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� Degradation of TCEP by UV/H2O2 in-
volves hydroxylation and
dechlorination.

� Proteomics analysis is used to evalu-
ated detoxification of TCEP.

� Incomplete degradation products of
TCEP activates metabolism of Escher-
ichia coli.

� Toxicity of incomplete degradation
products is obviously weakened.
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a b s t r a c t

Organophosphorus esters (OPEs) are emerging contaminants widely applied as annexing agents in a
variety of industrial products, and they are robust against conventional wastewater treatments.
Ultraviolet-driven (UV) radical-based advanced oxidation processes have a potential to become cost-
effective treatment technologies for the removal of OPEs in water matrix, but residual and newly
generated toxicities of degradation products are a concern. This study is a comprehensive attempt to
evaluate UV/H2O2 for the degradation of a water dissolved OPE, tris(2-chloroethyl) phosphate (TCEP). In
ultrapure water, a pseudo-first order reaction was observed, and the degradation rate constant reached
0.155 min�1 for 3.5 mM TCEP using 7.0 mW cm�2 UV irradiation with 44.0 mM H2O2. Hydroxyl radicals
were involved in the oxidative degradation of TCEP, as demonstrated by the quenching of the degra-
dation reaction in the presences of tertiary butanol or ethanol. High resolution mass spectroscopy data
showed a partial transformation of TCEP to a series of hydroxylated and dechlorinated products e.g.,
C4H9Cl2O4P, C6H13Cl2O5P and C2H6ClO4P. Based on proteomics data at molecular and metabolic network
levels, the toxicity of TCEP products was reduced obviously as the reaction proceeded, which was
confirmed by the up-regulated tricarboxylic acid cycle, fatty acid metabolism and amino acid metabolism
in Escherichia coli cells exposed to degradation products mixture. In conclusion, incomplete hydroxyl-
ation and dechlorination of TCEP likewise are effective for its detoxification, indicating that UV/H2O2 can
be a promising treatment method for OPEs removal.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

With the ban of polybrominated diphenyl ethers and
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polychlorinated diphenyl ethers, organophosphate esters (OPEs) as
their substitutes have been widely applied as annexing agents in a
variety of industrial products, such as plastics, electronics, buildings
and vehicles (Cristale et al., 2016). Organophosphate esters are used
as flame retardants, plasticizers and heat insulation agents. How-
ever, the latest research has found that OPEs also have potential
persistence, bioaccumulative capacity and toxicity (Kim et al., 2011;
Ezechias et al., 2014; Guo et al., 2017). Numerous OPEs have been
detected in fish as a result of bioaccumulation (Kim et al., 2011; Guo
et al., 2017), and they can cause atopic dermatitis, asthma and even
reduction of male sperm quality (Meeker and Stapleton, 2010;
Araki et al., 2014). Therefore, OPEs are emerging environmental
contaminants.

To date, OPEs have been detected in fresh water worldwide
(Andresen et al., 2004). The concentrations of OPEs in rivers have
been reported to reach several hundred ng L�1 (Zeng et al., 2015;
Shi et al., 2016). Municipal and industrial effluents are two pri-
mary sources of OPEs for natural water bodies. Some studies have
shown that OPEs cannot be effectively degraded in conventional
biological treatment processes (Reemtsma et al., 2006; Martinez-
Carballo et al., 2007), resulting in mg L�1 OPE residuals in the sec-
ondary effluent of wastewater treatment plants (Meyer and Bester,
2004), especially the chlorinated OPEs (Zeng et al., 2015). Further-
more, OPEs have been detected even in finished drinking water
(Stackelberg et al., 2004), implying that conventional drinking
water treatment processes were ineffective for OPEs removal.
Therefore, it is desirable to develop high efficiency and energy-
saving treatment methods for OPEs control.

Numerous advanced oxidation processes (AOPs), including
ozonation, photochemical oxidation, electrochemical oxidation and
ultrasonic oxidation, were attempted for the elimination of organic
contaminants (Meng et al., 2010). Ultraviolet-driven AOPs (UV-
AOPs) e.g., UV/H2O2, UV/TiO2, UV/persulfate and Fenton oxidation,
show a great potential as low-cost and environmental-friendly
technologies for persistent organic contaminants removal (Pillai
et al., 2015). Dedicated research about the potential applications
of UV-AOPs for OPEs elimination has only started so far. Yuan et al.
(2015) have found that UV/H2O2 was more efficient than ozonation
for the degradation of OPEs in a municipal secondary effluent. Ruan
et al. (2013) have found that the degradation of OPEs by UV/H2O2
followed pseudo-first-order kinetics, and a portion of their degra-
dation products could become available carbon sources for bacte-
rial growth after UV/H2O2 treatment (Watts and Linden, 2008).
However, there is still a knowledge gap on the detailedmechanisms
and pathways involving the degradation of OPEs using UV-AOPs,
not to mention the environmental safety of their degradation
products.

