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Reduced TiO; (TiO,_x) materials with different crystallographic structures were prepared and characterized.
Cat.l-A, Cat.ll-R, Cat.lll-B are TiO,_x with anatase, rutile and brookite structures, respectively, while the
Cat.IV-A&R series are materials with anatase and rutile phases mixed in different ratios. All samples
exhibit efficient photocatalytic activity for the degradation of norfloxacin (Nor) under visible light, and
Cat.IV-A&R-4 is the best among the samples studied. Our results show that the photocatalytic activity is
governed by different factors such as the specific surface area of the catalysts as well as the
concentrations of Ti** and the density of oxygen vacancies in the photocatalytic materials. Mechanistic
study of the materials demonstrates that photohole (h*) transfer contributes more to Nor degradation
than reaction with "OH radicals and the other reactive oxygen species (ROSs). Intermediate species were
characterized by HPLC-TOF-HRMS and HPLC-MS/MS to construct a general transformation mechanism

Received 15th August 2017 of Nor on the family of TiO,_x under visible light. The study shows that Nor adsorption onto TiO,_x
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occurs by its heteroatoms followed by cleavage of its piperazine ring and hydroxylation of its quinolone

DOI: 10.1039/c7ra09022f ring under the attack of h* and "OH radicals. The study could assist the further search for efficient
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1. Introduction

Owing to its abundance, low toxicity, chemical and thermal
stability, and resistance to photocorrosion, TiO, has been
extensively studied as a catalyst for different photocatalytic
reactions,*™ and used for paints,’® coatings,® supports for drug
delivery,” angiogenic agents® and so on. Crystalline TiO, itself
has limited practical applications as a photocatalytic material
because its activity is driven by ultraviolet (UV) light. Nonethe-
less, it was demonstrated that partially reduced TiO, with Ti**
and/or oxygen vacancies can be an efficient photocatalytic
material under visible light irradiation.®** In the presence of
Ti*" and/or oxygen vacancies, the photo response of TiO,_y can
be extended from the UV to the visible light region, leading to
visible-light photocatalytic activity not only for the generation of
hydrogen from water but also for the degradation of different
organic pollutants.”™"

The most stable polymorphs of TiO, are three, viz. anatase,
rutile and brookite.'®* Although rutile is thermodynamically
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photocatalytic materials for the degradation of organic pollutants.

the most stable, anatase is often dominant in nanocrystalline
TiO, because of its lower surface energy. In numerous studies,
anatase was found to be photocatalytically more active than
rutile.”® Brookite is stable at relatively lower temperature and is
commonly obtained together with the other polymorphs.**
Recently, strategies have been developed to synthesize TiO,_x
with different morphologies and phases. It was found that
TiO,_x crystallinity and morphology can have a dramatic
impact on photocatalytic properties. For example, TiO,_x in the
form of anatase,'**>** rutile,"*'***¢* and brookite*”*® were
studied as photocatalytic materials for water splitting under
visible light, which is the most widely studied application. The
use of titanium oxide, especially anatase, has also been studied
for hydrogen generation by methanol photoreforming.*
However, few systematic studies on TiO,_x isoforms for pho-
tocatalytic the degradation of organic pollutants in water have
been reported, nor have the degradation mechanisms been
assigned.’**** It would be of great scientific interest and prac-
tical importance to find out the differences among the various
TiO,_x in terms of reaction kinetics and mechanism for the
degradation of organic pollutants in water.

Norfloxacin (Nor) is a fluoroquinolone antibiotic widely used
for respiratory and bacterial infections.***” Because of its low
metabolic rate and poor biodegradability, fluoroquinolone
antibiotics are detected not only in effluents of wastewater
treatment plant, but also in surface water and other
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environmental matrixes.***° The persistence of fluoroquinolone
antibiotics in aquatic environment in particular can lead to
antibiotic resistance.*** Almost 70% of Nor was left in the
sludge of biological treatment plants.**** As a result, pathogens
become increasingly resistant to the drugs,****® posing a great
threat to aquatic and terrestrial organisms as well as to humans.
Recently, systems of photocatalytic degradation under UV
light,**° nanoscale zero-valent iron with H,0,,* electro-Fenton
treatment,® thermally activated persulfate,” and gamma-ray
irradiation® were deployed to remove Nor. However, these
approaches suffer from drawbacks such as high energy
consumption, low degradation efficiency and being environ-
mentally unfriendly.**** The development of efficient photo-
catalytic materials for the degradation of Nor still remains as an
important issue and challenge.

In this study, a series of TiO,_x with different crystalline
phases and Ti** concentrations were synthesized and studied
for the degradation of Nor under visible light irradiation in
water. The degradation kinetics and the roles of reactive oxygen
species (ROSs) were elucidated. The mechanistic steps of Nor
degradation on the TiO,_x were explored based on both theo-
retical calculations and experimental results.

2. Experimental
2.1 Chemicals

Nor (Sigma-Aldrich) was used as received (=98%). 5,5-Dimethyl-
1-pyrrolidine N-oxide (DMPO, 97%) was supplied by Sigma-
Aldrich (Saint Louis, MO, USA). Water of HPLC grade was ob-
tained using a Millipore Milli-Q system in which a xenon arc
lamp at 172 nm was used to provide constant illumination to
keep the total organic carbon (TOC) concentration of water
below 13 pg L™'. Formic acid (88%) and tert-butyl alcohol
(99.5%) were purchased from Fisher Chemical and ]J.T. Baker,
respectively. Acetonitrile for mobile phase was also purchased
from Fisher Chemical. The syringe filters with MCE membrane
having pore size of 0.22 um were from CELLTREAT Scientific.
Other reagents were all analytical grade.

