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Abstract: A comprehensive 3D-quantitative structure–activity relationship (QSAR) pharmacophore
model was constructed using the values of comprehensive biodegradation/photodegradation
effects of 17 organophosphorus flame retardants (OPFRs) evaluated by a normalization method to
modify OPFRs with high biodegradation/photodegradation, taking tris(chloro-isopropyl) phosphate
(TCPP), tris(2-chloroethyl) phosphate (TCEP) and tris(1-chloro-2-propyl) phosphate (TCIPP)—which
occur frequently in the environment, and are the most difficult to degrade as target molecules.
OPFR-derivative molecules TCPP–OH shows the highest improvement in biodegradation and
photodegradation (55.48% and 46.37%, respectively). On simulating the biodegradation path and
photodegradation path, it is found that the energy barrier of TCPP–OH for phosphate bond cleavage
is reduced by 15.73% and 52.52% compared to TCPP after modification, respectively. Finally,
in order to further significantly improve its biodegradability and photodegradation, the efficiency
enhancement in the biodegradation and photodegradation of TCPP–OH are analyzed under the
simulated environment by molecular dynamics and polarizable continuum model, respectively.
The results of molecular dynamics show that the biodegradation efficiency of the TCPP–OH increased
by 75.52% compared to TCPP. The UV spectral transition energy (4.07 eV) of TCPP–OH under the
influence of hydrogen peroxide solvation effect is 44.23% lower than the actual transition energy
(7.29 eV) of TCPP.

Keywords: organophosphorus fire retardant; biodegradation; photodegradation; normalization
method; 3D-QSAR pharmacophore model; molecular dynamics; polarizable continuum model

1. Introduction

The plasticity and heat resistance of plastic products are often enhanced by the addition of
plasticizers and flame retardants during synthesis. The gradual elimination of brominated flame
retardants (BFRs) led to its replacement by organophosphorus flame retardants (OPFRs), whose usage
increased from about 3 × 105 to 1 × 106 t [1]. Based on their usage, OPFRs are divided into two types,
namely, additive and reactive. The additive type adds OPFRs to polymer materials through physical
mixing rather than chemical bonding and is thus exposed to the surroundings through volatilization,
leaching, abrasion and dissolution [2]. The additive OPFRs volatilize easily from furniture and
textiles to indoor air. The reactive OPFRs are chemically bonded to the polymer. Thus, they are
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stable, and possess a persistent plasticizing effect. Although non-volatile, reactive OPFRs from broken
building materials and microplastics can flow into waste water treatment plants (WWTPs), rivers and
oceans. The extensive use of OPFRs is likely to increase environmental pollution [3,4].

The frequent detection and persistence of OPFRs in the environment suggest that human
beings can be exposed to OPFRs through different ways such as ingestion (inhalation) of indoor
dust and consumption of contaminated food or drinking water [5–7]. Long-term exposure and
accumulation of OPFRs in animals and humans may lead to adverse reactions, including renal toxicity,
neurotoxicity, reproductive toxicity, carcinogenicity and endocrine disruption [8–11]. Lipophilic OPFRs
are bioaccumulative, as seen from their detection in human hair, nails, urine and breast milk [12–15].
In addition, chlorinated OPFRs such as tris(2-chloroethyl) phosphate (TCEP), tris(1-chloro-2-propyl)
phosphate (TCIPP) and tris(1, 3-dichloro-2-propyl) phosphate (TDCPP) were found to be neurotoxic
and carcinogenic [16,17].

Considering the harmful effects of OPFRs, it is necessary to develop a reasonable method
for its removal from the environment. Currently, the mainstream methods for the elimination of
OPFRs include biodegradation activated sludge and phototransformation. Cristale et al. showed the
degradation rate of OPFRs upon the conventional activated sludge treatment of WWTPs was just 49%,
with 1% deposited in the sludge, and up to 50% discharged into freshwater or marine environment
through sewage treatment plants [18]. Chlorinated OPFRs like TCEP, TCIPP, TDCPP, etc. are the most
difficult compounds to undergo biodegradation. The traditional activated sludge process has a high
removal rate (57–86) for alkyl and aryl OPFRs, while there is no remarkable degradation effect on
chlorinated OPFRs. A process designed by the University of Cape Town was able to remove only
12.3% TCEP and 11.8% tris(chloro-isopropyl)phosphate (TCPP) [19]. TCPP is the most prevalent
emerging pollutant in the European Union wastewater, accounting for about 80% of the European
chlorinated OPFRs, with TCPP concentrations in surface water, groundwater and drinking water rising
to 24 mg L−1 [5,20,21]. In a study, effluent samples were collected from the WWTPs in seven cities
located in four different countries of Europe. Two chlorinated OPFRs—namely, TCPP and TCEP—were
detected in most of the samples [22], indicating that the degradation of OPFRs by the sewage treatment
plants in many European countries is not effective enough.

Given the insufficient degradation, researchers optimized the external conditions for the
biodegradation/photodegradation of OPFRs. Ozonation and ultraviolet (UV)/H2O2 processes were
implemented into the existing effluent treatment techniques of WWTPs to transform OPFRs by
phototransformation. The alkyl OPFRs, namely tris(2-butoxyethyl) phosphate (TBOEP) and tributyl
phosphate (TNBP) in sewage could be effectively eliminated by O3 and UV/H2O2, but the degradation
of chlorinated OPFRs (TCEP, TCIPP and TDCPP) was not effective enough [18,22,23]. Therefore,
this study uses chlorinated OPFRs such as TCPP, TCEP and TCIPP as target molecules to develop
a new method for the construction of a comprehensive effect model that takes into account the
biodegradation and photodegradation of OPFRs, based on a standardized method. The comprehensive
effect model is used to perform molecular modifications for the development of environment-friendly
OPFRs having high biodegradation/photodegradation efficiency, which improves the environmental
removal rate. Considering the external conditions of biodegradation and photodegradation of target
molecules in the real environment, molecular dynamics simulations assisted with Taguchi experimental
design and UV spectrum calculation based on the solvation effect by density functional theory
(DFT) are used for further enhancement of biodegradation/photodegradation efficiency of OPFRs
derivatives. Thus, the degradation efficiency of OPFRs and their new designed derivatives in the real
environment are significantly improved so as to account for the limitations of environmental removal
and provide a new idea and method for the degradation of environment-friendly organophosphorus
flame retardant materials.
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2. Materials and Methods

2.1. Calculation of Photodegradation and Functional Properties of OPFR Molecules—Density Functional
Theory (DFT) Method

The time-dependent density functional theory (TD-DFT) was used to calculate UV spectral
information of OPFR molecules. First, the TD-DFT B3LYP (a calculation method of hybrid functionals)
calculations were performed at the 6–31 g (d) basis set level using Gaussian 09 software (Gaussian, Inc.,
PA, America) to optimize the ground-state molecules. The UV spectra of OPFRs were calculated under
optimal conditions, and the corresponding wavelength (λ) and energy required for the transition of
22 OPFR homologs to their first excited state were obtained. The energy required for the first excited
state transition of OPFRs from the UV spectrum was used to characterize the photodegradation ability
of these molecules. As energy decreases, the photodegradation efficiency increases [24]. The energies
required for the first excited state transition of 22 OPFRs from the UV spectrum are shown in Table 1.

Table 1. Comprehensive effect evaluation values of biodegradation and photodegradation of
organophosphorus flame retardants (OPFRs).

OPFRs Biodegradation
∆Gbind (kJ/mol)

Efficacy
Coefficient

RS1,i

Photodegradation
Energy

(eV)

Efficacy
Coefficient

RS2,i

Comprehensive
Evaluation Values

C

TCEP a
−123.731 1.168 7.2805 0.992 1.08

TCIPP a
−144.537 1.000 7.2211 1.000 1.00

TCPP a
−41.842 3.454 7.2874 0.991 2.22

TDCIPP −144.5 1.000 7.1323 0.988 0.99
TDCPP

a −203.57 1.408 7.1821 0.995 1.20

TPHP a
−190.952 1.321 5.4695 0.757 1.04

EHDPP
a −196.153 1.357 5.4015 0.748 1.05

TEP a
−219.226 1.517 5.3858 0.746 1.13

TBOEP −84.125 1.718 7.6896 0.939 1.33
TEHP a

−268.708 1.859 8.2033 0.880 1.37
TPrP a

−22.103 6.539 8.2739 0.873 3.71
BdPhP a

−180.854 1.251 5.4003 0.748 1.00
TMP a

−19.82 7.292 8.1823 0.883 4.09
TiBP a

−148.43 1.027 8.1651 0.884 0.96
TPeP a

−74.236 1.947 8.3083 0.869 1.41
TnPP a

−9.191 15.726 8.1795 0.883 8.30
TmTP −219.036 1.515 5.2731 0.730 1.12
TpTP −259.422 1.795 5.2399 0.726 1.26

TBPP a
−88.759 1.628 4.3292 0.600 1.11

TiPP −112.943 1.280 8.1537 0.886 1.08
CDPP a

−208.576 1.443 5.3779 0.745 1.09
IDPP a

−255.722 1.769 5.3928 0.747 1.26

The full name of abbreviations of OPFRs are shown at Abbreviation Index; a represents the 17 molecules as training
set to obtain the pharmacophore model for comprehensive biodegradation/photodegradation effects of OPFRs.