A full mineralization of the targeted organic contaminants will
consume a lot of energy and chemical materials in actual UV-AOPs
for water treatment. Other coexisting contaminants e.g., particu-
late matter, inorganic ions, natural organic matter and other
persistent organic pollutants, may become potential competitors to
consume $OH (Dodd et al., 2009). Incomplete degradation of tar-
geted contaminants (e.g., OPEs) will be common in UV-AOPs ap-
plications. Therefore, a comprehensive toxicological assessment of
OPEs and their degradation products is essential. Interactions be-
tween OPEs (or their products) and organisms involve a series of
molecular mechanisms of action within fundamental physiological
processes; and related exploration of protein expressions and
metabolic pathways will reveal unknown negative effects of OPEs
on organisms and newlygenerated toxicity of degradationproducts.
So far, the existing toxicological evaluation of OPEs has been limited
to traditional techniques, such as zebrafish test (Kim et al., 2015),
waterflea test (Waaijers et al., 2013) and cell line test (Ta et al., 2014).
This study was designed to explore the degradation efficiency
and mechanism of a water dissolved OPE, tris(2-chloroethyl)
phosphate (TCEP), with 254 nmUV/H2O2 oxidation. High resolution
mass spectrometry (HRMS) was used to determine the degradation
products of TCEP, followed by the speculation of degradation
pathways. The biological effects of degradation products on
fundamental protein expressions and metabolic networks were
evaluated with a quantitative proteomic technology using Escher-
ichia coli as a model organism.

2. Materials and methods

2.1. Materials

Tris (2-chloroethyl) phosphate (99%, HPLC grade) and tris(2-
chloro-1-methylethyl) phosphate (99%, HPLC grade) were pur-
chased from Toronto Research Chemicals (CAN). Humic acid (HA)
(90% dissolved organic matter, CAS: 1415-93-6), tertiary butanol
(98%), ethyl alcohol (98%) and isobaric tags for relative and absolute
quantitation (iTRAQ) reagent multiplex kit (PN 4352135) were
purchased from Sigma-Aldrich (USA). Analytical grade H2O2 (30%,
v/v), NaNO3 (98%) and NaCl (98%) were purchased from Sinopharm
(China). Escherichia coli ATCC11303 used in the current experiments
was a standard strain purchased from the microbial culture
collection center in Guangdong Province, China. Chemical reagents
were prepared using the highest purity available (Table S1 of the
Supporting Information; “S” designates texts, tables, figures and
other contents in the Supporting Information thereafter). All re-
agents were stored at 4 �C or�20 �C as required. All of the solutions
were prepared using ultrapure water (18.2 MU) produced by a
Milli-Q Advantage A10 system (Millipore, USA). E. coli was stored
at �80 �C with glycerin before used.

2.2. UV irradiation module and degradation experiments

The UV irradiation device was composed of the following
modules: power source, UV light source, irradiation shield, heat
sink and reactor vessel (Fig. S1). The device frame was drawn using
AutoCAD, and then was produced by a 3D printing instrument. The
UV light source was a low-pressure mercury lamp (power 8 W,
effective length 24 cm, Philips, Holland) with a maximum emission
peak at 254 nm; the irradiation intensity was measured by a HAAS-
3000 light spectrum irradiation meter (Everfine, China). In the UV/
H2O2 experiments, the irradiation intensity on the surface of the
solution was adjusted to 7.0 mW cm�2. The reaction vessel was a
circular quartz vessel with a diameter of 12 cm.