2.2 Preparation of different TiO,_x polymorphs

All catalysts were prepared following procedures published
elsewhere,'®'7?**” and the details are provided as ESL

2.3 Characterization of different TiO,_x polymorphs

Powder X-ray diffraction data were collected on a Bruker D8-
Advance powder diffractometer operating at 40 kv and 40 mA
(Cu K, radiation, » = 1.5406 A). The EPR spectra were obtained
on a Bruker EMX/plus spectrometer (Germany), with a reso-
nance frequency of 9.363 GHz, microwave power of 20.0 mW,
modulation frequency of 100 kHz, modulation amplitude of 1.0
G, sweep width of 800 Gauss, center field of 3400 Gauss, time
constant of 40.96 ms, sweep time of 81.92 s, and receiver gain of
1.0 x 10°. DMPO (100 mM) was used as the spin-trap agent. The
UV-visible absorption spectra were recorded on a Shimadzu UV-
3101 PC UV-Vis-NIR spectrophotometer operating in the diffuse
mode with the application of Kubelkae-Munk equation. BET
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measurements were performed using an ASAP 2020 (Micro-
meritics) equipment.

2.4 Photocatalytic degradation experiments

The experiments of Nor degradation were performed in
a photochemical reactor (Perfect, Beijing, Perfect Technology
Co., LTD). The light was from a 300 W Xe lamp (350-780 nm,
operated at 10 A) installed with a 400 nm cut-on filter (Newport
Corp.) that was housed on top of a 150 mL beaker. The distance
between the light and reactor was 15 cm and the light intensity
(>400 nm) was 14 mW c¢cm 2. Prior to illumination, a mixture of
Nor (100 pM L™ ") and TiO,_x (0.100 g) was stirred in dark for
30 min to achieve adsorption-desorption equilibrium. Then,
the light was turned on and the solution was irradiated under
constant stirring. The reaction solution was sampled (2 mL) at
fixed time intervals, and analyzed (after going through a 0.22
pm filter) by HPLC, HPLC/TOF/HRMS and HPLC-MS/MS tech-
niques. Upon termination of the experiment, the reaction
solution was subject to TOC measurement after centrifugation
for the removal of solid substances. All experiments were per-
formed at room temperature (21 + 1 °C) and the pH values were
adjusted to 7.0. Each batch experiment was performed in trip-
licate. In most cases, the error was less than 5%.

2.5 Analysis

The photocatalytic degradation kinetics of Nor was studied at
25 °C using an Agilent 1260 HPLC (Kromasil C;5 column, 150 X
4.6 mm, particle size of 5.0 um) instrument. The mobile phase
was 60% CH3;CN and 40% H,O (containing 0.3% HCOOH). All
of the solutions were filtered with a Water Associates (Milford;
MA, USA) 0.45 um filter before analysis. The injection volume
was 20 pL. The detection wavelength for all compounds was
276 nm,*” and the flow rate of mobile phase was 0.5 mL min .

To confirm the generation of radicals, EPR investigation was
conducted using DMPO as a spin-trapping agent over a Bruker
instrument (EMX EPR/X-band, Germany). Samples were
collected at designated time and subject to centrifugation (8000
rpm min~ ") for 5 min. After that, the solution was transferred
into a 100 pL capillary tube which was then fixed in the cavity of
the EPR spectrometer.

The photocatalytic degradation intermediates were analyzed
first over an Agilent 1200 Infinity LC system coupled with
a quadrupole time-of-flight high resolution mass spectrometer
(Q-TOF HRMS, Triple TOF 6210, AB SCIEX, USA). The injection
volume was 10 pL. Chromatographic separation was performed
using a Thermo BDS Hypersil C;g column (2.1 x 100 mm,
particle size of 2.4 pm, Thermo Fisher Scientific, Waltham, MA)
maintained at 30 °C at a flow rate of 300 pL min~'. The mobile
phase was composed of A (water containing 0.3% formic acid)
and B (acetonitrile). The A : B proportion was changed linearly
from 90 : 10 (v/v) to 10 : 90 in 20 min, and then returned to
90 : 10 in 5 min and held for 5 min for re-equilibration. Mass
spectrometric analysis was performed in positive-ion mode
using an electrospray ionization (ESIT) source. The mass range
was m/z 50-800. The operation parameters are: ion source gas I,
55 (arbitrary units); gas II, 55 (arbitrary units); source

This journal is © The Royal Society of Chemistry 2017
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temperature, 550 °C; ion spray voltage floating, —4500 V; and
declustering potential, —80 V. Water signals were recorded for
the subtraction of sample background.

To separate and purify the degradation intermediates, Agi-
lent 1260 HPLC was employed as semi-preparative HPLC to
obtain the individual intermediates. The separation was per-
formed at fixed flow rate of 0.5 mL min " with linearly changing
the ratio of A (water containing 0.3% formic acid) and B
(acetonitrile) from 90 : 10 (v/v) to 10 : 90 in 30 min, and then
returning to 90 : 10 in 10 min. The injection volume was 100 pL.
Once the peaks of degradation intermediates were recorded, the
sample was retained for future HPLC-MS/MS analysis over
a LTQ linear ion trap mass spectrometer (Thermo Electron, San
Jose, CA, USA) with Agilent Zorbax SB C;5 column (0.5 x 250
mm, particle size of 5 pm size). The mobile phase was
composed of C (water containing 0.1% formic acid) and D
(acetonitrile containing 0.1% formic acid). The flow rate was 8
uL min~", and the gradient profile for HPLC-MS/MS analysis in
terms of solution D was from 10% to 90% in 30 min. The
temperature for the ion-transport tube was maintained at
300 °C. An electrospray interface was used for MS and MS-MS
measurements in positive ionization mode, and scan acquisi-
tion was between m/z 50 and 500. The collision energy was
varied according to requirement, and spray voltage was 5.5 keV.

