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Huan Hé, Qiuyi Ji", Zhangi Gad Shaogui Yantj, Cheng Suh Shiyin Li*, Limin Zhand
School of Environment, Nanjing Normal University, Nanjing, Jiangsu 210023, P.R. China
’Jate Environmental Protection Key Laboratory of Monitoring and Analysis for Organic Pollutants

in Surface Water, Environment Monitoring Center of Jiangsu Province, Nanjing 210036,
P.R. China
3 qate Key Laboratory of Pollution Control and Resources Reuse, School of Environment, Nanjing

University, Nanjing, Jiangsu 210023, P.R. China

Abstract: A photodegradation technology based on the conibimaf ultraviolet radiation with kD, (UV/H,0,)

for degrading tri(chloroisopropyl) phosphate (TCR#s developed. In ultrapure water, a pseudo-tirger
reaction was observed, and the degradation ratstamtnreached 0.0035 mif{R?=0.9871) for 5 mg I* TCPP
using 250 W UV light irradiation with 50 mg'LH,0.. In detail, the yield rates of Gind PQ* reached 0.19 mg
L™ and 0.58 mg L, respectively. The total organic carbon (TOC) reatmate was 43.02%. The pH value of the
TCPP solution after the reaction was 3.46. The rmpsstrometric detection data showed a partiatfcamation

of TCPP into a series of hydroxylated and dechédgd products. Based on the luminescent bactepiariexental
data, the toxicity of TCPP products increased almslipas the reaction proceeded. In conclusion,atzgion of
high concentration TCPP in UV, systems may result in more toxic substances,tbyidtential application
for real wastewater is promising in the future fippropriate optimization, domestication and eatiun.
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1. Introduction

Emerging contaminants (ECs) are defined as chestbalt have recently been detected in the
environment, which pose a significant risk to huraad ecosystem health. The ECs mainly include
personal care products, pharmaceuticals, pestiedeéglisinfectants, etc. (Montes et al., 2015). An
important class of ECs are flame retardants (FRBe materials processed by the FRs can
effectively prevent, delay or terminate the propmgeaof the flame when attacked by external fire
sources, thereby achieving the flame retardingcefi@hosphorus flame retardants (PFRs), which
have been used for over 150 years, can be dividedthiree main groups (Veen and Boer, 2012):
organophosphate esters (OPEs), phosphonates, asghiimates. The existing studies are focused
mainly on tetrabromobisphenol A and other polybmueiéd diphenyl ethers (PBDES) (Chow et al.,
2012; Chunyan et al., 2012; Guo et al., 2012; Huetngl., 2013; Cao et al., 2015). However, the
research data of organophosphorus (OPFRS) is earges(Antonopoulou et al., 2016).

OPEs are not chemically bound in materials andyekesich into the environment via abrasion,
volatilization and dissolution. As a result, OPEwé been frequently detected in the environment,
such as seawater and groundwater and increasimghgloor environments (Andresen et al., 2004;
Axel et al., 2011). Tri(chloroisopropyl) phosphgfECPP), one of chlorinated organophosphate
esters (CI-OPEs), represents approximately 80%hefchlorinated OPFRs in Europe and is by
volume the most important OPFR (Bollmann et al120Recent studies have reported that TCPP
is among the most frequently detected emergingufaoits in wastewater effluents in EU at
concentration as high as 24 L. TCPP has been also detected in surface watemgnoater and
drinking water reaching concentrations ranging friew ng L* to few ug L?, even mg [* in

wastewater (Bollmann et al., 2012; Cristale et2013; Jun et al., 2014). Physical, biological and
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chemical treatment methods have been used to rethev€l-OPEs. Adsorbents such as modified
zeolites (Grieco and Ramarao, 2013) and carbontabes (Yan and Jing, 2014) can effectively
adsorb chlorinated organophosphates in water, &omat achieve the purpose of degradation or
mineralization of CI-OPEs. The biological methods lmlow removal rate of the CI-OPEs. Only
12.3% of tri(2-chloroethyl)phosphate (TCEP) andB%4.of TCPP can be removed in the University
of Capetown (UCT) process (Pang et al., 2016). Agrnoeatment methods, the advanced oxidation
processes (AOPs) in chemical treatment method aee ai the most effective methods for
degrading CI-OPEs (Watts and Linden, 2009).

