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Compound-specific stable isotope analysis (CSIA) is an innovative tool for tracing degradation mechanisms of
organic pollutants in environments. Application of CSIA to characterize UV/H50, degradation processes of
organophosphorus flame retardants (OPFRs), however, has hardly been explored. In this study, the underlying
reaction mechanisms of typical OPFRs - tris(1-chloro-2-propyl) phosphate (TCPP) under UV/H20; condition
have been explored. Special attention was given to multi-element (C, H and O) isotope fractionation during UV/
Hy02 degradation. Results showed that TCPP was rapidly degraded in UV/H02 system with hydroxyl radical
("OH) as the main reactive species (ROSs), leading to a significant oxygen isotope fractionation (A5'0 =
—2.98 %o, €0 = +2.6 + 0.5 %o). Furthermore, phosphorus-oxygen (P-O) bond cleavage was found to be the rate-
limiting step through the density functional theory (DFT) calculations. No observable hydrogen isotope frac-
tionation and remarkable carbon isotope fractionation (as*3c = 1.50 %o, ¢ = —1.9 + 0.4 %o) indicated that
carbon-chlorine (C-Cl) bond rather than carbon-hydrogen (C-H) bond cleavage was a rate-limiting step. Multi-
element CSIA revealed that the UV/Hy02 degradation of TCPP initiated by the breaking of P-O and C-Cl
bonds. Our study emphasizes the prospect of combining multi-element CSIA with DFT calculations for a better
evaluation of underlying mechanisms within the fate of TCPP in environments.

1. Introduction

Organophosphorus flame retardants (OPFRs) are flame retardants
extensively used in commercial and building products, including plas-
tics, fabrics, electronics, floor polishes, hydraulic fluids, and construc-
tion materials [1,2]. Tris(1-chloro-2-propyl) phosphate (TCPP), one of
the typical OPFRs, is registered as a high production volume chemical
under Registration, Evaluation, Authorization, and Restriction of
Chemicals (REACH) of 10,000 — 100,000 tons per year [3] and is the
most important OPFRs [4]. Several studies reported that TCPP has been
frequently detected in surface waters, sludges, soils, sediments, and even
human due to the leakage from various products into environments
[5-7]. Since TCPP is known as emerging pollutant with neurotoxic,
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carcinogenic, and reprotoxic properties [8,9], it has been included in the
European Commission priority list [10]. Furthermore, after TCPP enters
the environments, it will undergo various degradation, leading to the
significant changes including the concentration, structure, persistence,
toxicity, bioaccumulation, and potential risks. Therefore, it is significant
to investigate its degradation mechanisms in environments.
Photodegradation reactions are the important abiotic degradation
pathways of TCPP in environments. Previous studies have proven that
TCPP can be transformed by ultraviolet and sunlight irradiation under
different condition [11-14]. In addition, Antonopoulou et al. [15] find
that the main structural alteration of TCPP occurs in the chlorinated
isopropyl group (-CsHsCl) and the loss of one chlorinated isopropyl
group (-C3HsCl) lead to the formation of bis(1-chloro-2-propyl)
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phosphate during TiO, photocatalysis of TCPP. Yu et al. [16] propose
that the central phosphate, C-Cl bond and methyl group may be attacked
by hydroxyl radicals (*|OH) and bis(1-chloro-2-propyl) phosphate is
formed through the loss of chlorinated isopropyl group (-C3HsCl) from
the central phosphorus of TCPP during UV/TiO photocatalysis. Further,
they perform the TCPP degradation under UV/H20; condition and find
the central phosphorus of phosphate triester being first attacked by *OH,
followed by breaking one oxygen-chlorinated isopropyl group
(-O-C3HsCl) to generate bis(1-chloro-2-propyl) phosphate [13]. He et al.
[12] report that UV/H20; can lead the degradation of TCPP into dech-
lorinated and hydroxylated intermediates. Son et al. [17] find that the
main degradation pathway of TCPP in the UV/H30; reaction system is
the hydroxylation by *OH. Collectively, these previous studies propose
three possible degradation pathways for TCPP in environments,
including substitution of -C3HsCl or -O-C3HsCl moieties by *OH, sub-
stitution of chlorine atom by cleavage of C-Cl bond on -C3HsCl moieties,
or H abstraction from methyl group. Despite the fact that TCPP degra-
dation has been widely explored and possible degradation pathways are
proposed based on identification of transformation intermediates, the
reaction mechanisms of TCPP in environments are not fully understood
due to the lack of the confirmed evidences.

