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A B S T R A C T

The presence of halogenated organophosphate flame retardants in natural water systems is a widespread concern
because of their potential threat to human health and the environment. TiO2 photocatalysis at 350 nm leads to
rapid degradation of tris (2-chloroethyl) phosphate (TCEP). The observed degradation follows pseudo-first-order
kinetics at a specific concentration. The apparent rate constants varied from 0.28 to 0.03min−1 depending on
the initial concentrations over the range of 18–270 μM, indicating the heterogeneous degradation process is
likely controlled by mass transfer (adsorption↔desorption) at the surface of TiO2. The degradation kinetics also
fit the Langmuir-Hinshelwood model with apparent kinetic parameters of 0.03 μM−1 and 13.1 μM min−1 for the
apparent equilibrium constant (KLH) and the reactivity constant (krxn-LH) respectively. 1H- and 31P-NMR studies
indicate sequential oxidation of the alkyl ester chains (alkyl phosphate), initially leading to the diester product,
followed by the formation of the monoester and ultimately producing phosphate. Under strongly alkaline
conditions the degradation is enhanced, from pH 4 to 9 the degradation is relatively constant, while under highly
acidic conditions the degradation is inhibited. Effective mineralization is achieved as demonstrated by excellent
chloride (98%) and phosphate (94%) mass balances as well as the loss of total organic carbon (TOC)>95%. The
addition of an equal molar amount of the hydroxyl radical scavenger, coumarin, leads to pronounced reduction
in degradation indicating hydroxyl radicals mediate the degradation process. These results demonstrate TiO2

photocatalytic oxidation has promise for the treatment of aqueous solutions contaminated with organopho-
sphate flame retardants.

1. Introduction

Organophosphorus compounds have been extensively used as pes-
ticides, chemical warfare agents, flame retardants, and plasticizers
[1,2]. Organophosphate esters (OPEs), used as flame retardants in a
wide range of commercial products including furniture, plastics, auto-
mobile, polyurethane foam, and electronic equipment & cable, have
attracted significant attention due to their widespread presence in air,
water, and sediments [2,3]. OPEs are highly toxic and potential carci-
nogens from low-level species to high-level vertebrates [4–7]. The
growing concerns over human health issues and the adverse effects of
OPEs on ecosystems lead to their inclusion in the Toxic Substance
Control Act (TSCA) from US EPA [8]. OPEs are additives, not chemi-
cally bonded to the host materials, and thus often leach into the sur-
rounding environment [2]. A number of studies detected OPEs in
wastewater, drinking water sources, air, dust, and even in biological

systems [3,9–12]. Because of their widespread environmental occur-
rences and documented harmful impacts on human health, treatment of
the OPEs has become critical to drinking water providers. Conventional
water treatment methods, including activated carbon, membrane fil-
tration, and reverse osmosis are unable to effectively remove OPEs
particularly halogenated organophosphate esters [13–16]. The PeO
bonds present in the OPEs are generally much more stable to hydrolysis
than PeS and PeF bonds present in most pesticides and chemical
warfare agents [17]. The stability of the PeO contributes to the rela-
tively long environmental persistence of OPEs.

The TiO2 photocatalytic degradation of organic compounds has
been demonstrated for the destruction of an extensive number of ha-
zardous contaminants in aqueous systems [18,19]. TiO2 absorbs pho-
tons of appropriate wavelengths (λ < 390 nm) and generates electron
(e−CB)/hole (h+VB) pairs, initiating a series of competing processes re-
presented below in Eqs. (1)–(5). The electron/hole pairs can recombine
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or migrate to the surface of TiO2 and form reactive oxygen species
(ROS) in the presence of water and oxygen [20,21].

TiO2 + hv → h+VB + e−CB (1)

H2O+h+VB → H+ + HO% (2)

O2 + e−CB → O2
%- (3)

Pollutant + HO% → PollutantOX (4)

Pollutant+ h+VB → PollutantOX (5)

Although a number of reactive oxygen species (ROS) are generated
during TiO2 photocatalysis and can lead to the mineralization of the
organic compounds, hydroxyl radicals (%OH) are considered the pri-
mary species leading to the degradation of organic compounds [22,23].
In general, hydroxyl radicals react with nearly all organic molecules,
except per-halogenated or strongly electron deficient compounds. The
primary reaction pathways are abstraction (of a hydrogen atom or
electron) or addition to an unsaturated π system to yield carbon-cen-
tered free radicals. Although less common, electron transfer can also
occur from electron rich substrates to %OH. The resulting carbon-cen-
tered radicals readily react with dissolved molecular oxygen to form
organoperoxyl radicals. Subsequent radical chain oxidation processes
can ultimately lead to mineralization [24].