TOC contents of samples were measured on a Shimadzu
TOC-500 analyzer with catalytic oxidation on a Pt set at 680 °C.
Triplicate analyses were performed for each sample.

2.6 Theoretical calculation for PCs and FEDs

Molecular orbital calculations were performed using Gaussian
03 program (Gaussian, Inc.) at the single determinant (HF/3-21)
level. The optimal conformation having a minimum energy was
obtained at the B3LYP/6-31G* level. The (FEDyomo” + FEDLumo’)
and 2FEDyonmo” values were acquired to predict the initial state
of hydroxyl radicals ("OH) and photoholes (h*) interaction with
Nor, respectively. Also, the point charges (PCs) were calculated
by means of natural bond orbital (NBO) to predict the adsorption
orientation of Nor molecules on the surface of TiO,_x.

3. Results and discussion

3.1 Characterization of different TiO,_x

As shown in Fig. 1, Cat.I-‘A displays XRD peaks at 20 = 25.4°,
37.9°, 48.1° and 53.1° and these peaks match well with the
structure of anatase. For Cat.II-R, the XRD pattern matches well
with rutile structure. According to JCPDS card no. 29-1360,
Cat.III-B is a brookite with no other phases.”” As for the four
Cat.IV-A&R samples, the XRD results indicate the presence of
both anatase and rutile phases.”® We used the Wy = Ag/(0.8844,
+ Ag) equation to estimate the weight percentage of rutile (Wg)
in the mixture, with A, and Ay corresponding to the integrated
intensity of the rutile (110) and anatase (101) peak.>* The results
indicate that Wy for Cat.IV-A&R-1, Cat.IV-A&R-2, Cat.IV-A&R-3
and Cat.IV-A&R-4 is 88.9%, 82.4%, 24.7% and 5.3%, respec-
tively. And correspondingly the anatase weight percentage is
11.1%, 17.6%, 75.3% and 94.7%.

This journal is © The Royal Society of Chemistry 2017
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Fig.1 XRD patterns of different TiO,_x, @ = anatase; € = rutile; x =
brookite.

The Ti** concentration of the samples was estimated by EPR
measurements (Fig. 2). All samples display strong EPR signals
with the Landé g factor values (g-values) equal to 2.003, 1.971,
1.984, and 1.971 for Cat.I-A, Cat.II-R, Cat.III-B and Cat.IV-A&R
series samples, respectively. Different g-values obtained indi-
cate that there is no Ti** but rather oxygen vacancies in Cat.I-A,?
whereas Ti*" is present in the other six samples. The EPR signals
at g-value of 2.003 is caused by electrons trapped on surface
oxygen vacancies, while the representative signals of Ti*"
appears at g =~ 1.98.” Quantitative determination of Ti*"
concentration was achieved by numerical double integration of
the EPR spectra. The standard EPR calibration curve was
prepared by measuring a series of frozen aqueous solution of
Cu** (shown in Fig. $17). Referring to the calibration curve, the
Ti** concentration of Cat.II-R, Cat.III-B, Cat.IV-A&R-1, Cat.IV-

Cat.I-A
Cat.II-R
Cat.III-B
Cat.IV-A&R-1 .~ G=2.003
Cat.IV-A&R-2 G=1.984
Cat.IV-A&R-3 - G=1.971
Cat.IV-A&R-4

T T T T T T T T T T

3000 3200 3400 3600 3800

Magnetic Field (Gaussian)

Fig. 2 EPR spectra of different TiO,_x.
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A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4 is 4.95, 4.34, 16.70, 25.50,
450 and 0.30 pmol g~ ', respectively (Table 1), giving
a decreasing order of Cat.IV-A&R-2 > Cat.IV-A&R-1 > Cat.II-R >
Cat.IV-A&R-3 > Cat.III-B > Cat.IV-A&R-4. The specific surface
area of Cat.I-A, Cat.II-R, Cat.III-B, Cat.IV-A&R-1, Cat.IV-A&R-2,
Cat.IV-A&R-3 and Cat.IV-A&R-4 is 263.95, 5.50, 5.20, 11.72,
18.96, 27.86, and 56.83 m> g~ !, respectively, giving a decreasing
order of Cat.I-A > Cat.IV-A&R-4 > Cat.IV-A&R-3 > Cat.IV-A&R-2 >
Cat.IV-A&R-1 > Cat.II-lR = Cat.III-B. It should be noted that
there are significant variations in the particle size, which are 10,
160, 130, 80 and 60 nm for Cat.I-A, Cat.IV-A&R-1, Cat.IV-A&R-2,
Cat.IV-A&R-3 and Cat.IV-A&R-4, respectively.