The AOPs, including electrochemistry (Loffler et,aP019), ozonation (Dar et al., 2019),
sonolysis (Choi et al., 2019), UV4B, photolysis (Qiu et al., 2019), photocatalysis (M@gudo et
al., 2019), and Fenton process (Rostamizadeh,e2Cdl9), are the most commonly used chemical
methods for water treatment. The potential appboadf ultraviolet-advanced oxidation processes
(UV-AOPSs) to the degradation of OPEs has only beigurecent years. Yuan et al. (2015) have
found that UV/HO, was more efficient than ozonation for the degradabf OPEs in a municipal
secondary effluent. The UVAB, process is a conventional advanced oxidation gsydeased on
the production of hydroxyl radicals (*OH) via thiegbolysis of HO,. The hydroxyl radicals (*OH)
are extraordinarily reactive and can attack mogawic molecules with very high rate constants
(Andreozzi et al., 1999). Thus, the hydroxyl ratBdq@OH) can degrade rapidly and non-selectively
a wide range of organic pollutants in aquatic emvinent (Khataee et al., 2009). The quantum vyield
of *OH production and molar absorption coefficiefitH,0, at 254 nm were 0.5 mol*Eand 18.6
M™cm?, respectively (Morgan et al., 1988; Liao and Gui®I95). Hence, the UVAD, process has

been confirmed to be effective in degrading orgamikutants in aquatic environments (Bledzka et
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al., 2010; Ghodbane and Hamdaoui, 2010; Pamela €040; Zhou et al., 2012).

The removal of OPEs in the UV§B, system has been reported in the literature (Sargbal.,
2010), but the bis(trimethylsilyDtrifluoroacetaneid (BSTFA) derivatization and quantum
calculations are still unclear. Gas chromatographgss spectrometry (GC-MS) and nuclear
magnetic resonance are often used as means of m&chanalysis, but the identification of
intermediates requires verification by quantum walitons (Watts and Linden, 2008). Previous
studies have carried out research on low concémir&ll-OPEs, but there are few studies on high
concentration CI-OPEs. There is still a knowledge gn the detailed mechanisms and pathways
involving the degradation of TCPP using U\4, not to mention the environmental safety of their
degradation products. Besides, the degradationyagtiof TCPP in the UV/ED, system has not
been reported yet and the toxicity of the interrateli and the toxicity of the degradation system
require further investigation.

The present study aims to degrade high concentra@PP in the UV/KHO, system and perform
the kinetics, mechanisms and toxicity analysis. idBs it also aims to identify the toxic
intermediates of TCPP during its degradation. Tikermediates were identified by GC-MS.
Quantum calculation was also carried out to asicetitee position of the TCPP molecule where the
oxidation was firstly initiated. The degradationtpgay was estimated based on the intermediate
product. In addition, the toxicity of the intermatlis was consulted and the toxicity of the
degradation system was evaluated by luminescerte¢dmexperiments.

2. Experimental section
2.1. Chemicals

The TCPP was purchased from Aldrich (Milwaukee, W8A). H,O, (30%, v/v) was obtained



88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

from Fisher Company. HPLC-grade methanol, ethyltaiee acetonitrile and dimethysulphoxide
(DMSO) were purchased from Tedian Company and usgdout further purification. The
luminescent bacteri®hotobacterium phosphoreum T3 (P. phosphoreum, Strain Number CS233)
was obtained as freeze-dried reagents (0.5 g e#tle)drom the Institute of Soil Science, Chinese
Academy Sciences, Nanjing, China. They were st@ed?0 [ and hydrated prior to testing.
Ultrapure deionized water was obtained from a Mjllwater purification system (Milli-Q system,
Millipore, Beldford, MA) and was used in the pregi@on of all the aqueous solution.
2.2. Experimental Procedures

The degradation experiments were carried out ih@qoeactor (XPA-7, Xujiang Power Plant,
Nanjing, China). XPA-7 multi-tube stirring reactionstrument (Fig. S2) includes light source,
quartz cold trap, quartz test tube, reaction vessalti-tube stirring device, rotating device, wate
tank, micro water pump, light shield, etc. Samptes be magnetically stirred and evenly
illuminated in a test tube with a uniform rotatiaround the light source. The UV lamps (250 W)
were manufactured by Shanghai Yaming Lighting Ctd,, China. The emitted UV-light flux was
measured by an actinometer made by Beijing NornmaéJssity (Beijing, China). Solutions spiked
with 5 mg L of target compound and 50 mg' IH,O, (30%) were irradiated while continuously
mixed. The total solution volume for each exposuas 50 mL.
2.3. Analytical methods

The residual TCPP was extracted from 1 mL of theH}@, treated solution with 1 mL of ethyl
acetate by a mixture of liquid and liquid mixtufiéhe extracted analytes were then separated and
assayed by a 7890N gas chromatograph (Agilent Tdobres, USA) equipped with a split/splitless

injector, HP-5 capillary column (30 m x 0.32 mm.i®.25 um film thickness) and flame
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Photometric detector (FPD). The column temperatwes set as follows: the initial oven
temperature was 80 °C (for 1 minute), the tempegatuas raised to 140 °C at a rate of 20 °C'min
(for 2 min), and then increased at a rate of 4 96 nup to 280 °C (for 6 min). The injector and
detector temperatures were set at 250 °C. Helild®@®%) was used as a carrier gas at a constant
flow rate of 1.5 mL mift and nitrogen (99.999%) was used as a make-uptgasiaw rate of 20
mL min™. Synthetic air (99.995%) and hydrogen (99.999%jewgsed as detector gases at flow
rates of 100 and 65 mL mifnrespectively.