A number of reports have appeared on the TiO2 photocatalysis of
organophosphorus compounds [16,25–31]. O’Shea et al. [26] demon-
strated rapid TiO2 photocatalysis of dimethyl methylphosphonate
(DMMP) and diethyl methylphosphonate (DEMP). The initial inter-
mediate product resulting from oxidation of alkyl ester chain is a mono-
ester which is subsequently converted to methyl phosphonic acid
(MPA) and ultimately phosphate upon continued irradiation. While a
number of reaction mechanisms can be envisioned for these transfor-
mations, detailed radiolysis studies demonstrated hydroxyl radical in-
itiated hydrogen abstraction from α-hydrogen on ester chain is the
primary step in the transformations [32]. There are very few reports on
the TiO2 photocatalytic degradation of halogenated organophosphorus
flame retardants. In a recent paper, Antonopoulou et al. [28] reported
the TiO2 photocatalytic degradation of tris (1-chloro-2-propyl) phos-
phate (TCPP) over the range of 25–500 μg/L using in ultrapure water
and real water under solar simulated irradiation. While detailed pro-
duct studies of the TCPP were not conducted, the diester of TCPP was
proposed as an intermediate in route to mineralization. The TiO2

photocatalysis of TCEP has yet to be reported, however, Ruan et al.
demonstrated the degradation of TCEP by UV/H2O2 oxidation and
proposed its mineralization into Cl−, PO4

3−, CO2, and H2O showing the
diester as an intermediate [29]. Cristale et al. [16] reported O3/UV/
H2O2 treatment leads to slow degradation and incomplete removal of
several halogenated organophosphorus flame retardants from the
water. UV/H2O2, UV/H2O2/O3, and UV/O3, mediated degradations of
an OPE [30,31] have been reported, however, degradation was dra-
matically affected by water quality. While advanced oxidation of ha-
logenated OPEs has the potential to produce low molecular weight
halogenated aldehydes, ketones and carboxylic acids, analogous to
disinfection by-products, detailed product, and mechanistic studies
have yet to be reported. We report herein detailed kinetic and product
studies for the TiO2 photocatalysis of TCEP as a model compound of the
organophosphate flame retardants.

2. Experimental section

2.1. Materials

Tris (2-chloroethyl) phosphate (TCEP), 2-chloroethanol, and tri-
phenyl phosphate (TPP) were purchased from Aldrich Chemical
Company. High purity GC grade dichloromethane (DCM) was obtained
from Fisher Scientific. Sodium chloride, sodium hydroxide, nitric acid,

sodium carbonate, sodium hydrogen carbonate, potassium dihydrogen
phosphate, phosphorus pentoxide, and orthophosphoric acid were also
purchased from Fisher Scientific. The catalyst P25 TiO2 particles [CAS
no. 13463-67-7] was supplied by Degussa. Coumarin was purchased
from MP Biomedicals, LLC. The oxygen was from Trigas of the highest
purity available. Millipore water (18MΩ cm) and volumetric glassware
were used for the preparation of all of the aqueous solutions.

Di (2-chloroethyl) hydrogen phosphate (diester adduct) was syn-
thesized by an alkaline hydrolysis process reported by Barnard et al.
[33]. A solution of TCEP (0.21 mol) in 25mL of 10% NaOH solution
was refluxed for 20 h. The reaction mixture was cooled to room tem-
perature, acidified with concentrated hydrochloric acid and the product
collected by liquid–liquid solvent extraction with dichloromethane. The
yield of product was ˜60%. The product was characterized by 31P- & 1H-
NMR spectroscopy; 31P-NMR (D2O, 400MHz) δ -0.2(1H, q, 3JP-
H= 6.9 Hz), 1H-NMR (D2O, 400MHz) δ 4.1(2H, dt, 3JP-H= 6.8 Hz, 3JH-
H= 5.1 Hz), δ 3.8 (2H, t, 3JH-H=5.1 Hz).