3.2 Degradation kinetics of nor on TiO,_x under visible light

The application of the seven catalysts for the degradation of Nor
under visible light (>400 nm) irradiation was performed, and
the results are presented in Fig. 3. Without a catalyst or with P25
TiO,, there is no degradation of Nor, whereas in the presence of
the catalysts, Nor degradation is substantial. All these TiO,_x
catalysts enable degradation close or equal to 100% within
240 min except for Cat.II-R. The plots of —In(C/Cy) vs. time
display a degradation rate of pseudo-first order (Fig. S27),>>*
and the rate constants for Cat.I-A, Cat.II-R, Cat.III-B, Cat.IV-
A&R-1, Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4 are 0.0156,
0.0059, 0.0059, 0.0093, 0.0146, 0.0210 and 0.0361 min?,
respectively; giving a decreasing order of Cat.IV-A&R-4 > Cat.IV-
A&R-3 > Cat.I-A > Cat.IV-A&R-2 > Cat.IV-A&R-1 > Cat.Il-R =
Cat.III-B, which does not follow the decreasing order of Ti**
concentration, which is Cat.IV-A&R-2 > Cat.IV-A&R-1 > Cat.II-R >
Cat.IV-A&R-3 > Cat.III-B > Cat.IV-A&R-4. It is noted that Cat.I-A,
which is the highest in specific surface area and with oxygen
vacancies rather than Ti**, is moderate in activity. While despite
lowest in Ti*" concentration (not counting Cat.I-A), Cat.IV-A&R-
4 is photocatalytically the most active one for the degradation of
Nor.

It is envisaged that the adsorption capacity of Nor on catalyst
surface could have an influence on reaction activity. The
adsorption isotherms of the seven catalysts are displayed in
Fig. S3,T showing an adsorption capacity follows a decreasing
order of Cat.I-A > Cat.IV-A&R-4 > Cat.IV-A&R-3 > Cat.IV-A&R-2 >
Cat.III-B > Cat.II-R > Cat.IV-A&R-1, which is somewhat different

Table 1 Property summary of different TiO,_x samples
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Fig. 3 Degradation curves of Nor in the system of 0.1 g L™ TiO,_x
under visible light (>400 nm). Anatase = Ana.; rutile = Rut.; brookite =
Bro.

from that of degradation rate constants. In addition, Cat.IV-
A&R-1, CatlII-R, and Cat.III-B are relatively high in Ti**
concentrations, however these samples show relatively low
degradation rates. In this special case of using TiO,_x for Nor
degradation, Cat.IV-A&R-4, which is low in Ti*" concentration
and second in Nor adsorption capacity, exhibits highest pho-
tocatalytic activity. The results suggest that the degradation
efficiency is a synergetic effect of a number of factors.

We then turned our attention to the contribution of ROSs
such as "OH and photogenerated holes (h") and electrons (e)
(Table 2). Formic acid (FA) is considered a scavenger for h* and
'OH, while tert-butanol (¢-BuOH) is an excellent quencher of
‘OH as illustrated by eqn (1).**® FA under neutral and acidic
conditions is strongly adsorbed on the surface of TiO,,
consuming h' (eqn (2)) and eliminating or intercepting the
generation of 'OH (eqn (3)).When 0.1 g of FA is introduced to
the solution as a diagnostic tool for suppressing the h* and ‘OH
species, the photocatalytic degradation of Nor is inhibited
significantly (Table 2). The rate constants, respectively, decrease
from 0.0156, 0.0059, 0.0059, 0.0093, 0.0146, 0.0210 and
0.0361 min~* to 0.0021, 0.0008, 0.0010, 0.0019, 0.0017, 0.0024
and 0.0035 min~" for Cat.I-A, Cat.II-R, Cat.III-B, Cat.IV-A&R-1,

Crystallinity
Ti** concentration Surface area

Cat. Ana.% Rut.% Bro.% (umol g™ 1) Oxygen vacancy (m*>g™ Particle size (nm)
Cat.I-A 100 0 0 — Non stoichiometric 263.95% 10
Cat.II-R 0 100 0 4.95 — 5.57 ~1500 x 700 x 700°
Cat.ITI-B 0 0 100 4.34 — 5.2 ~400 x 180 x 10°
Cat.IV-A&R-1 11.1 88.9 0 16.7 — 11.72¢ 160¢
Cat.IV-A&R-2 17.6 82.4 0 25.5 — 18.96¢ 1307
Cat.IV-A&R-3 75.3 24.7 0 4.5 — 27.86¢ 80?
Cat.IV-A&R-4 94.7 5.3 0 0.3 — 56.83¢ 60¢

@ Ref. 19. ? Ref. 13. © Ref. 23, platelike features crystal. ¢ Ref. 9 and 20. ¢ Tetragonal bipyramid crystal, the angle between the edges of prismatic and

pyramidal facets is 53.6.
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Table 2 Effect of ROSs scavengers on the photocatalytic degradation rate of Nor in different catalytic systems

Rate constant (min ") Degradation contribution%

‘OH

Cat. No scavenger FA t-BuOH h' radicals Other ROSs
Cat.I-A 0.0156 0.0021 0.0142 78 9 13
Cat.II-R 0.0059 0.0008 0.0042 57 29 14
Cat.III-B 0.0059 0.0010 0.0047 63 20 17
Cat.IV-A&R-1 0.0093 0.0019 0.0074 60 20 20
Cat.IV-A&R-2 0.0146 0.0017 0.0138 83 5 12
Cat.IV-A&R-3 0.0210 0.0024 0.0195 82 7 11
Cat.IV-A&R-4 0.0361 0.0035 0.0238 56 34 10
Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4, suggesting that HCOOH + "OH — HCO;™ + H,0 (3)
87%, 86%, 83%, 80%, 88%, 89% and 90% of the photocatalytic
degradation efficiency may be caused by h* and "OH. On the h* + H,O — "OH + 'H (4)