Due to the complexity of the intermediate prodtice Thermo Fisher Trace gas chromatograph
coupled to a Polaris Q ion trap mass spectrom&&/NIS, Thermo Fisher, USA) with a DB-5
fused silica capillary column (30 m, 0.32 mm i@25 mm film thickness) was used to analyze the
sample. Samples were extracted by SPE column RolyfSD prior to GC-MS analysis.

All SPE columns were sequentially adjusted with I5ahmethanol and water at a flow rate of 1
mL min™ prior to use. The loaded SPE column was thencblutth 5 mL acetonitrile / ethyl acetate
(2:1, VIV). The extracted solution was dried ovehydrous sodium sulfate and concentrated to 1
mL by rotary evaporation. After the solvent wasgaa with mild nitrogen, trimethylsilylation was
carried out with 0.2 mL of BSTFA at 60 °C for 15The initial temperature of the column oven was
40 °C, and after maintaining at this temperaturelfaninute, it was then heated to 300 °C at a
heating rate of 6 °C mih Helium was used as a carrier gas. Mass spectrpmes performed in a
70 eV electron bombardment (El) mode. Electron ichpgas used for ionization of the sample.
Some intermediates were identified by the Natidnatitute of Standards and Technology (NIST)
library identification process.

2.4. Calculation of the Frontier electron density ad bond dissociation enthalpies (BDES)



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

The ab initio molecular orbital (MO) calculation®re carried out using Gaussian 03 program
(Gaussian, Inc.). Structures were fully optimizethvihe B3LYP/6-311+G* basis set at the level of
the density functional theory (DFT) for all calctibas. Then, the Frontier electron densities (FEDS)
of the highest occupied molecular orbital (HOMOQahe lowest unoccupied molecular orbital
(LUMO) were calculated.

2.5. Toxicity measurements

For the acute toxicity tests, 200 mL of solutioridoe or after reduction/oxidation treatment was
collected. The pH values of all samples were adgusb 7.0 before the toxicity test. The water
samples were filtered through membrane filter withorosity of 0.45 pum, and then passed through
a column with non-polar neutral resin (XAD-2). Tbenstituents adsorbed on the column and the
fillered nanoparticles were eluted by methanolt@aw and dichloromethane. The elution was
concentrated to 1 mL by rotary evaporation, drigdhe gentle nitrogen and then re-dissolved in 1
mL DMSO. Finally, the samples were stored at <@8n the dark. Prior to toxicity assessment, the
bacteriaP. phosphoreum was reactivated in 1 mL 2.5% NaCl solution andestan an ice water
bath. Subsequently, 0.2 mL of each treated samqulel@ uL reactivated bacteria were added to 2
mL of 3% NaCl solution. After being exposed to s&ngor 15 min at 15+1 °C, the
bioluminescence was measured by the DeltaTox Aral§&DI, USA). DMSO was used as solvent
control. Each degradation reaction sample of TCB®mun in duplicate set. Toxicity was expressed

as the luminescence inhibition ratio and it cowdddescribed as Eq. 1:

Sampleintensity x100%

Inhibitionrate(%) = (1 - . ,
Controlintensity

(Eq. 1)

3. Results and discussion

3.1. Performance of TCPP degradation by UV/KHO, system
7
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Photolysis of HO, was the predominant mode of «OH formation. Hydtosadical, with its
relatively high redox potential (2.8 V), is oftdmetoxidant of choice for engineered remediation of
waters pollutants. The potential for «OH formationUV-irradiated water containing the oxidant
H,0O; has led to the design and implementation of UWX@Hfor oxidation of unwanted organics at
full-scale water treatment plants. The results im3L indicated that no obvious removal of the
TCPP was observed in the UV alone experiment, dutstpoor UV absorbance properties in the
UV-C range §=200-300 nm). Therefore, at an initial concentrat650 mg L}, H,O, was the only
significant photon absorbek£254 nm) in irradiated solutions. As shown in FjgHe degradation
of the TCPP approximately followed the pseudo-fingter reaction in kinetics under tested
conditions. The pseudo-first-order rate constamtas measured for the oxidation rate of TCPP,
which was 0.0035 mih(R°=0.9871).

TCPP is composed of carbon, hydrogen, oxygen, icl@pand phosphorus elements. Therefore,
the final degradation products of TCPP should don@0,, H', CI and PQ*. The simplified
oxidation pathway for TCPP in the UVJ#, system can be described as Eq. 2:

C,H,Cl.PO, 0PI CO, + H* +CI" + PO,” +Intermediates (Eq. 2)

The final product of TCPP in the UV#B, system included Gl PQ*, CO, and H. The
concentrations of Cland PQ* after photooxidation were measured to evaluatedgégradation
efficiency of TCPP. Besides, the TOC and pH valuege also measured.

