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Abstract

15

As a typical toxic organophosphate and emerging contaminant, tris(2-chloroethyl)

16

phosphate (TCEP) is resistant to conventional water treatment processes. Studies on

17

advanced oxidation processes (AOPs) to degrade TCEP have received increasing

18

attention, but the detailed mechanism is not yet fully understood. This study

19

investigated the mechanistic details of TCEP degradation promoted by ·OH using the

20

density functional theory (DFT) method. Our results demonstrated that in the initial

21

step, energy barriers of the hydrogen abstraction pathways were no more than 7

22

kcal/mol. Cleavage of the P-O or C-Cl bond was verified to be possible to occur, whilst

23

the C-O or C-C cleavage had to overcome an energy barrier above 50 kcal/mol, which

24

was too high for mild experimental conditions. The bond dissociation energy (BDE)

25

combined with the distortion/interaction energy (DIE) analysis disclosed origin of the
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1

1

various reactivities of each site of TCEP. The systematic calculations on the

2

transformation of products generated in the initial step showed remarkable exothermic

3

property. The novel information at molecular level provides insight on how these

4

products are generated and offers valuable theoretical guidance to help develop more

5

effective AOPs to degrade TCEP or other emerging environmental contaminant.

6
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processes

2

1

1. Introduction

2

Due to increasingly stringent safety and environmental regulations and the relatively

3

low cost of production, polybrominated biphenyl ethers flame retardants have gradually

4

been phased-out worldwide and replaced by organophosphate flame retardants (OFRs)

5

(Chen and Bester 2009, Li et al. 2017). Tris(2-chloroethyl) phosphate (TCEP) is one of

6

the most common OFRs. It is used as an annexing agent in industrial products, such as

7

building materials, automobile components, paint, film, shoes, tires and so on, to

8

enhance their fire resistance and thermostability (Kim et al. 2017, Liu et al. 2020,

9

Pantelaki and Voutsa 2019, Reemtsma et al. 2008, Wei et al. 2015). However, recent

10

study (Yang et al. 2018a) demonstrated that TCEP could cause intestinal damage, DNA

11

damage, oxidative stress and other abnormal activity changes in earthworms, and exert

12

stronger toxicity than tricresyl phosphate (TCP) under the same concentrations. TCEP

13

also exhibited neurotoxicity in mammals and interfered with normal physiological and

14

biochemical processes in rats (Yang et al. 2018b). Humans are exposed to TCEP

15

through inhalation, inadvertent ingestion or dermal absorption of dust particles (Pang

16

et al. 2019). A number of studies (Follmann and Wober 2006, Hoffman et al. 2017)

17

confirmed TCEP is an endocrine disruptor and carcinogen. TCEP has been widely

18

released into environment in the world (Antonopoulou et al. 2016, Cui et al. 2017,

19

Greaves and Letcher 2017, Ma et al. 2017, Pang et al. 2019, Sorensen et al. 2015).

20

Considerable TCEP has been reported to present in drinking water (Ye et al. 2017),

21

waste water (Greaves and Letcher 2017, Kim et al. 2017), natural groundwater

22

(Antonopoulou et al. 2016, Wolschke et al. 2015) and even human milk (Cechova et

23

al. 2017). Consequently, TCEP has been included in the European Commission second

24

priority list (Kim et al. 2013, Tang et al. 2018) and the candidate list of Substance of

25

Very High Concern for Authorization (ECHA 2010). In order to develop appropriate

26

water and wastewater treatment technology, the toxicology of TCEP and its potential
3

1

threat to the eco-environment have to be properly understood.

2

Technically, TCEP, as one category of emerging environmental contaminants (Yang

3

et al. 2019), is completely recalcitrant to the conventional water and wastewater

4

treatment due to its relatively high-water solubility and non-degradability. However,

5

advanced oxidation processes (AOPs), such as UV/TiO2 (Abdullah and O’Shea 2019,

6

Alvarez-Corena et al. 2016, Ye et al. 2017), UV/H2O2 (Liu et al. 2018b), the Fenton

7

processes (Liu et al. 2020, Wu et al. 2018) including microwave (MW) enhanced

8

Fenton process (Du et al. 2018) have been demonstrated to be viable and effective

9

options to attenuate TCEP in a wide concentration range (Miklos et al. 2018, Salimi et

10

al. 2017, Xu et al. 2017). Scientific consensus is that the hydroxyl radical (OH·) is the

11

common key feature of the above mentioned AOPs for TCEP degradation, due to the

12

fact that OH· is one of the most oxidative radical, second only to the fluorine atom

13

(Miklos et al. 2018, Navalon et al. 2010). This is also found in the decomposition of

14

most organic compounds (Biard et al. 2018, Ike et al. 2019, Rusevova Crincoli and

15

Huling 2020). The possible routes for OH· generation in various AOPs were

16

summarized in Table 1. For example, when H2O2 in solution of the Fenton reactions

17

was exposed to the MW irradiation, it generated extra OH· due to the molecular

18

stimulation to high vibrational and rotational energy levels, leading to the enhanced

19

TCEP degradation (Du et al. 2018).