contrary, when 6 mL ¢BuOH is added, the degradation rate
constants change only slightly to 0.0142, 0.0042, 0.0047, 0.0074,
0.0138, 0.0195 and 0.0238 min’, indicating that 9%, 29%,
20%, 20%, 5%, 7% and 34% of photocatalytic degradation
efficiency is due to "OH for Cat.I-A, Cat.II-R, Cat.III-B, Cat.IV-
A&R-1, Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4, respec-
tively. Taking away the contribution of 'OH, that of h* is 78%,
57%, 63%, 60%, 83%, 82% and 56% for Cat.I-A, Cat.II-R, Cat.III-
B, Cat.IV-A&R-1, Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4,
respectively. And the rest, viz. 13%, 14%, 17%, 20%, 12%,
11% and 10% for Cat.I-A, Cat.II-R, Cat.III-B, Cat.IV-A&R-1,
Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4, could be collec-
tively due to the other ROSs. The results confirm that over the
TiO,_x, the h" species play an important role in the degradation
while 'OH only takes a minor role. Such a phenomenon is
significantly different from that of P25 TiO, for the degradation
of organic pollutants under UV light,*** in which "OH plays
a decisive role while h* and the other ROSs have a minor effect.
It is envisaged that if h™ has a major role, a catalyst of higher
specific surface area should perform better. However, it is noted
that despite Cat.IV-A&R-4 is the second highest in specific
surface area, the contribution of h* (56%) is the lowest. This
phenomenon could be related to the high adsorption capacity
of Cat.IV-A&R-4 which is about 40 umol g™, the second highest
among the seven catalysts (Fig. S31). In such a case, the surplus
h" reacts with H,O to produce "OH (eqn (4)), and then the attack
of "OH on Nor results in its relatively more contribution (34%)
during the photocatalytic degradation process. It is noted that
Cat.I-A (one with no Ti*" but only oxygen vacancies), which has
the highest specific surface area and decent h* concentration
among the studied samples, shows only mediocre activity. It is
hence deduced that oxygen vacancies possess lower activity
than Ti** under visible light. This could be caused by the higher
Ti*" concentration, which contributed positively to the donor
density, and the higher donor density could lead to better
electrons-hole separation as we observed previously.*

‘OH + -BuOH — 'CH2C(CH3)2OH + H20 (1)

HCOOH + 2h* — CO, + 2H" (2)

This journal is © The Royal Society of Chemistry 2017

EPR spectroscopy using DMPO as a spin-trapping agent can
be employed to monitor the behavior of ROSs during photo-
catalytic processes.®>* ROSs such as "OH and ‘O, react with
DMPO as illustrated in Scheme S1.1 Simulated with Win EPR
acquisition software, DMPO-OH signals (four lines, 1:2:2:1)
of the Cat.IV-A&R-1/visible light system can be identified based
on hyperfine splitting constants (ay = ay = 14.7 G) with no
detection of other ROSs such as DMPO-OOH (Fig. 4a). The
DMPO-OH signals become stronger with reaction time, and are
the strongest at 10 min. Further increase of reaction time
results in gradual decline and final disappearance of the DMPO-
OH signals. The results indicate that "OH generation is due to
visible light irradiation of TiO,_x, most plausibly from photo
activated e~ and h* generation at Ti** and oxygen vacancies.
Furthermore, there is no detection of ‘O, signals due to the
rapid conversion of DMPO-OOH to DMPO-OH (Scheme S1+1).%*

To evaluate the generation efficiency of "OH of the different
TiO,_x, the DMPO-OH signals collected at 10 min was subject to
integration and the results were compared (Fig. 4b). To our
surprise, there is no direct relationship between "“OH concen-
tration and the presence of Ti*" or oxygen vacancies. Despite
different in Ti*" concentration, Cat.II-R, Cat.III-B, Cat.IV-A&R-1,
Cat.IV-A&R-2 and Cat.IV-A&R-3 are similar in terms of ‘OH
concentration. Furthermore, Cat.I-A and Cat.IV-A&R-4 which
are high in concentration of oxygen vacancies and Ti*",
respectively, are low in "OH concentration. It is clear that the
concentrations of Ti*" and oxygen vacancies are not the only
factor to afford the generation of ‘OH. More importantly, it is
also indicated that "OH doesn't play a decisive role in the
degradation of Nor during TiO,_x/visible light system.

We come to a similar conclusion when we compared the TOC
values of the reaction solutions after 4 h of photodegradation
over the different TiO, x (Fig. 5). Among the seven catalysts,
Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4 show higher
ability for Nor mineralization. Compared to a TOC value of
19.62 mg L' for an initial Nor amount of 100 pmol L™, the
TOC values over Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4
are much smaller: 10.18, 10.59, and 9.93 mg L, respectively.
The TOC value over Cat.II-R, Cat.III-B, and Cat.IV-A&R-1 is

RSC Adv., 2017, 7, 45721-45732 | 45725


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09022f

Open Access Article. Published on 26 September 2017. Downloaded on 1/14/2026 2:19:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

@ 60 min "~ A
.A‘L‘&ih/\/w.m/\r.«»//\/_\,»/\/_"w

Omi

10 min

5 min A A
2 min : :

—~ — S e R e e e
3450 3460 3470 3480 3490 3500 3510

Magnetic Field/Gaussian

o
6x10

5x10°

4x10°

3x10°

2x10°

Peak Areas (DMPO-OH)

1x10° |

Fig. 4 (a) EPR signals versus reaction time of the Cat.IV-A&R-1 system,
and (b) intensity of DMPO-OH peaks of the catalytic systems acquired
at 10 min.

