes were fabricated by sol-gel
method that mixed the GR into TiO2 solution. HPW/GR/TiO2 mem-
branes were prepared by doping HPW on GR/TiO2 and loaded on the
quartz plate. The photocatalytic degradations of GR/TiO2 and HPW/
GR/TiO2 membranes for CPs (including O-chlorophenol, 2,4-di-
chlorophenol, 2,4,6- trichlorophenol, and pentachlorophenol) and BPs
(such as Bisphenol A, Bisphenol AP, Bisphenol AF, and Bisphenol S)
were also investigated. In addition, the mechanism of the photo-
catalytic degradation of phenolic pollutants using HPW/GR/TiO2 was
explored. Moreover, a QSAR model was improved to calculate the
photocatalytic degradation reaction rate constants of HPW/GR/TiO2

membranes for phenolic pollutants and predict the characteristic of
photocatalytic degradation of it for other CPs and BPs.

2. Experiment

2.1. Preparation of the HPW/GR/TiO2

The titanium tetraisopropoxide (TTIP) solution (denoted as A) was
prepared by dropping 2 mL TTIP into 2 mL isopropanol with stirring for
1 h. 16 mg GR was added into 6 mL isopropanol and dispersed in ul-
trasonic for 1 h (denoted as B). The GR doping amount of the HPW/GR/
TiO2 membrane was 16 mg, since the photocatalytic activity of the GR/
TiO2 membrane (doping amount of GR was 16 mg) was the highest
(shown in Fig. S1). Afterward, B was dropped into A under vigorous
stirring. HPW powders (0.02 mmol, then the percentage of HPW in
HPW/GR/TiO2 was 1.0%) were added into isopropanol (1.6 mL) in
ultrasonic for 1 h (denoted as C). C was added into the mixture solution
of A and B and 0.5 mL acetic acid was added simultaneously for slowing
down the hydrolysis rate of TTIP. The pH of the mixture was adjusted to
2–3 by hydrochloric acid (1 mol L−1). After being stirred for 1 h at
room temperature, the mixed solution was transferred into a 50 mL
Teflon-lined reaction kettle, heated to 473 K with the heating rate of
2 K min−1, kept at 473 K for 3 h, and cooled to room temperature at the
cooling rate of 1 K min−1, through which the HPW/GR/TiO2 composite
was obtained. In addition, the GR/TiO2 membrane was also prepared as
the control sample without addition of HPW. The doping ratio of GR to
HPW in the HPW/GR/TiO2 membrane was described in Fig. S1 of
Supplementary Material.

The quartz substrate was treated in an ultrasound bath for 30 min
(sequentially with detergent, ethanol, and distilled water) and dried at
333 K before use. The obtained composite was transferred into a 50 mL
beaker and stirred (at 500 rpm for 6 s, and then at 2000 rpm for 20 s)
for spin-coating on the quartz substrate (50 mm × 15 mm × 1 mm).
Afterward, the HPW/GR/TiO2 composite (about 5.0 mg) on the quartz
substrate was aged at 293 K for 3 d.

2.2. Catalyst characterization

The prepared membranous composites were characterized using the
following methods. Scanning electron microscope (SEM) images were
taken using a Japan SII working at 20 kV. Energy dispersive spectra
(EDS) were carried out with an Oxford EDS system attached to SEM.

Transmission electron microscopy (TEM) and high-resolution TEM (HR-
TEM) images were obtained using a Philips EM 208 working at 20 kV.
X-ray diffraction (XRD) patterns were performed on a Rigaku D-max C
III (Ni-filtered Al Kα radiation). X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250) patterns were obtained using an Al Kα
(λ = 0.83 nm, hμ = 1486.7 eV) X-ray source. Fourier transform in-
frared (FTIR) spectra (4000-400 cm−1) were carried out using a Nexus
670 FTIR spectrometer (Thermo Nicolet, Madison) equipped with a KBr
beam splitter (KBr, FT-IR grade). Raman spectra were obtained using a
micro-Raman spectrometer (Nicolet Almega XR) with a 473 nm laser as
an excitation source. Electron spin resonance (ESR) spectra were mea-
sured using a Bruker Elexsys E−580 electron spin resonance spectro-
meter, conducted at room temperature with the addition of 5,5-di-
methyl-1-pyrroline N-oxide (DMPO, BePharm). In addition, EC550
electrochemical workstation (Wuhan Gaoss Union Technology Co., Ltd)
was used to test the photocurrent of the composite membranes. The
membranes tested, Pt wire, and Ag/AgCl (saturated NaSO4 solution)
were used as the working electrode, the counter electrode, and the
reference electrode, respectively (Zhao et al., 2015). Additionally, the
concentrations of phenolic pollutants were determined with High-Per-
formance Liquid Chromatography (HPLC) equipped with a Dionex C-18
reversed-phase LC column (Waters Alliance HPLC). The HPLC condi-
tions were shown in Table S1.