A stock solution of TCEP at 100.0 mg L�1 was prepared. Initial
concentration of TCEP was varied from 0.1 mg L�1 to 10.0 mg L�1

(0.35e35.00 mM). The initial concentration of H2O2 was in the range
of 0.15e7.48 mg L�1 (4.4e220.0 mM). Reaction conditions were
maintained at 25 ± 2 �C, pH ¼ 6.8e7.2, and the reaction solution
was orbitally shaken at 60 rpm. Solution pH was adjusted by pH
buffered solution, which contained different concentration values
of NaOH, KH2PO4 and H3PO4. For example, the buffered solution at
pH ¼ 6.85 contains 50 mmol KH2PO4 and 23.6 mmol NaOH. For HA
experiments, a stock solution at 1 g L�1 was prepared by adding HA
into ultrapure water and filtering with 0.22 mm polyethersulfone
filter. The concentrations of both NaNO3 and HA were varied be-
tween 1 and 100mg L�1. At a pre-defined time, 20mL of the sample
was withdrawn and filtrated by a 0.22 mm polyether sulfone filter,
and then it was transferred into a brown amber tube at 4 �C before
analysis.

Second-order rate constants for the reaction of TCEP (T) with
$OH was determined by competition kinetics in a binary mixture
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with para-chlorobenzoic acid (pCBA) as a reference compound (R)
(Keen and Linden, 2013). Using the $OH reaction rate constant with
the reference compounds (kR), the $OH reaction rate constant with
TCEP (kT) was determined according to eq. (1) (Huber et al., 2003).

ln
� ½T �
½T �0

�
¼ kT

kR

� ½R�
½R�0

�
(1)
2.3. Ion and total organic carbon analyses

Concentrations of PO4
3� and Cl� were determined by an ICS -

2500 analyzer (Dionex, USA). The mobile phase of DIONEX IonPac
AS15 column was 30.0 mM NaOH solution. Total organic carbon
(TOC) was determined by a liquid TOC-trace analyzer (Elementar,
Germany).
2.4. Quantitative analysis of tris(2-chloroethyl) phosphate and
qualitative analysis of its intermediates

Quantitative analysis of TCEP was performed using a HPLC-MS/
MS system with a TripleQuad 5500 tandem mass spectrometry
(Applied Biosystems SCIEX, USA), while the determination of
organic intermediate products was conducted using a time-of-
flight HRMS (TripleTOF 5600þ, Applied Biosystems SCIEX, USA).
The detailed analysis procedure is presented in Text S1, Tables S2
and S3. The determination of generation product followed a sys-
tematic intermediate screening procedure presented in our previ-
ous study (Ou et al., 2017).
2.5. Proteomics analysis

Proteomics analysis included four stages: (1) exposure to tar-
geted contaminants, (2) protein digestion, (3) iTRAQ labeling and
(4) HRMS analysis. The targeted contaminant samples for prote-
omics analysis included: (1) 60 mL ultrapure water (control), (2)
60 mL of 3.5 mM TCEP solution, (3) 60 mL UV/H2O2 treated sample
#1 (UV/H2O2 intermediate mixture #1; reaction time ¼ 5 min), (4)
60 mL UV/H2O2 treated sample #2 (UV/H2O2 intermediate mixture
#2; reaction time ¼ 20 min). The reaction conditions were: tem-
perature 25 ± 2 �C, pH 6.8e7.2, [TCEP]0 ¼ 3.5 mM,
[H2O2]0 ¼ 44.0 mM. Escherichia coli ATCC11303 was selected as the
model microorganism, which was inoculated at 100 rpm for 12 h.
The E. coli cells were obtained by centrifugation at 3500g for 10 min
and were washed three times. These cells (0.1 g L�1) were inocu-
lated into a 100 mL medium containing 30 mg L�1 KH2PO4,
70 mg L�1 NaCl, 30 mg L�1 NH4Cl, 10 mg L�1 MgSO4, 30 mg L�1 beef
extract, 100mg L�1 peptone. Onemilliliter of the 100.0 mg L�1 TCEP
stock solution (or its intermediate mixture) was added to obtain a
1 mg L�1

final concentration, and then the bacteria suspensionwas
cultivated in the dark at 25 �C on a rotary shaker at 100 rpm for
24 h. After exposure, the cells were separated and washed using
phosphate buffer solution for protein extraction. The subsequent
protein digestion, iTRAQ labeling and HRMS analysis followed the
same procedure described in our previous research (Ou et al., 2017).
Compared with the control samples, proteins in the cells after
exposure to target pollutants with at least a 1.2-fold increase or
decrease in concentration were identified as the up- or down-
regulated expression proteins.
3. Results and discussion

