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Abstract: With fireproofing function organophosphate flame retardants tri(2-butoxyethyl) phosphate (TBOEP) have 
been added into many polymeric materials widely. During applications of these polymeric fireproofing materials it was 
discharged into environment and causes serious problems to human and ecosystem. To reveal the degradation 
behaviour of TBOEP and its influence on environment, quantum chemical methods were employed to investigate the 
mechanisms, kinetics and toxicity of TBOEP in the atmosphere. Results indicate that OH radicals are more effective 
than ClO radicals to degrade TBOEP with H-abstraction mechanism dominating via low barriers less than 40 kJ/mol. 
Kinetically, as the temperature increases from 298 to 800 K, the total rate constant decreases gradually, and high 
temperature such as building-fire condition is unfavourable to degrade TBOEP. The degradation products exhibit 
significantly reduced acute and chronic toxicity to fish, daphnid and green algae. Moreover, mutagenicity toxicity is 
negative, while developmental toxicity increases in the degradation products. This work gives new insights into the 
environmental chemistry of polymeric fireproofing materials in the atmosphere. 

Keywords: Fireproof polymeric material, Organophosphate flame retardant, Degradation, Kinetics, Ecotoxicity.  

1. INTRODUCTION 

As one kinds of fireproof material used widely in 
building, organophosphorus flame retardants (OPFRs) 
were used as additive into many building polymeric 
materials. However, during applications they present 
significant risks to both the ecological environment and 
human health. Driven by technological developments, 
OPFRs are used widely in plastic products, electronic 
appliances, textile materials, building materials, and so 
on [1-3]. As a kind of typical OPFRs, 
Tris(2-butoxyethyl) phosphate (TBOEP) is used 
commonly in floor decoration polymeric materials and 
industrial chemical product manufacturing [4]. It 
penetrates easily into environment and persists for long 
time [5, 6], and has been detected in various 
environmental media such as air and dust [7-19]. 
Moreover, TBOEP has neurotoxic, growth-inhibiting, 
and reproductive toxic effects on zebrafish [20-23]. 
Research indicates that TBOEP has carcinogenic 
potential, is present in human body fluids and biota, 
and forms metabolites in the human liver [24, 25]. As 
extensive applications and potential harm of polymeric 
materials in our daily life, TBOEP is necessary to be 
treated after released into environment. However, the 
attentions were not paid to this issue and possible 
influence of OPFRs in polymeric materials. 
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Generally, hydroxyl radicals (·OH) and chlorine 
monoxide radicals (·ClO) are considered to be the most 
important radicals promoting the degradation of organic 
pollutants[26]. Active hydroxyl radicals can oxidize and 
decompose persistent pollutants rapidly with the 
reaction rate constants being 108-1010 M-1 s-1 [27, 28]. 
The oxidative capacity was influenced by the reactants. 
For example, in reactions with dimethyl sulfoxide 
(DMSO)[29], the rate constant for ·OH is higher; while 
in the reactions with CH₃O₂ (methylperoxy radical), the 
rate constant for ·ClO is higher [30, 31]. Moreover, 
·ClO exhibit low reaction energy barriers with various 
pollutants such as caffeine, ammonia nitrogen, and 
sesquiterpene compounds [32-35]. Noted that the 
concentration ·ClO is around 1.0×107 molecules·cm-3 in 
marine atmosphere [32]. Therefore, will the 
degradation by ·ClO on TBOEP be stronger than by 
·OH in higher ·ClO concentration conditions? 

Currently, researches on TBOEP focus on 
biodegradation [36] without the transformation 
mechanisms and ecological risks. During oxidative 
degradation in the atmosphere, the parent compound 
is oxidized into several intermediates, however, the 
toxicity of these intermediates is unclear. Given the 
widespread use of TBOEP in building fireproofing 
materials, temperature changes are a significant factor 
for its degradation. Existing data remain insufficient 
across a broader temperature range, particularly in 
extreme high-temperature conditions. To reveal these 
issues, combined approach of quantum chemical 
calculations and kinetic modelling was employed to 
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investigate the reaction mechanisms and kinetics of 
TBOEP degradation triggered by ·OH and ·ClO in 
atmosphere. Furthermore, through toxicity assessment, 
the ecological risks of TBOEP and its degradation 
products were comprehensively evaluated. It is expect 
to provide a theoretical basis to understand the 
variations of OPFRs in polymeric fire-retardant 
systems.  