3.2. TOC, pH, Cl and PO;>” analysis
3.2.1 TOC removal rate and pH values of TCPP aqueausolution in the UV/H,O, system
TOC values before and after photooxidation weresuesl to evaluate the mineralization effect

of TCPP. A Shimadzu TOC-5000A TOC (combustion) yred was employed to evaluate the
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mineralization efficiency of target compounds. Tamoval rate of TOC can be expressed as TOC
(%). In ambient temperature, the reaction time fi@no 900 min were examined. It can be seen
from Fig. 2A that the TOC removal increased wité ihcreasing of reaction time from 0 to 900 min.
From 720 min to 900 min, the rate of increase irCli®moval rate was significantly faster. At 900
min, the removal rate of TOC reached up to 43.0Rfdicating that the UV/KD, system had a
certain effect on the degradation of TCPP.

The pH values of the system were measured by ssgipreof the eluent and achieved with a
Dionex anion ASRS 300 electrolytic suppressor (4)nmmthe auto suppression external water
mode. The pH values after the reaction were depictd-ig. 2B. From 0 to 180 min, the pH value
of TCPP began to show sharp drops, after that (ft8% min to 900 min) the pH value changed
unremarkably. The initial pH value of TCPP was 8a0@ final pH value was 3.46, indicating that
there was a large amount of Hroduction in the UV/KO, system, further confirming that TCPP
was degraded.

3.2.2 Concentration of CTand PO,”" of TCPP aqueous solution in the UV/HO, system

The final degradation products of TCPP are suppésddclude CI and PGQ®". The residual
concentration of Cl and PQ* can be employed to evaluate the degradation ofinicg
contaminants. The concentration of Gind PGQ* in the UV/HO, system can indicate the
degradation degree of TCPP. The formation ofa@t PQ” in the UV/H0, system was analyzed
by a Dionex ion chromatograph (IC, Dionex model IC®0) equipped with a dual-piston (in
series) pump, a Dionex lonPac AS11-HC analyticdirno (4 mm, 250 mm) and a Dionex DS6
conductivity detector.

From Fig. 2C and 2D, it is obvious that the conaidn of Cl and PQ® increases with the
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increase of the time from 0 to 900 min. The théoattoncentration of Cand PQ* was 1.63 mg
L™ and 1.45 mg T, respectively. The formation concentration of &ld PGQ* was 0.19 mg ¢ and
0.58 mg [*. That is, the degradation rate of &d PQ* was 11.7% and 40%. The low degradation
rate of Cl means the formation of chlorine-contagnhcompounds, which may cause the solution to
be highly toxic after degradation. The results wigd may also be related to the bond energy.

3.3. Calculation of the frontier electron densities(FEDs) and bond dissociation enthalpies
(BDEs)

The ab initio molecular orbital (MO) calculationsere carried out using Gaussian 03 program
(Gaussian, Inc.). Structures were fully optimizethvihe B3LYP/6-311+G* basis set at the level of
the density functional theory (DFT) for all calctibems. Then, the FEDs of the highest occupied
molecular orbital (HOMO) and the lowest unoccupmedlecular orbital (LUMO) were calculated.
The values of FERywo® + FED umo® Were obtained to predict the reaction sites fdica attack.
The C-H BDEs and O-H BDEs were also calculated readipt the reaction sites for abstracting
hydrogen reaction initiated by hydroxyl radicaloffr Table 1, the larger the value of 2RiRo?,
the higher the density of the electron cloud, dredasier it is to be attacked by *OH, such as C9
(0.344), C15 (0.591) and Cl 16 (0.349). The latbervalue of FERowo® + FEDLumo?, the stronger
the activity of the reaction, which means thasitinstable and prone to reaction, such as P1 (0.888
From Table 2, the smaller the bond energy, the mosgable it is, such as P1-0O8 (0.6216) and
C9-C15 (0.6844).

3.4. Degradation pathways of TCPP

The degradation of TCPP mainly included two pathsvéig. 3). The first pathway included 4

routes. Route | was an *OH addition reaction andhydrogen extraction reaction to form