20
21
22
23
24
25
26

Table 1. Possible mechanism for generation of OH· in various AOPs
4

AOPs

Proposed OH· generation mechanism

References

TiO2 + hv → e– + h+
h+ + H2O →OH· + H+
h++ OH– → OH·
UV/TiO2

e- + O2 → O2•–
•–

+

O2 + H → OOH·

(Ye et al. 2017,
Zhanqi et al. 2007)

2OOH·→ O2 + H2O2
H2O2 + O2•– →OH·+ OH– + O2
H2O2 + hv → 2OH·
OH· + H2O2 → OOH· + H2O
UV/H2O2

OOH·+ H2O2 →OH· + H2O + O2
2OOH· → O2 + H2O2

(Chen et al. 2019b,
Liu et al. 2018a)

OOH· + OH· → H2O + O2
Fenton process
MW enhanced
Fenton process

Fe2+ + H2O2 + H+ → Fe3+ + OH· + H2O

MW+ H2O2 → 2OH· + H2O

(Zhang and Zhou
2019)
(Du et al. 2018,
Miklos et al. 2018)

1
2

Unfortunately only limited theoretical investigations on the mechanism of detailed

3

degradation have been reported compare to the extensive technical and applied studies

4

(Li et al. 2017, Li et al. 2018b, Luo et al. 2018, Zhou et al. 2018). Li et al. (Li et al.

5

2017) investigated the ·OH initiated oxidation of tris(2-chloroisopropyl) phosphate

6

(TCPP), another type of OFR with similar structure to TCEP, but it focused mainly on

7

the atmospheric transformation kinetics and the removal mechanisms of TCPP initiated

8

by OH·. Density functional theory (DFT) is a widely used mechanical modeling

9

technique in quantum chemistry for investigation of the electronic structures of
5

1

multiple-component systems with high accuracy and low computational time (da Silva

2

et al. 2020); it is poorly employed in the environmental field so far but it’s believed a

3

robust and powerful tool to understand the in-depth treatment mechanism of pollutants

4

at molecular level. To the best of our knowledge, nothing is reported on the systematic

5

theoretical investigations toward the OH· intiated degradation of TCEP in water field

6

using the DFT protocol.

7

However, several studies have been conducted to validate these reactive mechanisms

8

by using the high-resolution experimental analytic techniques, such as GC-MS, HPLC-

9

MS/MS, Q-TOF, NMR spectrometer (Abdullah and O’Shea 2019, Chen et al. 2019b,

10

Du et al. 2018, Liu et al. 2020, Liu et al. 2018b, Wu et al. 2018, Ye et al. 2017). These

11

studies indicated two possible pathways for the initial step of TCEP degradation,

12

namely the hydrogen abstraction initiated pathway (HAP) and the ·OH attack initiated

13

pathway (RAP), as illustrated in Figure 1. There was only limited information available

14

on the mechanistic details so far.

15
16

Figure 1. The HAP and RAP mechanism at initial stage of TCEP degradation

17

promoted by the ·OH.

18
19

Additional degradation compounds other than the RAP and HAP reaction products
6

1

can be detected via various techniques as listed in Table 2. Much uncertainty exists in

2

how they are generated and what causes the differences in intensities of the detected

3

intermediates. The DFT protocol has been demonstrated as one of the most efficient

4

methods at the molecular level (Bai et al. 2019a, Bai et al. 2019b, Chen et al. 2019a, Li

5

et al. 2020b, Ran et al. 2016, Zhang et al. 2019); it can provide important information

6

that helps to understand the removal process of emerging contaminants such as TCEP

7

using AOPs and evaluate the toxicology of the intermediates products (Zhang and Zhou

8

2019, Zhanqi et al. 2007).