2. COMPUTATIONAL DETAILS 

2.1. Reaction Mechanisms 

All density functional theory (DFT) calculations were 
executed employing Gaussian 09 [37]. For geometric 
structure optimization, frequency analysis, and 
zero-point energy correctionon on reactants (R), 
products (P), intermediates (IM), and transition states 
(TS), the M06-2X/6-311++G(d,p) theoretical level was 
selected [38, 39]. It is known that the choice of 
theoretical method is important to the final result 
including geometrical parameters and energy. The 
reason to select M062X method lies on two aspects: 
firstly, M062X method shows better superiority in weak 
intramolecular interactions than the traditional density 
functional theory [40]; secondly, according to our many 
attempts, only the M062X method can describe all 
transition states in H-abstraction channels, while some 
of the transition states were not located using B3LYP 
method, which is common and popular in studying the 
reaction mechanisms. During the validation of 
computational result, all stationary points were 
confirmed. The minimum exhibits no imaginary 
frequencies, while the transition state has only one 
imaginary frequency. Additionally, to ensure that each 
transition state is correctly connected to the designed 
reactants and products, intrinsic reaction coordinate 
(IRC) calculations were performed at the same 
theoretical level [41]. Finally, to obtain more precise 
single-point energy for each stationary point, 
calculations were conducted at the 
M06-2X/6-311++G(3df,2pd) theoretical level based on 
the geometry from M06-2X/6-311++G(d,p) levels of 
theory.  

2.2. Kinetics 

To obtain more information about kinetics for 
degradation of TBOEP in the atmosphere, the rate 
constants were simulated using the Kinetic and 
Statistical Thermodynamics Package (KiSThelP) [42], 
along with correction for the empirical resonance 
frequency factor of 0.97. In addition, quantum tunneling 
effects were considered using the transition state 
theory (TST) and Wigner tunneling corrections (X). The 
formula for TST is as follows: 

kTST T   =  σ k!T
h

RT
p0

∆n
e
!ΔG

0,ǂ T
kBT       (1) 

k  =  kTST×  X         (2) 

kB is the Boltzmann’s constant; σ is the reaction path 
degeneracy; T is reaction temperature; RT/p0 has the 
unit of the inverse of concentration; Δn is 1 for 
bimolecular reaction; h is the Planck's constant; and 
ΔG0,ǂ(T) represents the standard Gibbs free energy of 
activation for the reaction under consideration. 

Moreover, the branching ratio of each pathway was 
calculated (Γ, defined as the ratio of the separated 
channel's rate constant to the total reaction rate 
constant) to assess its impact on the overall reaction. 
The formula is as follows: 

Γi  =
ki
ktot
×  %

 
        (3) 

The degradation time was calculated using equation 
(4) in atmosphere, respectively, in which k is the overall 
rate constant; [OH] is the concentration of ‧OH in the 
atmosphere. 

τ  =   1
k  ×   OH

 
        (4) 

2.3. Ecotoxicity Evaluation 

The Ecological Structure Activity Relationships 
(ECOSAR) programme is a computerized version of 
the ECOSAR analysis programme adopted by the 
Office of Pollution Prevention and Toxic Substances 
(OPPT) [43]. The Toxicity Estimation Software Tool 
(T.E.S.T) is an online prediction system launched by 
the U.S. Environmental Protection Agency, which 
employs quantitative structure-activity relationship 
(QSAR) mathematical models [44]. T.E.S.T has 
multiple toxicity endpoints and can predict acute 
toxicity values based on the physical properties of 
molecular structures, making it used widely for toxicity 
prediction [44]. In this study, ECOSAR and T.E.S.T 
were employed to predict the potential acute toxic 
effects of TBOEP in aquatic ecosystems, involving 
aquatic organisms such as fish, daphnid, and green 
algae. For acute toxicity assessment, two key 
indicators were considered: 1) EC50 value for algae, 
which refers to the concentration that causes adverse 
effects in 50 % of green algae after 96 h of exposure; 2) 
LC50 value for fish and daphnid, where the LC50 value 
for fish or daphnid refers to the concentration that 
causes 50 % mortality in fish or daphnid after 96 h of 
exposure. To assess the long-term toxic potential of 
TBOEP and its degradation products comprehensively 
and thoroughly, the chronic toxicity (ChV) values were 
calculated. Additionally, considering the potential 
multifaceted health impacts of these substances, 
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predictive analysis of the developmental toxicity and 
mutagenicity of TBOEP and its degradation products 
was conducted. 