In order to further significantly improve the photodegradation of OPFR derivatives, the efficiency
enhancement in the photodegradation of TCPP–OH (which showed the highest improvement in
photodegradation) was analyzed under the simulated environment by polarizable continuum model
(PCM). The UV spectral information of TCPP and TCPP–OH in hydrogen peroxide solvent that
generated hydroxyl radicals was calculated using the PCM based on the self-consistent reaction
field (SCRF) theory at B3LYP/6–31 g (d) basis set level. The information from the UV spectrum was
used to analyze the enhancement of photodegradation under the solvation effect of OPFRs and their
derivatives [24,25]. The Gibbs free energy (∆G) and reaction energy barrier (∆E) of OPFRs and their
derivative molecules in biodegradation and photodegradation reactions at B3LYP/6–31 g (d) basis set
level were computed, as shown in Formulas (1) and (2).

∆G = ΣG(product) − ΣG(reactant) (1)
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∆G = E(TS) − ΣE(reactant) (2)

where TS in Formula (2) represents the transient state. The TS of the substitution reactions have a
single virtual frequency and the reaction paths are validated by the intrinsic reaction coordinates (IRC).

The functional characteristics of OPFRs before and after molecular modification were evaluated
by the energy gap (eV), total energy (a.u.), positive frequency value and fire resistance. The energy gap
value refers to the energy difference between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). The conductivity decreased with an increase in the
energy gap [26]. The energy value and positive frequency value represent the stability of OPFRs in the
environment [27]. The B3LYP/6–31 g (d) basis set level was used to calculate the molecular energy gap,
energy value and positive frequency value of OPFRs before and after molecular modification.

The gas products formed by the pyrolysis of OPFRs contain free radical PO• which could capture
H• and •OH free radicals from the flame and thus reduce their concentration. H• and •OH could
inhibit the combustion chain reaction, and eventually slows down or terminates the combustion
process. The P–O bond cleavage is the core of the flame retardant reaction; hence the flame retardant
efficiency of OPFR is related to the strength of the P–O bond. Therefore, the P–O bond dissociation
enthalpies of OPFRs were selected as the parameters for the evaluation of flame retardancy. As the P–O
bond dissociation enthalpy of OPFR decreased, there was an enhancement in the flame retardancy [28].
The dissociation enthalpy was calculated using the following formula:

Dissociation enthalpy(P−O) = (O) + H0
298(P) −H0

298(OP) (3)

H0
298 = E + ∆ZPE + ∆Htrans + ∆Hrot + ∆Hvib + OT (4)

where ZPE is the zero-point energy, ∆Htrans, ∆Hrot and ∆Hvib, respectively represent the contribution
of translation, rotation and vibration to energy, and T(K) is the specific temperature.

2.2. Characterization Method for the Comprehensive Biodegradation/Photodegradation Effect Values of OPFR
Molecules—Normalization Method

The actual values of biodegradation and photodegradation effects of OPFR molecules were
converted into dimensionless efficacy coefficients, RS1,i and RS2,i, respectively, by using Formula
(5) of the normalization method. The purpose of this study was to improve the biodegradability
and photodegradation of OPFR molecules without distinction. Thus, the biodegradation and
photodegradation weights (w) were selected to be 50%. Based on the set index weight, the comprehensive
effect evaluation values represented by C (in Table 1) of biodegradation/photodegradation of OPFRs were
calculated using Formula (6). These values were used to evaluate the biodegradation/photodegradation
effects of OPFR molecules.

RS, j =
min
{
x∗i , T
}

max
{
x∗i , T
} (5)

where T represents the target or ideal value in the given data, which is taken as the median of the data,
x∗ =

{
x∗1, x∗2, . . . , x∗n

}
represents the single effect value for the binding free energy of OPFR molecule

binding to its degrading enzyme and x∗i is the binding free energy value of the ith OPFR molecular
binding to its degrading enzyme.

C = wa×RS1,i + wa×RS2,i (6)

where RS1,i and RS2,i represent the dimensionless values for the biodegradation and photodegradation
effects of OPFR molecules, respectively, which are transformed by the normalization method. As the
comprehensive parameter decreases, the biodegradation/photodegradation efficiency increases.
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2.3. Enhancement of Degradation Efficiency for OPFR-Derivative Molecules—Molecular Dynamics Method
Assisted with Taguchi Experimental Design

In this study, the structure of proteases was derived from the protein data bank (PDB). The binding
free energy of OPFRs and degrading enzyme (the ID of this degrading enzyme in PDB is 5HRM)
in Sphingobium sp. strain TCM1 represent the biodegradability of OPFRs [29]. Using Gaussian
09 software, DFT B3LYP calculations at 6–31 g (d) basic set level were performed to optimize the
structure of OPFR molecules and their derivatives. The binding free energy (∆Gbind) of 22 OPFR
molecules and receptor proteins were calculated under optimal conditions; the results are shown in
Table 1. Studies have shown that stronger binding free energy between enzyme (PDB ID: 5HRM) and
target molecule makes the biodegradation reaction of OPFRs more favorable [29]. There is stronger
interaction between the degrading enzyme and the target molecule as the binding energy decreases [30].
The binding free energy between the enzyme (PDB ID: 5HRM) and OPFRs was calculated based on
the molecular dynamic simulation module of the Gromacs software in the Dell PowerEdge R7425
server (Berendsen Laboratory, Göttingen University, Göttingen, Germany). The composite system
of enzyme (PDB ID: 5HRM) and OPFR molecules was placed in a cube with a side length of 8.3 nm.
The GROMOS96 43A1 force field was used for molecular constraint, and Na+ was added to neutralize
the system charge. The above composite system was set as a group and the energy minimization
simulations based on the steepest gradient method were performed with the simulated steps set to
100,000. The heat bath and pressure simulation times of the composite system were set to 100 ps,
with a constant standard atmospheric pressure of 1 bar, and the dynamic simulation calculation time
of each level was set to 200 ps [30].

In order to further significantly improve the biodegradability of OPFR derivatives, the efficiency
enhancement in the biodegradation of TCPP–OH (which showed the highest improvement in
biodegradation) was analyzed. The molecular dynamics method assisted with Taguchi experimental
design was used to improve the biodegradation efficiency of the derivative TCPP–OH molecule by
simulating the process of biodegradation in the real environment. The binding free energy between
TCPP–OH and degrading enzyme (PDB ID: 5HRM) that represents the biodegradability of TCPP–OH
was used to determine the optimum external conditions that promote the biodegradation of the
derivative molecule. Former studies have shown that the pH(A), temperature (B), carbon source
methanol (C), acetic acid (D), oxygen promoter concentration (E), voltage gradient (F) and surfactant
concentration (G) affect the biodegradation of OPFRs and other organic compounds [18,31–33].
As a special orthogonal experimental method, Taguchi experimental design is a special orthogonal
experimental method as fewer experiments are required to analyze a large number of variables [34].
In this study, the Taguchi orthogonal experimental design of L26 (37) was conducted by selecting
the external conditions that promote the biodegradation of OPFRs as the variables to generate the
orthogonal experimental table and the appropriate conditions of each variable as the experimental
level. Molecular dynamic simulation for the biodegradation of OPFRs was performed according
to the generated orthogonal experimental table. The binding free energy between the degrading
enzyme (PDB ID: 5HRM) and the derivative TCPP–OH was calculated based on the molecular
dynamic simulation module of the Gromacs software. The composite system of degrading enzyme
(PDB ID: 5HRM) and TCPP–OH-derivative molecules was placed in a cube of 15nm side length, with the
GROMOS96 43A1 force field used for molecular constraint and Na+ added to neutralize the charge of
the system. The above composite system was set as a group and the energy minimization simulation
based on the steepest gradient method was performed. The pressure was set to a constant standard
atmospheric pressure of 1 bar. According to the binding free energy, the optimal external environmental
conditions that efficiently promote the degradation reaction of TCPP–OH with degrading enzyme
were determined. Moreover, the biodegradation process of the derivative molecule TCPP–OH was
simulated under the optimal external environmental condition to evaluate the biodegradation ability
of the new derivative.
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3. Results and Discussion

3.1. Construction and Reliability Test for Biodegradation and Photodegradation Pharmacophore Models of OPFRs

This study used Discovery Studio 4.0 software (BIOVIA™, Vélizy-Villacoublay, France) to
establish a 3D–QSAR pharmacophore model using the quantitative values for the comprehensive
biodegradation/photodegradation effects of OPFR molecules as dependent variables and molecular
structure parameters as independent variables. A total of 17 OPFR (TDCPP, tri(n–propyl) phosphate
(TnPP), cresyl diphenyl phosphate (CDPP), TCEP, tris(p-t-butylphenyl) phosphate (TBPP), tripropyl
phosphate (TPrP), triisobutyl phosphate (TiBP), TCIPP, butyl diphenyl phosphate (BdPhP), triphenyl
phosphate (TPHP), isodecyl diphenyl phosphate (IDPP), trimethyl phosphate (TMP), tripentyl
phosphate (TPeP), tris(2-ethylhexyl) phosphate (TEHP), 2-ethylhexyl diphenyl phosphate (EHDPP),
triethyl phosphate (TEP), TCPP) molecules were randomly selected as the training set to obtain the
pharmacophore model for the comprehensive biodegradation/photodegradation effects by Hypo-Gen
and statistical data (Table 2). The test set consisted of five OPFR molecules for the verification of the
comprehensive effect pharmacophore model (Table 3).