3.1. Degradation kinetics and mineralization

Slight variations of TCEP were observed in the control experi-
ments using water, H2O2 and UV experiments (Fig. 1a), suggesting
that TCEP was stable in ultrapure water and H2O2 solution, and the
254 nm irradiation cannot induce direct photolysis of TCEP. The
degradation efficiency of TCEP increased significantly when UV and
H2O2 were combined. For 3.5 mM (1 mg L�1) TCEP, the degradation
efficiency increased to ~99% after 30-min 254 nmUV/H2O2 reaction
(UV intensity at 7.0 mW cm�2; [H2O2]0 ¼ 44.0 mM). Based on the
fitting calculation, a pseudo-first order reaction was confirmed
(Fig. 1b). The degradation rate constant (kobs) reached 0.155 min�1

with a half-life of 4.5 min. This high degradation efficiency of TCEP
may be attributed to the oxidative $OH (oxidation potential at 2.8 V)
generated by the UV-induced homolysis of H2O2 (Crittenden et al.,
1999; Zhou and Smith, 2001; Shen and Wang, 2002):

H2O2 þ hv / 2�OH (2)

�OH þ H2O2 / HO2� þ H2O (3)

HO2� þ H2O2 / �OH þ H2O þ O2 (4)

2�HO2� / H2O2 þ O2 (5)

HO2� þ �OH / H2O þ O2 (6)

To confirm the existence of $OH radicals, the scavengers tertiary
butanol and ethyl alcohol were added. As shown in Fig. S2, only
slight variations of TCEP were observed in the presence of tertiary
butanol or ethyl alcohol, indicating that the radical-based oxidation
was inhibited. In competition experiment using pCBA as the
reference compound (Fig. S3), the second-order rate constants for
TCEP with $OH reached ~2.5 � 108 M�1 s�1, which was obviously
lower than pCBA (5.0 � 109 M�1 s�1) (Huber et al., 2003).

Variation of TOC is presented in Fig. 1c, with an initial value of
2.96 mg L�1 at time zero. Approximately 60% TOC was removed
after 60 min reaction, indicating that the mineralization of TCEP
was incomplete. One TCEP molecule contains one central phos-
phorus backbone and three chlorine terminals, and they can be
transformed to PO4

3� and Cl�, respectively. The concentrations of
PO4

3� and Cl� increased from 0 to 2.35 mg L�1 and 3.68 mg L�1 after
60-min reaction (Fig. 1d), suggesting a gradual mineralization of
TCEP. Theoretically, 3.5 mM TCEP can be mineralized into
3.33 mg L�1 PO4

3� and 3.68 mg L�1 Cl�. The result of Cl� indicated
that all chlorine terminals were degraded. In contrast, taking into
account the results of PO4

3� and TOC, the central phosphorus and
ethyl side chains of TCEP still remained, implying that TCEP was
transformed to a series of intermediates.

3.2. Influence factors

The concentration of H2O2 is an important influence factor in
UV/H2O2 degradation experiments. In this study, when the H2O2
concentration increased from 4.4 mM to 44.0 mM, only a slight effect
on the degradation efficiency was observed (Fig. S4). The reaction
rate decreased obviously when the concentration of H2O2 increased
to 220.0 mM. Since H2O2 is an important $OH scavenger at high
concentration (Crittenden et al., 1999), the excess H2O2 competed
with TCEP for reaction with $OH, which would reduce the degra-
dation efficiency of TCEP.

Variation of pH is also a crucial factor for UV-AOPs reactions.



Fig. 1. Degradation efficiency and mineralization of tris(2-chloroethyl) phosphate.

Fig. 2. Influence of different pH in UV/H2O2 experiments.
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Results of TCEP degradation under different pH values are pre-
sented in Fig. 2. When pH increased from 3.0 to 9.0, kobs retained in
the range of 0.155e0.166 min�1. Some studies have shown that pH
had a slight effect on the degradation efficiency of TCEP under
acidic condition (Ghaly et al., 2001), which is consistent with our
results. However, a severe inhibition was observed in this study
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under alkaline condition. Since phosphate buffer solution was used
in pH influence factor experiment, the effects of phosphates should
be considered. The reaction rate between phosphates and $OH was
lower (k$OH with H2PO4

� at ~2.0 � 104 M�1 s�1, k$OH with HPO4
2� at

1.5 � 105 M�1 s�1) (Buxton, 1988) than that of TCEP with $OH
(~2.5 � 108 M�1 s�1), but a high concentration of phosphates (for
example, 50 mM phosphates at pH 6.85) was added, especially
under alkaline condition (an increasing fraction of PO4

