Accepted Manuscript %

Chemosphere

Study on heterogeneous photocatalytic ozonation degradation of ciprofloxacin by
TiOo/carbon dots: Kinetic, mechanism and pathway investigation

Yongqin Zeng, Danni Chen, Tiansheng Chen, Meixuan Cai, Qianxin Zhang, Zhijie
Xie, Ruobai Li, Zhenjun Xiao, Guoguang Liu, Wenying Lv

PII: S0045-6535(19)30686-1
DOI: https://doi.org/10.1016/j.chemosphere.2019.04.039
Reference: CHEM 23547

To appearin: ECSN

Received Date: 23 November 2018
Revised Date: 5 March 2019
Accepted Date: 6 April 2019

Please cite this article as: Zeng, Y., Chen, D., Chen, T., Cai, M., Zhang, Q., Xie, Z., Li, R., Xiao, Z.,
Liu, G., Lv, W., Study on heterogeneous photocatalytic ozonation degradation of ciprofloxacin by
TiOg/carbon dots: Kinetic, mechanism and pathway investigation, Chemosphere (2019), doi: https:/

doi.org/10.1016/j.chemosphere.2019.04.039.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.chemosphere.2019.04.039
https://doi.org/10.1016/j.chemosphere.2019.04.039
https://doi.org/10.1016/j.chemosphere.2019.04.039

10

11

12

13

14

15

16

17

18

19

20

21

22

Study on heterogeneous photocatalytic ozonation degradation of
ciprofloxacin by TiOy/carbon dots. kinetic, mechanism and pathway
Investigation

Yonggin Zend, Danni Chefy Tiansheng Chén Meixuan Cdi, Qianxin Zhang
Zhijie Xie®, Ruobai Lf, Zhenjun Xia8, Guoguang Liff, Wenying LV*

®School of Environmental Science and Engineerimgtitute of Environmental Health and

Pollution Control, Guangdong University of TechrgploGuangzhou, 510006, China

* Corresponding Author: Guoguang Liu, Wenying Lv

E-mail: liugg615@163.com; Ivwy612@163.com

Telephone: +86-20-39322547

Fax: +86-20-39322548

Address: School of Environmental Science and Engineeril@uangdong University
of Technology, No. 100 Waihuan Xi Road, Guangzhagher Education Mega

Center, Guangzhou, P.R China, Post Code: 510006



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract

In this study, the objective was mainly focusingtbe mechanism investigation of
ciprofloxacin (CIP) degradation by photocatalytizonation process which carried
out by ozone and TiOwith a low content of carbon-dots (CDs) under dated
sunlight irradiation.The physicochemical properties of the prepared quadalysts
were characterized by X-ray diffraction (XRD), tsamission electron microscopy
(TEM), scanning electron microscope (SEM) X-ray toletectron spectroscopy (XPS)
and zeta potential. Comprehensive investigationpnagen the process to be efficient
in the removal of CIP with high yield of reactiveesies (*OH, & , h', etc.).Kinetic
model on pH investigation found out a repulsivecéobetween the photocatalysts and
CIP intensified with the increasing pH, so did greduction rate of hydroxyl radicals
(*OH), while eventually reached a balance and aelti@ maximum degradation rate.
The results indicated that the enhancement mechanmiss triggered by the
photoexcited electron accumulated on CDs and tearesf by ozone, resulting in the
continuous generation of h+,30 and Q' . Possible photocatalytic ozonation
degradation pathways of CIP were proposed accortiinghe identifications of
intermediates using high-resolution accurate-masgecteometry (HRAM)

LC-MS/MS.

Keywords. carbon-dots; ciprofloxacin; reactive species; pbatalytic ozonation;

transformation pathway
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1. Introduction

Pharmaceuticals and personal care products (PRPGRs)merging contaminants”,
have received much attention in recent years (Zlerad,, 2018a)The occurrence of
PPCPs was primarily attributed to the abuse in ahimusbandry, industrial
wastewater emissions, domestic water discharge, Bte to their persistent
physicochemical properties and ineffectiveness {oddgradation, wastewater
treatment plants have not always been efficietthénremoval of PPCPs (Verlicchi et
al., 2012). Consequently, multiple PPCPs have bdetected in surface water,
groundwater, and potable water. Ciprofloxacin (CiB) example, a broad spectrum
fluoroquinolone antibacterial agent, is effectimetieating various infection(Zhou and
Jiang, 2015)A total amount of 5340 tons of CIP was used in @im 2013, which
was the second highest among all the fluoroquirekmtibiotics prescribed in China
(Zhang et al.,, 2015). The concentration of CIP Iheen detected in hospital
wastewater up to 2ig/L, and in concentration up to severa/L in secondary
treated effluent due to the incomplete removalarfventional WWTPs (Doorslaer et
al., 2014). Though CIP showed low toxic value ooidmjical samples (Steenbergen et
al., 2017), it is worth noticing that studies iratied that antibiotic resistant bacteria
and resistance genes would be given birth by tfextedf CIP at a low level (ng/L)
(Erik et al., 2011; Rodriguez-Mozaz et al., 201).this case, genetic variants of
microorganism will be threatened and adverse impalttbe imposed on human
health (Kimmerer, 2009; Kenny et al., 2012). Initold, the removal of PPCPs from

wastewater can make a significant contribution t@tew conservation and
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recirculation, which is achievement of sustain#ili

