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• The photocatalytic removal of AQby fac-
eted TiO2 was higher than that by P25.

• The addition of HCO3
– could reduce •OH

and formCO3•− promoting AQ degrada-
tion.

• Fe3+ addition promote AQ degradation
by forming Fe2+ and H2O2.

• O2
– and h+ played important roles in

photocatalytic degradation of AQ.
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Anthraquinone (AQ), a common oxygenated polycyclic aromatic hydrocarbon (PAH) in the water environment,
often occurs with higher concentrations than its parent anthracene as it is the dominant intermediate from an-
thracene during both wastewater treatment and transformation in natural waters. During the elimination of
PAHs and their intermediates, thewatermatrix often induces positive or negative effects. In this paper, photocat-
alytic degradation of AQ in the presence of inorganic ions (NO3

−, HCO3
−, Fe3+) and organic matter (humic acid)

was studied with {101} and {010}-TiO2 as sunlight-driven photocatalysts. Meanwhile, the effect of dissolved ox-
ygen (DO) on photocatalytic degradation of AQ was evaluated. The results showed that NO3

− had a slight sup-
pressing effect, while HCO3

– and Fe3+ promoted the photocatalytic activity due to formation of new oxidizers
(CO3•− and H2O2). Interestingly, HA could envelope {101}-TiO2 to inhibit photodegradation; however, it had al-
most no effect on {010}-TiO2 due to the different surface structures and properties. High dissolved oxygen con-
tent in water could markedly promote the photodegradation of AQ. This was consistent with the results of
scavenging experiments, which demonstrated that •O2

– and h+ played more important roles than •OH did. A
small amount of benzene was detected as an intermediate product of AQ by LC-QTOF-MS analysis. Hopefully,
this work can contribute to the understanding of the potential of water remediation by faceted photocatalysts.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are carcinogenic pollutants
and are ubiquitous in the natural environment (Oliveira et al., 2017;
Zhang et al., 2016). In recent years, polycyclic aromatic hydrocarbon de-
rivatives such as oxy-PAHs (OPAHs) and nitro-PAHs (NPAHs) have re-
ceived much attention due to their higher toxicity and health hazard
than their parent PAHs (Albinet et al., 2008; Knecht et al., 2013; Shen
et al., 2011). Anthraquinone, a typical OPAH, is a common pollutant in
both wastewater treatment plants (WWTPs) and surface water (Qiao
et al., 2014). It mainly comes from the burning of fuel and transformation
of anthracene (Bandowe et al., 2014; Keyte et al., 2013), which is more
susceptible to degradation than anthraquinone (Qi et al., 2017). The car-
bonyl groups of anthraquinone make it relatively polar and potentially
more mobile than anthracene, which increases its diffusion tendencies
and environmental risks. Therefore, the anthraquinone concentration
could be strongly accumulated and higher than anthracene at some
PAH-contaminated sites (Kurihara et al., 2005; Obrist et al., 2015). It is es-
sential to consider efficient methods to remove anthraquinone during
water remediation as well as anthracene.

Photocatalysis is gradually drawing attention in water remediation
because of its advantages such as reduced or no secondary pollution,
non-toxicity and mild reaction conditions (Gomes et al., 2017; Jo et al.,
2018). TiO2 is one of the most common semiconductor photocatalysts,
and numerous efforts have beenmade to overcome its lowphotocatalytic
activity (Chen et al., 2010;He et al., 2017; Yang et al., 2008). Recently, TiO2

with high-energy facets exposed has aroused wide interest because the
photocatalytic performance depends strongly on the exposed crystal
facet (Liu et al., 2016; Ye et al., 2014). At present, control of crystal facets
mainly focuses on the optimization of synthesis conditions and control of
thepercentage of facets exposed,which is favorable for applications in en-
vironmental remediation. In addition, study on the influence of faceted
TiO2 on pollutant degradation through simulation of water environmen-
tal conditions is also of practical significance for applications.