Compound-specific stable isotope analysis (CSIA) is an innovative
method for tracing underlying reaction mechanisms of organic pollut-
ants, even if competing reaction pathways occur and reaction products
are partially unknown [18-20]. Isotope fractionation observed in indi-
vidual organic compound can often be attributed to changes in bonds
during the reaction and is thus a valuable indicator for identifying the
type of reaction that initiates pollutant degradation [21,22]. Changes in
bonds, especially bond-breaking reactions in the rate-limiting step, are
typically considered the primary source of isotope fractionation [23,24].
Wu et al. [25] investigate the carbon isotope fractionation of hydrolysis
and photolysis of the extensively used organophosphorus pesticides and
find that carbon isotope fractionation can be used to characterize hy-
drolysis reaction and direct photolysis in environments. Further, the
same group [26] investigates isotopic fractionation patterns of organo-
phosphorus compounds during hydrolysis, photolysis and radicals
oxidation processes, and finds that hydrogen and carbon isotope frac-
tionation can be used diagnostically to characterize degradation path-
ways of phosphates, phosphorothioates and phosphorodithioates. Liu
et al. [27] use tributyl phosphate as a model compound of trialkyl
substituted organophosphate esters to determine carbon and hydrogen
isotope fractionation associated with bond-breaking reactions under
UV/H20; oxidation. They find that dual isotope analysis has diagnostic
value for characterizing the chemical transformation of tributyl phos-
phate in environments. Although isotope fractionation patterns have
been used to characterize the reaction mechanisms in many studies,
little is known about isotopic fractionation of TCPP under UV/H04
photodegradation. Therefore, the isotope effects may be very informa-
tive for elucidation of UV/H05 degradation pathways.

Due to UV/H0, degradation is a very important pathway of
organophosphorus compounds in the environments, data on isotope
effects associated with this transformation can be very helpful for
characterizing the underlying reaction mechanisms of the degradation.
In this study, we applied this novel approach of CSIA to explore C, H and
O isotope fractionation patterns and isotope effects during UV/H204
degradation of TCPP in aquatic solution, and tried to find a relationship
between the measured isotope fractionations of multi-element (C, H, O)
and the important UV/H50, transformation pathways as well as the
underlying reaction mechanisms. Moreover, the density-functional
theory (DFT) calculations were also used to insight into underlying re-
action mechanisms and isotopic elementary reactions of TCPP degra-
dation. This study could be helpful in better understanding the
significant underlying transformation mechanisms in laboratory studies
and contaminated field sites.
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2. Material and methods
2.1. Chemicals

Tris(1-chloro-2-propyl) phosphate (TCPP, CAS: 13674-84-5, >
99.0 %) was obtained from ANPEL Laboratory Technologies (Shanghai)
Inc. 2,2,6,6-Tetramethyl-4-hydroxy-piperidinyloxy (TMPD, CAS:
768-66-1, > 99.0 %) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO,
CAS: 3317-61-1, > 99.0 %) were used to trap reactive oxygen species
(ROSs). GC grade of dichloromethane and hexane were purchased from
Merck (Germany). GC grade of methanol (MeOH) and tert-butanol
(TBA) were purchased from ANPEL scientific instrument Co., Ltd, Chi-
na-H,0,, acetone and all other chemicals were at least reagent grade
purchased from Guangzhou chemical reagent Co., Inc., China. Deionized
water (18.2 MQ/cm) to prepare the solution was generated by a milli-Q
integral system (Merck & Co., Inc., Kenilworth, NJ, USA).

2.2. UV/H302 degradation experiments

The UV/H504 degradation of TCPP was conducted in a Pyrex reactor
[28] with a high-pressure mercury lamp (300 W, 200 < < 800 nm) as a
light source and each experiment was performed in triplicate. The quartz
tube reactors with volume of 50 mL (diameter: 2.4 cm, height: 2.0 cm)
were used throughout in these experiments and the temperature was
kept at 25 °C + 1 °C. The concentrations of TCPP and H,05 were 1.0 and
0.5 mg/L, respectively, without specific mention of concentrations. The
pH value was maintained at 8.0 with phosphate buffer (0.014 mol/L).
Total 1.0 mL reaction solution was sampled at required interval for
further qualitative and quantitative analysis.

2.3. Quenching experiments and EPR analysis

The scavenging experiments were performed using TBA (10 mM) and
MeOH (10 mM) to quench *OH. Further, to detect the radicals involved
in the UV/H30, degradation of TCPP, electron parameter resonance
(EPR) spectra were recorded using a Bruker EMX Plus-10/12 spec-
trometer (Bremen, Germany), operated at 20 mW microwave power
(9.85 GHz) with 100 G sweep width and 100 kHz modulation frequency.
The center field was set as 3510 G. Samples (50 pL) were placed in
quartz flat cell of total capacity 50 pL and irradiated directly inside the
microwave cavity of the spectrometer using a 1 kW Xe arc lamp. Radi-
ation from the lamp was passed through a 30 mm pathlength liquid filter
(A > 400 nm; aqueous solution containing in g/L: NaNO, 48.4, Na;CO3
1.0, and K»CrO4 0.2) to remove wavelengths below 400 nm. Hyperfine
coupling constants were obtained by accumulating, simulating and
optimizing spectra on an IBM PC computer using software described
elsewhere [29]. The accuracy of the coupling constant measurement was
+ 0.02 G. Fremy'’s salt was used as a standard for determination of the
EPR spectral g-values. TMPD was used as spin trap for singlet superoxide
(0%), while DMPO was employed to trap *OH [30]. The time between
reaction initiation and onset of EPR scanning was controlled to less than
80 s.