Photocatalysis has been considerably studied iferdift contaminants treatment
fields(Wen et al., 2016; Ye et al., 2018; Li et aD19). Titanium dioxide (Tig) is one
of the promising photocatalysts which has beennrsktely investigated due to its
high chemical stability, low cost, environmentalliendliness and optical properties
(Wang et al., 2019). However, several disadvantajgesire TiQ such as the rapid
recombination of photoexcited electron-holes paird exclusively activated with UV
light (A<380 nm) might restrain the development of practagglication. In this case,
carbon dots (CDs) was considered to modify the qutadalytic performance of TiO
CDs possesses remarkable up-converted photoluneimesc(PL) behavior, which
indicates CDs could convert lower-energy light (8301000 nm) to high-energy
light (325<A<425 nm). In addition, with advantages of functiosalface moieties,
CDs could improve electron transferring and storoagacity. Indicating that CDs
might have the ability to conduct as a promisingnponent in photocatalysts
modification (Fang et al., 2016; Martins et al. 18D Thus, the composition of CDs
on TiO, owned the ability to enhance light adsorptioncefiicy and photocatalytic
performance by broadening the photo-absorption oregand decreasing the
recombination of electron-hole pairs(Wang et @1 7b; Xie et al., 2018; Zhang et al.,
2018b). According to our previous work, the synibed CDs could avoid the
recombination of holes and electrons by transfgrtime photogenerated electrons
from TiO,, also could produce electrons for the photocatapocess. Furthermore,

the photogenerated e- was conducive to transfer fr@ conduction band of TiO2 to



89 the interface due to the band gap of TiO2, (3.2 awyl the lowest unoccupied
90 molecular orbital energy level of CDs (4.2—-4.4 €€hen et al., 2017).

91 Ozone, as a selective oxidant (E=2.07 V), has besensively applied in
92 wastewater treatment. It is capable for decomposiagous recalcitrant organic
93  pollutants by direct ozonation and indirect usénydroxyl radicals (*OH, E=2.8 V).
94  Several studies reported that modifications of ation process, such as UVO
95 H,0,/O3 and peroxymonosulfatefOwas for the purpose of increasing the oxidizing
96 capability and decomposition effectiveness of singkonation (Pocostales et al.,
97 2010; Yang et al., 2015; Lee et al.,, 2017). Howgeteese processes required the
98 application of high-energy UV irradiation or consuions of large amount of
99  oxidative chemicals. In order to improve the oxikg ability of ozone and expanse
100 the light adsorption wavelength, in this work, gtetocatalysts Ti@doped with CDs,
101 was combined with ozone as a heterogeneous phalggiat ozonation process.
102  Accounted for the high efficiency removal of orgapbpllutants and the prevention of
103  secondary pollution, heterogeneous photocatalygisnation process has been
104 reported as a promising approach of the removalecélcitrant organic pollutants
105  (Ikhlaqg et al., 2015; Orge et al., 2015a), but stigations on modified photocatalysts
106 combining ozone were fewAs a modified ozonation process, heterogeneous
107  photocatalysis ozonation might have significanicefhcy on drinking water and
108  wastewater treatment industries according to thendtion of numerous reactive
109  species in the process and its minimal detrimesftatt on water quality (Rey et al.,

110 2014, Quifiones et al., 2015). The superiority @f ithtegrate process was giving rise
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to the highest yield of reactive species such ad,*Q," , h', etc. Additionally,
heterogeneous photocatalytic ozonation process nggloto a complicated
gas-liquid-solid process which contains numeroagtree species, electron transfer,
surface reaction steps and catalytic photoexcitafimcess. Hence, massive redox
reactions involved different steps and schematmqgdatalytic ozonation mechanism
were proposed in this study.

Among the advanced oxidation processes (AOPs)¢cdhbination of photocatalytic
oxidation and ozonation process could lead to highieeralization and degradation
rate of PPCPs compare with the effect achievedrglesprocess. As a matter of fact,
a synergistic effect has been reported betweenopatatlysts and ozone due to the
powerful electron trapping ability of ozone, theambination of electron-hole pairs
was suppress to some extend and resulted in thefimn of ozonide ion radicalO,
which eventually transform into «OH €rnigoj et al., 2007).