Photocatalytic performance is influenced by environmental factors
such as common anions, inorganic cations, dissolved oxygen and organic
substances (Rózsa et al., 2017; Xie et al., 2019). Generally, inorganic ions
are deemed to decrease photocatalytic activity due to the possibility of
scavenging radicals produced by the photocatalysts and competing with
contaminants for catalyst active sites (Rioja et al., 2016). Dissolved oxygen
can not only act as a photocatalytic electron scavenger, butmay also form
free radicals, stabilize free radical intermediates and participate in photo-
catalytic reactions (Chong et al., 2010). Organicmatter plays a role similar
to that of inorganic ions and can compete for active sites and species
(Rioja et al., 2016). The study of the effects of water components on
photocatalysis is greatly beneficial to the application of TiO2.

Our former study elucidated the facet-dependent anthraquinone
formation of during photocatalytic removal of anthracene with TiO2

(Qi et al., 2017). Herein, the potential of faceted TiO2 in the photocata-
lytic degradation of OPAHs was examined under simulated sunlight,
using anthraquinone (AQ) as the target pollutant. Photodegradation of
AQ was evaluated based on a series of environmental factor variables,
such as NO3

−, HCO3
−, Fe3+, HA and DO. The active species in the photo-

catalytic process of AQ was determined by detecting the formation of
radicals and adding scavengers. This study could fill gaps in the knowl-
edge about the kinetics of OPAHs during photodegradation and the ef-
fects of the water environment on kinetics.

2. Experimental

2.1. Materials

Titanium dioxide P25 was acquired from Sigma and commercial an-
atase TiO2 powder from Alfa Aesar (325 mesh, 99.6%). Anthraquinone,
humic acid sodium salt (HA) and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) were supplied by Sigma-Aldrich. PCB-209 solution, which
was used as the internal standard during GC–MS instrumental analysis,
was also purchased from Sigma-Aldrich. Acetone and methylene
dichloride of HPLC gradewere used in the analysis. 1,10-phenanthroline
used for determination of Fe2+was purchased from Sinopharm. Benzo-
quinone, KI (analytical reagent, AR) and t-butanol (≥99.5%) used to
scavenge •O2

−, h+ and •OHwere bought from J&K, Sinopharm and Alad-
din, respectively. All other chemicals such as NaNO3, NaHCO3 and FeCl3
were analytical reagent grade. Ultrapure water was obtained from a
Milli-Q water purification system (Millipore, USA).
2.2. Photocatalyst preparation

{101} and {010}-TiO2 nanoparticles were synthesized by two-step
hydrothermal reactions as reported by Li et al. (2015) with little
modification.

{101}-TiO2 was prepared by mixing 750 mg P25, 28.61 g KOH and
25 mL ultrapure water. Then, the suspension was transferred to a
50 mL Teflon-lined stainless-steel autoclave at 150 °C for 30 h. After it
cooled down, the precipitate was collected by filtration and washed
thoroughly with ultrapure water. After adding acetic acid (1 M,
40mL), sonicating for 20min and standing for 2 h, the product was sep-
arated by centrifugation and washed with ultrapure water several
times, and then dried at 80 °C overnight. The white powder (200 mg)
was stirred in ultrapure water (30 mL) for 30 min and again heated in
the autoclave at 170 °C for 24 h. The white precipitate was centrifuged
and dried at 70 °C overnight.

{010}-TiO2 was synthesized using NaOH solution and commercial
anatase TiO2 powder. Typically, 11.22 g NaOH was dissolved in 20 mL
ultrapure water, with subsequent addition of 489 mg commercial ana-
tase TiO2 powder. The suspension was transferred to the Teflon-lined
autoclave and kept at 180 °C for 30 h. After reaction, the resulting pre-
cipitate was centrifuged and washed with ultrapure water, then finally
dried at 80 °C. Thewhite powderwas dispersed in HCl (1M, 40mL) and
sonicated for 20 min. After standing for 2 h, it was isolated by centrifu-
gation. Then, it was harvested via centrifugation, washedwith ultrapure
water several times and dried at 80 °C. The powder (150 mg) was dis-
persed in ultrapure water (30 mL), then it was transferred to the
Teflon-lined autoclave and kept at 170 °C for 24 h. The product was col-
lected by centrifugation, washed with ultrapure water and dried at 70
°C overnight.