2.4. HPLC/MS/MS analysis

An Agilent 6470 electrospray triple quadrupole mass spectrometer
(ESI-MS/MS), coupled with an Agilent 1260 series high-performance
liquid chromatograph (HPLC) system was used for quantification of
TCPP. Chromatographic separation was conducted by a RRHD Eclipse
Plus 95 A C18 column (100 x 2.1 mm, 1.8 pm; Agilent Technologies
Inc.). The mobile phase was composed of 70 % methanol and 30 % milli-
Q water (70:30, v/v) at a flow rate of 0.3 mL/min. The sample injection
volume was 10 pL, and the column temperature was maintained at
40 °C. An electrospray interface (ESI) was used for MS/MS detection in
positive ion mode at multiple reaction monitoring (MRM), and the MRM
transition monitored was 329.0 > 99.0 for TCPP. N, was used as both
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curtain and collision gas. Fragmentor was set as 100 V, the collision
energy was 20 V, and cell accelerator voltage was 5 V. Capillary voltage
was kept at 3000 kV.

2.5. UPLC-Q exactive orbitrap-HRMS analysis

TCPP and its degradation intermediates were identified by a Dionex
U3000 ultra performance liquid chromatograph (UPLC) system (Thermo
Scientific™, Bremen, Germany) coupled with a Q-exactive orbitrap high
resolution mass spectrometer (Thermo Scientific™, Bremen, Germany).
Chromatographic separation was achieved on a C18 column (100 x
2.1 mm, 1.9 pm) with 0.1 % formic acid in water (mobile phase A) and
methanol (mobile phase B). The column temperature was maintained at
35 °C. A gradient elution at 0.25 mL/min flow rate was used as follows:
started at 10 % B, increased to 90 % B over 30 min, held for 5 min; then
decreased to 10 % B over 5 min, held for 3 min; maintained constant for
a total run time of 43 min. The injection volume was 5 pL. More detailed
information is available in Supporting Information (SI).

2.6. GC/IRMS analysis

Carbon isotope ratio analyses were carried out on a gas chromato-
graph to interface with combustion furnace connected with an isotope
ratio mass spectrometry (GC/C/IRMS) system as described previously
[30]. Briefly, samples (in hexane) were injected with a split ratio of 1:10
into a split injector at 250 °C with a flow rate of 1.2 mL/min. The sep-
aration was performed with a 7890B GC (Agilent Technologies Inc.)
equipped with a HP-5 capillary column (30 m x 0.25 mm, 0.25 pm). The
temperature program of GC oven was as follows: 80 °C for 1 min,
ramped to 140 °C by 20 °C/min, held for 2 min, then ramped to 280 °C
by 5 °C/min and held for 6 min. More detailed information about isotope
analysis is available in SI.

Hydrogen isotope ratio analyses were carried out on a GC to interface
with chromium-based high temperature conversion connected with
isotope ratio mass spectrometry (GC/Cr-HTC/IRMS) [31,32]. Briefly,
samples (in hexane) were injected to the GC via splitless in amounts that
represented the hydrogen equivalent of ~150 nmol H on column with a
flow rate of 1.2 mL/min. The temperature of injector was set at 250 °C.
The parameters of GC were the same as the settings for carbon isotope
ratio analyses.