Table 2. Statisticalparametersof thepharmacophoremodel forcomprehensivebiodegradation/photodegradation
effects of OPFRs, constructed with Hypo-Gen.

Model 3D Space Relation of
Hypo-Gen

Hypo
No. Total Cost RMS R2 Features

Pharmacophore model for
comprehensive

biodegradation/photodegradation
effects
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HBA—hydrogen bond acceptor; H—hydrophobic; HA—hydrophobic-aliphatic; RA—aromatic ring.

Table 3. Comprehensive evaluation value comparative results of HypoC1 and OPFR test sets.

OPFRs Fit Value Estimate Active Error

Test set of
comprehensive
model HypoC1

TDCIPP 5.67 1.12 1.92 1.63
TiPP 5.68 1.35 0.98 1.07

TmTP 5.67 1.54 0.98 −1.28
TpTP 5.64 1.65 1.34 −1.26

TBOEP 5.65 1.45 1.22 1.13

As shown in Table 2, Hypo C1 had the best evaluation scores among the nine pharmacophore
models constructed with Hypo-Gen for the comprehensive biodegradation/photodegradation effects
of OPFRs. It had the smallest total cost (75.55) and root-mean-squared (RMS) error (0.24), with the
maximum R2 of 0.90 (>0.7), (Hypo C2, C4, C6 and C8 were not considered because both the RMS
and R2 values were 0). Moreover, the Hypo C1 pharmacophore model had a configuration value of
16.75 (<17), indicating the best predictions for the comprehensive biodegradation/photodegradation
effects of OPFRs. Thus, the significance of the model was established.

The reliability and predictability of the molecular comprehensive biodegradation/photodegradation
effect of OPFRs by Hypo C1 were evaluated using a test set. It was found that there was homogeneity
between Hypo C1 and the five OPFR molecules in the test set with error values of less than 2 (Table 3),
which was within the allowable error range. This indicated the stable predictability of the model in
comparison with the OPFR molecules in the training set. Therefore, the force field information displayed
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by the pharmacophore model Hypo C1 for comprehensive biodegradation/photodegradation effects
was used to modify the target OPFR molecules.

Moreover, the reliability of the molecular modification of OPFRs based on the comprehensive
effect pharmacophore model should be ensured by the employment of single-effect pharmacophore
models for biodegradation and photodegradation and prediction of the activity data (binding free
energy and first excited state transition energy) of each model. This could be used to obtain
OPFR-derivative molecules with improved properties of biodegradation, photodegradation and
comprehensive biodegradation/photodegradation effects depicted by the evaluation values.

By selecting ten OPFR molecules randomly as the training set and three OPFRs as the test set,
the optimal pharmacophore model HypoB1 for the biodegradation effect of OPFRs was established,
with ∆Gbind as the dependent variable and molecular structure parameter as the independent variable.
Similarly, the optimal pharmacophore model Hypo P1 for the photodegradation effect of OPFRs was
obtained. The parameters of the model are listed in Table 4.

Table 4. Optimal pharmacophore model parameters for biodegradation and photodegradation of
OPFR molecules.

Model Name Active Training Set Test Set Configuration R2 Total Cost RMS

HypoB1
−log

∆Gbind
(kJ/mol)

TPeP, TMP,
TCPP, TnPP,
TPrP, BdPhP,

TDCPP, TPHP,
TCIPP, TpTP

TBPP
TiPP

CDPP
13.24 0.77 48.17 0.03

HypoP1 Energy
(eV)

TCEP, TCIPP,
TCPP, TBOEP,
TDCPP, TEHP,

TPrP, TMP,
TiBP, TPeP,

EHDPP
TEP
IDPP

14.29 0.82 50.23 0.20

HypoB1 and HypoP1 had the smallest total cost (48.17 and 50.23), with minimum RMS error
(0.03 and 2.20) and maximum R2 values greater than 0.7 for both models. The configuration values of
HypoB1 and HypoP1 were less than 17, indicating high predictability of the pharmacophore models
HypoB1 and HypoP1 for the biodegradation and photodegradation effects of OPFRs.

3.2. Molecular Modification of OPFRs with High Biologic/Photodegradation Efficiency

Three chlorinated OPFRs molecules, namely, TCPP, TCEP and TCIPP, which are difficult to
undergo biodegradation and photodegradation, were selected to perform molecular modification for
the enhancement of biodegradation/photodegradation efficiency. The Hypo C1 pharmacophore model
was used for the analysis of force fields generated by TCPP, TCEP and TCIPP molecules, to determine
the modified sites and substituent groups in OPFR molecules.

As seen from Figure 1, TCPP, TCEP and TCIPP were affected by hydrogen bond acceptor group
(green) and hydrophobic group (blue). It indicated that the introduction of such groups improves
the activity parameters of the molecule. Moreover, the comprehensive biologic/photodegradation
efficiency enhances as the comprehensive effect evaluation value lowers. Thus, the objective of this
study was to design OPFR derivatives with low biodegradation/photodegradation effect evaluation
value. This required the introduction of hydrogen bond donors and hydrophilic groups at key sites of
the target molecules.
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Nine hydrophilic groups were selected as substituent groups, including hydroxyl (–OH), amino
(–NH2), carboxyl (–COOH), amide (–CONH2), aldehyde (–CHO), phosphate (–PO3H2), acylamino,
(–CONH2),–COOCH3 and sulfonic groups (–SO3H), among which–OH,–NH2,–COOH,–CONH2

and–CHO were both hydrophilic and hydrogen bond donors. Out of these, six hydrogen bond donor
groups were selected, including fluoro (–F), chloro (–Cl), bromo (–Br), nitro (–NO2), carbonyl (–COCH3)
and methoxy (–OCH3).

The pharmacophore model Hypo C1 was used to conduct monosubstituted reactions on TCPP
and TCEP molecules, while mono- and disubstituted reactions on TCIPP molecules. A total of
58-derivative molecules were designed (38 single monosubstituted and 20 disubstituted derivative
molecules), among which the comprehensive biodegradation/photodegradation effect evaluation
values for 19 OPFR derivatives were reduced. The predicted results are shown in Table 5.
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Table 5. Predicted values and variation degree of comprehensive and single biodegradation/photodegradation effect models of OPFR derivatives.

Compound Cpred Fit Value Reduction
Intensity (%)

Bpred
−log ∆Gbind

Increased
Intensity (%)

Ppred
(eV)

Reduction
Intensity (%) Ratio

Before
modification TCPP 2.22 - - 1.62 - 7.29 - -

After
modification

TCPP–OH 1.40 5.75 37.03% 2.52 55.48% 3.91 46.37% 1.20
TCPP–CH2OH 1.24 5.82 44.06% 2.31 42.43% 3.43 52.98% 0.80

TCPP–NH2 1.31 5.93 41.14% 2.57 58.76% 4.60 36.93% 1.59
TCPP–COOH 1.49 5.84 32.94% 2.23 37.69% 4.35 40.38% 0.93
TCPP–CONH2 1.38 5.81 37.90% 2.46 51.89% 4.49 38.37% 1.35
TCPP–CHO 1.52 5.88 31.45% 2.17 34.12% 4.03 44.75% 0.76

TCPP–PO3H2 1.39 5.85 37.38% 2.17 33.88% 4.02 44.88% 0.75
TCPP–COOCH3 1.37 5.84 38.42% 2.58 58.82% 4.59 37.02% 1.59
TCPP–SO3H 1.39 5.85 37.30% 2.17 33.77% 4.67 35.98% 0.94

Before
modification TCEP 1.08 - - 2.09 - 7.28 - -

After
modification

TCEP–OH 1.01 5.84 6.36% 2.89 38.07% 4.50 38.25% 1.00
TCEP–CH2OH 0.90 5.87 16.70% 3.06 46.38% 3.57 50.99% 0.91

TCEP–NH2 0.71 5.89 26.55% 2.72 29.90% 3.51 51.76% 0.58
TCEP–COOH 0.86 5.92 20.35% 2.97 42.15% 4.09 43.85% 0.96
TCEP–CONH2 0.79 5.87 27.11% 3.00 43.60% 4.53 37.77% 1.15
TCEP–CHO 0.61 5.93 26.40% 2.82 34.61% 3.46 52.41% 0.66

TCEP–PO3H2 1.01 5.97 6.46% 3.01 43.98% 4.95 31.99% 1.37
TCEP–COOCH3 0.79 5.79 26.87% 2.92 39.46% 5.05 30.58% 1.29
TCEP–SO3H 0.85 5.91 21.08% 3.11 48.68% 3.78 48.03% 1.01

Cpred, Bpred and Ppred represent the predicted values for comprehensive biodegradation/photodegradation effect, biodegradation effect and photodegradation effect pharmacophore models.
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3.3. Prediction of Biodegradation and Photodegradation for OPFR-Derivative Molecules

The established pharmacophore models for the comprehensive and single biodegradation and
single-effect photodegradation effects were used for the prediction of the activity of OPFR-derivative
molecules. The predicted values and degree of enhancement are shown in Table 5.