As photocatalytic activity evaluation of TH{&Ds under simulated sunlight irradiation
has been previously investigated in our work. Hoe fpractical application of
photocatalytic process, the joint use of ozone wvptiotocatalysts would be an
advantage. In this study, TH{&Ds and ozone was conducted under simulated $iinlig
irradiation with the purpose of decomposing CIPeDa the generation of hydroxyl
radicals (*OH), superoxide ion radical (O ) and other reactive species,
heterogeneous photocatalysis ozonation proceskdsmsdemonstrated to be efficient

in organic pollutant decomposition.
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2. Experimental
2.1 Material

Ciprofloxacin (CIP, 98%) and commercial Li@ere purchased from TCIl Reagent
Co. Ltd. (China). 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl)erttButyl
alcohol and benzoquinone were purchased from Ataddhina). HPLC-grade
acetonitrile and methanol were obtained from CNWhf®logies GmbH (Germany).
Analytical grade citric acid, urea, M&0,, potassium dichromate and sodium azide
were obtained from Taitan (China). Ozone was intoedl by an ozone generator
(Quanju Technology, China) fed with pure oxygen.§98). Ultrapure water (18.25
MQ-cm?) collected from Milli-Q apparatus (Germany) wagdisn the preparation of
all aqueous solutions during the experiment. Aleroical reagents were used as
received without further purification. Secondarysteavater effluent was collected
from Guangzhou wastewater treatment plant (WWTR) Bearl River water was

collected from Zhujiang (Guangzhou).

2.2 Preparation of photocatalysts
2.2.1 Preparation of NCDs

Carbon dots (CDs) were synthesized by hydrothiemethod (Qu et al., 2012). In
this study, 3.0g urea and 3.0g citric acid wereeddaith 10mL ultrapure water in a
beaker. The mixture was stirred for 10 min and ttiansferred into a 100 mL Teflon
autoclave at 180C for 5 h. After cooling down to room temperatutfee collected

solution would be centrifuged at 10000 rpm for 3 to get rid of large particles.



155  The remaining CDs solution was placed atCQo receive desiccated CDs powders.
156 At last, the powders were suspended in ultrapureewe receive 20g-t stock
157  solution.

158

159  2.2.2 Preparation of TKICDs photocatalysts

160 In this study, the TigdCDswere synthesized by a facile hydrothermal-calcomati
161 method. A weighed quality (0.5g) of TiQwvas dispersed in 30mL ethanol in an
162  alumina crucible with continuous magnetic stirriddterwards, the calculated quality
163  of CDs (TiG/CDs molar ratio of 0, 2.0%, 4.0%, 6.0%, 8.0%) wadsled into the
164  TiO, suspension and vaporized at<ta Then, the substance was heated in a muffle
165 furnace at 300C for 3h with a heating rate of &-min*. Finally, the obtained
166  products were labeled as Ti.0 wt%, 4.0 wt%, 6.0 wt% and 8.0 wt% of FiODs,
167  respectively.

168

169  2.3. Characterization methods

170 The crystallinity of the obtained samples wasrabterized by X-ray diffraction
171  (XRD Bruker-D8-Advanced X-ray diffractometer) wilBu Ka radiation and scan
172 area of B from 10° to 80°. The microscopic morphology of teemples were
173  observed by a transmission electron microscope (THEM-2100HR) and scanning
174  electron microscope (SEM, JSM-6700). X-ray photcteten spectroscopy (XPS) was
175  applied to analyze the chemical components and idmracteristics, which equipped

176 a Thermo VG ESCALAB 250 spectrometer with Ad iKadiation as excitation source.
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The Fourier transform infrared (FT-IR) spectra weeeorded by a Nicolet 6700

spectrophotometer (Thermofisher) in the range fA@®0 to 400 ci.

2.4Photocatalysis, ozonation and photocatalytic oZzonaxperiments

The efficiency of photocatalytic ozonation wenealeated by the degradation of
CIP. The experiment was conducted in a XPA-7 rofaimgtochemical reactor with
ozone bubbled at the bottom of the reactor withwflate of 15 mL-miri (Nanjing
Xujiang machine plant). 350 W xenon lamp with 290 cut-off filters were utilized
to simulate sunlight source. In a typical proceS8, mg photocatalysts were
introduced into 50 mL of CIP aqueous solution irb@& mL quartz tube. Before
illumination, the solution was magnetic stirredtime dark for 30 min to ensure the
adsorption/desorption equilibrium for CIP on theoftatalysts. When the xenon
lamp was connected, the ozone bubbled at the batfaime reactor simultaneously.
At given time intervals, 2.0 mL samples were wigin and mixed with 0.5 mL
NaS,03 solution to quench residualzOPrior to HPLC analysis, the samples were
filtered with 0.22 um Millipore filters to remove particles. Additiongl single
photocatalysis, single ozonation, and photolysisevadso conducted under identical

condition.