Oxygen isotope ratio analyses were carried out on a gas chromato-
graph/pyrolysis/isotope ratio mass spectrometry (GC/Py/IRMS). Sam-
ples (in hexane) were injected into with a splitless injector at 250 °C with
a flow rate of 1.2 mL/min. Separation was performed with a trace 1310
GC (Thermo Fischer Scientific GmbH, Bremen, Germany) equipped with
a HP-5 capillary column (30 m x 0.25 mm, 0.25 pm film thickness). The
GC oven temperature programs were as follows: 80 °C for 1 min,
increased by 20 °C/min to 140 °C, held for 2 min, then by 5 °C/min to
280 °C and held for 6 min. After chromatographic separation, TCPP was
thermally converted (pyrolyzed) in an Isolink conversion unit (Thermo
Fischer Scientific GmbH, Bremen, Germany) to CO with a nonporous
ceramic (Al;O3) tube operated at 1280 °C. The nonporous ceramic
(Al,03) tube (320 mm x 0.8 mm, 1.55 mm) was filled with a platinum
tube with braided Ni-wires as catalyst. Isotope values of CO were
determined with a MAT 253 plus IRMS (Thermo Fischer Scientific
GmbH, Bremen, Germany). Before determination of 5'80 values of
TCPP, the reproducibility and accuracy of the IRMS was evaluated with
standard CO (5'%0 = —33.93 %o), and total uncertainty was about
=+ 0.2 %o (n = 6). All isotopic data obtained were first drift-corrected and
then amount corrected following the procedure of Ma et al. and Zech and
Glaser [33,34]. All reported isotope values were corrected to interna-
tional reference standards by the International Atomic Energy Agency
(IAEA, Vienna, Austria), IAEA-601 (benzoic acid, 5'®Oy.smow =
+23.14 %o) for oxygen, and all 580 values remained within analytical
uncertainty ( £+ 0.2 %o). More detailed information about isotope anal-
ysis is available in SI.
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2.7. Quantum chemical calculations

To obtain more understanding about the transformation mechanisms
of TCPP on a molecular scale, DFT based quantum chemical calculations
focused on bond cleavage were performed with the Gaussian 09 package
[35]. The geometry structure optimization algorithm using the M06-2X
functional without any constraints in redundant internal coordinates
optimized the geometry of reactants, complex compounds, and products
[36]. The 6-31 + G(d,p) basis set was used for all elements. More
detailed information about isotope analysis is available in SI.

3. Results and discussion
3.1. Degradation kinetics of TCPP

Prior to degradation experiments, preliminary experiments were
performed under Hy0, only, UV only, and UV/H30, with a TCPP con-
centration of 1.0 mg/L. The hydrolysis experiments without UV and
H»0; as a control were carried out with a TCPP concentration of 1.0 mg/
L. No significant removals of TCPP were observed in HyO2 only and UV
only systems, while 98.2 % of TCPP was effectively removed with UV/
H»0; after 15 min (Fig. 1a). Due to the poor light absorbance properties
of TCPP in the range of 200 nm < A < 800 nm (Fig. S1), the UV
degradation of TCPP rarely occurs. In addition, no detectable hydrolysis
occurred without UV and Hy0, after a week (Fig. 1d).

Degradation kinetics of TCPP with UV/H30- at various initial con-
centrations (Cp ranging from 0.5 to 10 mg/L) are shown in Fig. 1b. TCPP
of 0.5 and 1.0 mg/L were entirely degraded within about 12 and 15 min,
respectively. Whereas, only 57.8 % of TCPP was degraded for 10 mg/L
within 15 min. That is, the increase of initial concentration had a
negative impact on the transformation rates. The reason may be that the
ratio of available oxidizing species to TCPP concentration decreased
with the increase of substrate concentration, resulting in the extension of
transformation time. In addition, competitive action for oxidizing spe-
cies between substrate and generated intermediates could occur as a
result of increased intermediate formation at higher substrate concen-
trations [17,37].

Further, the impacts of H,O5 concentrations on the TCPP (Cy =
10 mg/L) degradation efficiencies were explored. As clearly seen in
Fig. 1c, an obvious promotion in the degradation of TCPP was observed
with the HyO5 concentrations increased from 0.1 to 0.5 mg/L. However,
when the HO; concentrations were higher than 0.5 mg/L, TCPP
degradation efficiencies increased very slightly. As reported, organics
can be degraded by *OH generated from Hy05 in UV/H20, reaction
system [17,38]. The reason may be that when H,O5 is present in excess,
excess HyO, can react with *OH to form hydroperoxyl radical (HO3)
[17]. The produced HO3 reacts with *OH to consume the produced *OH
[37], subsequently stop the degradation of TCPP. Therefore, the trans-
formation efficiencies of TCPP can be saturated because excess HyO can
act as a scavenger of *OH.

3.2. Main ROSs during the degradation of TCPP

The degradation of TCPP occurred under HyO, and UV irradiation.
Generally, the degradation of organics in the ultraviolet and sunlight
irradiation system may occur through indirect or sensitized photolysis
reaction pathways. These pathways contain hydrogen abstraction,
electron transfer, and formation of ROSs, involving reactions of ground
state organics with other photochemically generated species [28]. The
H,0, and dissolved oxygen in aqueous phase can participate in the
degradation of organic compounds by generating ROSs [39,40]. To
detect the active species in ROSs-induced transformation of TCPP, the
ROS initiators and scavengers were added to reaction solutions. The
degradation of TCPP in the presence of TBA (10 mM) or MeOH (10 mM)
under UV/H,04 was examined (Fig. 2). It was clearly seen that 83.5 %
and 51.9 % of TCPP degradation rates were suppressed in the reaction
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Fig. 1. (a) Comparison of TCPP (Cy = 1.0 mg/L) degradation efficiencies under H>O5 only, UV only, and UV/H;0; (b) Degradation of different TCPP concentrations
under UV/H30> (0.5 mg/L); (c) Degradation of TCPP (Cy = 10 mg/L) under different H,O5 concentrations with UV irradiation; (d) The hydrolysis control experi-

ments of TCPP (Cy = 1.0 mg/L) without UV/H,0, after a week.