16.93, 14.31, and 14.67 mg L™ ". The results again indicate that
the photocatalytic activity cannot be directly related to Ti**
concentration of the catalysts. A TOC value of 19.33 mg L™ " is
observed over Cat.I-A after 4 h of degradation reaction. The
result is inconsistent with the fact that Cat.I-A shows moderate
activity for Nor degradation. However, as r-ascorbic acid is
employed in Cat.I-A preparation, the high TOC value could
represent residual r-ascorbic acid in Cat.I-A.

3.3 Intermediates and pathways for nor degradation on
TiO,_x under visible light

We used the HPLC-TOF-HRMS technique to identify the
degradation intermediates and to elucidate the reaction
mechanism of Nor degradation on the TiO,_x samples. As
shown in Table 3, 19 degradation intermediates, namely, P1 to
P19, were detected. Not all, but most of these are detected over
each individual catalyst. Briefly, P9, P14 and P18 are not
detected over Cat.I-A; P2, P7, P10, P12, P14 and P15 are not

45726 | RSC Adv., 2017, 7, 45721-45732
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Fig. 5 Comparison of TOC values after 4 h of photocatalytic
degradation.

detected over Cat.II-R; and P2, P7, P10, P12 and P15 are not
detected over Cat.III-B. Furthermore, P2, P7, P9, P10, P12 and
P15 are not detected over Cat.IV-A&R-1; P7, P9, P10, P12 and P15
are not detected over Cat.IV-A&R-2; P4, P7, P12, P14, P15 and P18
are not detected over Cat.IV-A&R-3; and P4, P7, P14, P10, P15
and P18 are not detected over Cat.IV-A&R-4. It is apparent that
the reaction mechanisms are somewhat different over the seven
catalysts.

The HPLC-TOF-HRMS technique can only offer molecular
weights of species based on which one can propose molecular
formulas but not molecular structures. To achieve the latter, we
purified the purified main degradation intermediates by semi-
preparative HPLC and analyzed them by HPLC-MS/MS. The
results are summarized in Table 4 while the tandem mass
spectra are shown in Fig. S4.7 On the basis of the data, we come
to the following understandings:

The parent molecule of Nor with C;¢H;3FN3;0; formula and
an mj/z of 320.1466 for [M + H]" can be cleaved to yield the
fragment ions of m/z 303.03, 302.02, 277.03, and 276.04, which
are attributed to the losses of NHj;, H,0, -C,Hs;N and CO,,
respectively. The ion of m/z 232.99 is attributed to arise from the
further loss of a CO, from the ion of m/z 277.03.

With C;6H;9N30¢ formula and an m/z of 350.1273 for the [M +
H]" ion, P71 is assigned to 1-ethyl-2,56-trihydroxy-4-oxo-7-
(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic acid. Nor is tri-
hydroxylated to give this production which the F atom is
substituted with a hydroxyl group together with the addition of two
hydroxyl groups to the quinoline ring. Aside from the precursor
ion, the MS/MS of the [M + H]" ion of P17 displays a fragment ion
emanating from the neutral loss of an H,0 molecule.

With C,H,FN,0, formula and an m/z of 171.0482 for [M + H|"
ion, P2 can be assigned to 2,4-diamino-5-fluorobenzoic acid.
The fragment ions with m/z 154.05, 153.06 and 126.94 arise
from the neutral losses of NH3, H,0, and CO, respectively. The
specie with m/z 143.03 and 125.03 could be produced from the
eliminations of CO and [CO + H,O], respectively.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Products identified in different photocatalytic systems using HPLC-TOF-HRMS
Different catalytic system

DI* HRMS Formula Cat.I'A Cat.II-R Cat.III-B Cat.VI-A&R-1 Cat.VI-A&R-2 Cat.VI-A&R-3 Cat.VI-A&R-4
P1 350.1273 C16H1oN306 v v v v v v
P2 171.0482 C;H,;FN,0, v — . . v 4 v
P3 223.0395 C10H,FN,0; v v v v v v/ v
P4 332.1168 C,6H17N305 v v v v v — —
P5 279.1066 C14H15FN,0; v/ v v v v v v
P6 322.1485 C16H20FN303 v v v v v 4 v
P7 273.0808 C1;H13FN,05 v — — — — — —
P8 261.0797 C13H1.N,0, v v v v v v
P9 205.0898 C1;H1,N,0, — v v v v
P10 223.0762 C1,H1,FN,0, v — — — — v v
P11 125.0576 C¢HgN,O v v v v v v v
P12 327.0914 C14H;5FN,04 v — — — — — v
P13 352.1287 Cy6H15FN505 v v v v v v
P14 336.1324 C16H1sFN30, — — v v v — —
P15 244.2311 C10H14FN;0; v — — — — — —
P16 251.0866 C1,H;1,FN,05 v v v v v v v
P17 233.0847 C1,H1,N,0; v v v v v v v
P18 205.0890 C10HgN,03 — v v v v — —
P19 312.1486 C14H13FN;0, v v v v v v v

“ Degradation Intermediates.

With C;,H,FN,0O; formula and an m/z of 223.0395 for the
[M + H]" ion, P3 can be assigned to 7-amino-6-fluoro-4-oxo-1,4-
dihydroquinoline-3-carboxylic acid. The fragment ions of m/z
206.18, 205.08 and 179.08 are attributed to the losses of NHj,
H,0, and CO,, respectively.