9

The electronic structures of chemical species, their transformation details in the

10

chemical reactions and environmental controls in the treatment processes can be

11

quantified in details using DFT (Ghosh et al. 2018). For example, the active sites on

12

diclofenac molecule that are attacked preferentially by radicals have been correctly

13

predicted based on their high Fukui index. For given reactive conditions, the DFT

14

modelling also helped to explain the preferred degradation pathways of complicated

15

chemical reactions (Liu et al. 2019). As for the hydrogen evolution related to chemical

16

reaction processes caused by the transitional metals doped tungsten phosphide

17

electrocatalysts, the DFT calculations demonstrated that the cobalt dopant

18

simultaneously facilitates the water dissociation and the hydrogen adsorption processes

19

(Wang et al. 2019). Dzade et al. also reported the structures and properties of the

20

adsorption complexes of As(OH)3 on FeS surfaces by the DFT calculations (Dzade et

21

al. 2017).

22

Our research group has carried out extensive laboratory and field-based

23

investigations on the degradation of various organic compounds in aqueous

24

environment using dominantly fingerprinting techniques of analytical chemistry

25

(Ahmad et al. 2020, Song et al. 2018, Zhang et al. 2018, Wen et al. 2015, Traverso et

26

al. 2014). These provided a sound foundation for further DFT modelling practice.
7

1

Previously, DFT has been successful applied to study catalytic mechanism and

2

selectivity of organic reactions (Bai et al. 2018, Wang et al. 2018). The degradation of

3

TCPP initiated by ·OH revealed by DFT that the HAP mechanism is most favorable as

4

water provided a negative role in the degradation by modifying the stabilities of

5

prereactive complexes via forming hydrogen bonds (Li et al. 2017). The potential

6

reactive

7

organophosphate flame retardants were identified based on the DFT calculations,

8

combined with frontier molecular orbital (FMO) and natural population analysis (NPA)

9

analyses (Li et al. 2020). This research aims to provide an understanding of chemical

10

species evolution during the environmental degradation of TCEP during the AOPs. The

11

key objectives are to: (1) investigate the major pathways for the TCEP degradation

12

under AOPs conditions; (2) identify and confirm the two specific processes, the

13

hydrogen abstraction-initiated pathway (HAP) and the ·OH attack-initiated pathway

14

(RAP) of the TCEP degradation; (3) model the possible and potential degradation

15

products of TCEP during the AOPs; and (4) investigate the prospective of using the

16

DFT modelling for the degradation of emerging contaminants in water and wastewater

17

treatment systems.

sites

of

4-chloro-3,5-dimethylphenol

8

(PCMX)

in

degradation

of

Table 2. The experimentally detected intermediates of TCEP degradation in AOPs.
Producta

A
(M11)

B
(M41)

Molecular formula

C4H9Cl2O4P

C6H13Cl2O5P

Molecular weight

Proposed structure

222.99

267.04

Observed by

Refs.

Time-of-Flight

(Abdullah and O’Shea 2019,

HRMS,

Chen et al. 2019b, Du et al.

FT-ICR MS,

2018, Liu et al. 2020, Liu et

GC-MS

al. 2018b, Wu et al. 2018,

NMR spectrometer

Ye et al. 2017)

Time-of-Flight

(Chen et al. 2019b, Liu et al.

HRMS,

2020, Liu et al. 2018b, Wu

FT-ICR MS

et al. 2018, Ye et al. 2017)

Time-of-Flight
C
(Ma1)

C2H6ClO4P

HRMS,

160.49

FT-ICR MS,
NMR spectrometer

9

(Abdullah and O’Shea 2019,
Liu et al. 2020, Liu et al.
2018b, Ye et al. 2017)

D
(Ma2)
E
(Mb2)
F
(Mc4)
G
(Ms1)
H
(Ms2)
I
(Ms9)
J
(Mb6')

GC-MS,

(Du et al. 2018, Liu et al.

IC

2018b, Ye et al. 2017)

186.03

FT-ICR MS

(Wu et al. 2018)

254.99

FT-ICR MS

(Wu et al. 2018)

H3PO4

98.00

C4H8O6P

C4H9Cl2O6P

(Du et al. 2018, Liu et al.

C2H5ClO

80.51

GC-MS

C2H6O2

62.07

GC-MS

(Du et al. 2018)

C2H2O4

90.03

GC-MS

(Du et al. 2018)

C6H11Cl2O6P

281.03

FT-ICR MS

10

2020)

(Chen et al. 2019b, Liu et al.
2020, Wu et al. 2018)

K
(Mb7')

C4H8ClO6P

218.53

FT-ICR MS

(Wu et al. 2018)
(Abdullah and O’Shea 2019,

L

Cl-

36.46

/

IC

Liu et al. 2020, Liu et al.
2018b, Ye et al. 2017)

a

: Denotation in parentheses represents the one we used in this systematic DFT study.
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1