{101} and {010}-TiO2, which had been dried, were put into crucibles
respectively and placed in a muffle furnace at 400 °C for 2 h with 2 °C/
min heating rate.
2.3. Characterization

The crystal structures of the as-prepared TiO2 were characterized
using anX-ray diffractometer (XRD, X'Pert PROMPD, PANalytical, Neth-
erland). The shapes were obtained by scanning electron microscopy
(SEM, SIGMA, CARL ZEISS, Germany). High resolution transmission elec-
tron microscopy (HRTEM, JEM-2010, Japan) was used to examine the
morphology of particles. Nitrogen adsorption-desorption isotherms
were used to analyze the surface area, pore size and pore volume of
TiO2 at 77 K with the Brunauer-Emmett-Teller (BET) method
(ASAP2020HD88, Micromeritics, USA). UV–vis absorption spectra
were measured by a UV–visible diffuse reflection spectrophotometer
(UV–vis DRS, Cary 5000, Varian, USA). UV–vis spectra of HA and the
complex formed by Fe2+ and 1,10-phenanthroline were recorded on a
UV–vis spectrophotometer (U-3900, Hitachi, Japan). ICP-MS (Thermo
Fisher iCAP Q, USA) was used for the quantitative elemental analysis
of total Fe. The mineralization of anthraquinone was monitored by a
total organic carbon (TOC) analyzer (TOC-L, CPN, Shimadzu, Japan).
The active radicals trapped by DMPO were detected by electron spin
resonance (ESR, A300-10/12, Bruker, German).
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2.4. Photocatalytic experiments

The as-prepared TiO2 (40 mg) was added into acetone (20 mL) and
dispersed by ultrasonication. Then the suspension was spiked with an-
thraquinone (100 ppm, 1 mL). The suspension was stirred using a mag-
netic stirrer until the solvent was completely volatilized. Ultrapure
water (200 mL) was divided into several parts and added into the AQ/
TiO2 suspension. Each time after adding ultrapurewater, the suspension
was ultrasonicated for 2 min. A series of experiments were performed
wherein various ions were added, scavengers were used to selectively
quench reactive radicals, or the solution was purged by Ar to obtain
low DO levels. The DO level was confirmed by a DO meter (PONSEL
ODEON X, France). Subsequently, the suspension was kept in the dark
under magnetic stirring for 1 h to establish adsorption−desorption
equilibrium. A 500W xenon lampwas stabilized for 10 min before irra-
diation. The irradiation experiments were carried out at 25 ± 1 °C con-
trolled by circulating cooling water and the intensity wasmaintained at
100 mW/cm2. 5 mL samples were periodically taken out, and extracted
three times with methylene dichloride. The sample was concentrated
by a rotary evaporator, residual water was removed using anhydrous
sodium sulfate, then 10 μL PCB-209 solutionwas added and the solution
was concentrated to 1 mL.
2.5. Analytical methods

The concentration of anthraquinone was detected by a gas chro-
matograph/mass spectrometer (GC–MS, Agilent 6890 GC with 5895C
mass selective detector) with a DB-17MS fused silica capillary column
(30 m length × 0.25 mm diameter × 0.25 μm film thickness). The sam-
ples (1 μL) were injected in splitless mode. The temperature program
was set as follows: 80 °C hold for 1 min, increase to 120 °C at 20 °C/
min, then increase to 290 °C at 10 °C/min, and hold for 10 min. The
total run time was 30 min. Helium was used as carrier gas with a flow
rate of 1 mL/min. The injector and detector temperatures were main-
tained at 300 °C. AQwas quantified bymeans of a six-point internal cal-
ibration plot.