3. RESULTS AND DISCUSSIONS 

3.1. Preliminary Reactions of ‧OH with TBOEP in 
the Atmosphere  

The molecular structures of ·OH, ·ClO, and TBOEP 
were shown in Figure 1. The structural feature of 
TBOEP lies in its central phosphate group, which is 
connected to three n-butyl groups via ester bonds, 
forming a highly symmetrical tridentate structure. This 
structural symmetry endows TBOEP with remarkable 
environmental stability, enabling it to resist degradation 
processes such as photolysis or hydrolysis. The 
electrostatic potential surfaces (ESP) of ·ClO, ·OH, and 
TBOEP were calculated and shown in Figure 1. It can 
be seen that the O atom from the P=O bond shows a 
more prominent red color. In ESP, red indicates a 
negative charge, and a darker shade means a larger 
absolute value of the atom. Since multiple O atoms are 
connected to the P atom, electrons are mostly confined 
in P-O bonds, making addition reactions difficult to 

occur. ·OH and ·ClO are electronegative, implying that 
substitution reactions can easily take place in the 
regions connected to O. The weak C-H bonds in the 
alkyl chains (especially the α-H adjacent to 
heteroatoms) are the main sites for H-abstraction 
reactions by ·OH. Moreover, the average local 
ionization energy (ALIE) of the TBOEP molecule was 
analyzed using the Multiwfn (V3.7) software [45, 46] to 
predict its main reaction sites, and it was shown in 
Figure 1, as well. In the surface the smaller the ALIE 
value, the weaker the electron bonding force or the 
stronger the electron activity, making it more prone to 
electrophilic reactions and radical reactions. The ALIE 
values in the blue regions are lower than those in the 
red regions, indicating stronger electron activity and 
higher reactivity with electrophilic reagents. The darker 
the colour, the higher the reaction probability. Study on 
tris(2-chloroethyl) phosphate (TCEP) degradation 
presumed two pathways via addition of ·OH to the P 
atom and the attack of ‧OH at the branched chain 
terminal C atoms to generate carbon-centred radicals 
[47]. Since TCEP and TBOEP have similar structures, 
it is assumed that they undergo similar reactions. 

 

 

Figure 1: The structures and electrostatic potential surfaces (ESP) of tri(2-butoxyethyl) phosphate (TBOEP), ·OH and ·ClO and 
average localized ionization energy (ALIE) values for TBOEP. 
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The progress of the reaction was shown in Figure 2 
to give a clear description. To gain deeper 
understanding on the degradation behaviour of TBOEP 
under free radical attack, supporting information 
provide detailed data on reaction energy barriers, 
thermodynamic parameters, and optimized geometric 
structures of intermediates and transition states. The 
optimized geometries for all species were shown in 
Figure S1(Supporting information). Detailed energy 
was listed in Tables S1. 

3.1.1. Hydrogen-Abstraction Mechanism 

TBOEP contains multiple C-H bonds, and these 
hydrogen atoms can be attacked and extracted easily 
by free radicals. According to structure of TBOEP, 
there are six types of H atom exist as shown in Figure 2, 
i.e., one methyl-H and five different methylene-H. 
Therefore, H-abstraction reactions can occur via the 
following channels: 

TBOEP + ·OH → TA-TS-1 → TA-P1 + H2O (R1) 

TBOEP + ·OH → TA-TS-2 → TA-P2+ H2O (R2) 

TBOEP + ·OH → TA-TS-3 → TA-P3 + H2O (R3) 

TBOEP + ·OH → TA-TS-4 → TA-P4+ H2O (R4) 

TBOEP + ·OH → TA-TS-5 → TA-P5+ H2O (R5) 

TBOEP + ·OH → TA-TS-6 → TA-P6 + H2O (R6) 

Based on the structure of branched chain 
(-OCH2CH2OCH2CH2CH2CH3) in TBOEP, the activity 
of these H atoms shows significant differences. 
Energetically, the energy barrier required in R1 channel 
is 36.8 kJ/mol. The energy barriers required to extract 
adjacent methylene hydrogens are 14.1 (TA-TS-2) and 
25.5 (TA-TS-3) kJ/mol, respectively, with R2 channel 
being the lowest energy pathway among all channels. 
Therefore, the most active site is the methylene 
hydrogen adjacent to ether oxygen as shown in Figure 
2. This may be due to the electron-withdrawing effect of 
the ether oxygen. While in channels of R4 and R5, the 
β-H and γ-H (-CH2-CH2-CH3) at the terminal butoxy 
group are extracted with the energy barrier being 29.0 
and 28.9 kJ/mol. Noted H atoms abstracted in R4 and 
R5 channels locating in the end of the molecular chain, 
are distant from polar groups and affected slightly by 
steric hindrance to have slightly lower bond energies, 
making them more susceptible to be attacked by 
radicals. Finally, H atom from the terminal methyl group 
extracted via R6 channel undergoes with an energy 
barrier of 38.8 kJ/mol, the highest one among all 
channels. It is speculated that the higher energy barrier 
comes from higher bond energy and the absence of 

 

Figure 2: Diagram of the channels in the reactions of TBOEP with ·OH and ·ClO at M06-2X/6-311++G (3df,2pd) // 
M06-2X/6-311+G(d,p) level. For ΔG (unit in kJ/mol). 
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activating groups, which results in lower reaction 
activity. 