2-chloroethyl dihydrogen phosphate (monoester adduct) was pre-
pared by the procedure reported by Via et al. [34]. 2-chloroethanol
(12.4 mmoles) was added to phosphorus pentoxide P2O5 (6.0 mmoles)
and heated for 3 h at nearly 70 °C in presence of 3.3 mmoles of water.
After 3 h, the mixture was cooled to room temperature. The yield of
monoester measured by 31P-NMR was 65%. NMR details are 31P-NMR
(D2O, 400MHz) δ -0.52 (1 P, t, 3JP-H= 7.0 Hz); 1H NMR (D2O,
400MHz) δ 3.35 (2H, dt, 3JP-H= 7.0 Hz, 3JH-H=5.4 Hz), 2.92 (2H, t,
3JH-H= 5.4 Hz).

2.2. Photocatalytic experiment

A Rayonet photochemical reactor equipped with a cooling fan and
fourteen phosphor-coated (350 nm) low-pressure black lights in a
merry-go-around arrangement was used for all photocatalytic experi-
ments (The details of the photochemical reactor is available at Southern
New England Ultra-Violet Company, www.rayonet.org, model RPR-
100). The light flux was determined using potassium ferrioxalate acti-
nometry and agreed to within 10% of the manufacturer’s specifications
(1.6× 1016 photons/sec/cm3). A Pyrex glass cylinder vessel with
Teflon stopper was used as a reaction vessel (L= 30 cm, D=2.5 cm).
In a typical experiment, a TiO2 suspension was prepared by adding
10mg of TiO2 particles to 100mL of TCEP aqueous solution. The initial
TCEP concentration was varied from 10 to 300 μM for kinetic studies.
Higher TCEP concentrations were used for the products studies. The
TiO2 suspensions were sonicated in an ultrasonic cleaning bath for
5min. to ensure uniform suspension. The suspension was purged with
oxygen gently for 10min prior to irradiation. The aqueous suspension
was magnetically stirred and irradiated in the photochemical reactor.
The reaction vessel was removed from the reactor at desired time in-
tervals, rigorously shaken for 30 s, then a 5.0mL aliquot of TiO2 sus-
pension withdrawn and immediately passed through a 0.45 μm PTFE
filter. The filter was rinsed with another 5.0mL of deionized water and
combined with the original filtrate to make the total volume of 10mL.
To investigate the role of solution pH on the TiO2 photocatalytic de-
gradation of TCEP, NaOH and HNO3 were added to adjust the corre-
sponding initial pH of aqueous TCEP solution. pH measurements were
conducted on Metler Toledo pH meter. For evaluating the contribution
of hydroxyl radicals involved in the degradation process, we added
coumarin as hydroxyl radical scavenger in TCEP photodegradation.

2.3. GC analysis of TCEP

The concentration of TCEP was monitored by GC (Hewlett-Packard
6890) equipped with an NPD detector. TCEP was extracted from the
filtered aqueous solution with dichloromethane (DCM) for analyses.
The extraction was carried out in a 40mL glass extraction vial by
adding 5mL of DCM into 10mL of aqueous solution. Another 0.075mL
of DCM containing 4000 ppm triphenyl phosphate as an internal
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standard was added to each sample. The extraction vial was agitated in
an Orbit Shaker (Lab-Line) for 10min at 300 rpm, before transferring
one mL of the DCM phase to a 2.0 mL sample vial for GC analysis. The
same extraction procedure was employed in the preparation of cali-
bration standards for the GC NPD. Chromatographic separation was
carried out on a DB-5 fused silica capillary column [9]. The sample was
injected manually in splitless mode. The injector temperature was set to
250 °C and the detector temperature at 300 °C. The initial GC tem-
perature was held at 40 °C for 4min. and increased to 190 °C at 15 °C/
min and then 10 °C/min to the final temperature of 310 °C which was
maintained for 4min. Helium was used as the carrier gas. The con-
centration of TCEP was determined using the characteristic retention
time, reference standard, careful calibration of NPD detector and
quantification using an internal standard. The detector response was
calibrated against a series of TCEP aqueous solution ranging from 5 to
300 μMwith the internal standard yielding a correlation coefficient (R2)
≥ 0.99. Standards were run periodically to ensure accurate calibration
of GC.