The degradation product of AQ was analyzed by LC-QTOF-MS
(Agilent 6530, USA). Samples were separated at 0.2 mL/min flow
rate through an Agilent C8 column (50 × 2.1 mm, 3.5 μm). The mo-
bile phase eluting the samples consisted of A (0.1 M ammonium for-
mate) and B (acetonitrile). Gradient elution was carried out as
follows: 0–2 min, 99% A and 1% B; 2–12 min, linear gradient to 10%
A and 90% B; 12–16min, 10% A and 90% B; 16–17min, linear gradient
to 99% A and 1% B; 17–20 min, 99% A and 1% B. Positive electro-spray
ionization (ESI+) was used for MS and MS/MS analysis. The MS and
MS/MS scan recorded the m/z ratios of ions over the mass range
20–500.
Fig. 1. (a) XRD patterns of the as-prepared TiO2 samples and P25.
3. Results and discussion

3.1. Materials characterization

The XRD analysis revealed all the diffraction peaks at 2θ values of
25.4°, 38.6° and 48.1° corresponding to the (101), (004) and (200) crys-
tal planes of anatase phase TiO2 (JCPDS file No. 21-1272) (Yang et al.,
2009), respectively (Fig. 1(a)). The rawmaterial P25 contains 20% rutile,
while the hydrothermal preparation of faceted TiO2 was pure anatase.
The pore size distribution curve was obtained by Barrett-Joyner-
Halenda (BJH) analysis, and the peak of the distribution for the samples
was at 44.3 nm and 48.0 nm, respectively (Fig. S1(a), (b)). The specific
surface area of the photocatalyst is directly related to its adsorption ca-
pacity and number of active sites (Chen et al., 2016; Wang and Yang,
2017). The nitrogen adsorption-desorption isotherms showed that the
surface areas of the samples were high, at {101}-TiO2 SBET (34.4 m2/g)
N {010}-TiO2 SBET (27.4 m2/g), which could increase the contact area
with reactants and promote the adsorption of reactants. Its high surface
area was beneficial for improving the photocatalytic degradation effi-
ciency of {101}-TiO2.

Fig. 1(b), (c) shows the HRTEM images of the as-prepared TiO2,
which agglomerated into different shapes. {101}-TiO2 showed an octa-
hedral structured with side length about 50 nm (Fig. 1(b)), and belt-
like structure of {010}-TiO2 (Figs. 1(c) and S2(b)), with dimensions of
approximately 3 μm × 600 nm. According to the crystal surface expo-
sure calculation formula (Li et al., 2015), the percentage of {101} facets
in {101}-TiO2 was calculated to be about 99.0% and {010}-TiO2 had
90.9% {010} facets.

The surface electron band structure can affect the photocatalytic ac-
tivity of TiO2. UV–vis diffuse reflectance spectra revealed that {101}-
TiO2 had higher light absorption than {010}-TiO2 in the range of
380–600 nm, which might be beneficial for improving the photocata-
lytic performance under simulated solar irradiation (Fig. S1(c)). Based
on previous research results (Qi et al., 2017), faceted TiO2 showed sim-
ilar bandgaps, and {010}-TiO2 CB (−0.72 eV) N {101}-TiO2 CB
(−0.75 eV). Table S1 summarizes the structural parameters and pore
structure information of the materials.

3.2. Photocatalytic activity

The photocatalytic activities of TiO2 were compared by degradation
of AQ under simulated sunlight irradiation. The photocatalytic kinetic
constants of AQwere obtained from fitting plots of ln (C0/Ct) versus irra-
diation time. As shown in Fig. 2, both faceted TiO2 exhibited higher deg-
radation rates of AQ than P25. {101}-TiO2 showed the highest
photocatalytic activity, and the degradation efficiency reached approxi-
mately 88.0% after 240 min. The kinetic rate constant of photocatalytic
degradation of AQ with {101}-TiO2 was the largest, at 1.9 times and
HRTEM images of TiO2 on (b) {101}-TiO2 and (c) {010}-TiO2.