2. Computational Methodology

2

2.1. Environmental implication of the TCEP degradation in AOPs

3

Due to its unique chemical structure, TCEP is not easily degraded and likely to

4

accumulate in the water environment leading to wide spread problem for

5

water/wastewater treatment. However, TCEP can be eliminated by strong oxidizing

6

hydroxyl radicals that are widely present in the AOP based technologies. Majority of

7

the research on the degradation of TCEP by AOPs focuses mainly in laboratory macro

8

scale, whereas there is a dearth of information on the reaction sites and pathways of

9

catalytic oxidation by ·OH on molecular level. Based on all above-mentioned

10

experimental results and our research experience, the most widely used quantum

11

chemical DFT method is selected to predict possible pathways of the oxidative

12

degradation of TCEP by hydroxyl radicals. This will provide better understanding of

13

the reactive mechanism of emerging contaminants in water/wastewater treatment.

14

2.2. DFT modelling protocol

15

To apply the DFT modelling approach in such an environmental setting at molecular

16

level, follow protocol was adopted. Firstly, data of all the intermediates and products of

17

TCEP degraded by ·OH was collected from the previous data and literature (see Table

18

2 for more details). Secondly, the reaction sites and possible degradation pathways were

19

proposed according to the experimental results. Finally, the structures of the compounds

20

involved were optimized, and the Gibbs free energy profiles of the speculated

21

degradation pathways were calculated to provide insights into the possible degradation

22

mechanism of TCEP.

23

2.3. Computational details

24

All theoretical calculations were carried out using the Gaussian 09 suit of program

25

(Frisch et al. 2010). The structures of all stationary points involved in this study were

26

optimized using the M06-2X (Zhao and Truhlar 2006) functional and the basis set (Dill
12

1

and Pople 1975, Hehre et al. 1972), with the solvent effects of the simulated water by

2

the SMD solvation model developed by Truhlar group (Marenich et al. 2009). It should

3

be noted that the computational level of M06-2X/6-311++G(d, p)/SMDwater was

4

selected based on following three reasons.

5

(1) It has been well and widely demonstrated (Bai et al. 2019a, Li et al. 2020a, Wang

6

et al. 2017) that the Minnesota M06-2X functional combined with the triple-ξ split-

7

valence basis set 6-311++G(d, p) works well in predicting rational reaction

8

pathways and correct selectivities of various catalytic reactions. The insight

9

understanding of origins of various selectivities through various analytical theories

10

at molecular level can be obtained, which is valuable for design of new catalyst

11

with higher efficiency or better selectivity in AOPs.

12

(2) For degradation of OFRs and other organic pollutants (Li et al. 2017, Li et al. 2018a,

13

Li et al. 2020b, Li et al. 2018b, Li et al. 2020c, Luo et al. 2018, Zhou et al. 2018),

14

there have been a number of DFT studies intending predicting possible mechanisms

15

conducted by using the same or even lower level of computational method. In these

16

studies, theoretical predictions were well demonstrated by experimental

17

technologies, and conversely theoretical explorations provided practical molecular

18

guideline to enhanced and improved AOP technology.

19

(3) The suitability of the selected computational method was justified by consistent

20

conclusion about the generation order of intermediates produced in the RAP

21

pathway of TCEP degradation with the experimental detection results of the

22

relative intensity variations (Liu et al. 2018b, Ye et al. 2017). Besides, the other two

23

widely used functions, namely CAM-B3LYP (Yanai et al. 2004) and ωB97X-D

24

(Chai and Head-Gordon 2008), also predict the same barrier order for bond

25

cleavage in the initial step of the RAP pathway.

26

More detailed explanations about the computational level selection can be found in
13

1

supplementary materials. The frequency calculations were performed at the same level,

2

with the temperature set as 298.15 K and the pressure as 1 atm, to ensure each transition

3

state has one and only one imaginary frequency but others have none. The same level

4

of intrinsic reaction coordinate (IRC) (Gonzalez and Schlegel 1989, Gonzalez and

5

Schlegel 1990) calculations were performed to make sure that each transition state led

6

to the expected reactants and products on the potential energy surface.

7

The thermal corrections to the Gibbs free energies (Gcorr) was recalculated using the

8

THERMO program (Fang 2013), free of charge for academic users, to solve the

9

problem of the entropic penalty in thermal corrections based upon the ideal gas-phase

10

model. However the chemical processes for the thermal correction in water/wastewater

11

are often overestimated (Huang et al. 2010, Liang et al. 2008); therefore, all energies

12

discussed in the present study were calculated by adding the electronic energies

13

calculated by Gaussian 09 to the Gcorr so that an improvement to the Fang's atomic radii

14

model can be achieved. Lists of the absolute energies (Table S1) and Cartesian

15

coordinates (Table S2) of all involved structures can be found in supplementary

16

materials.