2.4. Analysis of mineralization products

Ion chromatography (IC) was used to monitor phosphate (PO4
3−)

and chloride (Cl−) as mineralization products of TCEP. A 761 Compact
IC Metrohm, equipped with a Metrosep A Supp 5 column and con-
ductivity detector was employed using the manufacturer’s protocol. A
mixture of 3.2mM sodium carbonate and 1.0mM sodium hydrogen
carbonate aqueous solution was used as a buffer with a flow rate of
0.7 mL/min. The column was regenerated using a 0.125M solution of
sulfuric acid with a flow rate of 2.0mL/min. The detector response was
calibrated, and a standardization curve developed using carefully pre-
pared phosphate from 0.01 to 0.32mM and chloride from 0.02 to
0.85mM standard solutions yields correlation coefficients ≥0.99. Total
organic carbon (TOC) of irradiated TCEP solution was determined by a
TOC-VCSH analyzer (Shimadzu, Japan) using a high-temperature pla-
tinum combustion method [35]. An aliquot of twenty mL of irradiated
TCEP solution was filtered, then acidified to pH < 2 with 3 N HCl and
sparged with CO2-free compressed air before injection. The combustion
derived CO2 was carried by ultra-zero grade compressed air and de-
tected by a non-dispersive infrared CO2 detector.

2.5. Analysis of intermediates and byproducts

An NMR spectrometer (Bruker-Spectrospin 400 Ultrashield) was
used to record the 31P-NMR (162MHz) and 1H NMR (400MHz) spectra
of starting materials and to monitor intermediate and final products
during the TiO2 photocatalysis of TCEP [36]. The 31P-NMR chemical
shifts were reported in ppm with respect to the resonance peak of 85%
H3PO4 used as an external chemical shift reference. For the NMR pro-
duct studies, the initial concentration of TCEP was 15.06mM.

3. Results and discussion

3.1. Photocatalytic degradation

Photocatalysis of TCEP (109 μM) at 350 nm in an O2-saturated
aqueous suspension of TiO2 leads to rapid degradation, shown in Fig. 1.
Control experiments run in the absence of TiO2 or light demonstrated
that direct photolysis and hydrolysis and/or adsorption of TCEP was
insignificant. However, under photocatalytic conditions (TiO2/hv/O2),
more than 50% of TCEP was eliminated within 10min of irradiation, as
shown in Fig. 1. The observed rate of TCEP degradation decreased with
the time of irradiation. The reduction in the rate of degradation as a
function of treatment time is attributed to lower TCEP concentrations
and the increase of by-product concentrations competing with TCEP for
active sites at the surface of TiO2 [26,28]. Complete degradation of
TCEP was observed within 60min of irradiation.

The degradation kinetics of TCEP were studied over a range of in-
itial concentrations from 18 to 270 μM, shown in Fig. 2. The initial
degradation rates of TCEP as a function of starting substrate con-
centration were determined from the first 15–20% disappearance of the
TCEP to minimize the effect of products on the initial kinetic para-
meters and summarized in Table 1.

With increasing initial TCEP concentration the observed degrada-
tion rate decreases. This observation is rationalized based on the finite
number of reactive sites on the TiO2 surface or adsorbed %OH thus as the
initial TCEP concentration increases, the portion of adsorbed target
compounds on the TiO2 surface compared to those in solution decreases
reducing the observed rate. In addition, the by-products of TCEP may
slow down the degradation because of competition for adsorption sites
and hydroxyl radicals [28]. Plots of pseudo-first-order kinetics for the
TiO2 photocatalytic degradation of TCEP are presented in Fig. 3. The
rate constants (k) were calculated from the slope of the linear pseudo-
first-order equation, [lnCt/C0=−kt] where Ct and C0 are the con-
centrations of TCEP at time t and at the start of the reaction. The results

Fig. 1. TiO2 photocatalysis of TCEP at 350 nm in O2-saturated suspension;
[TCEP]0=109 μM; [TiO2] = 0.10 g/L and pH=6.5. The reproducibility was
within 5% based on representative triplicate runs.