2.3. Photocatalytic degradation test

The light source (15 cm above the reactor) was provided by a Xe
lamp (50 W, PLS-SXE300, Beijing Trusttech Co. Ltd., China). 100 mL
CPs or BPs solution (5 mg L−1) was poured into the quartz reactor, and
the HPW/GR/TiO2 composite membrane was immersed in the CPs or
BPs solution which was kept in the dark with stirring for 30 min to
achieve adsorption-desorption equilibrium. 1 mL solution, irradiated by
the Xe lamp, was extracted and analyzed every 30 min for testing. The
control experiment (photolysis) without the composites was also in-
vestigated. The k values were obtained by fitting the curves of ln (C0/
Ct) vs. irradiation time.

To investigate the photocatalytic degradation mechanisms of the
HPW/GR/TiO2 composites for CPs and BPs, 108 mg 4-benzoquinone
(BQ, for %O2

−), 0.1 mL isopropanol (99.7%, for %OH), and 3.7 mg
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na, for h+) used
as the radical scavenger, were added into the CPs and BPs solution,
respectively. Furthermore, 0.4 mL methyl alcohol (99.5%) was used as
the transforming agent for %OH to %HO2/%O2

− (Yao et al., 2008).
The recycling test of HPW/GR/TiO2 membrane was used for the

photocatalytic degradation of o-CP solution ten times under the same
experimental conditions. The recycling HPW/GR/TiO2 membrane was
collected and used without any treatments in the next photocatalytic
degradation processes during the entire experiment.

3. Results and discussion

3.1. Characterization of photocatalyst

The morphologies of GR/TiO2 and HPW/GR/TiO2 membranes were
characterized using the SEM and TEM (Fig. 1). The layered GR in the
membrane of GR/TiO2 was observed (Fig. 1 a). However, the layered
structure was indiscernible in the membrane of HPW/GR/TiO2, in-
dicating that GR was greatly reduced in the HPW/GR/TiO2 composite
(Fig. 1 b). Further analysis of the HRTEM images for GR/TiO2 and
HPW/GR/TiO2 revealed that all the crystal lattice represented the TiO2

(101) (Fig. 1c and d), and the crystal of TiO2 was mainly anatase (insets
of Fig. 1 c and d).

The characterization results showed the adsorption peaks of HPW at
799.39, 888.65, 984.92, and 1080.09 cm−1 in the FT-IR spectra (Fig. 2
a). The diffraction peaks (ranged from 1000 to 1600 cm−1) were the
O–Ti–O skeleton of TiO2. The characteristic peaks at 1410 and
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1535 cm−1 represented C–OH and C]O of GR, respectively (Zhang
et al., 2012). The two peaks at 946.72 and 1068.11 cm−1 in HPW/GR/
TiO2 displayed the W=Od and P-Oa. The peak at 1521 cm−1 (skeleton

of C]O) was also observed in the composite. The diffraction peak at
1600 cm−1 was the skeleton of O–Ti–O. The peaks of HPW/GR/TiO2

were broader than raw materials, indicating that the strong interaction

Fig. 1. SEM images of (a) GR/TiO2 and (b) HPW/GR/TiO2; HRTEM images of (c) GR/TiO2 and (d) HPW/GR/TiO2. The insets were SAED patterns.