17

3. Results and Discussion

18

This section was organized as follows, (1) computational results and discussion

19

regarding the mechanistic details of the initial degradation step, including the HAP and

20

RAP routes; (2) fundamental principle analyses by the bond dissociation energy (BDE)

21

and distortion/interaction energy (DIE) analysis for the different activities of each

22

reactive site of TCEP; and (3) a thourough discussion on the proposed mechanism for

23

further transformation of the intermediates generated in the first step, to provide a sound

24

support in unraveling how these detected degradation products lis
14

1
2

ted in Table 2 were yielded.
3.1 The initial step via the HAP and RAP mechanisms.

3

The abstraction of all the four hydrogen atoms (denoted as H6 to H9 respectively,

4

see Figure 2) in one -OCH2CH2Cl chain was calculated in the HAP process. The

5

energies of TCEP + OH· were set as the reference of 0.0 kcal/mol, which was also the

6

energy reference of all other profiles in this work, and the bond lengths were in

7

angstrom in all calculations of this work. Only the detailed process for H6-abstratction

8

was illustrated as a representation as all abstractions were similar. The calculated results

9

demonstrated the process of absorption of TCEP with the ·OH to give the prereactive

10

complex M01, followed by hydrogen transfer from the C3/C4 atom to the ·OH via

11

transition state TS01, and finally release of the TCEP radical M02 and a molecule of

12

water. The theoretically predicted Gibbs energy profiles are given in the lower part of

13

Figure 2. It can be seen that the barriers to abstract the H6-H9 atoms are 6.4, 5.0, 5.0

14

and 5.4 kcal/mol, respectively, and the product lies 25.4, 24.2, 21.8 and 21.1 kcal/mol

15

below the initial reactants, respectively, indicating a very smooth process and its

16

obvious exothermic feature.

15

1
2

Figure 2. Molecular details of the HAP mechanism (H6 abstraction as the

3

representation), and the Gibbs free energy profiles along with the optimized

4

geometries of all transition states involved.

5
6

With regard to the RAP mechanism, the top key question of concern was to asceratin

7

the most active reaction site. Detailed calculations related to the four pathways were

8

conducted (Figure 3), demonstrated attacking of the ·OH to the P1, C3, and C4 atoms

9

to bereak the P1-O2, O2-C3, C3-C4, and C4-Cl5 bonds. The pink and blue numbers in

10

parentheses in Figure 3 are barriers predicted by functional ωB97X-D and CAM-

11

B3LYP respectively. The computational results indicated that the reaction to break the

12

P1-O2 or C4-Cl5 bond (via TS11 or TS41, respectively)I was significantly more

13

energetically favorable than that to make the O2-C3 or C3-C4 bonds dissociated to

14

TS21 or TS31, respectively. This is in a good agreement with previous experiments that
16

1

only the degradation intermediates M11 and M41 (denoted as Products A and B in Table

2

2) were detectd (Liu et al. 2020, Liu et al. 2018b, Ye et al. 2017). Moreover, M11 was

3

demonstrated to be the intermediate with the highest intensity in the UV-driven ·OH

4

oxidation of TCEP. The lowest barrier and the most stable products via TS11 provided

5

a theoretical explanation to this experimental observation. The fundamental reason for

6

various reactivities of these four pathways is considered as the different strengths of

7

these four chemical bonds being broken.

17

Figure 3. Potential reaction pathways of the RAP mechanism (left), and their corresponding Gibbs free energy profiles along with the optimized
geometries of all transition states involved (right).

18

1

The bond dissociation energy (BDE) is the most commonly used thermodynamic

2

quantity to estimate the strength of a organic covalent bond (He et al. 2017,

3

Vleeschouwer et al. 2008). BDE to break the four chemical bonds were calculated

4

through Eq. (1):
(1)

5

BDE(R − R')
= E (R ⋅) + E (R'⋅) − E (TCEP)

6

where E(R·), E(R'·) and E(TCEP) represent the electronic energies of R radical, R'

7

radical and TCEP, respectively. Noteworthy, here R and R' refer generally to two groups

8

at ends of the chemical bond of interest, and do not specifically refer to a certain group.

9
10

Figure 4. Relativity of the theoretically predicted free energy barrier ΔG versus

11

BDEs.