3�). Therefore,
the phosphates may also become $OH scavengers, inhibiting the
degradation of TCEP. It should be noted that an inhibition was
observed at pH ¼ 11.0 (kobs was 0.080 min�1). Furthermore, since
pH 11 is close to the pKa of H2O2 (eq. (8)) (Crittenden et al., 1999),
the deprotonation of H2O2 induced the formation of HO2

�, which is
another competitive target for $OH (eq. (8)). This reaction is actu-
ally over 100 times faster than reaction (eq. (3)) (Buxton, 1988),
resulting in the inhibition of TCEP oxidation efficiency.

H2O2%Hþ þ HO�
2 ðpKa ¼ 11:6Þ (7)

HO2
� þ �OH / HO2� þ OH� (8)

NO3
� and HA are two common impurities in natural water

bodies, and their influence on the TCEP degradation is shown in
Fig. S5. When the concentration of HA increased from 0 to
100mg L�1, kobs changed from0.155min�1 to 0.063min�1. It should
be noted that, when HA increased from 0 to 5mg L�1, kobs increased
a little; when HA increased from 5 mg L�1 to 100 mg L�1, kobs
obviously decreased. Under UV irradiation, low concentration HA
may be transformed to some transient species, such as triplet states
(Canonica et al., 1995), which improved the degradation of TCEP.
High concentration HA had an inhibition on the TCEP degradation
using UV/H2O2, which may be due to its absorption of UV irradia-
tion, reducing the UV photon flux for TCEP degradation. The con-
sumption of $OH by HA further reduced the degradation efficiency
of TCEP. Compared to HA, NO3

� had a slight impact on the reaction,
and kobs retained in the range of 0.155e0.167 min�1 when NO3

�

concentration increased from 1 mg L�1 to 100 mg L�1.
3.3. Degradation intermediates and generation pathways

Through the comparison of molecular weight, isotopic distri-
bution and ion fragment obtained by the HRMS data (detailed
procedure was discussed in Text S1), three stable products,
including product A (C4H9Cl2O4P, m/z 222.97, 224.97), product B
(C6H13Cl2O5P, m/z 266.99, 268.99) and product C (C2H6ClO5P, m/z
160.98, 162.97), were confirmed. Detailed HRMS information con-
cerning these products is presented in Figs. S5-S7, and their gen-
eration pathways were proposed (Fig. 3).

Product A (Fig. S6) has a MWof 222.99 Da, which was generated
through the addition of a hydroxyl radical onto the phosphorus
backbone, followed by breaking of an oxygen-ethyl-chloride arm
chain. Product B (Fig. S7) has a MW of 267.04 Da. It was generated
by substitution of a chlorine atom at the end of a branched chain,
which was directly replaced by a hydroxyl group. Product C (Fig. S8)
has a MW of 160.49 Da, and it was generated by the cleavage of
another oxygen-ethyl-chloride chain following a similar process as
product A.

Relative intensity variations of these products are presented in
Table 1. The intensity is defined as the peak area of the targeted
extracted ion flow in mass spectroscopy data. The intensity of
product A increased to 1.5 � 106 at about 5 min. The time trend of
product B was similar, and its intensity reached themaximumvalue
(~4 � 105) at 2 min. Product C, which was proposed to be a further
oxidation product of product A, had a concentration maximum at
20 min. The product C at a later time suggested a generation order
from product A to product C. After reaching the peak values, all the
product intensities reduced to low levels after 45-min reaction,
implying transformations to further unknown degradation prod-
ucts. It should be noted that product A was the intermediate
product with the highest intensity.

3.4. Differential protein expressions and safety evaluation

Based on the time evolution of degradation products, the reac-
tion times of samples for proteomics analysis were set at 5 min and
20 min. At 5 min, the abundances of product A and TCEP were
relatively high. At 20 min, the abundances of all three products
decreased to low levels, and the removal efficiency of TCEP reached
95%. Therefore, quantitative comparison (up-regulation or down-
regulation) of the protein expression between E. coli cells
exposed to TCEP (or its degradation intermediates) and healthy
cells (control group) was attempted. For example, if a protein has a
higher abundance (1.2-fold) in the E. coli cells exposed to TCEP
compared to the cells exposed to ultrapure water (control), it is
defined as an up-regulation protein.