10
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1-chloropropan-2-ol. In route Il, Compound 1 wasoduced by 1-chloropropan-2-ol with
dehydration. Compound 2 was generated by the «Qtitiad reaction, oxidized to Compound 3,
and further oxidized to Compound 4. Compound 7 waxluced by 1-chloropropan-2-ol with
hydrogen abstraction. Compound 5 was generated/tiyppgen extraction reaction and Compound
6 was further generated by «OH addition in route Rloute IV generated oxygen by oxidation of
H.O,and generated Compound 8 by the addition reactie®H. The second pathway generated
1-chloropropan-2-yl dihydrogen phosphate by thetamdreaction of «<OH and D, and generated
Compound 11 by attacking C11-Cl 12 and C15-Cl 16-®¥i. 1-chloropropan-2-yl dihydrogen
phosphate generated Compound 9 and Compound 1@tdmkiag P1-O3 and C5-Cl 6 by <OH,
respectively. From Table 3, the L§bf Compound 1 is 221 mg. which is much more toxic than
TCPP (LDx=1500 mg kg, Wikipedia). Since the pH value was adjusted fbb&fore the toxicity
test, the effect of hydrogen ions can be ignorextofding to the removal rate of the TOC (Fig. 2A),
it can be known that about 57% of the organic mdes were not converted to GQrrom the
calculation of the theoretical and actual valueshdbride ions (Fig. 2C) and the degradation réte o
TCPP (Fig. 1), it can be inferred that the interraes produced chlorine-containing compounds.
When luminescent bacteria are used to detect tgxaihigh concentration of salt must be added to
the test system to maintain their normal survividierefore, an increase in the concentration of
chloride ions (Fig. 2C) did not affect the toxicitgst. Hence, the toxicity was the result of a
combination of various products or components endégradation process.
3.5. Toxicity evaluation

The luminescent bacteria toxicity test can effedfivdetect the acute toxicity of intermediate
products. When these bacteria were in a toxic enaient, the light they emit would be suppressed.

11



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

The toxicity of the sample can be quickly and aately tested according to the change in light
intensity, and the potential toxic substances cawlibectly detected. That is to say, the higher the
luminescence inhibition rate, the greater the fibxiof the aqueous solution sample. It can be seen
from Fig.4 that as the reaction time increases]uhenescence inhibition rate of the TCPP diluted
20 times and diluted 100 times in the system grifydircreases, that is, the toxicity of intermediat
products gradually increases. TCPP has less tgxgtitdies, but its acute toxicity is smaller than
TCEP, so it has been used as a substitute for TOEPLD;, of TCPP is 1500 mg kand the LG

of Compound 1 is 221 mg™L The intermediate product Compound 1 and otherpoamds with
unknown toxicity produced by degradation may be riien cause of high toxicity. Among the
detected intermediates, Compound 1 was the onbyialelcontaining compound. Since the pH was
adjusted to 7.0 before the toxicity test, the iitbity effect of H on the luminescent bacteria can be
excluded. Chloride ion was a salt necessary forinastent bacteria, so it did not inhibit the
illumination intensity. Based on the results ofamplete removal of the TOC, it was concluded that
Compound 1 was able to influence the toxicity & folution to a large extent. As is known to all,
Cl-containing compounds are highly toxic. Thusprder to reduce the toxicity of aqueous solution,
how to remove Cl-containing compounds from waterusth be taken into consideration in the next
step. For example, a nanofiltration reverse osmasiscan be added to the UVAB, system. Yujia

et al. (2019) have found that the early stage mtsdihave lower toxicity than TCEP (initial
concentration was 3.5uM) or their further small molecule products with 51&im vacuum
ultraviolet based on the toxicology analysis inahgdreactive oxygen species and apoptosis of
Escherichia coli. Based on the proteomics data at molecular andbukt network levels, the
toxicity of TCEP (initial concentration was 3uB/) products was reduced obviously as the reaction

12
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proceeded (Liu et al., 2018), which was differaonf the research results of this paper. The main
reason may be that the initial concentration of P@#this paper was high (5 mg'). the reaction
time was not long enough, so the point of toxicggluction has not yet been reached.
4. Conclusions

The degradation rate of 5 mg'LTCPP in UV/HO, system can reach 96% in 900 min. The
degradation of TCPP using UV48, followed a pseudo-first order reaction with a k@®0035
min? (R?=0.9871) and *OH was confirmed to be the dominatintve radical species. As the
reaction proceeded, TCPP was transformed to sehgdhbxylated and dechlorinated products.
Based on the luminescent bacteria experimental ttaatoxicity of TCPP products was increased
obviously as the reaction proceeded. In conclugiegradation TCPP at a high concentration (5 mg
L™ in UV/H,0, systems may result in more toxic substances,tsyidtential application for real
wastewater is promising in the future after appadproptimization, domestication and evaluation.

For example, a nanofiltration reverse osmosis cantbe introduced to the UV48, system.

Acknowledgments

This research was supported jointly by the Natidwalure Science Foundation of China (No.
21777067), the Six Talent Peaks Project in Jiargsaince (No. JNHB-105)National water
pollution control and treatment technology majoeapl subject (No. 2017Z2X07202004), the Open
Fund of the State Environmental Protection Key latmy of Wetland Ecology and Vegetation
Restoration, Northeast Normal University (No. 138@23) and Introducing Talent Research

Start-up Project of Nanjing Normal University.

13



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

References

Andreozzi, R., Caprio, V., Insola, A., Marotta, R999. Advanced oxidation processes (AOP) for
water purification and recovery. Catal. Today 58,59.

Andresen, J.A., Grundmann, A., Bester, K., 2004gaBophosphorus flame retardants and
plasticisers in surface waters. Sci. Total Envi@BR, 155-166.