To sum up, in the reaction between ‧OH and 
TBOEP, all H-abstraction pathways surpassing barriers 
lower than 40 kJ/mol, and they are possible to take 
place in the atmosphere. With the lowest energy 
barriers, the most feasible pathway is R2 with the 
hydrogen from middle methylene next to O atom in 
ether, which are electron-donating group. 

3.1.2. Substitution Mechanism 

Besides H-abstraction mechanisms, substitution 
reactions represent a typical degradation route for 
TBOEP. Based on result that five substitution pathways 
were systematically identified through the following 
ways: 

TBOEP + ·OH → TA-TS-S1 → TA-S1-P1+TB-S1-P2 
(R7) 

TBOEP + ·OH → TA-TS-S2 → TA-S2-P1+TA-S2-P2 
(R8) 

TBOEP + ·OH → TA-TS-S3 → TA-S3-P1+TA-S3-P2 
(R9) 

TBOEP + ·OH → TA-TS-S4→ TA-S4-P1+TA-S4-P2 
(R10) 

TBOEP + ·OH → TA-TS-S5 → TA-S5-P1+TA-S5-P2 
(R11) 

Based on the special structure of TBOEP, it is 
speculated that the substitution reactions mainly focus 
on the C-O and P-O bond. The P-O bond has the 
lowest bond energy, while the C-O bond has the 
strongest polarity, making it as the preferred target for 
the substitution by ‧OH. As seen in Figure 2, ‧OH 
attack the C atom in C-O bond connecting with P atom, 
the O atom in C-O bond at the butoxy end to form butyl 
or butyl hydroperoxide, the O and P atom in P-O bond 
lead to several products, respectively, in channels of 
R7 to R11. The corresponding energy barriers 
surmounting are 180.0, 281.2, 288.6, 317.7 and 172.8 
kJ/mol, obviously, with high barriers all the channels 
are difficult to undergo in the atmosphere, implying that 
the substitution processes of TBOEP are restricted. 

Moreover, it was proposed that phosphorus and 
oxygen atoms within the phosphorus-oxygen double 
bond (P=O) may function as reactive sites for hydroxyl 
radicals. Thus, M06-2X/6-311++G(d,p) calculation was 
performed to visualize the average local ionization 
energy (ALIE) distribution in TBOEP (Figure 1). The 
result indicates that the region surrounding the 
phosphorus atom is predominantly characterized by 

red-white coloration (high ALIE values). And it is 
conceivable that addition mechanism was unfavorable.  

To sum up, with lower energy barriers H-abstraction 
channels serve as the primary reaction pathway. While 
substitution reactions necessitate surmounting 
relatively high energy barriers, making them difficult to 
proceed spontaneously under conventional conditions. 

3.2. Reaction of ‧ ClO with TBOEP in the 
Atmosphere 

Based on analysis of the reaction between ·OH with 
TBOEP, it can be concluded that H-abstraction 
mechanism is dominant. Considering the similarity 
between the reactions of ·OH and ·ClO with organics, 
only H-abstraction mechanism in the reactions of 
TBOEP and ·ClO was studied, and the reaction 
progress was shown in Figure 2, as well, to give a clear 
and comparable description. The optimized geometries 
for all species were shown in Figure S2. Detailed 
energy was listed in Tables S2. As for the reaction of 
TBOEP with ·ClO, six H-abstraction pathways take 
place as follows:  

TBOEP + ClO· →  TC-TS-1 → TC-P1 + HOCl 
(R12) 

TBOEP + ClO· →  TC-TS-2 → TC-P2 + HOCl 
(R13) 

TBOEP + ClO· →  TC-TS-3 → TC-P3 + HOCl 
(R14) 

TBOEP + ClO· →  TC-TS-4 → TC-P4 + HOCl 
(R15) 

TBOEP + ClO· →  TC-TS-5 → TC-P5 + HOCl 
(R16) 