Fig. 2. Degradation kinetics of TCEP ([TCEP]0= 18–270 μM) upon irradiation
at 350 nm at O2-saturated TiO2 (0.10 g/L) aqueous suspension.

Table 1
Initial degradation rates and their corresponding pseudo-first-order rate con-
stant of TCEP as a function of concentration by TiO2 photocatalytic oxidation in
O2-saturated aqueous solution.

[TCEP]
(μM)

Initial rate
(μMmin−1)

R2 value for
initial rate

Pseudo-first-order
rate constant
(min−1)

R2 value for
rate constant

18 4.4 0.96 0.28 0.96
30 5.9 0.95 0.19 0.97
62 8.0 0.96 0.12 0.95
192 10.6 0.95 0.05 0.98
270 12.2 0.93 0.03 0.99
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are summarized in Table 1. While the results for a given concentration
of TCEP are consistent with pseudo-first-order kinetics, by the virtue of
the linear relationship of ln(Ct/C0) as function of time, the change in the
rate constant as a function of initial concentration suggests that the
reaction kinetics are more complex than a simple first order reaction.
The observed rate constant increases by an order of magnitude when
the substrate concentration is decreased by nearly 15 fold. Similarly, a
reduction of the reaction order as a function of substrate concentration
in the TiO2 photocatalysis have been reported by Sabin et al. [37]. The
change in the rate constant can be the result of mass transfer limitations
(adsorption↔desorption) at the surface of TiO2.

TiO2 photocatalysis is a heterogeneous process requiring adsorption
and reaction at or near the surface of TiO2 [20,38,39]. The Langmuir-
Hinshelwood (L-H) kinetic model has been effectively employed in the
modeling of TiO2 photocatalytic transformation to an extensive number
of organics by plotting the initial degradation rates as a function of
concentration [19,40,41]. The L-H equation is represented in Eq. (6)
where r0 is initial degradation rate of target materials, C0 is the initial
concentration of substrate, krxn-LH is the reactivity constant, and KLH is
the apparent equilibrium constant.

− = +
− −

Langmuir Hinshelwood equation r k K C k: 1 1 1
rxn LH LH rxn LH0 0

(6)

The L-H experiment was conducted over a range of initial con-
centrations (18–270 μM) at constant TiO2 concentration under uniform
light intensity. Based on the value of the least-square fit correlation
coefficient (R2≥ 0.988) of the L-H plot, Fig. 4, the degradation kinetics
of TCEP is in good agreement with the Langmuir-Hinshelwood me-
chanism. The L-H kinetic parameters determined from the slope and
intercept of the L-H plot are KLH=0.03 μM-1 and krxn-LH= 13.1 μM
min−1. The L-H kinetic parameters are often referred to as apparent
kinetic parameters which may not correlate to their original intended
kinetic parameters [42]. However, the L-H kinetic parameters are

valuable for predicting degradation rates and for making comparisons
among different compounds over a range of reaction conditions [43].
The equilibrium constant, KLH, is theoretically associated to the parti-
tioning of TCEP at the surface of TiO2 and krxn-LH is a coefficient related
to the reactivity of the target compounds (susceptibility of TCEP to
degradation). TiO2 photocatalytic induced degradation of TCEP adheres
to pseudo-first-order and the L-H kinetic models despite the complex
interplay among the production of hydroxyl radicals at the surface and
the surface adsorption↔desorption of target compounds leading to the
degradation.