—4&— TCPP+TBA
J=—0— TCPP+MeOH
—O— TCPP

0 4 8 12
Irradiation time (min)

16

Fig. 2. Degradation of TCPP (1.0 mg/L) with H,05 (0.5 mg/L) under UV
irradiation (the red triangle represents the presence of tert-butanol (TBA)
(10 mM), the blue square represents the presence of methanol (MeOH)
(10 mM), and the black circle represents the absence of TBA and MeOH).

by adding TBA or MeOH as trapper of *OH within 15 min, respectively.
The results double confirmed that TCPP degradation involve *OH in the
UV/H305 system, although the suppressed degradation rates were
different for TBA and MeOH. In TCPP solution without ROS trappers,
*OH caused 99.1 % of TCPP degradation within 15 min.

To further clarify the main ROSs that could participate in the
degradation of TCPP, the EPR spectra of TCPP aqueous solution with
spin trapping agent were performed in UV/H02 system. DMPO was
used for trapping *OH and O% [39,41], and TMPD was used for trapping
10, [42]. Spin trapping of 10, is established on the oxidation of
diamagnetic TMPD by 10, to form paramagnetic 2,2,6,6-tetramethyl-4--
piperidone-1-oxyl (TMPD-O). As seen in Fig. 3a, a strong EPR signal
consisting of four major signals with intensity ratio of 1:2:2:1 was
observed with the increasing of microwave irradiation. This signal can
be assigned as that from DMPO-OH. No signal of DMPO-O% was

observed. The intensity of DMPO-OH signal increased with the increase
of microwave irradiation time. While no TMPD-O peak was detected in
the presence of TMPD (Fig. 3b), which verified no formation of 102 in
this reaction system. These results double confirmed that *OH is the
major ROSs generated in the UV/H,05 reaction system.

3.3. Degradation intermediates of TCPP

The products of TCPP during the UV/H304 degradation process were
further determined based on UPLC-Q exactive orbitrap-HRMS analysis
and are shown in Table 1. Some intermediates could not be determined
due to their low concentrations in the UV/H505 reaction mixtures. Total
of nine photodegradation intermediates (B, C, D, E, F, G, H, I, and J with
[M+H]" values of 250.9995, 343.0023, 309.0227, 174.9917, 266.9943,
340.9862, 307.0255, 323.0205, and 247.0134, respectively) were
identified with positive mode. The intermediates were identified as keto,
carbonylated and hydroxylated derivatives. Intermediates (B), (C), (E),
(F), (G), (H), (), and (J) had been observed for TCPP degradation in
previous works [16,17]. Intermediate (D) was observed for the first time
in our UV/H50; reaction system. From UPLC-Q exactive orbitrap-HRMS
results of degradation intermediates, the chromatograms and detailed
mass spectra of the degradation intermediates are provided in Figs. S2
and S3.

3.4. Stable isotope fractionations and degradation mechanisms

To elucidate the underlying degradation pathways of TCPP in UV/
H50, reaction system, stable isotope analysis involving C, H and O was
introduced. Isotope fractionations during the UV/H305 reaction process
were measured based on C, H and O isotope compositions of TCPP at
different intervals. The Rayleigh model was used to establish the rela-
tionship between the change of isotope composition and degree of
degradation [43,44]. The resulting C and O isotope enrichment factors
calculated according to Egs. 2-4 are shown in Fig. 4. During the
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Fig. 3. EPR spectra generated in presence of H,O, with (a) TCPP and DMPO for different periods of irradiation (0, 5, 10 min); (b) TCPP and TMPD for different
periods of irradiation (0, 5, 10 min). EPR spectra were recorded at room temperature, using an EPR spectrometer, with 10 mW microwave irradiation (9.438 GHz)

and 0.063 mT field modulation (100 kHz).