12

Figure 4 presents the relativity study of the theoretically predicted energy barrier

13

versus BDE. When the reaction goes through TS21, TS31 and TS41, the almost linear

14

positive correlation (the Pearson correlation coefficient R equals 0.998) between ΔG

15

and BDE can be clearly demonstrated. However the situation for TS11 seems not in

16

line withthis correlation (outliner) since the relatively large BDE correponds to the

17

lowest energy barrier. In order to understand how each chemical bond has been broken

18

and details of the reaction process, the distortion/ interation energy (DIE) analysis to

19

the four transition states was conducted (Legault et al. 2007). The DIE analysis

20

proposed by Legault et al. is an effective approach to unravel how the reaction barrier
19

1

comes about (Legault et al. 2007). It has been widely used in mechanism and origin of

2

stereoselectivities studies of various organic and catalytic reactions (Bai et al. 2018,

3

Chai and Head-Gordon 2008, Li et al. 2018b, Wen et al. 2015, Zhang et al. 2019). The

4

key process was to decompose the activation energy of the concerned transition state

5

into to two main components: the distortion energy (ΔE≠dist) and interaction energy

6

(ΔE≠int), as shown in Eq. (2). The former represents the geometric and electronic

7

changes to deform the reactants into their geometry in the transition state, which

8

involves bond stretching, angle decrease or increase, dihedral changes and so on. The

9

latter contains exchange-repulsive and stabilizing electrostatic, polarization, and orbital

10

effects in the structures of transition states. The interaction energy can be recovered as

11

follows:

12

∆E ≠ int = ∆E ≠ − ∆E ≠ dist

(2)

13

Accordingly, the relative distortion (noted as ΔΔE≠dist) and interaction energy (as

14

ΔΔE≠int) of the four transition states involved in the RAP mechanism were calculated,

15

and all results were listed in Table 3, with corresponding energy of TS41 set as reference

16

of 0.0 kcal/mol. The results showed that the ·OH did not contribute to the distortion

17

energy, which is reasonbale since it possesses a simple structure. The TCEP moiety in

18

TS11 has the slighest distortion but the most significant interation compared with that

19

in TS21 and TS31, which indicates that although the P1-O2 bond is very strong (similar

20

BDE with the O2-C3 and C3-C4 bonds), the attack by ·OH could lead to relatively

21

small distortion but strong interactions. In regarding TS41, both the positive and

22

negative items are the smallest (because the reaction occurs at the terminal group),

23

resulting in a relatively low energy barrier. Taking all the above into consideration, the

24

reactivity of breaking the O2-C3, C3-C4, and C4-Cl5 bonds correlated linearly with the

25

bond strength, whilst the synergestic effect of the relatively small distortion and strong

26

interaction facilitated the breaking reaction of the P1-O2 bond to occur, inspite of its
20

1

relatively large BDE.

2
3

Table 3. The DIE analysis results to all transition states involved in the RAP

4

mechanism. (Units: kcal/mol)
SP

ΔΔE≠dist

ΔΔE

≠

int

TCEP

·OH

Total

TS11

20.5

0.0

20.5

-23.9

TS21

35.8

0.0

35.8

-13.8

TS31

35.7

0.0

35.7

-7.6

TS41

0.0

0.0

0.0

0.0

5
6

3.2 Further transformation

7

In addition to the intermediates (Products A and B as listed in Table 2) generated by

8

the RAP reaction, a number of products by further degradation have been reported

9

(Products C to K as listed in Table 2). Detailed computational results on how these

10

products are being generated through Paths I and IV (Figure 3) are presented here.

11

Based upon the systematic molecular calculations, the potential intensive degradation

12

mechanism of TCEP can be achieved, which would support further understanding of

13

the TCEP treatment or even other OFR pollutions by the AOPs technology. Further

14

transformation of the intermediates given through Paths II and III were not considered

15

here because the extremely high energy barrier is required to produce them (ref Figure

16

4).

17

3.2.1 M11

18

As shown in the left part of Figure 5, one of the three 2-chloroethoxy groups has been

19

substituted by hydroxyl groups after the initial RAP reaction. The subsequent

20

transformations of M11 should be degradation of the remaining two branches. Based
21

1

on the computational results of the initial HAP and RAP mechanisms, three possible

2

pathways were proposed, corresponding to the continuous attacks by ·OH to the P1

3

(Path Ia) atom, the successive attack to the C4'/C4'' (Path Ib) atom, and the sequential

4

H9'/H9'' (Path Ic) abstraction. It is noteworthy that the products Ma2, Mb2, and Mc4

5

have been all detected by experimental techniques (Du et al. 2018, Liu et al. 2018b, Wu

6

et al. 2018, Ye et al. 2017), indicating the stable state of these species, with relatively

7

lower Gibbs energy.

22

Figure 5. Potential reaction pathways for further transformation of M11 (left) and their corresponding Gibbs free energy profiles along with the
optimized geometries of all transition states involved (right).