2.5 . Analytical methods
The concentration of CIP was determined by high foperance liquid

chromatography (HPLC, waters e2695). The conceotrabf ozone in aqueous
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solution was determined by the indigo method (Baded Hoigné, 2013). 200
umol-L* NBD-CI was applied as the fluorescent probe temeine the amount of
0O," (Olojo et al., 2005; lkhlag et al., 2013)he degradation intermediates yielded
during the photocatalytic ozonation process wasitifled by the application of
high-resolution accurate-mass spectrometry (HRAM}NIS/MS, which included a
Q Exactive Orbitrap mass spectrometer and HPLCesystUItimate 3000RSLC,
Thermo Scientific, USA). The intermediates was safgal by the employment of a
Hypersil GOLD C18 (100 x 2.1 mm, 1.@n).

Linearity of the analysis was constructed withlbration range of 0.02-5.00g/ml
(0.02, 0.05, 0.10, 0.50, 2.00, 5.Q@/ml) for HPLC analysis. The regression
coefficients were>0.99 for liner calibration curves. The limits ofteetion (LOD) and
guantification (LOQ) for CIP was 3.3 ng/ml and 1d/ml, which was calculated as

signal-to-noise ratio (S/N)=3:1 and 10:1, respatyjiv

3. Resultsand discussion

The XRD pattern of pure Ti2and different contents of CDs on Ti@ere
displayed in Fig. S1. The diffraction peaks of gi@tocatalysts were sharp,
indicating high degree crystallinity was in the gdenstructures. As observed from
XRD patterns, the rutile form TigJrepresented by R) had reflections &t25.3°,
37.9°, 48.0°, 54.2° and 55.2°, which correspondm@l01), (004), (200), (105), (211),
(204) and (220). The result is consistent with apatcrystal phase for TIQICPDS
PDF#: 00-021-1272). Implying that the CDs dopingj ot significantly alter the

10



221 crystal structure of Ti@

222 In order to confirm the morphologies of the photabgsts, pristine Ti@and 6 wt%

223  TiO,/CDs were characterized by SEM. As depicted in 8B(a-c), providing

224  visualization of the structural characteristicshed materials, indicated that the

225 material had a globular shape (Lu et al., 2018di#\ahally, the textural

226  characterization of pristine was practically theeaas the 6 wt% Ti&CDs. As

227  confirmed in the TEM images of 6 wt% Ti@Ds (Fig. S2 d-e), the CDs were well
228 loaded on the surface of the photocatalysts. Téwr dhttice fringes of TieXd = 0.35
229  nm) showed uniformity corresponding to (101) criyptane of anatase T¥O(Sajjad
230 etal., 2009) The selected area electron diffrad®AED) pattern of 6 wt%

231  TiO,/CDs showed that the photocatalysts was polyciystaih nature.

232 The surface chemical compositions of prepared% WO2/CDs was determined
233 by XPS. As depicted in Fig. S3(a), the survey spectdetected the presence of

234 titanium (Ti 2p), carbon (C 1s), and oxygen (Oihs wt% TiO2/C-Dots, which

235  suggested that the prepared material was mainlyposed of Ti, C and O elements.
236 In Fig. S3(b), two peaks at 458.2 and 464.1 e\wenTi 2p spectrum corresponded to
237  the the Ti2p;, and Ti 2p),, respectively (Khan et al., 2018). In Fig. 3(byee peaks
238 at 284.3, 286.1 and 287.9 eV were observed in tegbtution XPS spectrum of C 1s.
239  Respectively, the peak at 284.3 eV was attributed-C groups; the peak at 286.1 eV
240  was attributed to C-O groups and the peak 287.&a&¥attributed to C=0O groups (Yu
241  and Kwak, 2012). Three peaks were noticed as ths XPS spectrum showed in Fig.
242 3(d), the peak at 529.7 eV was assigned to Ti-©p#ak at 530.5 eV was assigned to

11
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the surface —OH groups and the peak at 532.2 e\assigned to C=0 groups (Liu et
al., 2011; Li et al., 2018). The above results destrated the well establishment of

CDs doping on TiQ

3.1 Degradation of CIP
3.1.1 photocatalytic activity

The efficiency of as-prepare sunlight-driven Fi€CDs collaborate with ozonation
was evaluated by the degradation of GlfAex glasses were conducted as wavelength
filters for UVC waveband (200-275 nm) and a parthef UVB waveband (275-290
nm) in the experiment. As Fig. 1(a) displayed, ttencentration of CIP barely
changed under single photocatalysis, indicating D& was stable to simulated
sunlight irradiation. Similar phenomenon was repdrby Wang et al (Wang et al.,
2017a). After the introduction of T¥D slight degradation of CIP was observed.
Observed from the result, the degradation rateemaisnced after CDs doped on TiO
For comparison, 64% of CIP was decomposed by pastiO, in 30 min while 91.1%
of degradation rate was achieved by minor intradaocbf CDs (1.0 wt%). Suggesting
the ratio of TiQ/CDs significantly correlated with the catalytidiaity as mentioned
in previous section. An optimum result was achielgd wt% CDs contents on the
TiO,, which was determined to be the optimal concentmabioCDs content on Ti§)
further increasing would result in a decrease m photocatalytic activity for CIP
degradation.