Unlike the parent molecule, P4 with C;¢H;,N3;05 formula
and an m/z of 332.1168 for the [M + H]" ion does not display the
combined neutral loss of -C,H;N, indicating the change of
piperazine ring in the molecule. The [M + H-C,H,]" ion
observed in the MS/MS nonetheless suggests that the ethyl
group on the N atom of quinolone ring is still present. Impor-
tantly, the fragment ion of m/z 262.18, due to the loss of CH,CO
from the ion with m/z 304.23, indicates the appearance of
carbonyl group.

P5 has Cy4H;5FN,0; formula with the [M + H]" ion at m/z
279.1066. The detection of fragment ions of m/z 261.15 and
251.18 suggests the presence of -OH and -C,H, groups. The
fragment ion of m/z 204.91 may be due to the loss of a CO from
the ion of m/z 233.09. Therefore, P5 can be ascribed to 1-ethyl-7-
(ethylamino)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic
acid.

With C6H,oFN;0; formula and m/z 322.1485 for the [M + H]"
ion, P6 has additional 2 Da added to the parent molecule. The
fragment ions of m/z 305.25, 304.26 and 276.23 are attributed to
the losses of NH3, H,O and [H,O + C,H,], respectively. The
structure of P6 is proposed to be 1-ethyl-7-(ethylamino)-6-fluoro-
4-ox0-1,4-dihydroquinoline-3-carboxylic acid.

The molecular formula of P7 is C;;H;3FN,Os, indicating that
the F atom is present. Moreover, the fragment ions with m/z
256.17 and 255.25 may be attributed to the loss of NH; and H,O
from the 273.09 ion, respectively. The intermediate is hence
ascribed to 7-amino-1-ethyl-6-fluoro-2,3,5,8-tetrahydroxy-2,3-
dihydroquinolin-4(1H)-one.

This journal is © The Royal Society of Chemistry 2017

P8 may be 7-(divinylamino)-2,5,6-trihydroxyquinolin-4(1H)-
one. There is no signal of [M + H-C,H;N]’, indicating the
absence of piperazine ring, and the fragment ion due to the loss
of H,O is highly abundant. Moreover, the m/z 233.16 and 215.10
ions may emanate from the loss of a C,H, from the ions of
261.03 and 243.10, respectively.

No neutral loss of CO, can be detected in the MS/MS for the
[M + H]" ion of P9, though the fragment ions of m/z 188.07 and
187.05 were observed. The latter were attributed to the losses of
NH; and H,O, respectively. Based on these results, the
compound is ascribed to 7-amino-1-ethyl-6-hydroxyquinolin-
4(1H)-one.

P10 has C,H;;1FN,0, formula and m/z 223.0762 for the [M +
H]" ion. The fragment ions of m/z 206.14, 205.05 and 195.06 are
generated through the loss of NH;, H,O and C,H,, respectively.
There is no detection of signal that can be assigned to the
neutral loss of a CO,. Accordingly, P10 is ascribed to 7-amino-1-
ethyl-6-fluoro-2-hydroxyquinolin-4(1H)-one.

P11 possesses CcHgN,O formula and an m/z of 125.0576 for
the [M + H]" ion. The fragment ions of m/z 108.27 and 106.96 in
the MS/MS may be assigned to the losses of NH; and H,O from
the parent ions, respectively. There is no detection of any other
fragment ions, and thus the compound is ascribed to 2,4-
diaminophenol.

P12 can be ascribed to 1-ethyl-7-(ethylamino)-6-fluoro-2,5,8-
trihydroxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid. Its
fragmentations only suggest the presence of -OH group, and
with a molecular formula of C;,H;5FN,Oq.

With C;6H;sFN305 formula and an m/z of 352.1287 for [M +
H]' ion, P13 may be dihydroxylated products. The formation of
335.44, 334.36 and 308.40 ions are due to the losses of NH3, H,O
and CO, group, respectively. The fragmentation of m/z 309.13,
assigned to [M + H-C,H;N]', suggests the presence of

RSC Aadv., 2017, 7, 4572145732 | 45727
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piperazine ring as similar as parent molecule. Accordingly, the
compound is deduced to be 1-ethyl-6-fluoro-2,5-dihydroxy-4-
oxo-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic acid.

The MS/MS of the [M + H]" ion of P14 display fragment ions
originating from the neutral losses of NH;, H,O, CO, and
-C,H;N. Moreover, the fragment ion arising from the loss of
a C,H, at m/z 308.16 is also detected. This compound with
C16H15FN;0, formula and an m/z of 336.1324 for the [M + H]"
ion, with a molecular weight increase of 16 Da compared to the
parent molecule, may be deduced to be a monohydroxylated
product of Nor, though the position for hydroxylation is unclear.

With C;,H4FN;0; formula and an m/z of 244.23 for the
[M + H]" ion, P15 may be ascribed to 3-amino-5-((2-
aminoethyl)(vinyl)Jamino)-6-fluorobenzene-1,2,4-triol. The MS/
MS for the compound revealed the presence of fragment ions
arising from the losses of NH;, H,O and -C,H;sN; however, no
loss of CO, was observed, indicating the cleavage of the qui-
nolone ring.

P16 with C1,H;,FN,0; formula and the [M + H]" ion at m/z
251.0866 may be assigned to be 7-amino-1-ethyl-6-fluoro-4-oxo-
1,4-dihydroquinoline-3-carboxylic acid. The MS/MS exhibited
fragment ions emanating from the neutral losses of H,O, NH;
and CO,.