Antonopoulou, M., Karagianni, P., Konstantinou, .].R016. Kinetic and mechanistic study of
photocatalytic degradation of flame retardant Tti€hloro-2-propyl) phosphate (TCPP). Appl.
Catal. B-Environ. 192, 152-160.

Axel, M.L., Zhiyong, X., Armando, C., Renate, S.alR E., 2011. Organophosphorus flame
retardants and plasticizers in the atmosphere ef North Sea. Environ. Pollut. 159,
3660-3665.

Bledzka, D., Gryglik, D., Olak, M., Gebicki, J.IMiller, J.S., 2010. Degradation of n-butylparaben
and 4-tert-octylphenol in ¥D,/UV system. Radiat. Phys. Chem. 79, 409-416.

Bollmann, U.E., Mdller, A., Xie, Z., Ebinghaus, REjnax, J.W., 2012. Occurrence and fate of
organophosphorus flame retardants and plasticizersastal and marine surface waters. Water
Res. 46, 531-538.

Cao, M., Wang, P., Ao, Y., Chao, W., Hou, J., Jin, 2015. Photocatalytic degradation of
tetrabromobisphenol A by a magnetically separabépliene—TiQ composite photocatalyst:
Mechanism and intermediates analysis. Chem. Er&§4].113-124.

Choi, C.H., Ko, D.H., Park, B., Choi, Y., Choi, VKjm, D.P., 2019. Air-water interfacial fluidic
sonolysis in superhydrophobic silicon-nanowire-edusel system for fast water treatment.
Chem. Eng. J. 358, 1594-1600.

14



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

Chow, K.L., Man, Y.B., Zheng, J.S., Liang, Y., TaMF.Y., Wong, M.H., 2012. Characterizing the
optimal operation of photocatalytic degradationrB&fE-209 by nano-sized TgDJ. Environ.
Sci. 24, 1670-1678.

Chunyan, S., Jincai, Z., Hongwei, J., Wanhong, Khuncheng, C., 2012. Photocatalytic
debromination of preloaded decabromodiphenyl etimethe TiQ surface in aqueous system.
Chemosphere 89, 420-425.

Cristale, J., Garcia, V.A., Barata, C., Lacorte,2013. Priority and emerging flame retardants in
rivers: Occurrence in water and sediment, Daphnégma toxicity and risk assessment.
Environ. Int. 59, 232-243.

Dar, A.A., Wang, X.H., Wang, S.Y., Ge, J.L., Shad, Ai, F.X., Wang, Z.Y., 2019. Ozonation of
pentabromophenol in aqueous basic medium: Kinepathways, mechanism, dimerization
and toxicity assessment. Chemosphere 220, 546-555.

Ghodbane, H., Hamdaoui, O., 2010. Decolorizatioramraquinonic dye, C.l. Acid Blue 25, in
agueous solution by direct UV irradiation, U\V®, and UV/Fe(ll) processes. Chem. Eng. J.
160, 226-231.

Grieco, S.A., Ramarao, B.V., 2013. Removal of TG aqueous solutions by adsorption with
zeolites. Colloid Surface A. 434, 329-338.

Guo, Y., Lou, X., Xiao, D., Xu, L., Wang, Z., LiJ., 2012. Sequential reduction—oxidation for
photocatalytic degradation of tetrabromobisphenoK#etics and intermediates. J. Hazard.
Mater. 241-242, 301-306.

Huang, A.Z., Wang, N., Lei, M., Zhu, L.H., Zhang,YY Lin, Z.F., Yin, D.Q., Tang, H.Q., 2013.
Efficient Oxidative Debromination of Decabromodipge Ether by TiQ-Mediated

15



330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

Photocatalysis in Aqueous Environment. Environ. $echnol. 47, 518-525.

Jun, L., Nanyang, Y., Beibei, Z., Ling, J., Meiyirlg, Mengyang, H., Xiaowei, Z., Si, W., Hongxia,
Y., 2014. Occurrence of organophosphate flamedatds in drinking water from China. Water
Res. 54, 53-61.

Khataee, A.R., Vatanpour, V., Ghadim, A.R.A., 20D8colorization of C.l. Acid Blue 9 solution by
UV/Nano-TiG,, Fenton, Fenton-like, electro-Fenton and electgatation processes: A
comparative study. J. Hazard. Mater. 161, 1225-1233

Liao, C.H., Gurol, M.D., 1995. Chemical oxidatioty Iphotolytic decomposition of hydrogen
peroxide. Environ. Sci. Technol. 29, 3007-3014.

Liu, J., Ye, J., Chen, Y., Li, C., Ou, H., 2018. dd¥xiven hydroxyl radical oxidation of
tris(2-chloroethyl) phosphate: Intermediate produand residual toxicity. Chemosphere 290,
225-233.

Loffler, T., Clausmeyer, J., Wilde, P., Tschulik, ISchuhmann, W., Ventosa, E., 2019. Single entity
electrochemistry for the elucidation of lithiatidinetics of TiQ particles in non-aqueous
batteries. Nano Energy 57, 827-834.