UV/H05 degradation of TCPP, C, H and O isotope shifted from
—28.43 %0 to —26.89 %o, —88.83 %o to —90.61 %o, and 28.62 %o to
25.64 %o, respectively, at 57.8 % degradation rate efficiency. A normal C
isotope effects (‘*C-AKIEs = 1.0115 + 0.0004, ec = —1.9 + 0.4 %o)
along with significant inverse O isotope fractionation (*%0-AKIEs =
0.9897 + 0.0005, ¢o = +2.6 + 0.5%0) were observed during the
UV/H305 reaction process. However, no H isotope fractionation was
determined (A5%D < + 2.0 %o).

The mechanistic scenarios for the occurrence of O isotope fraction-
ation can be explained as follows. The anomalous inverse ¢g = 2.6
+ 0.5 %o was observed during the UV/H,0, degradation of TCPP (A5'80
= —2.98 %0). Under UV irradiation, *OH generated by H20, had a high
tendency to non-selective reaction on functional moieties of TCPP via
hydrogen abstraction, electron transfer or electrophilic/radical addition
[37]. The P-O or C-O bonds in TCPP can be broken by *OH, producing O
isotope fractionation. To further elucidate the reaction mechanisms, the
Gibbs free energy of P-O and C-O bond split was calculated with DFT.
The results exhibited that the Gibbs free energy of C-O bond cleavage
was 46.5 kcal/mol (Fig. 5, pink path), indicating that C-O bond cleavage
was not likely to occur under the UV/H20; condition [45]. Similarly, the
Gibbs free energy of P-O bond cleavage was 35.2 kcal/mol (Fig. 5, dark
green path), also indicating that P-O bond cleavage was not possible.
However, the Gibbs free energy of P-O bond cleavage through adduction
of *OH to center phosphorus atom and then substitution of an
oxygen-chlorinated isopropyl groups (-OCsHgCl) was 17.9 kcal/mol
(Fig. 5, black path), indicating that the reaction may occur through a
two-step addition-elimination mechanism involving a penta-coordinate
phosphoric intermediate. Therefore, combining the identified in-
termediates with DFT calculations, we can suggest that the rate-limiting
step proceeds through an oxidative attack on the P = O bond by *OH to
central phosphorus atom, generating a (C3HgOCl)sPO-OH radicals.
Then, the radicals were stabilized by elimination of the
oxygen-chlorinated isopropyl groups (-OC3HgCl) from phosphoric cen-
ter. Zhao et al. [46] use oxygen isotope analysis to confirm the pathway
of phosphate release during transformation of diazinon, an organo-
phosphorus pesticide, in a Fe(IIl)-oxalate complex reaction system, and
reveal that photodegradation of diazinon is initiated by breaking of P-O
bonds. The P-O bonds in phosphates are resistant to inorganic hydro-
lysis, so the changes measured for oxygen isotope (130/1°0) can be used
as a signature to characterize phosphonates from phosphor esters and
organophosphorus [47]. Therefore, in this study, the observed oxygen
isotope fractionation of TCPP highly supported a P-O bond split.

Meanwhile, a normal primary ec = -1.9 £ 0.4 %o was observed dur-
ing the UV/H,0; degradation of TCPP (AS'3C = 1.5 %0) (Fig. 4a). The
cleavage of P-O bonds was not relevant to primary C isotope fraction-
ation; thus, the C isotope fractionation cannot be attributed to the
cleavage of P-O bonds. A previous study reported that the nucleophilic

*OH-attack on phosphorus atoms of dichlorvos, an organophosphorus
pesticide, led to P = S bond split without a primary C isotope effect, but
a small value of e¢ (-0.2 + 0.1 %0) [26]. Considering that ¢ (-1.9
=+ 0.4 %o) in this study was higher than e¢ (-0.2 + 0.1 %o), other syner-
gistic reactions might occur to lead to C isotope fractionation. Based on
the UV/H,0; transformation intermediates with analysis of conversion
mechanisms, the C-H or C-Cl bond in TCPP can be broken to produce C
isotope fractionation. In the UV/H205 system, *OH as nucleophilic re-
agent led to C-H bond cleavage via H abstraction of methyl group, and
there may be associated with C isotope effects.