Fig. 2. Kinetic curves for as-prepared TiO2 and P25 under simulated sunlight (Ct: the
concentration of AQ at irradiation time, C0: the initial concentration of AQ. C0,AQ =
0.5 mg/L, T = 25 ± 1 °C, catalyst dosage = 200 mg/L, solar intensity = 100 mW/cm2).
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1.1 times larger than P25 and {010}-TiO2, respectively. Thismight be re-
lated to the higher energy level of {101}-TiO2, which led to the produc-
tion of more activated oxygen species with stronger oxidation capacity.
Then, the TiO2 dosage, the concentration of pollutants and the intensity
of the light were varied to study the effects of these parameters on the
photodegradation efficiency of AQ. The photodegradation efficiency
Fig. 3. (a), (b) Thephotodegradation kinetic curves of AQ inpresence ofNaHCO3. In-situ ESR spec
TiO2; (b, d): {010}-TiO2 (C0,AQ = 0.5 mg/L, T = 25 ± 1 °C, catalyst dosage = 200 mg/L, solar in
increased with the increase of TiO2 dosage (0.1 g/L–0.3 g/L). It is
worth noting that the removal rate did not increase significantly with
the increase of dosage higher than 0.2 g/L (Fig. S3). This may be because
the addition of an excessive dosage caused the solution become turbid
and hindered the penetration of light, resulting in a significant restric-
tion of free radical production. Besides the catalyst dosage, the
photodegradation rates were strongly dependent on the initial contam-
inant concentration and light intensity. As the contaminant concentra-
tion decreased or the light intensity increased, the photodegradation
rates were effectively improved (Fig. S4).

3.3. Effect of aquatic parameters on photocatalytic degradation of AQ

3.3.1. Effect of NO3
−

NO3
− is ubiquitously present in the water environment and its con-

centration range is 10−5–10−2 mol/L (Mao et al., 2011), but its effect
on the photodegradation of AQ is rarely studied. In this study,
1–40mg/L of NO3

−was added to the reaction solution. Unlike previously
reports that NO3

− could be a photosensitizer and produce NO2• to accel-
erate organic degradation (Xu et al., 2016), NO3

− exerted a negative im-
pact on AQ photodegradation by faceted TiO2 (Fig. S5). The inhibition
effect caused by NO3

− is probably due to its adsorption on the surface
of TiO2 and competition with AQ for active sites (Wang et al., 2012).

3.3.2. Effect of HCO3
–

The effects of HCO3
– on the photodegradation of AQ are illustrated in

Fig. 3(a) and (b). The kinetic constants of AQ degradation increased as
the HCO3

– concentration increased. It was demonstrated that HCO3
–

could act as a scavenger of •OH to generate CO3•− followed by
tra of TiO2 aqueous suspensionwith different concentrations ofHCO3
– (c), (d). (a, c): {101}-

tensity = 100 mW/cm2).
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recombination of itself (Augusto et al., 2002; Tercero Espinoza et al.,
2007):

HCO3
– þ ˙OH→CO3˙− þ H2O ð1Þ

CO3˙− þ CO3˙−→CO2 þ CO4
2– ð2Þ

CO3•− is a strong oxidizing that can generate radicals through elec-
tron transfer and hydrogen abstraction mechanisms. The oxidation ca-
pacity of CO3•− is not as high as •OH, but its recombination rate is 275
times slower than that of •OH (kCO3•− = 2.0 × 107 M−1 s−1, k•OH =
5.5 × 109 M−1 s−1) (Augusto et al., 2002; Czapskij et al., 1994;
Merouani et al., 2010), which results in longer degradation duration
and greater utilization. Besides, CO3•− plays an important role in
reacting with electron-rich compounds, such as aromatic compounds
(Phan Thi et al., 2013). Pétrier et al. (Pétrier et al., 2010) reported that
CO3•− couldmigrate to the bulk of the solution and induce the degrada-
tion of the pollutants. As we all know, AQ is a typical aromatic com-
pound. Therefore, the degradation efficiency of AQ significantly
increased in the presence of CO3•−.