12
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Fig. 1

3.1.2 photocatalytic ozonation experiment

By means of generating hydroxyl radicals (Table, Sbjo ozonation itself could
decompose a part of CIP in the given time. Bull, gtivas not efficient and complete.
Additionally, the joint use of photocatalysts arzboe exhibited strong degradation
efficiency of CIP. As Fig. 1(b) showed, the degtamta rate of photocatalytic
ozonation fitted pseudo-first-order kinetic mode¢llw Compare with ozone alone
(k=0.083), the combination of photocatalysts anenez achieved much higher
degradation rates. Notably, when photocatalysis amndnation were carried out
simultaneously, 99.7% CIP was decomposed in 16ani® wt% TiQ/CDs and ozone,
which was much higher than the sum of the singléopm@ance of 6 wt% Ti@CDs
and ozone. Additionally, among the above mentiopeacess, 6 wt% Ti@CDs
remained the optimal achievement and brought tgbdst degradation rate of CIP.
For comparison, the optimal degradation rate comstas 0.32, which was about

2.48 times of 6 wt% TigdCDs without ozone (k=0.129).

3.1.3 Influence of different initial pH value

The investigation of pH value is necessary for pbatalytic ozonation as it has
effects on the utilization efficiency of ozone gimdperties of photocatalysts surface.
As mentioned by Levanov et al.(Levanov et al., 20&8higher pH, hydroxide (OH

13
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could initiate a chain reaction of ozone decompmsiand result in higher amount of
*OH. Hence, in single ozone process, higher degjradafficiency would achieve at
alkaline pH. As shown in Fig. 1(c), alkaline pHdea the higher degradation
efficiency in photocatalytic ozonation process. lwer, instead of continuously
increasing, the efficiency increment was retaraeldigher pH. Since the pKa of CIP
has been reported to be 6.16 and 8.23, also ceutdgatively and positively charged
under various pH value which was depicted in F&§(Siri and Golder, 2014). Which
means CIP present in cationic form atgH.16, in zwitterionic form at pH 6.16-8.23
and in anionic form at pH8.23. During photocatalytic ozonation process siin¢ace
properties of the photocatalysts could be affebiedifferent pH, resulting from the
proton transference (Chen et al., 2014). The istrtepoint of 6 wt% TiQ/CDs was
approximately 3.3 according to zeta potential repoFig. S5, indicating the surface
of the photocatalysts has negative charge atBE. In this case, repulsive force
occurred between CIP and the photocatalysts while-8.23 and further intensified
as pH increased, resulted in a lower CIP degradatiticiency. Which reached a

balance with continuously generated *OH and expthihe phenomenon.

3.2 Reactive species and mechanism

Previous studies have indicated that multiple reactpecies (RSs), like *OH,
0., h', 'O, and e would generated during the photocatalytic ozomapoocess
(Nawrocki and Kasprzyk-Hordern, 2010). In ordegt@ntitatively determine the role
of reactive species, quenching experiment was adadlby tert-Butyl alcohol (TBA

14
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10mM), benzoquinone (BQ 1.0mM), M&0O, 10mM, potassium dichromate ¢(KrO,
50uM) and sodium azide (NaN75mM). As shown in Table S1, under the control
experiment, a photocatalytic ozonation degradatiie constant of 0.326 mirwas
observed. The introduction of TBA and Nabslgnificantly inhibited the degradation
of CIP, leading a degradation rate constant of ®.4dd 0.103 mih with a high
inhibition rate of 55.4% and 68.5%. From which veeild deduce that the inhibition
rate of'O, was 13.1%, indicatingO, had a minor effect in the system. It could be
concluded that the decrement of degradation ratestanot was attributed to the
trapping of «OH, suggesting *OH could be one ofghedominant reactive species of
the photocatalytic ozonation process. Furthermibwe presence of BQ, N&O, and
K,CrO; as Q' , h" and e scavengers, resulting in a degradation rate consta
0.237, 0.211 and 0.224 mipwith inhibition rates of 27.2%, 35.2% and 31.3%,
respectively. Implying that© , h" e shared an unneglectable effect in the system.