Fig. 2. (a) FT-IR spectrum of TiO2, GR, HPW, HPW/TiO2, GR/TiO2 and HPW/GR/TiO2; (b) Raman spectrum of TiO2, GR/TiO2 and HPW/GR/TiO2 (Inset was Raman
spectrum around the strongest peaks); (c) XRD patterns of the TiO2, GR/TiO2 and HPW/GR/TiO2; (d) High-resolution XPS spectraum of HPW/GR/TiO2 in the Cls:
(Inset was GR/TiO2 in the Cls).
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among HPW, GR, and TiO2. The peak at 1350.96 cm−1 (D band) was a
common feature of sp3 defects in carbon, which was associated with the
structural defects of amorphous carbon (shown in Fig. 2 b). The peak at
1570.00 cm−1 (G band) corresponded to an E2g mode of graphite re-
lated to the vibration of sp2-bonded carbon atoms. The intensity ratio of
these two bands was considered as a parameter for characterizing the
quality of the carbon nanomaterials in the sample, and the high in-
tensity ratio indicated the high degree of disorder in the carbon nano-
materials (Qu et al., 2015; Press-Kristensen et al., 2008). D/G intensity
ratio (ID/IG) of GR/TiO2 was 0.23, while the D and G peaks of HPW/
GR/TiO2 almost disappeared in the illustration. The peaks at 144, 394,
514, and 636 cm−1 of TiO2 nanosheets were clear in Raman spectra.
The percentage of exposed {001} facets in anatase TiO2 was obtained
by measuring the peak intensity ratio of the Eg (144 cm−1) to A1g

(514 cm−1) peaks (Hapeshi et al., 2010). The exposure ratios of TiO2

{001} in TiO2, GR/TiO2, and HPW/GR/TiO2 were 16.25, 11.40, and
15.23%, respectively. Although the {001} crystal surface exposure ratio
of TiO2 was the highest, its activity was still lower than that of HPW/
GR/TiO2 due to the absence of the co-catalyst. The peaks of TiO2 were
at 2θ = 25.3о (101), 37.9о (004), 48.2о (200), 53.9о (105), 55.1о (211),
and 63.1о (204) (Fig. 2 c), which were consistent with the characteristic
peak of anatase. After coupling TiO2 nanoparticles with HPW and GR,
the intensities of these characteristic peaks decreased significantly, at-
tributing to the homogeneous coverage of TiO2 nanoparticles by GR and
HPW. The oxygen-containing groups on the surface of GR disappeared
in HPW/GR/TiO2, meaning that GR was reduced completely (Fig. 2 d).
The variation trend was consistent with the Raman spectra.

The characterization results of HPW/GR/TiO2 and GR/TiO2 mate-
rials XPS (Figs. S4 and S5) showed that the Ti2p3/2 and Ti2p1/2 binding
energies of TiO2 in the HPW/GR/TiO2 were 458.8 and 464.6 eV,

respectively, indicating that the Ti element in HPW/GR/TiO2 was Ti4+.
Compared with the results in the GR/TiO2 (Fig. S4 a), the Ti2p char-
acteristic peak shifted to the high binding energy direction, which was
caused by the decrease in the electron density around Ti after the ad-
dition of HPW. Compared to the GR/TiO2 (Fig. S4 b), the characteristic
peak of O1s in HPW/GR/TiO2 (Fig. S5 b) did not changed substantially.
Compared with HPW, the characteristic peaks in HPW/GR/TiO2 (Fig.
S5 c and d) dropped toward the low binding energy direction, in-
dicating that the lost electrons from the Ti were attracted by the W.
Therefore, the interaction in the interior of the composite was strong
(Xu et al., 2010).

The photoluminescence spectra of materials, photo-excited with
250 nm light at room temperature, were generated from the re-
combination of electrons and holes (Fig. 3 a). The fluorescence emission
of TiO2, GR, and HPW were strong at 400–430 nm, and the center of
emission peak was 420 nm. However, the peak strength of the HPW/
GR/TiO2 was the weakest, which suggested that separation efficiency of
photo-generated electron and holes in HPW/GR/TiO2 was the highest.
All of TiO2, GR, HPW, and HPW/GR/TiO2 could generate a current
signal rapidly with the illumination, and the signals were stable in
photocurrent experiment (Fig. 3 b). The photocurrent signal of HPW/
GR/TiO2 was the largest owing to the highest separation efficiency of
photo-generated electrons and holes.