Upon molecular modification, the comprehensive effect evaluation values of 18 derivatives
of the target TCPP and TCEP molecules were reduced to a great extent from 6.36% to 44.06%.
Based on the predicted results for biodegradation and photodegradation effect models of OPFRs,
the evaluation values for the biodegradation (−logLC50) of the 18 derivatives of TCPP and
TCEP molecules increased, and those of photodegradation decreased, which were consistent
with the trend of biodegradation/photodegradation effect evaluation value. The weights of both
biodegradability and photo-degradability were set to 50% for the calculation of comprehensive
biodegradation/photodegradation effect evaluation values of OPFRs. Based on the predicted
results (Table 5), the 14 derivative molecules obtained showed a reduction in the individual
biodegradation and photodegradation effects to the extent of 50%:50%. This was observed in TCPP–OH,
TCPP–CH2OH, TCPP–COOH, TCPP–CONH2, TCPP–CHO, TCPP–PO3H2, TCPP–SO3H, TCEP–OH,
TCEP–CH2OH, TCEP–COOH, TCEP–CONH2, TCEP–PO3H2, TCEP–COOCH3 and TCEP–SO3H.
The results indicate that the weight setting for the pharmacophore model of the comprehensive
biodegradation/photodegradation effects of OPFRs was representative, with practical significance.

The target TCIPP molecule individually modified with nine groups
(–OH,–CH2OH,–NH2,–COOH,–CONH2,–CHO,–PO3H2,–COOCH3,–SO3H) were selected for
mono– and di–substitution reactions for the formation of 40 TCIPP-derivative molecules. However,
the predicted evaluation values for the comprehensive biodegradation/photodegradation effects
of 40 TCIPP-derivative molecules showed an upward trend from –1.61% to 112.29%. Only three
derivative molecules, namely TCIPP–NH2, TCIPP–CONH2 and TCIPP–F show a downward
trend in the predicted comprehensive evaluation values, with a reduction of 5.50%, 2.00% and
22.00%, respectively. However, the overall increase in the evaluation value suggested that
the biodegradation/photodegradation efficiency of TCIPP could not be improved by molecular
modification. Thus, TCPP and TCEP molecules were considered for the development of OPFRs with
low comprehensive biodegradation/photodegradation effect evaluation values. Therefore, a total of
14 derivatives, namely, TCPP–OH, TCPP–CH2OH, TCPP–COOH, TCPP–CONH2, TCPP–CHO,
TCPP–PO3H2, TCPP–SO3H, TCEP–OH, TCEP–CH2OH, TCEP–COOH, TCEP–CONH2, TCEP–PO3H2,
TCEP–COOCH3, TCEP–SO3H were found to have enhanced effects, based on the predictions of
biodegradability and photo-degradability for the comprehensive biodegradation/photodegradation
effect model and single effect models for OPFR-derivative molecules.

3.4. Practicality Evaluation of OPFRs Derivatives Molecular

The flame retardancy, energy value, energy gap value and frequency of 14 OPFR-derivative
molecules were calculated, among which seven environment-friendly derivative molecules with good
functional considerations are finally selected. The results are shown in Table 6.
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Table 6. Date statistics of flame retardancy, energy value, insulation and frequency of 14 OPFR molecules.

OPFR Derivatives
Flame Retardancy

(kcal/mol)
Energy Gap

(e.v.)
Energy
(a.u.) Freq

Value Enhanced
Rate Value Change

Rate (%) Value Change
Rate (%) Value

Before
modification TCPP 225.72 - 5.38 - −1023.57 - 6.07

After
modification

TCPP–OH 209.57 7.15% 5.15 −4.28% −1536.08 −50.07% 2.34
TCPP–CH2OH 256.70 −13.73% 5.56 3.35% −1626.53 −58.91% 2.16
TCPP–COOH 294.37 −30.42% 5.42 0.74% −1695.34 −65.63% 2.44
TCPP–CONH2 205.82 8.81% 5.31 −1.30% −1563.15 −52.72% 2.70
TCPP–CHO 215.94 4.33% 5.68 5.58% −1532.77 −49.75% 2.51
TCPP–PO3H2 201.83 10.58% 5.39 0.19% −1506.84 −47.21% 3.08
TCPP–SO3H 266.90 −18.24% 5.18 −3.72% −1551.22 −51.55% 2.49

Before
modification TCEP 273.03 - 6.64 - −1375.51 - 7.31

After
modification

TCEP–OH 310.61 −13.76% 8.29 24.85% −1475.55 −7.27% 5.89
TCEP–CH2OH 322.95 −18.28% 8.9 34.04% −1395.67 −1.47% 4.67
TCEP–COOH 327.24 −19.85% 8.14 22.59% −1402.43 −1.96% 5.14
TCEP–CONH2 291.65 −6.82% 7.86 18.37% −1433.19 −4.19% 5.28
TCEP–PO3H2 238.74 12.56% 8.03 20.93% −1452.28 −5.58% 4.72
TCEP–COOCH3 255.25 6.51% 8.42 26.81% −1466.84 −6.64% 5.49
TCEP–SO3H 270.96 0.76% 8.34 25.60% −1467.63 −6.70% 5.64

According to the calculated results by Gaussian in Table 6 for 14 TCPP and TCEP-derivative
molecules, 11 molecules showed an increase in the energy gap from 0.19% to 34.04%. The energy gap
values of TCPP–OH, TCPP–CONH2 and TCPP–SO3H decreased slightly to the extent of less than 5%.
The energy gap value was used to represent insulation. Insulation increased with an increase in the
energy gap value. The change in energy gap values of the above derivative molecules showed no
significant decrease in insulation. In addition, the energy of the 14 derivative molecules decreased to
different degrees compared to that of TCPP and TCEP. The frequencies of the molecules were found to
be positive, indicating the high stability for the structures of TCPP and TCEP-derivative molecules.

The O–P bond dissociation enthalpy was used to characterize the flame retardant properties
of OPFRs and the new derivative molecules. Among the new derivative molecules with high
biodegradability and photo–degradability, seven molecules, namely, TCPP–OH, TCPP–CONH2,
TCPP–CHO, TCPP–PO3H2, TCEP–PO3H2, TCEP–COOCH3 and TCEP–SO3H show an increase in the
flame retardancy by 7.15%, 8.81%, 4.33%, 10.58%, 12.56%, 6.51% and 0.76%, respectively, which meet
the requirements for environment-friendly OPFRs.

3.5. Mechanistic Analysis for the Biodegradation and Photodegradation of OPFR-Derivative Molecules

It can be seen from Table 6 that TCPP–OH was the derivative molecule with the greatest
improvement in biodegradation and photodegradation among the seven environment-friendly OPFRs.
The biodegradation and photodegradation efficiencies of the derivative TCPP–OH increased by 55.48%
and 46.37%, respectively. Thus, further investigation for the improvement of biodegradation and
photodegradation efficiencies before and after TCPP molecular modification was performed using
TCPP–OH as the target derivative molecule.

3.5.1. Mechanistic Analysis for The Enhancement of Biodegradation for OPFR-Derivative Molecules

Studies on the biodegradation path of OPFRs have shown that Sphingobium sp. strains play a
major role in the degradation process as tributyl phosphate (TBP) is hydrolyzed under the effect of
the bacterium. After the cleavage of one butyl side chain forms an intermediate product di-n-butyl
phosphate (DnBP), a second butyl group is broken and further degraded to generate mono-n-butyl
phosphate (MnBP). Finally, the cleavage of three butyl chains is observed, which leads to the
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degradation of TBP to the phosphate group Pi [35]. Previous studies reported that TCEP and TPP
are hydrolyzed under the action of the enzyme in the Sphingobium sp. strain TCM1. The successive
cleavage of the phosphate ester bond is a common step in the biodegradation of OPFRs such as TCEP,
TBP and TPP [15,29,36]. The biodegradation path of TCPP and its derivative molecule TCPP–OH was
simulated in accordance with the biodegradation path of TBP, which led to the greatest improvement
in biodegradation and photodegradation and deduction of microbial degradation products (Figure 3).
The difficulty of biodegradation before and after the molecular modification of TCPP was analyzed by
calculating the reaction barrier.Polymers 2020, 12, 1672 13 of 23 
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In accordance with the biodegradation pathway of TBP molecules catalyzed by Sphingobium
sp., the hydrolysis of the phosphate ester bond in TCPP and TCPP–OH generated products I, II and
III. The energy barrier of the biodegradation reaction of TCPP and TCPP–OH were calculated and
marked for each step in the degradation reaction, as shown in Figure 3. As the reaction energy barrier
lowers, the probability of the biodegradation reaction increased [24]. As seen in Figure 3, different
side chains of TCPP and TCPP–OH were cleaved to generate product I. The hydrolysis of the first
phosphate bond of TCPP generated 2-chloropropanol, while the hydrolysis of the phosphate bond
of TCPP–OH molecule produces HO–OH, which gets removed. Therefore, the energy barrier for
this step in the side-chain fracture reaction of TCPP and TCPP–OH was different. Compared to the
reaction barrier (∆E = 249.4895 kcal·mol−1) of TCPP molecule before modification, the energy barrier
value (∆E = 210.2360 kcal·mol−1) of the newly designed derivative molecule TCPP–OH was reduced
by 39.2535 kcal mol−1. Thus, the total energy barrier for the biodegradation of TCPP–OH was reduced
by 15.73%, relative to the TCPP molecule. The results show that the modified derivative molecule
TCPP–OH had effectively reduced the reaction energy barrier for the phosphate ester bond cleavage
process of biodegradation, thus making the molecule more degradable.