NBD-CI was applied as a fluorescent probe to ddtegrthe amount of © in
this study. Several researches reported the inyensiPL in the NBD-CI products
would be detected at 550 nm (excited at 332 nMyif presence in the system and
interacted with NBD-CI (Olojo et al., 2005; Ikhlag al., 2013). As shown in Fig. S6,
three samples were withdrawn under 10 min treatroémthotocatalytic ozonation,
sole ozonation and single photocatalysts procespectively. Fluorescent spectra
showed that photocatalytic ozonation process aelighie greatest amount 06O
production. Indicating the well cooperation betwedte photocatalysts 6 wt%
TiO2/CDs and ozone.

15
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A heterogeneous photocatalytic ozonation procegsives chemical, catalytic
adsorption and catalytic photoexcitation. The pryneason of CIP decomposition
was the continuous generation of reactive speldhis study, the existence of ozone
would have two major routes to complete the dedral@f CIP in the photocatalytic
ozonation process, which includes: (1) direct andirect ozonation in the bulKll)
Interactions on the surface of photocatalysts.

The redox potential of ozone in water is 2.07 eYjjohn means CIP could be
decomposed by ozone directly in aqueous solutidme Televant equation and
corresponding kinetic constant was exhibited inl@ab, which were proposed
according to the previous scientific literatures. ghown in Egs. 1-3, pharmaceutical
could be removed by both direct and indirect memanwvhere the generation of
hydroxyl radicals by ozone decomposition (Mena ket 2017). Furthermore, as
illustrated in Egs. 4-11, on the account of theakinieg of aromatic rings and double
carbon bond, hydrogen peroxide was generated, wiashnot only produced by the
decomposition of ozone, but also the recombinatibrO,H radicals (Lovato et al.,
2009; Fathinia et al., 2016). As a consequencehykeogen peroxide was subjected
to electrons and brought in more hydroxyl radiqgs. 12) (Wang et al., 2018). In
sum, ozonation had the ability to transfer orgapmllutants into recalcitrant

intermediates.

Table 1
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Under simulated sunlight irradiation, TKOGDs was excited and leaded to the
generation of electron-hole pair (Egs. 13). Egs:-134showed adsorbed water
molecular was oxidized by photoexcitetwhich gave rise to the generation of «OH.
Due to the lowest unoccupied molecular orbital gnpéevel of C-Dots (4.2-4.4 eV)
(Li et al., 2013) and its ability of electron migan, a mass of electron accumulation
occurred on the surface of the photocatalysis. Womeone was bubbled into the
photocatalytic system in the meantime, it couldadsorbed on the surface of the
photocatalysis where the interactions mainly takéace (Orge et al., 2015b). As
presented in Egs. 16-17, photoexcited electron tnaassferred from photocatalysis
surface to ozone and oxygen, therefor¢ Cand Q' were yielded, which also
indicated ozone exhibit strong electrophilic prapein our previous work, during the
photocatalytic process (Chen et al., 2017), botraed Q" played negligible roles
for the organic pollutants decomposition. After ih&oduction of ozone, electron
was able to interact with oxygen molecular and léadyield Q' (Egs. 17).
According to the mechanism illustrated in Eqgs. D6-& synergetic effect between
TiO,/CDs and ozone under simulated sunlight irradiati@s proposed. Due to the
electron transferred by electrophilic ozone, théuotion of electron on Ti@CDs
resulted in the separation of electron-hole pairemeffective and leaded to the
continuous generation of tunder simulated sunlight irradiation. The photabaic
ozonation produced reactive species could eventiedld to the completely removal
of organic pollutant (Egs. 21-23). In conclusitime joint use of photocatalysis and
ozonation possess could bring much higher «OH yiiedoh the sum of the individual
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process, which accounted for the synergistic effestwveen ozone and catalysts

continuously separated the electrons and holes.

Table 2.

Based on above results and discussion, the probadgdehanism for the
photocatalytic ozonation of CIP was proposed schieally in Fig. 2. Under sunlight
irradiation, the light wavelength>550 nm would be converted into higher-energy
light (wavelength from 325 to 425 nm) on the acdowh the up-converted
photoluminescence (PL) properties of CDs, which a@dsorbed by Ti@and result in
the generation of electron-hole pair subsequeriipreover, the photoexcited
electrons in the Ti@would be transferred and retained in CDs. Cons#tehe
electrons on the surface of CDs may interact witbne and oxygen, leading to the
generation of @ and Q' , which react with other reactive species to gerer@H.
Eventually, the presence of reactive specig’s, ", «OH and Q would lead to the
decomposition of CIP.