UV–vis/DRS measurements were carried out to investigate the op-
tical properties of the materials (Fig. 3 c and 3 d). Ranged from 200 to
400 nm, the absorption of TiO2 and HPW for ultraviolet were strong
broadband. With the addition of GR, the absorption wavelength of GR/
TiO2 and HPW/GR/TiO2 were extended. In addition, the energy bands
and absorption spectra of GR/TiO2 and HPW/GR/TiO2 were not
changed significantly. From the characterization result of XPS (Fig. S4),

Fig. 3. (a) Room-temperature PL spectrum of TiO2, GR, HPW, GR/TiO2, HPW/TiO2. and HPW/GR/TiO2 under the excitation wavelength of 250 nm; (b) Photocurrent
responses of TiO2, GR/TiO2, HPW/TiO2 and HPW/GR/TiO2; (c) UV–Vis/DRS spectrum and (d) Band gap of TiO2, GR, HPW, GR/TiO2, HPW/TiO2 and HPW/GR/TiO2.
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the GR in HPW/GR/TiO2 was greatly reduced, resulting in the de-
creasing of the effective contact area between GR and TiO2. However,
the presence of HPW allowed the photo generated electron from TiO2 to
be transferred to HPW. Finally, the light absorption and energy band of
the HPW/GR/TiO2 were similar with GR/TiO2.

3.2. Photocatalytic degradation of CPs and BPs by HPW/GR/TiO2

Adsorption performance of HPW/GR/TiO2 membrane to eight pol-
lutants was studied to determine the role of adsorption in the photo-
catalysis process (Liu et al., 2019; Hu et al., 2020). The adsorption
experiment of HPW/GR/TiO2 membrane was carried out for 300 min.
After 30 min, the adsorption processes of HPW/GR/TiO2 membrane for
CPs (Fig. S2 a) and BPs (Fig. S2 b) basically reached the adsorption-
desorption equilibrium. The HPW/GR/TiO2 membrane had an adsorp-
tion efficiency of 2.59–8.72% for CPs, and 0.32–9.42% for BPs.
Therefore, 30 min was selected as the adsorption time.

The photocatalytic degradation efficiency of o-CP by HPW/GR/TiO2

membrane with simulated sunlight irradiation for 300 min was sig-
nificantly higher than TiO2, GR/TiO2 and HPW/TiO2 (Fig. 4 a), which
was consistent with the optical properties of the materials (Fig. 3). The
order of removal rates of CPs was o-CP (97.02%) > 2,4,6-Tri-
chlorophenol (2,4,6-TCP, 96.95%) > pentachlorophenol (PCP,
92.88%) > 2,4-Dichlorophenol (2,4-DCP, 82.71%) after being irra-
diated for 300 min (Fig. 4 b). For BPs, the order of the removal rate was
Bisphenol S (BPS, 93.28%) > Bisphenol A (BPA, 91.39%) > Bi-
sphenol AP (BPAP, 74.71%) > Bisphenol AF (PBAF, 68.63%) (Fig. 4
c).

In the photocatalytic degradation processes of HPW/GR/TiO2

membrane for CPs and BPs, the hydroxylation was the initial de-
gradation step (Zada et al., 2017; Yan et al., 2018a, 2018b; Ma et al.,
2018). The degradation rate was related to the position and number of
chlorine atom. The chlorine atom on the para-position was more diffi-
cult to be replaced compare with the meta- and ortho-position. Fur-
thermore, the chlorine atom was easier to be replaced with the in-
creasing number of chlorine atom on benzene ring. Therefore, the
photocatalytic degradation for 2,4-DCP was the difficult.

For BPs, the diphenyl ring structure was relative stable, and the
photocatalytic degradation efficiencies of HPW/GR/TiO2 membrane for
BPs was lower than for CPs (Fig. 4 a and b). The structure of BPAF was
stable with the presence of C–F bond, the structure of the three benzene
rings in BPAP led to the difficult initiation of the degradation.

The recyclability of the HPW/GR/TiO2 membrane was evaluated by
using o-CP as the target pollutant (Fig. S8). After ten times photo-
catalytic degradation experiments, the removal rates were
97.02%–94.33%, which suggested that the HPW/GR/TiO2 membrane
exhibited good stability and recyclability.