Compared to healthy cells, E. coli cells exposed to 1 mg L�1 TCEP
showed up-regulated expressions of proteins related to oxidative
phosphorylation, as well as purine, glucose, glycine, glutamate,
aspartate and fructose metabolisms. Some down-regulated meta-
bolic pathways, including citrate cycle, pentose phosphate
pathway, unsaturated fatty acid biosynthesis, as well as serine, L-
aspartate, pyruvate, glutathione and biotin metabolisms, were also
observed (Fig. S9). The alteration of these metabolic pathways
confirmed that carbohydrate, lipid and biotin metabolisms were
the main target pathways suppressed by TCEP. The increasing
synthesis of nucleotides for DNA formation implied a DNA self-
repair (Munoz et al., 2017). To offer glutamate, glycine, inorganic
phosphate and other precursors for DNA synthesis, fatty acids and
low-molecular-weight organic acids were consumed through the
up-regulated fatty acid biodegradation pathway and the down-
regulated citrate cycle (Kusnadi et al., 2015). Some phospholipids
and non-essential polysaccharides, such as starch, glycan and
dextrin, were accordingly down synthesized.

Exposure to 5-min UV/H2O2 degradation intermediate mixture
induced alterations of further metabolic pathways. Compared to
the change of metabolic network triggered by TCEP, the up-
regulation of pentose phosphate pathway and amino acid biosyn-
thesis confirmed that the toxicity of the intermediate mixture
significantly decreased (Fig. S10). This finding further clarified that
the central carbohydrate metabolism was the target pathway
stressed by TCEP. Compared with the control samples, exposure to
20-min UV/H2O2 degradation intermediate mixture induced sig-
nificant up regulation of citrate cycle and biotin metabolism, and it
triggered the down-regulation of the metabolism of arachidonic
acid (Fig. 4). After 20-min UV/H2O2 treatment, TCEP was trans-
formed to a series of further degradation products. Escherichia coli
cells exposed to this degradation intermediates mixture exhibited
significant activations of critical metabolism pathways e.g., citrate
cycle, fatty acid and amino acid metabolism (Fig. 4), suggesting that
the intermediate products generated at 5 min UV/H2O2 treatment
were further detoxified.

To further quantitatively depict the toxicity variation of TCEP
and its intermediates mixture, 550 up-regulated and down-
regulated proteins were selected (Table S4). Tris (2-chloroethyl)
phosphate and its intermediates triggered opposite expression
trends of these selected proteins (Fig S10). Especially, citrate cycle,
pentose phosphate pathway and amino acid metabolism exhibited



Fig. 3. Proposed generative pathways of degrading products from tris(2-chloroethyl) phosphate in 254 nm UV/H2O2 system.
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opposite regulation trends in E. coli exposed to TCEP and 20-min
UV/H2O2 degradation intermediate mixture. For amino acid meta-
bolism, FbaB, GltA, HisA and LtaE showed the same up-regulated
tendency, whereas, RpiA was down-expressed under the stresses
of TCEP and its intermediates (Fig. 5), implying that these five
proteins could be used as biomarkers to identify the occurrences of
TCEP and its by-products inwatermatrix. Up-regulated expressions
of AcnB, Asd, AsnA, DapA, GlyA, TdcB, TdcG, ThrB, TktA and TrpA
under the stresses of TCEP intermediates revealed that these pro-
teins could indicate the detoxification efficiency of TCEP.
3.5. Assessment of energy consumption

According to the above results, UV/H2O2 would be an efficient
treatment method for TCEP removal and detoxification. The
assessment of energy consumption can provide more information
for its systematic evaluation. Electrical energy per order (EE/O)
analysis is a common tool to assess the electrical cost of UV-AOPs,
and the EE/O is defined as the electrical energy (kilowatt per
hour; kWh) required to degrade a target contaminant by one order
of magnitude in 1 m3 contaminated matrix. A detailed calculation
procedure can be found in He et al. (2013):

EE=O ¼ P � t

V � lg
�
ci=cf

� (9)

where, EE/O has the unit of kWhm�3 order�1; P represents the total
electrical power to drive UV irradiation entering the matrix, kW; V
is the volume of reaction matrix, m3; ci indicates the initial con-
centration of the target contaminant, mg L�1; cf indicates the final
concentration of the target contaminant after reaction, mg L�1, t
indicates the time at which the concentration of target contami-
nant decreases from ci to cf, h. In the current study, the ci/cf was set
at 10, and the t indicated the time 90% TCEP was removed.