To explore whether HCO3
– would induce TiO2 to generate •OH, we

compared the signal intensity of radicals generated by adding different
concentrations of HCO3

– to TiO2 aqueous suspension. The result showed
that prominent peaks of DMPO-OH could be observed, which indicated
that •OH could be generated under simulated sunlight irradiation re-
gardless of the presence of HCO3

– (Fig. 3(c), (d)). Meanwhile, dose-
dependent DMPO-OH adduct formation was observed in the presence
of HCO3

−. It was noteworthy that the order of inhibition ability of
HCO3

– toward DMPO-OH was similar to the order of photocatalytic
Fig. 4. Degradation of AQ with FeCl3 (a), (b): photocatalytic curves and the effect of Fe3+ o
concentrations of Fe3+ (c), (d). (a, c): {101}-TiO2; (b, d): {010}-TiO2 (C0,AQ = 0.5 mg/L, T = 25
performance in the presence of ions at different concentrations. This im-
plied that HCO3

– could participate in Eqs. (1)–(2) and be involved in
scavenging •OH. In addition, HCO3

– had little effect on the formation of
•O2

– (Fig. S6(a)).

3.3.3. Effect of Fe3+

Further investigation assessed the influence of common cations Fe3
+. As depicted in Fig. 4(a) and (b), the degradation of AQ by faceted
TiO2 was promoted by Fe3+. When comparing the kinetic constants in
Fig. 3(a) and (b), it is apparent that Fe3+ caused a stronger activation ef-
fect than HCO3

– and that the enhancement effect on {010}-TiO2 was
greater. Fe3+ could be absorbed on the surface of TiO2 and become an
acceptor of the electrons photogenerated by TiO2 (Měšt'ánková et al.,
2005), which improved the efficiency of electron-hole separation.
Since the initial pH value of solution was about 4.6 and then increased
slowly to 5.6 during the reaction process (Fig. S7), Fe2+ could be
reoxidized to Fe3+ (Catastini et al., 2002):

Fe3þ þ eCB−→Fe2þ ð3Þ

Fe2þ þ ˙O2
– þ 2Hþ→Fe3þ þ 2H2O2 ð4Þ

Given the redox capability of iron ions, we investigated whether Fe2
+would be generated during the reaction. There was no Fe2+ in the so-
lution before the photocatalytic reaction, but the concentrations of Fe2+

and Fe3+were stable in the TiO2 suspension after exposed to simulated
sunlight irradiation. [Fe3+] was stable at about 0.71 mg/L and [Fe2+]
was stable at approximately 0.27 mg/L in {101}-TiO2 suspension,
while [Fe3+] was stable at about 0.58 mg/L and [Fe2+] was stable at
n the kinetics. In-situ ESR spectra of TiO2 dissolved in methanol solution with different
± 1 °C, catalyst dosage = 200 mg/L, solar intensity = 100 mW/cm2).
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approximately 0.41mg/L in {010}-TiO2 suspension (Fig. S7). Since Fe2+

cannot exist stably in solution, the valence state of iron ions depended
on the repetition of Eqs. (3)–(4). H2O2 generated by Eq. (4) was proba-
bly involved in the degradation of AQ, leading to increased removal ef-
ficiencyduring photocatalytic process. As a result, the photodegradation
kinetic constant of AQ was higher than that of {101}-TiO2 in the pres-
ence of 1 mg/L Fe3+. With the increase of Fe3+ concentration, the pho-
tocatalytic activity did not continue to increase. It was possible that the
limited active sites on TiO2 hindered the contribution of Fe3+ to
photodegradation.