3.3. Photocatalytic activity mechanism of HPW/GR/TiO2 to phenols

The ROS (reactive oxygen species) generated from the surface of
TiO2, GR/TiO2 and HPW/GR/TiO2 with simulated sunlight irradiation
was determined using a DMPO spin-trapping ESR technique. These ESR
signals with the intensity ratios of 1:2:2:1 and 1:1:1:1 represented the
presence of DMPO-%OH and DMPO-%O2

− adducts (Fig. 5 a and b) (Chen
et al., 2015). Thus, %OH and %O2

− were involved in the photocatalytic
degradation processes by TiO2, GR/TiO2, and HPW/GR/TiO2. The for-
mation efficiencies of %OH and %O2

− in GR/TiO2 and HPW/GR/TiO2

Fig. 4. (a) Photocatalytic degradations of TiO2, GR/TiO2, HPW/TiO2 and HPW/GR/TiO2 for o-CP; the photocatalytic degradations of HPW/GR/TiO2 for (b) CPs and
(c) BPs.
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system were higher than TiO2. The formation efficiencies of %OH pro-
duced by HPW/GR/TiO2 were lower than GR/TiO2, while the forma-
tion efficiencies of %O2

− was higher than GR/TiO2.
The radical scavenger experiments of GR/TiO2 and HPW/GR/TiO2

were conducted (Fig. 5 c and d). The %OH played an active role in the
photocatalytic degradation of GR/TiO2 for o-CP. The %O2

− played the

most important role and followed by %OH in the photocatalytic de-
gradation of HPW/GR/TiO2 for o-CP. Therefore, the %O2

− and %OH
were the most important ROS in the photocatalytic process, which was
in accordance with the results of ESR characterization. The degradation
path result of o-CP by HPW/GR/TiO2 membrane was provided in the
supplementary material (Figs. S6 and S7).

Fig. 5. ESR spectrum of the (a) DMPO-%OH and (b) DMPO-%O2
−adducts recorded with TiO2, GR/TiO2 and HPW/GR/TiO2; Plotted degradation curves of (c) GR/TiO2

and (d) HPW/GR/TiO2 for o-CP with the scavengers.

Fig. 6. Photocatalytic mechanisms of GR/TiO2 and HPW/GR/TiO2 membranes.
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The mechanisms of photocatalytic degradation by GR/TiO2 and
HPW/GR/TiO2 membranes (Fig. 6) showed that under the simulated
sunlight, e− was excited from the valence band (VB) of TiO2 to the
conduction band (CB), and h+ generated on VB. In the GR/TiO2, the
photo generated electron from TiO2 could be received by GR and
combined with O2 to form %O2

− (Perera et al., 2012). In HPW/GR/TiO2

system, the e− would transfer to GR and HPW simultaneously and
generate %O2

−, implying that the concentration of %O2
− produced by

HPW/GR/TiO2 was higher than GR/TiO2 (Fig. 5 b). At the same time,
h+ generated by HPW was also transferred to TiO2 and generated %OH.

To investigate the influence of ROS to the degradation for CPs and
BPs, radical scavenger experiments were also carried out. The k values
(Table 1) were inversely proportional to the contribution of ROS. The
results showed that %O2

−, %OH, and h+ all contributed to the de-
gradation of target pollutants. Photocatalytic degradation for o-CP,
BPA, and BPS were mainly affected by %O2

−, nevertheless, 2,4,6-TCP
and BPAP were mainly affected by %OH. For 2,4-DCP degradation, %
O2

− and h+ were the major active ROS. The %O2
− and %OH played the

active roles in the degradation of BPAF. However, there was no sig-
nificant difference in the contribution of ROS to the photocatalytic
degradation for PCP. The reactive species generated in the photo-
catalytic system in this study played complex roles in the degradation of
the target pollutants, which could be attributed to the structural dif-
ferences (substituents or substituted positions) of these pollutants. The
prepared membranes have different adsorption abilities toward these
compounds with different structures, while the pollutants possess dif-
ferent reaction activities with these reactive species.

3.4. Photocatalytic property prediction of HPW/GR/TiO2 to other CPs and
BPs

The prepared HPW/GR/TiO2 exhibited high catalytic activity to-
ward the selected CPs and BPs, and the k values were shown in Table 1
(no inhibitor). The k values for the selected pollutants were structure-
dependence. A QSAR model was developed with these k values based
on the method described previously (Wang et al., 2015; Dong et al.,
2010). The molecular structure descriptors of the selected pollutants
were calculated by using Dragon software (Version 6.0) (Taletesrl,
2012). Equation (1) is the optimum multiple linear regression (MLR)-

based QSAR models.