Interestingly, the MS/MS of the protonated ions of P17 and
P18 are very similar, which revealed the neutral losses of NH3,
H,0 and CO,, but not the neutral loss of -C,HsN, suggesting the
disappearance of the piperazine ring. Therefore, the two
compounds are ascribed to 7-amino-1-ethyl-4-oxo-1,4-
dihydroquinoline-3-carboxylic acid and 7-amino-4-oxo-1,4-
dihydroquinoline-3-carboxylic acid, respectively.

View Article Online
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The MS/MS of the [M + H]" ions of P19 showed the neutral
losses of NH;, H,O and -C,HsN, though no loss of CO, was
observed. The compound may be ascribed to 2-(6-(ethylamino)-
3-fluoro-2-hydroxy-4-(piperazin-1-yl)phenyl)-2-oxoacetic acid.

Despite these variations in degradation intermediates across
the TiO,_x, we propose a general transformation mechanism
for Nor degradation as shown in Fig. 6. We find that, h" is the
species most responsible for Nor decomposition. Following
oxidation, a Nor molecule loses its piperazine ring, and the P5
and P6 intermediates are detected across all catalysts. Conse-
quent degradation mechanisms include loss of a carboxyl
group, addition of ~OH to the quinolone ring, and substitution
of the F atom. P19, a product from direct interaction of "OH and
the quinolone ring, is detected across the catalysts. Also, P4 with
the F atom substituted by -OH is observed for each TiO,_x
except for Cat.IV-A&R-3 and Cat.IV-A&R-4. Additionally, the
monohydroxylated product P14 is detected over Cat.III-B,
Cat.IV-A&R-1 and Cat.IV-A&R-2. With prolonged reaction time,
the degradation intermediates further react with h*, "OH, and
other ROSs leading to the mineralization of Nor.

3.4 Mechanism of photocatalytic degradation of nor on
TiOZ,X

Under visible light, the TiO,_x can be activated to generate
photo-excited electrons in the conduction band and hole in the
valence band. The experiment shows that the e™ reacts with
dissolved oxygen and subsequently results in the generation of
"OH and other ROSs. On the other hand, h* interacts with H,0
to generate 'OH or reacts with Nor directly as shown in Fig. 7.
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Fig. 6 Proposed degradation pathway of Nor on TiO,_x under visible light.
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Fig. 7 Proposed reaction mechanism between TiO,_x and Nor.

With the help of FEDs values, the active sites of Nor inter-
acting with ROSs can be predicted (Table S17). According to
frontier orbital theory, an electron can be more readily extracted
at positions with higher 2FEDyopm0” values, while *OH reaction
usually occurs at a position with higher 2FEDyomo” +
2FED; umo value.#” C1, C5, N7, 011 and N13 are found to have
high 2FEDyomo” values, corresponding to 0.2072, 0.2510,
0.1976, 0.1730, and 0.2060. The results indicate that these are
positions likely to react with h*. Nonetheless, a Nor molecule
has to be on the catalyst surface in order to interact with surface
h*. Therefore, we use the point charges to elucidate the
adsorption orientation of Nor molecule on the surface of cata-
lyst. The point charges of N7, 011, N13 and 023 are —1.0801,
—0.6139, —0.8332 and —0.5985, respectively, suggesting these
are the positions likely to have direct contact with h*. Hence, the
loss of a piperazine ring or a -COOH group from Nor can be
attributed to the direct interaction of Nor with h* as shown in
Fig. 7. In addition, the interaction of Nor with "OH results in
Nor hydroxylation. Higher 2FEDyomo” + 2FED ymo” values are
found at C2, C3, C5, C6, C8 and O11. Considering that C2 and
C5 are subject to steric hindrance, C3, C6, C8 and O11 are the
main positions for ‘OH attack. All catalysts show degradation
intermediates that are products of Nor hydroxylation. Further
interaction of the intermediates with h*, "OH and other ROSs
would result in mineralization of Nor.

4. Conclusions

Seven TiO,_x were prepared and studied for the degradation of
Nor under visible light. Cat.I-A, Cat.II-R and Cat.III-B have
anatase, rutile and brookite structure, respectively. Cat.IV-A&R-
1, Cat.IV-A&R-2, Cat.IV-A&R-3, and Cat.IV-A&R-4 are mixtures of
anatase and rutile with different ratios. All of these TiO,_x
materials exhibit photocatalytic activity under visible light
irradiation for Nor mineralization with degradation rate of
Cat.IV-A&R-4 > Cat.IV-A&R-3 > Cat.I-A > Cat.IV-A&R-2 > Cat.IV-
A&R-1 > Cat.II-R = Cat.III-B. It is observed that photocatalytic
activity is influenced by factors such as Ti*" concentration,
oxygen vacancy density and catalyst specific surface area. The
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contribution of h* for Nor degradation is significantly higher
than that of "OH. A mechanism for Nor degradation with TiO,_x
under visible light is deduced based on the identified degra-
dation intermediates. It is shown that under the attack of h* and
'OH, the loss of piperazine ring and the occurrence of hydrox-
ylation reaction are the major initial steps, and the resulted
intermediates further react with ROSs to achieve the minerali-
zation of Nor. The interaction of a Nor molecule with TiO,_y is
proposed based on FEDs values and calculations. The adsorp-
tion of Nor on the surface of catalyst is likely realized first
through the N, O and F atoms on Nor where Nor perhaps reacts
with h'. On the other hand, a Nor molecule is likely attacked by
'OH at the C3, C6 and C8 positions. It is expected that the
present results can motivate further studies on TiO,_x for the
promotion of their practical application
treatments.

in wastewater
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