To explore whether Fe3+ would affect •O2
– generation, we compared

the signal intensities of radicals generated by addition of different concen-
trations of Fe3+ to TiO2-methanol suspension. The intensity of the •O2

–

paramagnetic radical signal (1:1:1:1) of {010}-TiO2 was higher than that
of {101}-TiO2, which was detected in the methanol-TiO2 suspension.
The increase in oxygen defects is the main factor leading to the enhance-
ment of the ability of {010}-TiO2 to produce •O2

– (Fig. S8). The addition of
Fe3+ weakened the signal intensity of DMPO-O2

– and the signal gradually
decreasedwith the increase of Fe3+ concentration. This indicated that Fe3
+ could participate in Eqs. (3)–(4) to consume •O2

−. However, the addi-
tion of Fe3+ had little influence on the formation of •OH (Fig. S6(b)).

Generally, researchers have concluded that the existence of inor-
ganic ions would inhibit the photocatalytic activity (Antonopoulou
et al., 2016; Sontakke et al., 2012). However, this study found that
ions could participate in the transformation of radicals to improve the
photocatalytic degradation of AQ by faceted TiO2.

3.3.4. Effect of HA
HA is usually present in natural water at low concentrations. Since the

worldwide average of NOM concentration is 5.8 mg C per liter in uncon-
taminated streams (Guo and Jans, 2006), the range of 1–5 mg/L HA con-
centration was investigated in this study. According to the results
Fig. 5.Degradation of AQwithHA (a), (b): photocatalytic curves and the effect on the kinetics.M
TiO2; (b, d): {010}-TiO2 (C0,AQ = 0.5 mg/L, T = 25 ± 1 °C, catalyst dosage = 200 mg/L, solar in
described in Fig. 5(a) and (b), the presence of HA decreased the photocat-
alytic activity of {101}-TiO2 and the negative effects strengthened as the
HA concentration increased. But HA had almost no influence on the pho-
tocatalytic process of {010}-TiO2. Wu et al. (Wu et al., 2016) suggested
that a high concentration of HA could envelope TiO2 and reduce the reac-
tion efficiency. The SEM image showed that octahedral {101}-TiO2 tended
to aggregate and became coated after addition of HA, impeding its contact
with AQ (Fig. 5(c)). On the contrary, HA could only be distributed around
{010}-TiO2 (Fig. 5(d)) due to its different surface properties. As a result,
HA had a limited inhibitory effect on {010}-TiO2. The HA coating could
not only compete for active sites but also shield TiO2 from optical absorp-
tion due to its strong absorption in the UV region (Fig. S9(a)).

3.3.5. Effect of DO
DO can be an electron scavenger which effectively prevents

electron–hole recombination. Meanwhile, the photogenerated elec-
trons can react with adsorbed O2, leading to the formation of •O2

–

(Youn et al., 2010; Yu et al., 2017), which can participate in the degrada-
tion of AQ.

Based on these mechanisms, the effect of DO level was investigated
by purgingwith Ar, air or O2. As expected, the photodegradation perfor-
mance by TiO2 was substantially inhibited by the decrease of the DO
level and the apparent facilitating effect of high DO levels could be ob-
served as shown in Fig. 6. AQ was completely degraded by {101} and
{010}-TiO2 within 200 min when the system had a high DO level. At
high DO levels, the phenomenon of faster photodegradation of organic
pollutants has been reported (Wang et al., 2018; Youn et al., 2010).
This is also consistent with the known fact that dissolved oxygen is a
good scavenger of electrons. From the application point of view, the
photocatalytic degradation of AQ by faceted TiO2 would not be limited
by DO due to the high DO concentration that exists on the surface in
the actual water environment.
ixture of TiO2 andHAwith the concentration ratio of HA/TiO2 as 1:40 (c), (d). (a, c): {101}-
tensity = 100 mW/cm2).