The presence of CDs obviously enhances the renediralency of CIP, which
attributes to its multiple functions when doped thie TiG.. In conclusion, there
mainly involves three major functions of CDs insttstudy: (1) Light adsorption
efficiency enhancement (2) Extraordinary electn@mgfer ability (3) High-capacity

of electron storage.
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Fig.2

3.3 Transformation pathways of CIP
HRAM LC-MS/MS was applied to identify the intermatBs yielded by the
photocatalytic ozonation of CIP and the possiblelecuar structure of the
intermediates were proposed according to the asabfsmass spectrum (Fig. S7).
The molecular masses, retention time and structifregelve identified intermediates
were summarized in Table S2. The transformationhway of CIP during
photocatalytic ozonation process was deduced sdieaiyain the Fig. 3.
In the pathway I, N (4) in the piperazine ring wattack by *OH and lead to the H
atom on N (4) replaced by hydrogen bond, whichdatdid compound P1 (348.13417)
should be ascribed as piperazine oxidation. SulesgiyP5 (362.11412) was formed
after the hydroxyl bond was further oxidized intmtaldehyde groups on N (1) and N
(4). The cleavage of each=€D bond on N (1) and N (4) resulted in the formatdn
P8 (334.11957) and P9 (334.12041). Meanwhile, FR42.00410) was originated
from the defluorination of P5 (362.11412) The coutius oxidation on bond cleavage
leaded to the molecular weight of intermediate potsl decreased, the formation of
P12 (263.08253) and P13 (245.11444) demonstratd®l @&d been effectively
decomposed in the photocatalytic ozonation process.

In the pathway I, P2 (348.13506) resulted frora tHectrophilic adduct reaction
arose on C (15), leading to the addition of hydiaegical to the parent molecule.
Further, P6 (288.07837) was formed after P2 (34R&3underwent quinolonic ring
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oxidation, resulting in the cleavage of hydroxyhdaand decarboxylation (Diao et al.,
2016).

In the pathway lll, the reaction was initiated by attack on F (16), which
underwent a hydroxyl radical substitution, resgjtin the formation of P3 (330.12482)
defluorination product. According to our previouork, based on the calculated
frontier electron densities (FEDs) of CIP, compo&#td(362.11412) in pathway | was
attack by @'~ and'0,, meanwhile pathway Il was initiated by,’O and *OH. As
FEDs of CIP was calculated to predict the reacsaas (An et al., 2010), which
directly demonstrated the presence ¥ Q *OH, and'O; in this study.

Pathway IV belongs to the degradation at the daim® moiety. The cleavage of C
(14) and C (15) carbon—carbon double bond adjaiethe carboxylic acid group
gave rise to the formation of ketone product P4(B3424). The fractured quinolonic
ring closed up afterwards with the loss of carbptghding to the formation of
diketone P7 (290.26767). Thene N (1) and N (4) atoms underwent the attack by
RSs, resulted in the loss 6fC,H, on the piperazine ring and gave rise to P11
(264.08218). Similar reaction pathway was occubrgdewitte et al (Dewitte et al.,
2008), which was triggered by ozone from his perspe. Eventually, CIP and its
oxidized intermediates would be completely decoredds inorganic matters such as

CO,, NOs |, F, HyO in the following prolonged time.

Fig. 3
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3.4 Effects of water constituents and matrices

In order to investigate the photocatalytic oz@ratperformance in practical
application, influence of commonly existed inorgaanions, cations and humic acid
(HA) were carried out in this study. The impactirmdrganic anions (including NQO,
NO, , CO*", HCO;, CI, SQ%) were carried out at fixed concentration of 5 mM.
As depicted in Fig. 4(a), except the negligibleseffof SQ*", all inorganic anions
showed various inhibitory influences on the CIPrdéegtion. The s of the control
experiment was 0.32 miinwhile the addition of N@ ,NO, ,CO:* ,HCO; ,Cl~,SQ/
" leaded to the reducedykof 0.23, 0.05, 0.12, 0.2, 0.29 and 0.31 Tirespectively.
Nitrite (NO; ), especially, showed a great inhibitory effect thie photocatalytic
process. In aqueous solution, NOcould be oxidized into N by powerful
oxidant such as ozone and *OH (Schroeder et all)2@fterwards, as an electron
trapper and competing with ozone (Navet al., 1998), N® showed inhibitory
effect as well. Same phenomenon occurred by Yangl évang et al., 2018). As
commonly detected ions in industrial wastewater,sN@nd NGQ might show
disadvantages for photocatalytic ozonation procels.presence of HA, GO and
HCO; also showed inhibitory effect on the CIP degramgtiwhich might be
ascribed to their high efficiency of reactive spscscavenging (Feng et al., 2017).
Additionally, HA could adsorb a part of sunlight agueous solution and resulted in
the detrimental effect of photocatalytic performan@hou et al., 2013) On the other
hand, no obvious effect on the removal of CIP veamé in the presence of CISQ?
~. Furthermore, the divalent metal cations*Cand Md" led to the decline of CIP
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degradation which may attribute to the scavengihglectrons (And and Madras,
2007).