3.2. Mineralization of TCEP

The TiO2 photocatalytic mineralization of TCEP was assessed by
measuring the production of PO4

3− and Cl−, Fig. 5, as well as the total
organic carbon (TOC) present in solution, Fig. 6, as a function of irra-
diation time. Excellent phosphate and chloride mass balances were
observed upon extended irradiation. TCEP contains one phosphorus
atom and three chlorine atoms. From an initial concentration of
0.422mM of TCEP, 0.40mM of phosphate (94.7%) and 1.25mM of
chloride (98.7%) ions were measured by IC. While Antonopoulou et al.
reported an almost complete mass balance of chloride ions, a phos-
phorus mass balance of only 60% was reported during the TiO2 pho-
tocatalytic degradation of TCPP [28]. We observed TiO2 photocatalysis
of TCEP was complete within an hour, however, to achieve extensive
transformation of TCEP and by-products to phosphate required ex-
tended irradiation. The delay in phosphate mass balance indicates the
involvement of intermediate products [44,45]. The starting material,
TCEP, is degraded within 50min at which time the mass balances for
chloride is 35% and for phosphate 25%. Once the TCEP is fully de-
graded the formation of chloride and phosphate continues for another
˜2 h of treatment. After ˜3 h of irradiation mineralization to chloride

Fig. 3. Pseudo-first-order kinetics plots of TCEP degradation upon irradiation at
350 nm in O2-saturated TiO2 (0.10 g/L) aqueous suspension.

Fig. 4. Langmuir-Hinshelwood plot of TiO2 photodegradation of TCEP
([TCEP]0=18–270 μM) upon irradiation at 350 nm at O2-saturated TiO2

(0.10 g/L) aqueous suspension.

Fig. 5. Evolution of PO4
3− and Cl− ion upon irradiation at 350 nm in O2-sa-

turated TiO2 aqueous suspension; [TCEP]0=0.422mM, [TiO2]= 0.10 g/l;
reproducible± 5% based on a representative triplicate runs.

Fig. 6. Reduction of total organic carbon (TOC) as a function of the irradiation
time of TiO2 photocatalysis of TCEP; [TCEP]0= 110 μM, [TiO2] = 0.10 g/L;
data is reproducible nearly 5% standard deviation.
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and phosphate is ≥95%. The delay in the formation of mineralization
products relative to the disappearance of TCEP indicates the presence of
chlorinated organic by-products with and without phosphorus at longer
treatment times.

Mineralization of TCEP by TiO2 photocatalytic irradiation is further
supported by the monitoring of the level of TOC in the reaction solu-
tion. The initial [TCEP] was 110 μM for TOC measurements in an
aqueous solution irradiated over TiO2 photocatalyst. Results demon-
strate that ˜50% of TOC was removed from the reaction solution within
one hour. Over the 2 h of irradiation, more than 95% TOC removal
indicating near complete mineralization.

3.3. Effect of solution pH on TiO2 photodegradation of TCEP

Solution pH can have a pronounced effect on the TiO2 photo-
catalytic degradation of organophosphorus compounds [17,46]. The
effect of solution pH on photocatalytic degradation of TCEP was eval-
uated by varying the solution pH from highly acidic (pH 2.0) to highly
alkaline (pH 11.8) conditions, illustrated in Fig. 7. At modestly acidic to
basic conditions (pH 4–9), the rates of degradation are relatively con-
stant. However, under highly acidic pH the rate of TCEP degradation
decreases while under highly basic pH the rate of degradation increases
significantly. Since the phosphate ester functional group can undergo
base hydrolysis, a dark control experiment at the highly alkaline pH
was carried out. However, no significant loss of TCEP was observed
under highly alkaline conditions in the dark. A number of factors can
contribute to the enhanced photocatalytic degradation at alkaline
conditions. The surface of TiO2 under alkaline conditions has negative
charge which can lead to reduced agglomeration compared to neutral
conditions. Reduced agglomeration can contribute to higher surface
area, higher adsorption and faster degradation rates [47]. In addition,
at high pH the surface of TiO2 is negative, and thus the probability of
adsorption of anionic by-products and phosphate decreases leading to
the faster degradation of a neutral target compound. The pKa of the
hydroxyl radical is 11.5. Thus at pH 11.8, hydroxyl radical is converted
to an oxygen atom radical anion (%OH ⇌ O%− + H+) which may have
higher reactivity [48].

3.4. Scavenging studies to assess the contribution of hydroxyl radicals

While hydroxyl radicals are often considered the predominant spe-
cies initiating the degradation processes during TiO2 photocatalysis,
other species can also contribute to the degradation. The reactions of
hydroxyl radicals with organic compounds is a bimolecular process
[30,49,50]. To probe the role of hydroxyl radical, coumarin, a well-
known hydroxyl radical trap was added to the reaction solution [51].
Upon addition of an equimolar amount of coumarin, the degradation
decreases by ˜70%, which indicates hydroxyl radicals are the main
species participating in the degradation process of TCEP, illustrated in
Fig. 8.