23

1

The theoretically predicted free energy profiles along with the optimized structures

2

of all involved transition states are presented in the right part of Figure 5. It can be seen

3

that the lengths of the forming (P1-O10) and breaking (P1-O2' or P1-O2'') bonds in

4

TSa1 and TSa2 are quite similar. For the Cl radical remove mechanism via TSb1 and

5

TSb2, the lengths of the key bonds (C4'-O10 compared with C4''-O10, and C4'-Cl5'

6

compared with C4''-Cl5'') are identical, which should be due to the very limited steric

7

effect difference by one or two 2-chloroethoxy groups since the reaction occurs at the

8

terminal –CH2Cl group. The results reveal that TSa1 locates only 0.5 kcal/mol below

9

TSb1, and the barriers via TSa2 and TSb2 differ by 4.1 kcal/mol, indicating it is more

10

favorable to give the phosphoric acid product Ma2.

11

Regarding the hydrogen abstraction, only the example involving H9' and H9'' was

12

calculated as the barriers of all the methylene hydrogen abstraction are quite

13

approximate (Figure 2) and the corresponding product Mc4 has been detected. The

14

whole process was supposed to proceed through the following steps: absorption of

15

the ·OH to give Mc1, H9' abstraction to form a methylene radical Mc2, oxidation by

16

another ·OH to give the quenching product Mc3, and finally an analogous process to

17

deform the third branch to generate Mc4. Similarly, H abstraction (5.1 kcal/mol via

18

TSc1) is much more energetically favorable than the ·OH attack (28.0/28.5 kcal/mol

19

via TSa1/TSb1, respectively), both dynamically and thermodynamically. Moreover,

20

the radical quenching leads to a drastic energy releasing of almost 100 kcal/mol,

21

indicating a significant forward reaction tendency.

22

Since the hydrogen abstraction was energetically more favorable than the ·OH attack

23

mechanism, it is surprising to detect both Ma2 and Mb2 as the products. Actually, one

24

of the aims of this work was to understand the generation mechanism of the degradation

25

products. There is no, as far as we know, experimental demonstration of further reaction

26

of the HAP mechanism, therefore, we would not conduct studies to further processes of
24

1

the HAP reaction. In regard to reasons that the degradation could not be continued after

2

the HAP initiation, it might attributed to the following two aspects. (a) It is inadequate

3

to break the stubborn structure of TCEP with only one hydrogen atom being abstracted.

4

Namely, TCEP cannot be essentially activated through HAP initiation. In contrast, the

5

SN2 attack via the RAP reaction directly destroys the skeleton of TCEP, resulting in its

6

complete activation. (b) The barrier of reverse reaction of the hydrogen abstraction was

7

around 25 kcal/mol as shown in Figure 2, which was easy to be overcome under

8

experimental conditions of most AOPs. However, due to activation by the initial RAP

9

reaction, the further transformations of the generated intermediates became feasible and

10

were demonstrated to be significantly exothermic processes (Figs. 5-7 in the following

11

sections), which facilitated the complete degradation of TCEP and inhibited the

12

accumulation of the hydrogen abstraction products (M02 in Fig. 2) from the

13

thermodynamic principle.

14
15

3.2.2 M12

16

A possible mechanism for further transformation of the 2-chloroethoxy radical M12

17

was proposed, which gives Ms1, Ms2, and Ms10 (Products G to I listed in Table 2) as

18

shown in Figure 6.

19

Firstly, M12 is reduced by an H2O molecule, then the given intermediate Ms1 reacts

20

with the ·OH to release the terminal Cl radical. Subsequently, the glycol Ms2 is

21

transformed to the 2-hydroxyacetic acid Ms9 by undergoing successive chemical

22

processes including the H8 abstraction, generation of the ethane triol by radical

23

quenching with the ·OH, triol hydrogen abstraction/1,2-H shift/water remove or H9

24

abstraction/water remove. Finally, the other alcohol group as in Ms9 is oxidized to

25

carboxyl group as in Ms10 by undergoing a similar process (calculations not

26

conducted).
25

1

The computational results reveal that the transformation from M12 to Ms1 requires

2

energy of 15.3 kcal/mol, which can be overcome easily under mild conditions. The

3

barriers of the subsequent processes of releasing the Cl radical (29.1 kcal/mol) and the

4

H8 abstract (3.9 kcal/mol) have similar magnitudes to that via TS41 (28.5 kcal/mol in

5

Figure 3) and TS01 (5.0 kcal/mol in Figure 2), respectively. Then the absorption of

6

an ·OH to quench the radical of Ms4 results in a significant release of energy of 93.4

7

kcal/mol. For the activation of Ms5 by the ·OH, the abstraction of the H9 atom via