In order to evaluate the feasibility of the phuailytic ozonation process under
ambient condition, WWTP water and Pearl River wezmgied out as solvent of CtB
compare with ultrapure water. As depicted in Fidp) 4though slight inhibitory effects
were shown, the photocatalytic ozonation proceisesthibit well performance in
wastewater. The inhibitory effect might attributethe high TOC value in wastewater,
which would consume the reactive species in theqe®. In addition, high turbidity
of the wastewater also could affect the degradagficiency by weakening light
absorption(Wang et al., 2018). In conclusion, pbatalytic ozonation process of
TiO,/CDs under simulated sunlight irradiation could whdigh efficiency in
wastewater treatment.

Fig. 4

4. Conclusion

In this work, we construct a high-efficiency heigeneous system by 6 wt%
TiO,/CDs and ozone under simulated sunlight irradiatidhe performance of
photocatalytic ozonation process was superior tuqaatalysis and single ozonation.
Owing to the higher separation efficiency of phetograted electron-holes and the
richer generation of reactive species, fast remoVvallP was achieved. Mechanism
studies revealed that the present of CDs playe@rafisant role in this process.
Besides the up-converted PL properties of CDs athikty of electron accumulation
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accelerating the process of electron transferredobone and oxygen was not
neglectable. Moreover, the pH investigation deduteat a balance took place
between the repulsive force and larger amount® ©fH, resulted in limits of
degradation rate constant in further increasing phis work is favorable for the
understanding in photocatalytic ozonation reactimechanism, as well as the
transformation of CIP during the process and tifiectf of natural water constituents

on the kinetics.
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Table 1. Reactions and kinetic constant of ozormilk solution at pH 7

Reaction No. Reaction Kinetic constant references
1 05 + CIP — intermediates — (Mena et al., 2017)
2 0; + OH™ - HO; + 0, 70 M's? (Mena et al., 2017)
3 0; + HO; —» HO - 403~ 2.8X10° M7s? (Mena et al., 2017)
4 0; + OH = HO, - +0, 2x10° Ms? ( Fathinia et al., 2016)
5 0,+e - 05 = ( Fathinia et al., 2016)
6 0;~ +H* & HO, - 5.0x10°M's' k=7.9x16M's'  ( Fathinia et al., 2016)
7 2HO, - —» H,0,+10, 5.0x10M*s? ( Fathinia et al., 2016)
8 05 + H,0 it H,0, — (Lovato et al., 2009)
9 0;+0;" = 05 +0, 1.6x10M7s? (Lovato et al., 2009)
10 03~ +H* & HO; - 5.2x10°M's' k=3.7x1dM's'  ( Fathinia et al., 2016)
11 HO3— HO - +0, 1.1x16M7's? ( Fathinia et al., 2016)
12 H,0,+ e~ = HO - +0H"™ 1.1x13°M7s? (Wang et al., 2018)




Table 2. Reactions involved in photocatalytic ozamaprocess at pH 7

Reaction No. Reaction
13 TiO,/CDs + hv > h*t + e~
14 TiO,/CDs — H,0 + h* - Ti0,/CDs — HO -
15 TiO,/CDs — OH™ + h* - Ti0,/CDs — HO -
16 TiO,/CDs — e~ + 03 - TiO,/CDs — 03~
17 TiO,/CDs — e~ + 0, - TiO,/CDs — 05~
18 TiO,/CDs — 05~ + 05 - TiO,/CDs — 03~
19 Ti0,/CDs — 03" + H" & Ti0,/CDs — HO; -
20 Ti0,/CDs —HO; - HO - +0,
21 TiO,/CDs — CIP + h* - intermediates
22 TiO,/CDs — CIP + HO - intermediates
23 TiO,/CDs — CIP + 05, — intermediates
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Fig.1(a) Degradation of CIP under simulated sunlight irradiation process over



CDs-TiO, with different CDs contents
(b) Degradation of CIP by photocatal ytic ozonation process.
(c) Influence of initial pH on the degradation rate of CIP in photocatal ytic ozonation
process by 6 wt% TiO,/CDs
Reaction conditions: [CIP], :10 ppm,; catalysts loading : 6 wt% TiO,/CDs 1g/L; ozone
flow rate:15 mL/min; ozone concentration: 4.7 ppm; initial pH value: 7.0
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Fig.2 Proposed degradation mechanism of CIP by TiO,/CDs and ozone under
simulated sunlight irradiation
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Fig.3 Possible transformation pathway of CIP in photocatal ytic ozonation process



(b)

e/ min
Fig.4 (a) Effect of different water constituents (b) effect of different water matrices on
the degradation rate of CIP by 6 wt% TiO,/CDs in photocatal ytic ozonation process



*TiO,/CDs exhibited extraordinary properties in photabais and photocatalytic
ozonation than pristine TiO

*The function of CDs on Ti©@showed well collaborated with ozone under sunlight
irradiation.

*The enhanced activity in the process suggestdatipation of reactive species (*OH,
0,", h', etc.).

*The possible transformation pathway of CIP in phkatalytic ozonation process was
proposed according to (HRAM) LC-MS/MS.