The second order rate constant (k) of hydroxyl radical for coumarin

is k%OH+COU=2.9×109 M−1s−1 and for TCEP is k%OH

+TCEP= 5.6×108 M−1s−1 [30], the ˜70–75% reduction of TCEP de-
gradation with the addition of coumarin is nicely correlated to com-
petition kinetics for hydroxyl radical. The observed rate for TCEP de-
gradation decreases ˜70–75 % from 0.083 to 0.023min−1 upon the
addition of an equimolar amount of scavenger. A ˜50% decrease in the
reaction rate for TCEP degradation would be expected if the rate con-
stants were equal. The 75% decrease observed reflects the faster bi-
molecular rate constant for coumarin being almost double the rate
constant, (2.9/5.6 ˜ 52%) for the reaction of TCEP with %OH. Thus di-
luting the relative concentration of TCEP by 50% decreases rate by 50%
and since the bimolecular hydroxyl radical rate constant for TCEP is
52% of the rate constant for coumarin the overall theoretical rate de-
creases to 0.50× 0.52= 0.26 or 26%. Normalization of the original
observed rate for the dilution and difference in reactivity gives a the-
oretical rate 0.083 min−1 x 0.26=0.22min−1 which is within the
experimental error of the observed rate 0.23min−1 indicating that
hydroxyl radical is the predominant species leading to the degradation
of TCEP under our experimental conditions.

3.5. Products studies

Product studies are critical to establish the course of degradation
and to determine the formation and fate of intermediates during the
TiO2 photocatalytic degradation. The halogenated organophosphate
esters are composed of carbon, hydrogen, oxygen, phosphorus, and
halogen atoms. The final mineralized degradation products of TCEP are
CO2, H2O, phosphate (PO4

3−), and chloride (Cl–) ions. As discussed
earlier, the TiO2 photocatalytic degradation of TCEP yields near the
stoichiometric amount of chloride and phosphate ions as mineralization
products (Scheme 1), but intermediates products have yet to be re-
ported. Based on previous studies of organophosphorus compounds,
oxidation of alkyl phosphate ester groups can be achieved by TiO2

photocatalysis, thus subsequent conversion of TCEP to the diester ad-
duct, TCEP-diester subsequently to the TCEP-monoester is proposed as
shown in scheme 1 [17]. Mass spectrometry (MS) is a powerful tool and
has been extensively used for identifying oxidative products in TiO2

photocatalysis. MS identification is based primarily on molecular
weight and often cannot distinguish among constitutional and geo-
metric isomers. In addition, an elevated capillary temperature is used in
MS during the ionization which may lead to a potential transformation
of products generated during photocatalytic oxidation. With this in

Fig. 7. TiO2 photodegradation of TCEP in O2-saturated aqueous suspension at
350 nm irradiation over a range of solution pH ([TCEP]0= 109 μM, [TiO2] =
0.10 g/L). Fig. 8. Effect of coumarin on the degradation of TCEP in O2 saturated TiO2

suspension at 350 nm.

Scheme 1. Reaction pathways for TiO2 photocatalytic degradation of TCEP to
mineralization products (TiO2* indicates photoactivation).
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mind, NMR spectrometry allows for detailed characterization of the
products at room temperature during TiO2 photocatalysis of TCEP. To
identify and monitor the phosphorus-containing intermediate products
during photocatalysis, the 31P-NMR spectra of TCEP reaction mixtures
were recorded as a function of treatment time, illustrated in Fig. 9.