To confirm this pathway, the DFT was performed to calculate the
Gibbs free energy of C-H bond cleavage. Results exhibited that the Gibbs
free energy of C-H bond cleavage was 11.7 kcal/mol (Fig. 5, blue path),
indicating that C-H bond cleavage can happen [45]. To further elucidate
the reaction mechanisms, H isotope fractionation was measured during
the UV/H20; transformation. If C-H bond cleavage is a rate-limiting
step, the H abstraction reaction of methyl groups can be supposed to
be accompanied by primary H isotope fractionation [44]. The negligible
H isotope fractionation (AﬁZD < = 2.0 %o which is the confidence in-
terval uncertainties) was observed in this study (Fig. 4c). Therefore, the
breaking of C-H bond was not a rate-limiting step. In this study, the
Gibbs free energy of C-Cl bond cleavage was 10.8 kcal/mol (Fig. 5, red
path), showing that the breaking of C-Cl bonds was reasonable [45]. The
primary C isotope fractionation indicated that the breaking of C-Cl
bonds was a rate-limiting step and a typical mass-dependent carbon
isotope fractionation, causing a regular AKIEs (enrichment of heavy
isotope in remaining substrate, AKIEs > 1) for the atoms. The magnitude
of the observed '3C-AKIEs upon the UV/H50, degradation of TCPP in
the present study was 1.0115. The obtained value was closed with the
13C-AKIEs (1.0126 — 1.0234) reported by Zakon et al. [48] for UV
debromination of brominated phenols, and the 13C-AKIEs of around 1.03
reported by Zwank et al. [49] for the reductive dechlorination of tet-
rachloromethane. Therefore, *OH radicals as nucleophilic reagents
attacked on C-Cl bonds involving a heterolytic cleavage of C-Cl bonds
and C isotope fractionation during the UV/H505 degradation.

Based on the isotope analysis and intermediate identification, three
underlying pathways could be deduced during the UV/H,0, degrada-
tion of TCPP (Scheme 1). Pathway I, *OH was adduction to the center
phosphorus atom, forming a (CgsHgOCl)sPO-OH radical (A1) (Scheme 1,
Rout I). Subsequently, the oxygen-chlorinated isopropyl group
(-OC3HeCl) may be substituted by *OH to produce compound bis(1-
chloro-2-propyl) phosphate (B). Similar pathway has been observed
previously for the *OH attack on the tris(2-chloroethy) phosphate,
tributyl phosphate [27], and dimethyl phenylphosphonate [50].
Furthermore, bis(1-chloro-2-propyl) phosphate involved *OH substitu-
tion to form 1-chloropropan-2-yl dihydrogen phosphate (E) and
H-abstraction = of methyl group by °OH to form
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Table 1
Summary of Intermediates Identified by UPLC-Q Exactive Orbitrap-HRMS (The Initial Concentration of TCPP was 10 mg/L).
No. Compounds Rt/min Observed Formula Structure formula
m/z
A tris(1-chloro—2-propyl) phosphate 20.42 327.0021 CoH;5Cl304P Cl
(o)
0\\]),
/N0 PN |
Cl o0
B bis(1-chloro—2-propyl) phosphate 5.27 250.9995 CgH;3Cl,04P Cl
0
N
NoA~Cl
HO” O
C 1-chloro—3-hydroxypropan—2-yl bis(1-chloropropan—2-yl) phosphate 13.10 343.0023 CgH;gCl305P Cl
2
A
P.
H(b_ Moleal
Cl 0O
D bis(1-chloropropan—2-yl) (1-hydroxypropan—2-yl) phosphate 10.13 309.0227 CoH;9Cl,0sP Cl
O
\\P/
/N0 PN |
HO-—~0
E 1-chloropropan—2-yl dihydrogen phosphate 1.90 174.9917 C3HgClO4P Cl
(0}
(N
N
HO/ OH
F 1-chloro—3-hydroxypropan—2-yl (1-chloropropan—2-yl) hydrogen phosphate 3.20 266.9943 CgH;3Cl,05P Cl
O
(N B OH
~N
Ho/ o La
G 1-chloro—3-oxopropan—2-yl bis(1-chloropropan—2-yl) phosphate 11.86 340.9862 CgH;6Cl305P Cl
(0}
O o
0\\)\ / \0)\/ Cl
1 (0]
H bis(1-chloropropan—2-yl) (1-oxopropan—2-yl) phosphate 9.94 307.0255 CgH;7Cl,0sP Cl
O
o s
N0 A Cl
7 0
0=-0
I 2-((bis((1-chloropropan—2-yl)oxy)phosphoryl)oxy)propanoic acid 11.45 323.0205 CgH17Cl,06P Cl
(0]
0\\P,
/>0 o

oﬁ% o
OH

(continued on next page)
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Table 1 (continued)
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No. Compounds Rt/min Observed Formula Structure formula
m/z
J 2-((((1-chloropropan—2-yl)oxy)(hydroxy)phosphoryl)oxy)propanoic acid 2.12 247.0134 CgH;2ClO6P Cl
(0}
0\\P/
N
o :H‘ o OH
OH
(a) -26
| —A— 613C
—o— g8
7 0°0
S 28 1
P
-29 4
-30 T T T T T
1.0 0.8 0.6
c/C,
(c) -86 .
4{-m-0"D
-88
-9() =
- \/_'_'.\.
% E
-92 =4
94
-96 T T T T T
1.0 0.8 0.6 0.4
Ct/Co

Fig. 4. Isotope fractionations of TCPP during the UV/H50, reaction process. (a) showed the evolution of 5'3C and 5'%0 values vs remaining fraction of TCPP. (b)
showed the linearized isotope enrichment used to derive enrichment factors in eq. 2. (c) showed the evolution of 5°H values vs remaining fraction of TCPP.