3.5.2. Mechanistic Analysis for the Enhancement of Photodegradation for OPFR-Derivative Molecules

Compared to traditional biodegradation and photodegradation processes, the UV/H2O2 photolysis
in advanced oxidation processed (AOPs) was found to improve the removal rate of chlorinated OPFRs
to the maximum extent [21,37]. The UV/H2O2 process was the generation of hydroxyl radical (•OH)
through the photolysis of H2O2. The •OH radical was highly reactive and corrodes most of the organic
molecules at a very high rate constant [38,39]. Other studies showed that the degradation kinetics
of TCPP under visible light irradiation was slower than that under UV-visible irradiation, probably
due to the less production of •OH radicals [1,14]. Moreover, •OH was proven to be the main active
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free radical in the aquatic environment, which degrades a variety of organic pollutants rapidly and
effectively [40–42].

He et al. analyzed the kinetics and mechanism for the degradation of high concentration TCPP in
the UV/H2O2 system and found that TCPP was transformed into several products of hydroxylation
and dechlorination as the reaction progressed and determined the intermediates for the reaction [21].
Further, the degradation pathway of TCPP was inferred using the nature of the intermediated.
TCPP had four degradation pathways. Route 1 involved the addition and extraction reactions of •OH
to form 1-chloropropane-2-ol. Route 2 was the addition reaction of 1-chloropropane-2-alcohol with •OH
under dehydration conditions and oxidation of the product. Route 3 included the extraction reaction
of TCPP and addition of •OH radical for oxidation. Route 4 produced oxygen through the oxidation
of H2O2 produced by the addition reaction of OH radicals. With reference to the photodegradation
mechanism of TCPP in the UV/H2O2 system, this study simulated the photodegradation paths of the
derivative TCPP–OH molecule before and after modification (Figure 4). The reaction energy barriers
of the four main reactions of TCPP and TCPP–OH were calculated and marked at the corresponding
positions, as shown in Figure 4.
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From Figure 4, it can be observed that the reaction energy barriers for the four photodegradation
paths of the derivative TCPP–OH molecule were lower than that of TCPP. This indicates that TCPP–OH
was more easily degradable than the target TCPP molecule. Under the same reaction conditions,
TCPP–OH had a higher degradation degree and efficiency. Moreover, •OH—being the most important
active radical in the photodegradation of OPFRs—showed an active ability to participate in the
reactions of TCPP in photodegradation paths 1, 2 and 4. In photodegradation path 3 of TCPP–OH,
the O–OH bond on the side chain of TCPP–OH was broken to generate •OH radical and compound f
(i.e., compound IX, the final product of TCPP path 3). The reaction energy barrier for the generation
of •OH and compound f from TCPP–OH was calculated to be 190.8840 kcal mol−1, which was
211.1399 kcal mol−1 (52.52%) lower than that of compound IX (402.0239 kcal mol−1). The results show
that the photodegradation reaction for the cleavage of the O–OH bond of the TCPP–OH molecule occurs
preferentially and easily. Moreover, the active •OH radical—which promotes the photodegradation of
OPFRs—was produced during the photodegradation reaction of TCPP–OH. Thus, OPFR molecules
were more rapidly and effectively degradable.

3.6. Enhancement of Biodegradation and Photodegradation Efficiencies of New Derivative Molecule TCPP–OH
under Simulated Environment

The biodegradability and photo–degradability of OPFRs and their derivatives are not only
related to the molecular nature and structure, but also the external conditions in the real environment.
Therefore, in addition to molecular modification, the external environmental conditions should also
be considered to significantly improve the degradation efficiency of OPFR molecules in the real
environment. Taking TCPP–OH as the research object, the molecular dynamic simulation method
assisted with Taguchi experimental design was used to simulate and analyze the biodegradation
process of TCPP–OH in the normal environment, aiming to further improve the efficiency of the
process. The UV spectra of TCPP and TCPP–OH under the solvation effect were calculated by PCM
using the SCRF theory. The photodegradation of TCPP and TCPP–OH in the solvent environment
where can produce •OH was simulated to explore further and verify the enhanced photodegradation
effect of OPFRs and their derivatives.

3.6.1. Enhanced Biodegradability of TCPP–OH by Molecular Dynamic Simulation Assisted with
Taguchi Experiment Design

The L27 (37) Taguchi experimental design was used to establish the partial factor design for the
derivative molecule TCPP–OH to improve the photodegradation efficiency and calculate the binding
free energy values of TCPP–OH and degrading enzyme (PDB ID: 5HRM) under 27 experimental
conditions. The 27 experimental conditions include factors of (A) pH, (B) temperature, (C) carbon source
methanol, (D) acetic acid, (E) oxidation modification agent H2O2 concentration, (F) voltage gradient and
(G) surfactant sodium dodecyl sulfate (SDS) concentration. According to the biodegradation treatment
process of OPFRs and other organic pollutants, each factor was set to the appropriate levels such as low,
medium and high [18,31–33]. The combination scheme of the seven factors and three levels is shown
in Table 7. The optimal combination of external conditions that promote the biodegradation of the new
derivative molecule TCPP–OH was determined by factorial analysis. The binding free energies found
using the molecular dynamic simulation and combination scheme of the external conditions by the L27

(37) Taguchi experiments of the TCPP–OH molecule are listed in Table 7. The biodegradation of TCPP
and TCPP–OH were simulated by molecular dynamics under optimal conditions. The binding energies
of degrading enzyme with the target molecule TCPP and the new derivative molecule TCPP–OH
were calculated to investigate the enhancement of degradation capability for TCPP–OH in the real
environment. The aim was to further improve the degradation of TCPP–OH molecules in the real
environment by combining the effects of internal modification and external conditions.
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Table 7. Effect of the combination of external conditions on the biodegradation system of degrading enzyme and TCPP–OH.

Experiment No. pH Temperature
(K)

Methyl Alcohol
(mg/L)

Acetic Acid
(mg/L)

H2O2
(mg/L)

Voltage
(V/m)

Surfactant
(mg/L)

∆Gbind
(kJ/mol)

1 6.5 298 400 200 300 0.5 0 −88.461
2 6.5 298 400 200 350 1 375 −77.231
3 6.5 298 400 200 400 1.5 750 −76.508
4 6.5 303 450 300 300 0.5 0 −75.584
5 6.5 303 450 300 350 1 375 −84.364
6 6.5 303 450 300 400 1.5 750 −90.252
7 6.5 308 500 400 300 0.5 0 −90.39
8 6.5 308 500 400 350 1 375 −75.769
9 6.5 308 500 400 400 1.5 750 −82.256

10 7.5 298 450 400 300 1 750 −80.197
11 7.5 298 450 400 350 1.5 0 −69.418
12 7.5 298 450 400 400 0.5 375 −70.905
13 7.5 303 500 200 300 1 750 −103.79
14 7.5 303 500 200 350 1.5 0 −84.974
15 7.5 303 500 200 400 0.5 375 −65.508
16 7.5 308 400 300 300 1 750 −82.256
17 7.5 308 400 300 350 1.5 0 −60.265
18 7.5 308 400 300 400 0.5 375 −58.644
19 8.5 298 500 300 300 1.5 375 −78.007
20 8.5 298 500 300 350 0.5 750 −62.709
21 8.5 298 500 300 400 1 0 −87.278
22 8.5 303 400 400 300 1.5 375 −74.697
23 8.5 303 400 400 350 0.5 750 −67.101
24 8.5 303 400 400 400 1 0 −85.287
25 8.5 308 450 200 300 1.5 375 −88.545
26 8.5 308 450 200 350 0.5 750 −62.199
27 8.5 308 450 200 400 1 0 −55.286
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As the mean value of binding free energy decreases, the binding affinity between TCPP–OH
and degrading enzyme increases. Thus, the optimal external stimulus conditions by the combination
of seven factors and three levels shown in Figure 5 are as follows: oxidation modification agent
H2O2 concentration (200 mg/L), voltage gradient (1 V/cm), pH (6.5), temperature (303 k), carbon
source methanol (500 mg/L), surfactant sodium dodecyl sulfate concentration (750 mg/L) and acetic
acid (200 mg/L). In addition, different levels of factors A (pH), E (H2O2) and F (voltage gradient),
which were shown to have a significant impact on the mean binding energy value of degrading
enzyme and TCPP–OH, while the change in factor D (acetic acid) and G (surfactant sodium dodecyl
sulfate) at a low, medium and high level, had less impact. The results are consistent with the ranking
results calculated using the binding energy based on molecular dynamics in Table 8. The ranking of
degrading enzyme degradation efficiency promoted by external conditions are listed in the descending
order as follows: (E) oxidation modification agent H2O2 concentration, (F) voltage gradient, (A) pH,
(B) temperature, (C) carbon source methanol, (G) concentration of the surfactant—SDS and (D) acetic
acid. The effective operation of the biodegradation process in sewage treatment plants was due to
the sufficiently dissolved oxygen in the sewage and activated sludge mixtures, which suspended the
activated sludge within the tank to ensure a continuous supply.
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Table 8. Ranking result for the external conditions of biodegradation of degrading enzyme and
TCPP–OH molecule based on L27 (37) Taguchi experiment design.