8

TSs5 is shown to be more energetically favorable than the extraction of the hydrogen

9

atom from the triol via TSs3. The 1,2-H shift of the H9 atom via TSs4 requires energy

10

barrier of 24.1 kcal/mol, which is much higher than that via TSs5. We conclude that the

11

direct H9 abstraction pathway should be more reasonable for transformation of Ms5 to

12

Ms8. Finally, the Ms8 radical is stabilized by another molecule of ·OH to furnish the

13

carboxyl acid Ms9, with release of energy of more than 100 kcal/mol. The oxalic acid

14

Ms10 is predicted to locate about 240 kcal/mol lower than Ms9, indicating remarkable

15

tendency of the transformation. Our results help to provide better understanding of the

16

possible mechanism in the formation of the degradation products Ms1, Ms2 and Ms10.

26

Figure 6. The possible reaction pathways for further transformation of M12 (left), and their corresponding Gibbs free energy profiles along with
the optimized geometries of all transition states involved (right).

27

1

3.2.3 M41

2

On account of the comparable barrier via TS41 to that via TS11 (Figure 3), possible

3

routes for further transformation of M41 were also proposed, based on the conversion

4

mechanism of Ms2. The whole process is presumed to begin from the H9 abstraction

5

via TSd1, followed by quenching with the ·OH to give the diol Md3 as illustrated in

6

Figure 7. By extracting one of the diol hydrogens or the H8 atom, the intermediate Md6

7

is formed, which interacts with the ·OH to generate the carboxyl acid Md7. Finally,

8

another ·OH attacks the P1 atom to release a molecule of M12, giving rise to the product

9

Md8. The computational results support the very low barrier of H9 abstraction (3.0

10

kcal/mol), the energetic favor of the direct H8 abstraction (2.1 kcal/mol) over the

11

successive hydrogen abstraction/1,2-H shift mechanism (5.3/22.9 kcal/mol,

12

respectively), and the remarkable exothermic property.

13

28

Figure 7. The possible reaction pathways for further transformation of M41 (left), and their corresponding Gibbs free energy profiles along with
the optimized geometries of all transition states involved (right).

29

3.3 Functional groups in the AOP degradation pathways
Alcohols, aldehydes, ketones, carboxylic acid products were reported as
intermediates in extensive studies on the degradation of organic environmental
pollutants in AOPs promoted by ·OH (Chen et al. 2019b, Liu et al. 2018c, Luo et al.
2018, Lv et al. 2016, Wang et al. 2020, Xiao et al. 2017). For example, hydroquinone,
catechol, resorcinol occurred during the degradation of phenol by ·OH (Lv et al. 2016).
According to the DFT study to mechanism of TCEP degradation in AOPs, more insights
can be obtained into how these chemical species produced. Specifically, it can be
inferred that the H abstraction followed by radical quenching can be a possible pathway
to transfer alkyl to alcohol (Figure 8(a)), the successive H abstraction/radical quenching
processes can transfer the –CH2 group to aldehyde (Figure 8(b)) or ketone (Figure 8(c)),
and the terminal –CH3 group to carboxylic acid (Figure 8(d)). The direct attack of
the ·OH to the P center should be a rational pathway to degrade OFRs (Figure 8(e))
when the radical is inadequate. Therefore, the DFT modelling is valuable for getting
better understanding to degradation processes of OFRs in AOPs, or even other
pollutions promoted by ·OH.

Figure 8. The possible pathways for formation of (a) alcohol, (b) aldehyde, (c)
ketone, (d) carboxylic acid, and (e) phosphodiester.

30

4. Conclusions
By using the DFT method this work investigates the following mechanism of TCEP
degradation: the H abstractions (HAP) first proceed through a prereactive complex,
followed by a transition state and finally the production of the TCEP-radical along with
a water molecule. All transition states are located less than 4 kcal/mol above the initial
reactants, indicating the very fast processes. If the degradation undergoes the ·OH
attack pathway (RAP), the carbon adjacent to the oxygen atom is revealed to be
unreactive, while the barriers of attack onto the P1 atom to break the P-O bond or onto
the terminal carbon atom to cleavage the C-Cl bond are both reasonable values for mild
experimental conditions. In addition, the study indicates further transformation of the
given intermediates by Path I and Path IV of the RAP mechanism. All the proposed
conversion pathways were demonstrated to be reasonable for the experimental
conditions and significantly exothermic, implying remarkable tendency of the forward
reaction. The DFT approach provided an important insight on how these experimentally
detected degradation products were generated. This work offers a theoretical guide for
further research on the TCEP degradation, especially in the advanced oxidation
processes.
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