1-chloro-3-hydroxypropan-2-yl (1-chloropropan-2-yl) hydrogen phos-
phate (F). Pathway II, hydrogen abstraction from the methyl-C position
of oxygen-chlorinated isopropyl arm by *OH formed a carbon centered
radical *CoH;7Cl304P (A2), which was followed by oxygen addition to
generate the peroxyl radical *C9H;7Cl306P (A3). Peroxyl radicals typi-
cally undergo a bimolecular Russell mechanism [51] leading to the
corresponding  hydroxylated 1-chloro-3-hydroxypropan-2-yl  bis
(1-chloropropan-2-yl) phosphate (C) (Scheme 1, Rout II). Previous
studies showed that hydrogen abstraction was the main mechanism for
photocatalytic oxidation of dimethyl methyl phosphonate through *OH
attack [52] and tris(2-chloroethyl) phosphate through persulfate radical
attack [53]. No significant hydrogen isotope fractionation was observed
during hydrogen abstraction reaction in this study, demonstrating that
H-bond split was not the rate-limiting step. Combination of negligible
hydrogen isotope fractionation and the number of intermediates from
hydrogen abstraction reaction of TCPP indicated that hydrogen
abstraction reaction pathway was not the main pathway. The subse-
quent reaction of hydroxylated tris(1-chloro-2-propyl) phosphate (C)
may be oxidized to form the corresponding ketone 1-chloro-3-oxopro-
pan-2-yl bis(1-chloropropan-2-yl) phosphate (G). Pathway III involved
the attacking of C-Cl bond by *OH to form hydroxylated derivative bis
(1-chloropropan-2-yl) (1-hydroxypropan-2-yl) phosphate (D) (Scheme
1, Rout III). Significant carbon isotope fractionation was observed

during C-Cl bond split, demonstrating that C-Cl bond split was the
rate-limiting step of the *OH addition. In subsequent step, hydroxyl
groups undergo oxidation reaction by *OH leading to corresponding
aldehyde bis(1-chloropropan-2-yl) (1-oxopropan-2-yl) phosphate (H),
and carboxylic acid 2-((bis((1-chloropropan-2-yl)oxy)phosphoryl)oxy)
propanoic acid (I). Furthermore, the corresponding hydroxyl compound
2-((((1-chloropropan-2-yl)oxy)(hydroxy)phosphoryl)oxy)propanoic
acid (I) was generated after substitution of 2-((bis((1-chloropropan-2-yl)
oxy)phosphoryl)oxy)propanoic acid (I) by *OH. Generally, TCPP can be
transformed to PO%‘, Cl" and all kinds of intermediates through different
degradation routes and the major reaction mechanisms include oxida-
tion, dichlorination and dealkylation.

4. Conclusions

This research explored the kinetics and mechanisms of TCPP
degradation by UV/H305, and a special attention was focused on stable
isotope fractionation of C, H and O. TCPP can be efficiently degraded
during the UV/H30; process, and the *OH radicals were verified to be
predominant ROSs in the UV/H30, degradation system. Intermediates
analysis showed that TCPP was transformed into a series of hydroxyl-
ated and dechlorinated intermediates. The C, H and O isotope frac-
tionations were used diagnostically to characterize the UV/H50,
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Fig. 5. The transition states of TCPP during UV/H20, degradation process.
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Scheme 1. Proposed transformation mechanisms of TCPP in the UV/H,0, system.
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degradation pathways of TCPP. Large O isotope fractionation combined
with the DFT calculations indicated that the degradation of TCPP in the
UV/H305 reaction system initiated by P-O bond cleavage and the
breaking of P-O bond was the rate-limiting step. Remarkable C isotope
fractionation and no significant H stable isotope fractionation in this
system indicated that C-Cl bond rather than C-H bond breaking was the
rate-limiting step. These results demonstrated that the characteristic
isotope fractionation upon UV/H30, degradation of TCPP may be used
for exploring predominant degradation pathways. The UV/Hy0,
degradation was considered to be the main transformation pathways for
organophosphorus flame retardants. These systematic studies on the C,
H and O isotope fractionation of organophosphorus flame retardants
showed the potential of applying the isotope fraction to analyze chem-
ical reactions in the aqueous environments. To further explore the
diagnostic potential of tracing degradation mechanisms in the envi-
ronments applying isotope fractionation, systematic research on mi-
crobial transformation was required and C, H and O isotope
fractionation need to be compared with those of chemical trans-
formation reactions.
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