Factors/Levels A B C D E F G

1 −82.31 −76.75 −74.49 −78.06 −84.66 −71.28 −77.44
2 −75.11 −81.28 −75.19 −75.48 −71.56 −81.27 −74.85
3 −73.46 −72.85 −81.19 −77.34 −74.66 −78.32 −78.59

Ranking 3 4 5 7 1 2 6
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Using the Taguchi experimental design analysis, it was found that the factor that significantly affects
the degradation efficiency of degrading enzyme in TCPP, and that TCPP–OH was the concentration
of oxygen promoter H2O2, which was ranked first among the external conditions. It was seen that
the presence of H2O2 promotes the biodegradation and UV degradation of organic pollutants such as
OPFRs. This is consistent with the results which state that the dissolved oxygen had a great influence
on the biodegradation rates of OPFRs and other organic pollutants [15,21,35,37].

The binding energies of degrading enzyme with TCPP and TCPP–OH molecules were calculated
based on molecular dynamic simulation under optimal conditions. The binding energies values were
found to be 62.326 kJ/mol and−109.395 kJ/mol, respectively. The binding affinity between degrading
enzyme and TCPP–OH increased by 75.52% compared to TCPP, indicating the high degradation
efficiency of the derivative TCPP–OH molecule relative to the premodified TCPP, under optimal
environmental conditions.

Therefore, the biodegradation simulation results of TCPP–OH (increased by 75.52%) were 20.04%
higher than that of TCPP (increased by 55.48%) under optimal external conditions, as predicted by the
biodegradation pharmacophore model (Figure 6). This indicates that the biodegradation efficiencies
of OPFR derivatives were yet to be improved. This was done by combining the process of internal
modification of the target OPFR molecules with the optimal selection of external conditions in the
real environment. Thus, the biodegradation efficiencies of OPFRs were significantly promoted under
molecular and external environmental conditions. This provided theoretical guidance for the significant
improvement of biodegradation efficiencies of OPFRs and their derivatives.
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3.6.2. Enhanced Photodegradability of TCPP–OH by Solvation Effect Based on PCM

As seen from the earlier results of this study, the photodegradation mechanism shows that the
O–OH bond cleavage of TCPP–OH occurs more preferentially and easily than that of TCPP. The active
•OH radical that promotes the photodegradation of OPFRs were generated in the reaction process,
thus leading to rapid and effective degradation of the molecules. Therefore, the UV spectra of TCPP and
TCPP–OH under solvation effects were calculated using PCM by Gaussian 09 to investigate the effects
of external environmental conditions on the UV degradation of TCPP–OH. The TCPP and TCPP–OH
molecules were taken in hydrogen peroxide solvent to simulate the environment for the generation of
•OH radicals. The energy required for the first UV excited state transition of the molecules before and
after the solvation effect were compared to verify the enhancement of photodegradation of OPFRs and
their derivatives in the simulated environment.

The photodegradation of the molecule was more feasible at low-UV spectral transition energy.
Using hydrogen peroxide as the solvent, the minimum UV spectral transition energy for TCPP–OH
was found to be 4.07 eV, and that of TCPP was 5.14 eV. The transition energy of TCPP without the
solvation effect (as shown in Table 1) was found to be 7.29 eV. In addition, the UV-spectral transition
energy of the TCPP–OH molecule without the solvation effect was calculated to be 5.47 eV. The UV
spectral transition energy of TCPP–OH was reduced by 20.88% compared to that of TCPP molecules
with the same solvation effect. This indicates that the photodegradation efficiency of TCPP–OH was
still higher than TCPP under the same environment, due to its molecular properties and structure,
which was in line with the predicted results for the photodegradation pharmacophore model. The UV
transition energy of TCPP and TCPP–OH with the solvation effect was 29.52% and 25.74% lower than
the same molecules without the solvation effect, respectively. It showed that the environment that
produced •OH radicals stimulated by hydrogen peroxide reduced the UV-spectral transition energy
during the photodegradation of TCPP and TCPP–OH molecules, which increased the feasibility of
photodegradation. The •OH radical was an important factor affecting the photodegradation of OPFRs,
as it increased the photodegradation efficiencies of TCPP and TCPP–OH, which is consistent with the
results of Yuan et al. and Yu et al. [1,14,38]. The UV spectral transition energy (4.07 eV) of TCPP–OH in
hydrogen peroxide was 44.23% lower than that of TCPP without the solvation effect. This indicated
that the photodegradation efficiency could be further improved by molecular modification under the
optimum external environment.

4. Conclusions

In this study, a 3D-QSAR pharmacophore model was constructed using the normalization method,
which takes into account the evaluation value for comprehensive biodegradation/photodegradation
effects and structural parameters of OPFRs. It was successfully applied to the molecular modification of
environment-friendly OPFRs with high biodegradation/photodegradation efficiencies and functional
properties, mitigating potential health risks to humans and other organisms.

In addition, it was found that the biodegradation/photodegradation of OPFR-derivative
molecules can be further improved using molecular dynamics and PCM to adjust the external
conditions, which simulate the degradation process. The results showed that the biodegradation
and photodegradation efficiencies of OPFRs and their new designed derivative molecules in the
real environment are significantly improved by the molecular modification method under optimum
external environmental conditions. Thus, the limitations for the environmental removal of OPFRs and
their new designed derivative molecules are resolvable at the source. In addition, a new idea and
method for the degradation of environment-friendly substitutes are provided.
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Abbreviations

AOPs Advanced oxidation processes
BdPhP Butyl diphenyl phosphate
BFR Brominated flame retardants
CDPP Cresyl diphenyl phosphate
DnBP Di-n-butyl phosphate
EHDPP 2-ethylhexyl diphenyl phosphate
HOMO Highest occupied molecular orbital
IDPP Isodecyl diphenyl phosphate
IRC Intrinsic reaction coordinates
LUMO Unoccupied molecular orbital
MnBP Mono-n-butyl phosphate
OPFR Organophosphorus flame retardants
PCM Polarizable continuum model
PDB Protein data bank
QSAR Quantitative structure–activity relationship
RMS Root-mean-squared
TBOEP Tris(2-butoxyethyl) phosphate
TBP Tributyl phosphate
TBPP Tris(p-t-butylphenyl) phosphate
TCEP Tris(2-chloroethyl) phosphate
TCIPP Tris (1-chloro-2-propyl) phosphate
TCPP Tris(chloro-isopropyl) phosphate
TDCIPP Tris(1,3-dichloro-2-propyl) phosphate
TDCPP Tris (1, 3-dichloro-2-propyl) phosphate
TD-DFT Time-dependent density functional theory
TEHP Tris(2-ethylhexyl) phosphate
TEP Triethyl phosphate
TiBP Triisobutyl phosphate
TiPP Triisopropyl phosphate
TMP Trimethyl phosphate
TmTP Tri-m-tolyl phosphate
TNBP Tributyl phosphate
TnPP Tri(n-propyl) phosphate
TPeP Tripentyl phosphate
TPHP Triphenyl phosphate
TPrP Tripropyl phosphate
TpTP Tri-p-tolyl phosphate
UV Ultraviolet
WWTP Waste water treatment plant
ZPE Zero-point energy



Polymers 2020, 12, 1672 20 of 22

References

1. Yu, X.; Yin, H.; Peng, H.; Lu, G.; Dang, Z. Oxidation degradation of tris-(2-chloroisopropyl) phosphate by
ultraviolet driven sulfate radical: Mechanisms and toxicology assessment of degradation intermediates
using flow cytometry analyses. Sci. Total Environ. 2019, 687, 732–740. [CrossRef] [PubMed]

2. Pang, L.; Yang, H.Q.; Yang, P.J.; Zhang, H.Z.; Zhao, J.H. Trace determination of organophosphate esters
in white wine, red wine, and beer samples using dispersive liquid-liquid microextraction combined with
ultra-high-performance liquid chromatography-tandem mass spectrometry. Food Chem. 2017, 229, 445–451.
[CrossRef] [PubMed]

3. Ding, J.; Deng, T.; Xu, M.; Wang, S.; Yang, F. Residuals of organophosphate esters in foodstuffs and implication
for human exposure. Environ. Pollut. 2018, 233, 986–991. [CrossRef] [PubMed]

4. Liu, J.; Wu, L.; Kummel, S.; Yao, J.; Schaefer, T.; Herrmann, H.; Richnow, H.H. Carbon and hydrogen stable
isotope analysis for characterizing the chemical degradation of tributyl phosphate. Chemosphere 2018, 212,
133–142. [CrossRef]

5. Antonopoulou, M.; Giannakas, A.; Bairamis, F.; Papadaki, M.; Konstantinou, I. Degradation of
organophosphorus flame retardant tris (1-chloro-2-propyl) phosphate (TCPP) by visible light N,S-codoped
TiO2 photocatalysts. Chem. Eng. J. 2017, 318, 231–239. [CrossRef]

6. Breton, C.V.; Marsit, C.J.; Faustman, E.; Nadeau, K.; Goodrich, J.M.; Dolinoy, D.C.; Herbstman, J.; Holland, N.;
LaSalle, J.M.; Schmidt, R.; et al. Occurrence and human exposure to brominated and organophosphate flame
retardants via indoor dust in a Brazilian city. Environ. Pollut. 2017, 237, 695–703.