Fig. 6. Degradation of AQwith different DO levels (a), (b): photocatalytic curves and the effect on the kinetics. (a): {101}-TiO2; (b): {010}-TiO2 (C0,AQ = 0.5 mg/L, T = 25 ± 1 °C, catalyst
dosage = 200 mg/L, solar intensity = 100 mW/cm2).
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3.4. Photocatalytic mechanism on faceted TiO2

In subsequent studies, 10 mM benzoquinone, 100 mM KI and
100 mM t-butanol were added to scavenge •O2

−, h+ and •OH, respec-
tively. Meanwhile, Ar was simultaneously bubbled in the solution con-
taining benzoquinone to remove oxygen. As could be seen in Fig. 7,
the addition of scavengers significantly inhibited the degradation of
AQ by TiO2. The photodegradation rates decreased greatly after adding
benzoquinone and KI, while significantly depression was observed
when t-butanol was used as the trapping agents. That is to say •O2

– and
h+ were the main active species in the photodegradation of AQ by fac-
eted TiO2 and •OH played a minor role. This suggested that oxygen
played a crucial role in the degradation of AQ, which was consistent
with the results that the photocatalytic activity of faceted TiO2 was
inhibited at low DO level. In detail, the TOC removals of {101}-TiO2

and {010}-TiO2 to AQ after 240 min of treatment were 61.4% and
57.4%, respectively (Fig. S10). The degree of AQmineralization indicated
that residual organic compounds were retained in solution. Based on
changes observed in the LC-MS/MS results, the EIC chromatogram be-
fore and after photocatalytic reaction indicated that an intermediate
was formed and secondary mass spectrometry decomposed the parent
ion at m/z = 101.06 into 77.04 and m/z = 51.02 (Fig. S11). It could be
concluded that m/z = 77.04 and m/z = 51.02 were the characteristic
MS and MS/MS peaks of benzene, while the parent ion m/z = 101.06
Fig. 7. Photodegradation of AQ with the addition of different scavengers. (a): {101}-TiO2;
(b): {010}-TiO2 (C0,AQ = 0.5 mg/L, T = 25 ± 1 °C, catalyst dosage = 200 mg/L, solar
intensity = 100 mW/cm2).
was the peak of [M + Na]+ ions. Thus, very little benzene was found
in the photocatalytic process and maybe further adsorbed and mineral-
ized. This could provide new insights into the mechanistic understand-
ing of photocatalytic degradation of AQ by faceted TiO2. In general, the
main reactions of the process can be represented by Eqs. (5)–(8) (Qi
et al., 2017; Zhao et al., 2018).

TiO2 þ hν→TiO2 hVB
þ þ eCB−

� � ð5Þ

hVB
þ þH2O→˙OHþHþ ð6Þ

eCB− þ O2→˙O2
– ð7Þ

Anthraquinoneþ hVB
þ
=˙OH=˙O2−→CO2 þH2O

þ benzene and other small organic molecules ð8Þ

4. Conclusions

In this paper, the photocatalytic degradation of AQ inwater by {101}
and {010}-TiO2 was carried out under simulated sunlight and the influ-
ence of the water matrix on degradation kinetics was studied. Crystal-
facet tailoring resulted in improved photodegradation efficiency of AQ.
{101}-TiO2 exhibited slightly higher photocatalytic activity than {010}-
TiO2, and both faceted TiO2 showed much higher photocatalytic degra-
dation activity than thewell-studied P25. It was confirmed that •O2

−, h+

and •OHwere involved in TiO2 photodegradation of AQ.When consider-
ing the actual water environment, the effects of water components are
quite different. It was proved by in-situ ESR that the addition of HCO3

–

and Fe3+ would reduce the amounts of •OH and •O2
−, respectively. At

the same time, CO3•− and H2O2 were formed to promote the degrada-
tion rates of AQ, while the addition of Fe3+ formed Fe2+ and inhibited
the recombination of electron-hole pairs. •O2

– was affected by the level
of DO, so that DO exerted a tremendous impact on the photocatalytic
performance of faceted TiO2. HA had little effect on the photocatalytic
performance of {010}-TiO2, whereas it inhibited the photocatalytic ac-
tivity of {101}-TiO2 because of the differences in morphology and prop-
erties. Finally, a trace amount of benzene was detected during the
reaction. This work provides support for the application of photocata-
lytic technology to remediation of water containing OPAHs.
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