=log k 1.960 0.007 RDF060 s 0.441 MATS5m (1)

= = = = =

=

n 8, R 0.970, Q 0.875, RMSE 0.039, K 0.453, K

0.576.
adj
2

Loo
2

x xy

where n represents the number of compounds in the training set; the
descriptor RDF060s represents the radial distribution function-060/
weighted by I-state; MATS5m represents the Moran autocorrelation of
lag 5 weighted by mass 2D autocorrelations. The R2adj for the QSAR
models is 0.970, which suggests that the QSAR models reasonably fitted
well with the training set. For internal validation, the Q2

Loo is up to
0.875, indicating that the models are statistically robust (Tropsha et al.,
2003). Kx < Kxy and VIF<2 (1.259 for RDF060s and MATS5m) for
the selected descriptors suggest that both models are free of multi-
collinearities. These results demonstrated that the model has high
goodness-of-fit, robustness, and predictive ability.

The k values for other phenolic pollutants with similar molecular
structures (Fig. S9) were predicted with the improved QSAR model. The
results (Table 2) indicated these pollutants also possessed high k value,
implying that the prepared HPW/GR/TiO2 exhibited high catalytic
activity toward other CPs and BPs. The k values were according to the
follow order: meta-CP > ortho-CP > para-CP. Meanwhile, k values of
DCP and TCP were consistent in the orders as follow: 2,6-DCP>2,4-
DCP, and 2,3,5-TCP>2,4,6-TCP>2,4,5-TCP. The prepared HPW/GR/
TiO2 also exhibited the highest catalytic activities toward other CPs
with chlorine atom on the meta- and ortho-position compared with that
on the para-position. The prepared HPW/GR/TiO2 exhibited similar
catalytic activity for BPs, except for BPAF that with the lowest k value
(0.0033 min−1). The stable C–F bond in BPAF resulted in slow de-
gradation in the photocatalytic degradation processes. The prediction of
the catalytic activities toward TBBPA (Tetrabromobisphenol A) and
TBBPS (Tetrabromobisphenol S) showed that HPW/GR/TiO2 exhibited
high catalytic activity for these two pollutants, especially for TBBPS.
The model calculation confirmed that the HPW/GR/TiO2 composite
was suitable for the treatment of wastewater containing CPs and BPs.

4. Conclusion

Novel HPW/GR/TiO2 composite membrane was synthesized using
the sol-gel method. Compared with GR/TiO2, the addition of HPW ac-
celerated the separation of the photo generated electron-hole pairs as
well as enhanced the photocatalytic activity owing to the generation of
a large number of %OH and %O2

− in the reactions. %OH and %O2
− were

the main active reactive species for most CPs and BPs. However, there
was no significant difference in the contribution of ROS to the photo-
catalytic degradation for PCP. The photocatalytic degradation rates of
HPW/GR/TiO2 for CPs and BPs were quite different, caused by their
structural differences. In addition, the HPW/GR/TiO2 displayed ex-
cellent catalytic stability and reusability due to strong interaction
among HPW, GR, and TiO2. More importantly, the successfully pre-
dicted k values of HPW/GR/TiO2 for other CPs and BPs, using an im-
proved QSAR model indicated that HPW/GR/TiO2 was an excellent

Table 1
The effect of radicals on the k values of phenolic compounds.

Isopropanol(%OH) BQ(%O2
−) Methyl alcohol (%OH transforming agent) EDTA-2Na(h+) No Inhibitor

O-CP 0.0033 0.0007 0.0043 0.0081 0.0116
2,4-DCP 0.0024 0.0007 0.0025 0.0013 0.0061
2,4,6-TCP 0.0018 0.0049 0.0036 0.0039 0.0116
PCP 0.0065 0.0040 0.0097 0.0041 0.0098
BPA 0.0028 0.0012 0.002 0.0037 0.0070
BPAF 0.0010 0.0018 0.0024 0.0031 0.0033
BPAP 0.0010 0.0027 0.0027 0.0021 0.0040
BPS 0.0014 0.0007 0.0042 0.0068 0.0075

Table 2
Molecular structure descriptors and predicted k values of phenolic pollutants.

Compound RDF060s MATS5m kpre (min−1)

m-CP 1.281 −0.720 0.0223
p-CP 12.799 0.882 0.0036
2,5-DCP 0.005 0.669 0.0056
2,6-DCP 0 −0.402 0.0165
2,3,5-TCP 2.002 −0.477 0.0172
2,4,5-TCP 12.804 0.671 0.0045
BPB 46.399 0.015 0.0051
BPF 15.886 0.268 0.0065
TBBPA 18.970 0.037 0.0078
TBBPS 14.092 −0.165 0.0103
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