Table 1
Tris (2-chloroethyl) phosphate organic intermediates in UV/H2O2 system.
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Fig. 4. The metabolism network related to the different regulated expression proteins in cells exposed to 20 min degrading product mixture.

Fig. 5. Different regulated expression proteins related to biosynthesis of amino acids.
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Table 2 shows the EE/O result. The EE/O value in the 254 nm
UV þ 44.0 mM H2O2 system was 0.033 kWh m�3 order�1. For the
influence factor experiments, EE/O values increased when kobs
decreased. When the concentration of H2O2 increased from 4.4 mM
to 220.0 mM, EE/O presented a rising trend (from 0.028 kWh m�3

order�1 to 0.116 kWh m�3 order�1), indicating that excessive H2O2
addition increased the energy consumption. Therefore, the addition
of H2O2 should be properly controlled. Concerning the effect of pH,
EE/O remained in the range in the range of 0.031e0.033 kWh m�3

order�1 under neutral and acidic conditions. Strong alkaline
conditions induced an important increase of EE/O to 0.063 kWh
m�3 order�1. For HA, EE/O increased from 0.033 kWh m�3 order�1

to 0.080 kWh m�3 order�1 as the HA concentration increased. Ni-
trate had a slight effect on EE/O. These results indicate that the
experimental conditions should be maintained in neutral or acidic
pH, and the removal of HA by pretreatment would be conducive to
TCEP removal. For an actual UV/H2O2 treatment process, the
assessment of overall cost should take account of electrical cost,
chemical reagent cost (e.g., H2O2 addition), etc.



Table 2
EE/O values for TCEP degradation in UVH2O2 system.

Reaction P (kW) kobs (h) t (h) Pt (kWh) V (m3) EE/O

220.0 mM H2O2 7.9 � 10�4 0.0437 0.88 6.95 � 10�4 1.0 � 10�4 0.1158
88.0 mM H2O2 7.9 � 10�4 0.1015 0.38 2.99 � 10�4 1.0 � 10�4 0.0498
44.0 mM H2O2 7.9 � 10�4 0.1548 0.25 1.96 � 10�4 1.0 � 10�4 0.0327
22.0 mM H2O2 7.9 � 10�4 0.1851 0.21 1.64 � 10�4 1.0 � 10�4 0.0273
8.8 mM H2O2 7.9 � 10�4 0.1795 0.21 1.69 � 10�4 1.0 � 10�4 0.0282
4.4 mM H2O2 7.9 � 10�4 0.1828 0.21 1.66 � 10�4 1.0 � 10�4 0.0277
pH ¼ 3.0 7.9 � 10�4 0.1596 0.24 1.90 � 10�4 1.0 � 10�4 0.0317
pH ¼ 5.0 7.9 � 10�4 0.1655 0.23 1.83 � 10�4 1.0 � 10�4 0.0306
pH ¼ 7.0 7.9 � 10�4 0.1548 0.25 1.96 � 10�4 1.0 � 10�4 0.0327
pH ¼ 9.0 7.9 � 10�4 0.1563 0.25 1.94 � 10�4 1.0 � 10�4 0.0324
pH ¼ 11.0 7.9 � 10�4 0.0798 0.48 3.80 � 10�4 1.0 � 10�4 0.0634
Humic acid 7.9 � 10�4 0.0630 0.61 4.82 � 10�4 1.0 � 10�4 0.0803
NO3

� 7.9 � 10�4 0.1591 0.24 1.91 � 10�4 1.0 � 10�4 0.0318

CEE/O has the unit of kWh m�3 order�1; P represents the total electrical power to
drive UV irradiation entering the matrix, kW; t indicates the time which 90% of
targeted contaminant is degraded, h; V is the volume of reaction matrix, m3.
CThe dosages of humic acid and NO3

� are 100 mg L�1.
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4. Conclusion

The degradation of TCEP using UV/H2O2 followed a pseudo-first
order reactionwith a kobs of 0.155min�1, and $OHwas confirmed to
be the dominating active radical species. As the reaction proceeded,
TCEP was transformed to several hydroxylated and dechlorinated
products. The significant activation of critical metabolism pathways
in E. coli cells exposed to degradation intermediate mixture sug-
gested that the toxicity of these degradation products was obvi-
ously weakened. In conclusion, the hydroxylation and
dechlorination of TCEP by UV/H2O2 was effective for its
detoxification.
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