We identified di(2-chloroethyl) hydrogen phosphate (TCEP-diester)
as the main phosphorus-containing intermediate during the photo-
catalysis. The identity of this intermediate was confirmed by 31P-NMR
and 1H-NMR via comparison with our prepared authentic samples.
Complete mineralization of TCEP into phosphate ions was also con-
firmed by NMR studies comparing the signal of the 31P-NMR spectrum
of phosphoric acid. Previous reports established that phosphonates are
transformed from diester to monoester via oxidation of ester side chain
and finally mineralized to phosphates [17], and in this study, monoe-
ster of TCEP, 2-chloroethyl dihydrogen phosphate (TCEP-monoester),
was also identified. 1H-NMR characterization of the reaction solutions
did not indicate the presence of detectable amounts of chloroacetic
acid, chloroacetaldehyde, 2-chloroethanol. The production and lifetime
of low molecular weight organochlorine compounds appear to be short
given the excellent Cl− mass balance upon continued irradiation. Ruan
et al. [29] proposed ester type intermediates in the degradation of TCEP
by UV/H2O2. However, they only identified small organic molecules
like formic acid, acetic acid, and phosphate in PO4

3- without reporting
any organophosphorus or organochlorine by-products. The time profile
for the disappearance of TCEP and the formation of diester, monoester
and phosphate products during the photocatalysis is illustrated in
Fig. 10.

4. Mechanistic consideration

A number of reaction mechanisms can be envisioned to explain the
formation of major diester type compound of TCEP. Hydroxyl radical
(%OH) reacts with organic molecule via one of the three different me-
chanisms: hydrogen atom abstraction, electrophilic addition to the
double bond, and electron transfer from an organic molecule. Based on
these insights and detailed mechanistic studies of related organopho-
sphates, probable mechanisms for the hydroxyl radical-mediated con-
version of TCEP into its diester, monoesters and finally to mineraliza-
tion are shown in scheme 2 involving hydrogen abstraction mechanism.

In this mechanism, a hydrogen atom is abstracted from ethyl ester
carbon leading to the formation of a carbon-centered radical. The hy-
drogens alpha to the oxygen atom and chlorine atom will be activated
towards abstraction by electronic effects, but the more reactive position
should be alpha to the oxygen atom. The resulting carbon-centered
radical can undergo further oxidation leading to the formation of an
acetal, either by direct reaction with another hydroxyl radical, which in
aqueous solution will be converted to the partially hydrolyzed ester or
by the addition of oxygen to form a peroxyl radical. The dimerization of
two peroxyl radicals followed by extrusion of O2 via a Russell me-
chanism can also be used to explain the observed products [17]. Oxi-
dation of the remaining 2-chloroethoxy group yields 2-chloroethyl di-
hydrogen phosphate. Subsequent hydroxyl radical-mediated oxidation
can convert the diester adduct to monoester adduct and subsequently to
phosphate. The formation of di (2-chloroethyl) hydrogen phosphate
and 2-chloroethyl dihydrogen phosphates are consistent with the hy-
droxyl radical-mediated pathways, even though the 2-chloroethyl-di-
hydrogen phosphate disappears quickly. This may be due to the hy-
droxyl radicals readily oxidizing the 2-chloroethyl-dihydrogen
phosphate at the surface of the photocatalyst and finally mineralization
to phosphate ion.

5. Conclusions

We have shown the TiO2 photocatalytic degradation of the orga-
nophosphate flame retardant, tris (2-chloroethyl) phosphate (TCEP), is
effective upon the irradiation at 350 nm in oxygen-saturated aqueous
suspension. The degradation follows pseudo-first-order kinetics with
varying rate constant depending on the initial concentration of TCEP
and fits to Langmuir-Hinshelwood model. The apparent kinetic para-
meters obtained from the application of these models can be used for
predictive purposes and to address treatment objectives. Intermediate
products included the di- and mono-esters adducts which were con-
clusively identified by comparison with authentic samples using 1H-
and 31P-NMR. Final products from extended irradiation demonstrate

Fig. 9. 31P-NMR spectrum of TiO2 photodegradation of TCEP ([TCEP]0= 15.06mM).

Fig. 10. The phosphorus-containing products distribution during TiO2 photo-
catalysis of TCEP ([TCEP]0= 15.06mM) in D2O solution monitored by 31P-
NMR.
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nearly complete mineralization can be obtained upon extended treat-
ment. Mechanistic consideration indicates the degradation proceeds via
hydroxyl radical-mediated pathways. These results suggest that TiO2

photocatalytic oxidation will be useful for the decontamination of
aqueous solutions contaminated with the recalcitrant organophosphate
compounds.
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