7. Xu, F.C.; Tay, J.H.; Covaci, A.; Padilla-Sanchez, J.A.; Papadopoulou, E.; Haug, L.S.; Neels, H.; Sellstrom, U.;
de Wit, C.A. Assessment of dietary exposure to organohalogen contaminants, legacy and emerging flame
retardants in a Norwegian cohort. Environ. Int. 2017, 102, 236–243. [CrossRef]

8. Du, Z.K.; Wang, G.W.; Gao, S.X.; Wang, Z.Y. Aryl organophosphate flame retardants induced cardiotoxicity
during zebra fish embryogenesis: By disturbing expression of the transcriptional regulators. Aquat. Toxicol.
2015, 161, 25–32. [CrossRef]

9. Thomas, M.B.; Stapleton, H.M.; Dills, R.L.; Violette, H.D.; Christakis, D.A.; Sathyanarayana, S. Demographic
and dietary risk factors in relation to urinary metabolites of organophosphate flame retardants in toddlers.
Chemosphere 2017, 185, 918–925. [CrossRef]

10. Li, H.; Su, G.Y.; Zou, M.; Yu, L.Q.; Letcher, R.J.; Yu, H.X.; Giesy, J.P.; Zhou, B.S.; Liu, C.S. Effects of Tris
(1,3-dichloro-2-propyl) phosphate on growth, reproduction, and gene transcription of daphnia magna at
environmentally relevant concentrations. Environ. Sci. Technol. 2017, 49, 12975–12983. [CrossRef]

11. Yuan, S.L.; Li, H.; Dang, Y.; Liu, C.S. Effects of triphenyl phosphate on growth, reproduction and transcription
of genes of dphnia magna. Aquat. Toxicol. 2018, 195, 58–66. [CrossRef] [PubMed]

12. He, C.; Wang, X.Y.; Tang, S.Y.; Thai, P.; Li, Z.R.; Baduel, C.; Mueller, J.F. Concentrations of organosphosphate
esters and their specific metabolites in food in Southeast Queensland, Australia: Is dietary exposure an
important pathway of organophosphate esters and their metabolites? Environ. Sci. Technol. 2018, 52,
12765–12773. [CrossRef] [PubMed]

13. Zhang, X.L.; Zou, W.; Mu, L.; Chen, Y.M.; Ren, C.X.; Hu, X.G.; Zhou, Q.X. Rice ingestion is a major pathway
for human exposure to organophosphate flame retardants (OPFRs) in China. J. Hazard. Mater. 2016, 318,
686–693. [CrossRef] [PubMed]

14. Yu, X.; Yin, H.; Ye, J.; Peng, H.; Lu, G.; Dang, Z. Degradation of tris-(2-chloroisopropyl) phosphate via
UV/TiO2 photocatalysis: Kinetic, pathway, and security risk assessment of degradation intermediates using
proteomic analyses. Chem. Eng. J. 2019, 374, 263–273. [CrossRef]

15. Liu, Y.; Yin, H.; Wei, K.; Peng, H.; Lu, G.; Dang, Z. Biodegradation of tricresyl phosphate isomers by
Brevibacillus brevis: Degradation pathway and metabolic mechanism. Chemosphere 2019, 232, 195–203.
[CrossRef] [PubMed]

16. Hou, R.; Xu, Y.P.; Wang, Z.J. Review of OPFRs in animals and humans: Absorption, bioaccumulation,
metabolism, and internal exposure research. Chemosphere 2016, 153, 78–90. [CrossRef]

17. He, R.W.; Li, Y.Z.; Xiang, P.; Li, C.; Cui, X.Y.; Ma, L.Q. Impact of particle size on distribution and human
exposure of flame retardants in indoor dust. Environ. Res. 2018, 162, 166–172. [CrossRef]

http://dx.doi.org/10.1016/j.scitotenv.2019.06.163
http://www.ncbi.nlm.nih.gov/pubmed/31412476
http://dx.doi.org/10.1016/j.foodchem.2017.02.103
http://www.ncbi.nlm.nih.gov/pubmed/28372199
http://dx.doi.org/10.1016/j.envpol.2017.09.092
http://www.ncbi.nlm.nih.gov/pubmed/29037495
http://dx.doi.org/10.1016/j.chemosphere.2018.08.034
http://dx.doi.org/10.1016/j.cej.2016.06.124
http://dx.doi.org/10.1016/j.envint.2017.03.009
http://dx.doi.org/10.1016/j.aquatox.2015.01.027
http://dx.doi.org/10.1016/j.chemosphere.2017.07.015
http://dx.doi.org/10.1021/acs.est.5b03294
http://dx.doi.org/10.1016/j.aquatox.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29287174
http://dx.doi.org/10.1021/acs.est.8b03043
http://www.ncbi.nlm.nih.gov/pubmed/30303374
http://dx.doi.org/10.1016/j.jhazmat.2016.07.055
http://www.ncbi.nlm.nih.gov/pubmed/27484948
http://dx.doi.org/10.1016/j.cej.2019.05.193
http://dx.doi.org/10.1016/j.chemosphere.2019.05.188
http://www.ncbi.nlm.nih.gov/pubmed/31154180
http://dx.doi.org/10.1016/j.chemosphere.2016.03.003
http://dx.doi.org/10.1016/j.envres.2017.12.014


Polymers 2020, 12, 1672 21 of 22

18. Cristale, J.; Ramos, D.D.; Dantas, R.F.; Junior, A.M.; Lacorte, S.; Sans, C.; Esplugas, S. Can activated sludge
treatments and advanced oxidation processes remove organophosphorus flame retardants? Environ. Res.
2016, 144, 11–18. [CrossRef]

19. Pang, L.; Yang, P.J.; Zhao, J.H.; Zhang, H.Z. Comparison of wastewater treatment processes on the removal
efficiency of organophosphate esters. Water Sci. Technol. 2016, 74, 1602–1609. [CrossRef]

20. He, H.; Wang, X.; Cheng, C.; Yang, S.; Wang, X.; Liu, Q.; Wang, Y.; Wang, Z.; Zhang, L.; Sun, C. Degradation
of organophosphorus flame retardant tri(chloro-propyl)phosphate (TCPP) by (001) crystal plane of TiO2

photocatalysts. Environ. Technol. 2019. [CrossRef]
21. He, H.; Ji, Q.; Gao, Z.; Yang, S.; Sun, C.; Li, S.; Zhang, L. Degradation of tri(2-chloroisopropyl) phosphate

by the UV/H2O2 system: Kinetics, mechanisms and toxicity evaluation. Chemosphere 2019, 236, 124388.
[CrossRef] [PubMed]

22. Cristale, J.; Dantas, R.F.; De Luca, A.; Sans, C.; Esplugas, S.; Lacorte, S. Role of oxygen and DOM in sunlight
induced photodegradation of organophosphorous flame retardants in river water. J. Hazard. Mater. 2017,
323, 242–249. [CrossRef] [PubMed]

23. Chenna, M.; Messaoudi, K.; Drouiche, N.; Lounici, H. Study and modeling of the organophosphorus
compound degradation by photolysis of hydrogen peroxide in aqueous media by using experimental
response surface design. J. Ind. Eng. Chem. 2016, 33, 307–315. [CrossRef]

24. Jiang, L.; Qiu, Y.L.; Li, Y. Effects analysis of substituent characteristics and solvents on the photodegradation
of polybrominated diphenyl ethers. Chemosphere 2017, 185, 737–745. [CrossRef]

25. Barone, V.; Cossi, M.; Tomasi, J. Geometry optimization of molecular structures in solution by the polarizable
continuum model. J. Comput. Chem. 2015, 19, 404–417. [CrossRef]

26. Jiang, L.; Li, Y. Modification of PBDEs (BDE-15, BDE-47, BDE-85 and BDE-126) biological toxicity,
bio-concentration, persistence and atmospHeric long-range transport potential based on the pHarmacopHore
modeling assistant with the full factor experimental design. J. Hazard. Mater. 2016, 307, 202–212. [CrossRef]

27. Qiu, Y.L.; Li, Y. A theoretical method for the high-sensitivity fluorescence detection of PAEs through
double-substitution modification. Environ. Sci. Pollut. Res. 2018, 25, 34684–34692. [CrossRef]

28. Li, Q.; Gu, W.; Li, Y. 3D-QSAR/HQSAR-based analysis of bioconcentration and molecular modification of
monophenyl aromatic compounds. Turk. J. Chem. 2019, 43, 286–306. [CrossRef]

29. Xiang, D.F.; Bigley, A.N.; Ren, Z.; Xue, H.; Hull, K.G.; Romo, D.; Raushel, F.M. Interrogation of the
Substrate Profile and Catalytic Properties of the Phosphotriesterase from Sphingobium sp. Strain TCM1:
An Enzyme Capable of Hydrolyzing Organophosphate Flame Retardants and Plasticizers. Biochemistry 2015,
54, 7539–7549.