Monteagudo, J.M., Duran, A., San Martin, I., CéorilP., 2019. Effect of sodium persulfate as
electron acceptor on antipyrine degradation byrsbl@, or TiO./rGO photocatalysis. Chem.
Eng. J. 364, 257-268.

Montes, N., Otero, M., Coimbra, R.N., Méndez, R.arNhvillacorta, J., 2015. Removal of
tetracyclines from swine manure at full-scale atd sludge treatment plants. Environ.
Technol. 36, 1966-1973.

Morgan, M.S., Trieste, P.F.V., Garlick, S.M., Mahdw.J., Smith, A.L., 1988. Ultraviolet molar

16



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

absorptivities of aqueous hydrogen peroxide anddpgtoxyl ion. Anal. Chim. Acta 215,
325-329.

Pamela, C.A., Mohamed Gamal, E.D., Smith, D.W., ®0Degradation of bromoxynil and
trifluralin in natural water by direct photolysis@ UV plus HO, advanced oxidation process.
Water Res. 44, 2221-2228.

Pang, L., Yang, P.J., Zhao, J.H., Zhang, H.Z., 2@d@nparison of wastewater treatment processes
on the removal efficiency of organophosphate esWaser Sci. Technol. 74, 1602-1609.

Qiu, W.H., Zheng, M., Sun, J., Tian, Y.Q., FangJMZheng, Y., Zhang, T., Zheng, C.M., 2019.
Photolysis of enrofloxacin, pefloxacin and sulfagpxaline in agqueous solution by U\,
UV/Fe(ll), and UV/HO./Fe(ll) and the toxicity of the final reaction sbans on zebrafish
embryos. Sci. Total Environ. 651, 1457-1468.

Rostamizadeh, M., Jalali, H., Naeimzadeh, F., Giami S., 2019. Efficient Removal of Diclofenac
from Pharmaceutical Wastewater Using ImpregnateditéeCatalyst in Heterogeneous Fenton
Process. Phys. Chem. Res. 7, 37-52.

Santoro, D., Raisee, M., Moghaddami, M., DucosteSasges, M., Liberti, L., Notarnicola, M.,
2010. Modeling Hydroxyl Radical Distribution anddlkyl Phosphates Oxidation in UV-B,
Photoreactors Using Computational Fluid Dynamigszion. Sci. Technol. 44, 6233-6241.

Veen, I.V.D., Boer, J.D., 2012. Phosphorus flamardants: Properties, production, environmental
occurrence, toxicity and analysis. Chemospherd 889-1153.

Watts, M.J., Linden, K.G., 2008. Photooxidation aubsequent biodegradability of recalcitrant
tri-alkyl phosphates TCEP and TBP in water. Wates.Rl2, 4949-4954.

Watts, M.J., Linden, K.G., 2009. Advanced Oxidatidmetics of Aqueous Trialkyl Phosphate

17



374

375

376

377

378

379

380

381

382

383

384

385

Flame Retardants and Plasticizers. Environ. Schiiel. 43, 2937-2942.

Yan, W., Jing, C., 2014. Sorption behavior of omamosphate esters on carbon nanotubes with
different surface oxidation. Environ. Chem. 33, 24%99.

Yuan, X., Lacorte, S., Cristale, J., Dantas, RSEns, C., Esplugas, S., Qiang, Z., 2015. Removal of
organophosphate esters from municipal secondareeffby ozone and UVAD, treatments.
Sep. Purif. Technol. 156, 1028-1034.

Yujia, C., Jinshao, Y., Ya, C., Han, H., Hongling,, Huase, O., 2019. Degradation kinetics,
mechanism and toxicology of tris(2-chloroethyl) ppbate with 185 nm vacuum ultraviolet.
Chem. Eng. J. 356, 98-106.

Zhou, C., Gao, N., Deng, Y., Chu, W., Rong, W., Zh&., 2012. Factors affecting ultraviolet
irradiation/hydrogen peroxide (UVA®,) degradation of mixed N-nitrosamines in water. J.

Hazard. Mater. 231-232, 43-48.

18



Figure Captions

Fig.1. The degradation efficiency and kinetics of TCR#PrfrO to 900 min in the
UV/H,0; system (Geps= 5 mg LY, Ci20=50 mg L}, R,y=250 W)

Fig.2. The (A) TOC removal (B) pH values (C) @bncentration and (D) P&
concentration of TCPP from 0 to 900 min in the UMb system (Geps= 5 mg L7,
Ch20,=50 mg L, P,y=250 W)

Fig.3. Two pathways of TCPP (A and B)