30. Gu, W.; Li, Q.; Li, Y. Environment-friendly PCN derivatives design and environmental behavior simulation
based on a multi-activity 3D-QSAR model and molecular dynamics. J. Hazard. Mater. 2020, 393, 122339.
[CrossRef]

31. Jurgens, S.S.; Helmus, R.; Waaijers, S.L.; Uittenbogaard, D.; Dunnebier, D.; Vleugel, M.; Kraak, M.H.S.;
Voogt, P.; Parsons, J.R. Mineralisation and primary biodegradation of aromatic organophosphorus flame
retardants in activated sludge. Chemosphere 2014, 111, 238–242. [CrossRef]

32. Biel-Maeso, M.; Corada-Fernández, C.; Lara-Martín, P.A. Removal of personal care products (PCPs) in
wastewater and sludge treatment and their occurrence in receiving soils. Water Res. 2019, 1501, 129–139.

33. Martín-Pozoa, L.; Alarcón-Gómeza, B.; Rodríguez-Gómez, R.; García-Córcoles, M.T.; Çipa, M.;
Zafra-Gómez, A. Analytical methods for the determination of emerging contaminants in sewage sludge
samples. A review. Talanta 2019, 192, 508–533. [CrossRef] [PubMed]

34. Castorena-Cortés, G.; Roldán-Carrillo, T.; Zapata-PeAsco, I.; Reyes-Avila, J.; Quej-Aké, L.; Marín-Cruz, J.;
Olguín-Lora, P. Microcosm assays and Taguchi experimental design for treatment of oil sludge containing
high concentration of hydrocarbons. Bioresour. Technol. 2009, 100, 5671–5677. [CrossRef] [PubMed]

35. Liu, J.; Lin, H.; Dong, Y.; Li, B. Elucidating the biodegradation mechanism of tributyl phosphate (TBP)
by Sphingomonas sp. isolated from TBP-contaminated mine tailings. Environ. Pollut. 2019, 250, 284–291.
[CrossRef] [PubMed]

36. Takahashi, S.; Katanuma, H.; Abe, K.; Kera, Y. Identification of alkaline phosphatase genes for utilizing a
flame retardant, tris(2-chloroethyl) phosphate, in Sphingobium sp. strain TCM1. Appl. Microbiol. Biotechnol.
2017, 101, 2153–2162. [CrossRef]

http://dx.doi.org/10.1016/j.envres.2015.10.008
http://dx.doi.org/10.2166/wst.2016.356
http://dx.doi.org/10.1080/09593330.2019.1675771
http://dx.doi.org/10.1016/j.chemosphere.2019.124388
http://www.ncbi.nlm.nih.gov/pubmed/31545193
http://dx.doi.org/10.1016/j.jhazmat.2016.05.019
http://www.ncbi.nlm.nih.gov/pubmed/27217300
http://dx.doi.org/10.1016/j.jiec.2015.10.016
http://dx.doi.org/10.1016/j.chemosphere.2017.07.063
http://dx.doi.org/10.1002/(SICI)1096-987X(199803)19:4&lt;404::AID-JCC3&gt;3.0.CO;2-W
http://dx.doi.org/10.1016/j.jhazmat.2015.12.031
http://dx.doi.org/10.1007/s11356-018-3432-x
http://dx.doi.org/10.3906/kim-1807-47
http://dx.doi.org/10.1016/j.jhazmat.2020.122339
http://dx.doi.org/10.1016/j.chemosphere.2014.04.016
http://dx.doi.org/10.1016/j.talanta.2018.09.056
http://www.ncbi.nlm.nih.gov/pubmed/30348425
http://dx.doi.org/10.1016/j.biortech.2009.06.050
http://www.ncbi.nlm.nih.gov/pubmed/19635663
http://dx.doi.org/10.1016/j.envpol.2019.03.127
http://www.ncbi.nlm.nih.gov/pubmed/30999205
http://dx.doi.org/10.1007/s00253-016-7991-9


Polymers 2020, 12, 1672 22 of 22

37. Qiu, W.H.; Zheng, M.; Sun, J.; Tian, Y.Q.; Fang, M.J.; Zheng, Y.; Zhang, T.; Zheng, C.M. Photolysis
of enrofloxacin, pefloxacin and sulfaquinoxaline in aqueous solution by UV/H2O2, UV/Fe(II), and
UV/H2O2/Fe(II) and the toxicity of the final reaction solutions on zebrafish embryos. Sci. Total Environ. 2019,
651, 1457–1468. [CrossRef]

38. Yuan, X.; Lacorte, S.; Cristale, J.; Dantas, R.F.; Sans, C.; Esplugas, S.; Qiang, Z. Removal of organophosphate
esters from municipal secondary effluent by ozone and UV/H2O2 treatments. Sep. Purif. Technol. 2015, 156,
1028–1034. [CrossRef]

39. Ge, J.L.; Wang, X.H.; Li, C.G.; Wang, S.Y.; Wang, L.H.; Qu, R.J.; Wang, Z.Y. Photodegradation of polychlorinated
diphenyl sulfides mediated by reactive oxygen species on silica gel. Chem. Eng. J. 2018, 359, 1056–1064.
[CrossRef]

40. Ghodbane, H.; Hamdaoui, O. Decolorization of antraquinonic dye, C.I. Acid Blue 25, in aqueous solution by
direct UV irradiation, UV/H2O2 and UV/Fe(II) processes. Chem. Eng. J. 2010, 160, 226–231. [CrossRef]

41. Li, C.G.; Liu, J.Q.; Wu, N.N.; Pan, X.X.; Feng, J.F.; Al-Basher, G.; Allam, A.A.; Qu, R.J.; Wang, Z.Y.
Photochemical formation of hydroxylated polychlorinated biphenyls (OH-PCBs) from decachlorobiphenyl
(PCB-209) on solids/air interface. J. Hazard. Mater. 2019, 378, 120758. [CrossRef] [PubMed]

42. Zhou, C.; Gao, N.; Deng, Y.; Chu, W.; Rong, W.; Zhou, S. Factors affecting ultraviolet irradiation/hydrogen
peroxide (UV/H2O2) degradation of mixed N-nitrosamines in water. J. Hazard. Mater. 2012, 231–232, 43–48.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.scitotenv.2018.09.315
http://dx.doi.org/10.1016/j.seppur.2015.09.052
http://dx.doi.org/10.1016/j.cej.2018.11.079
http://dx.doi.org/10.1016/j.cej.2010.03.049
http://dx.doi.org/10.1016/j.jhazmat.2019.120758
http://www.ncbi.nlm.nih.gov/pubmed/31207486
http://dx.doi.org/10.1016/j.jhazmat.2012.06.032
http://www.ncbi.nlm.nih.gov/pubmed/22795395
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Calculation of Photodegradation and Functional Properties of OPFR Molecules—Density Functional Theory (DFT) Method 
	Characterization Method for the Comprehensive Biodegradation/Photodegradation Effect Values of OPFR Molecules—Normalization Method 
	Enhancement of Degradation Efficiency for OPFR-Derivative Molecules—Molecular Dynamics Method Assisted with Taguchi Experimental Design 

	Results and Discussion 
	Construction and Reliability Test for Biodegradation and Photodegradation Pharmacophore Models of OPFRs 
	Molecular Modification of OPFRs with High Biologic/Photodegradation Efficiency 
	Prediction of Biodegradation and Photodegradation for OPFR-Derivative Molecules 
	Practicality Evaluation of OPFRs Derivatives Molecular 
	Mechanistic Analysis for the Biodegradation and Photodegradation of OPFR-Derivative Molecules 
	Mechanistic Analysis for The Enhancement of Biodegradation for OPFR-Derivative Molecules 
	Mechanistic Analysis for the Enhancement of Photodegradation for OPFR-Derivative Molecules 

	Enhancement of Biodegradation and Photodegradation Efficiencies of New Derivative Molecule TCPP–OH under Simulated Environment 
	Enhanced Biodegradability of TCPP–OH by Molecular Dynamic Simulation Assisted with Taguchi Experiment Design 
	Enhanced Photodegradability of TCPP–OH by Solvation Effect Based on PCM 


	Conclusions 
	References