Fig.4. Luminescence inhibition rate of degraded TCPRbtimes diluted and 100

times diluted



Table1

The frontier electron densities and bond dissociation enthal pies

FEDhomo™ +
Atom FEDhomo” FED,umo” 2FEDyomo”
FED,umo”
P1 0.010 0.878 0.021 0.888
02 0.007 0.140 0.014 0.147
03 0.006 0.267 0.011 0.273
C4 0.001 0.179 0.001 0.180
C5 0.001 0.370 0.002 0.371
cle 0.000 0.259 0.001 0.259
o7 0.001 0.412 0.003 0.414
08 0.106 0.041 0.212 0.147
C9 0.172 0.013 0.344 0.185
C10 0.001 0.083 0.002 0.084
Cl11 0.000 0.496 0.001 0.496
Cl12 0.000 0.344 0.000 0.344
C13 0.000 0.028 0.000 0.028
Cl4 0.002 0.041 0.004 0.043
C15 0.295 0.025 0.591 0.321
Cl 16 0.174 0.006 0.349 0.180
C17 0.007 0.001 0.013 0.008




Table2

Bond energy in TCPP

Bonds Bond energy
P1-O2 1.5388
P1-0O3 0.8370
P1-O7 0.8192
P1-08 0.6216
03-C4 0.9151
C4-C5 0.9787
C5-Cl 6 0.9395
C4-C13 1.0036
07-C10 0.9066
C10-C11 0.9793
C11-Cl 12 0.9435
08-C9 1.1589
C9-C15 0.6844
C15-Cl 18 0.9685
C9-Cl 17 0.9685
C10-C14 1.0041

C15-Cl 16 0.9685




Table3

The intermediate products of TCPP in the UV/H,0, system

No tr Toxici ty LDsy
Name EI-MS spectrum ions Possible structure
(min) (Rat,oral)
41 (999); 39 (741); 76 L/C|
221mgL* (390); 38 (153); 78

1 808 (2)-1-chloroprop-1-ene  (LCso, mouse,  (128); 40 (114); 37 (110);
inhalation) 49 (73); 75 (51uk); 27
(50)|
207 (999); 147 (816); 298 OH
(762); 73 (611); 283 HO>_/
2 863 Propane-1,2-diol 20000 mg kg™ (237); 208 (209); 299
(196); 209 (150); 135
(139); 133 (133)

73 (999); 117 (696); 147 HOH

2-hydroxypropanoic (691); 45 (182); 75 (142); HO o
3 985 3543 mg kg'*
acid 191 (126); 66 (122); 148

(112); 190 (99); 74 (92)

147 (999); 73 (924); 148 HOHO
(165); 45 (150); 74 (88); o} OH

4 919 Oxalic acid 7500 mg kg™
149 (84); 66 (80); 72 (69);

190 (65); 59 (58)



26.72

19.06

7.41

8.96

14.62

Triisopropyl phosphate

Diisopropyl hydrogen

phosphate

Propan-2-ol

Phosphorous acid

Phosphoric acid

NA

NA

5045 mg kg™

NA

1530 mg kg*

99 (999); 125 (682); 43

(354); 41 (183); 141

|
0—P—0

(160); 45 (153); 27 (87); ~< I

123 (76); 42 (74); 39 (70)

99 (999); 125 (585); 41

(478); 43 (337); 42 (287);

91 (283); 65 (155); 45

(103); 40 (90); 139 (84)

147 (999); 75 (864); 73

(745); 45 (301); 117

(265); 43 (249); 131

(169); 133 (163); 148

(145); 59 (143)

207 (999); 147 (816); 298

(762); 73 (611); 283

(237); 208 (209); 299

(196); 209 (150); 135

(139); 133 (133)

299 (999); 73 (464); 300

(252); 314 (184); 301

(132); 45 (112); 133 (84);

?H
HO—P—OH
I
HO—F|>—OH

OH



1-hydroxypropan-2-yl
10 20.04
dihydrogen phosphate

Bis(1-hydroxypropan-2-
11 2320
yl) hydrogen phosphate

211 (64); 75 (52); 147 (52)

73 (999); 18 (601); 299 OH
i

(441); 256 (220); 75 HO—Fl’—O
OH

NA (184); 211 (181); 117
(157); 45 (145); 17 (138);
227 (133)|
73 (999); 131 (267); 227 HO
(204); 211 (199); 75
NA (188); 130 (184); 285 O— | — OH

P
/—< I
(160): 299 (152); 117 MG o

(130); 115 (118)

*Most of the toxicity data were obtained from Wikipedia (http://en.wilipedia.org/wiki/); NA means the

toxicity data are not available.



5
1.0 3.0] A
2.5
0.8+ 20
1.5{
1.04
OO.G— 0.5
Q 0.0|
© -0.5+— ‘ ‘ : ‘
044 0 200 400 600 800 1000
Time (min
0.2
0.0
T T T T T T T T T T
0 200 400 600 800 1000
Time (min)
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« UV/H,0, system is an effective method to degrade TCPP in aqueous solution.
« TCPP was transformed to several hydroxylated and dechlorinated products.
«  The degradation products of high concentration TCPP were more toxic.