TBOEP + ClO· →  TC-TS-6 → TC-P6 + HOCl 
(R17) 

The energy barriers for the six pathways R12 to 
R17 are 68.5, 56.1, 53.5, 70.6, 65.0, and 82.2 kJ/mol, 
respectively, suggesting that the reactivity of ·ClO to 
abstract hydrogen from TBOEP exhibits significant 
dependency. It is mentioned that the barriers are 
significantly higher than those in the reaction between 
·OH and TBOEP, indicating that·OH have greater 
oxidative capacity toward TBOEP than ·ClO. It is 
assumed that chlorine in ·ClO has lower 
electronegativity than the oxygen in ·OH. Noted that 
lower energy barriers correspond to the two hydrogen 
atoms adjacent to the acyl oxygen, in accordance with 
that in the reaction of ·OH. Since ·OH are the primary 
atmospheric scavengers of air pollutants [48], it is 
anticipated that the feasibility of ·OH to degrade 
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TBOEP under atmospheric conditions is higher than 
that of ·ClO. 

3.3. Subsequent Reactions of H-Abstraction 
Mechanism Products in Atmosphere 

Based on above result it can be concluded clearly 
that H-abstraction channels compass lower energy 
barriers, demonstrating highly feasible chemical 
conversion pathways to generate highly reactive 
products TA-P1 to TA-P6. The remaining unpaired 
electrons in these products confer them with strong 
oxygen affinity and nitrogen oxide capture capabilities. 
In atmospheric environment, these highly activated 
products can undergo subsequent reactions with key 
atmospheric components. Thus further reactions of 
these products with O2 and NO were investigated. The 
subsequent processes were shown in Figure 3, the 
relative energy was listed in Table S3, and the 
optimized geometries were shown in Figure S3. 

Firstly, these products react with O2 via barrierless 
addition steps to form peroxyl radicals (ROO·) rapidly 
at typical atmospheric condition. As seen TA-P1 to 
TA-P6 react with O2 in the atmosphere, respectively, to 
form TAP1-IM-1to TAP6-IM-1. Their stabilization 
energies are 256.2, 253.0, 264.4, 253.4, 257.8, and 
258.4 kJ/mol, respectively. These intermediates then 
undergo addition reactions with NO leading to 
TAP1-IM-2, TAP2-IM-2, TAP3-IM-2, TAP4-IM-2, 
TAP5-IM-2, and TAP6-IM-2, respectively, via 
barrier-free processes. TAP1-IM-2 eliminates NO2 to 

form TAP1-1, which is exothermic and occurs easily in 
typical atmosphere. Subsequently, TAP1-1 undergoes 
decomposition via TA-TS1(1) to form TAP1-2 and 
TAP1-3, with a energy barrier of 76.7 kJ/mol. The 
reaction process from TAP2-IM-2 is similar to that of 
the aforementioned TAP1-IM-2, eliminating NO2 to 
form TAP2-1, and then undergoes decomposition via 
TA-TS2(1) to form TAP2-2 and TAP2-3 requiring a 
energy barrier of 12.8 kJ/mol. For TAP3-IM-2, 
TAP4-IM-2, TAP5-IM-2, and TAP6-IM-2, they also 
undergo exothermic steps to eliminate NO2, producing 
TAP3-1, TAP4-1, TAP5-1, and TAP6-1, respectively. 
TAP3-1 dissociates to form TAP3-2 and TAP3-3 via 
TA-TS3(1) with a energy barrier of 6.5 kJ/mol, which is 
easily to be surpassed. TAP4-1, TAP5-1 and TAP6-1 
take place similar decomposition to from TAP4-2 + 
TAP4-3, TAP5-2 + TAP5-3 and TAP6-2 + TAP6-3, 
respectively, with energy barriers being 24.7, 53.9 and 
63.5 kJ/mol. 

In term of energy barrier, the final products including 
TAP2-2 + TAP2-3, TAP3-2 + TAP3-3 and TAP4-2 + 
TAP4-3 are easily to be formed in the subsequent 
processes, accompanying the formation of typical 
atmospheric pollutants such as NO2. 

3.4. Kinetics of ‧OH with TBOEP  

To better understand the degradation and 
transformation processes of TBOEP in environment, 
KiSThelP program was used to calculate precisely the 
rate constants at different temperatures in the 

 

Figure 3: Subsequent reactions of main degradation products from ‧OH-initiated degradation of TBOEP with O2 and NO in the 
atmosphere. 
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atmosphere. The branching ratio and lifetime (half-life) 
was also evaluated. Because the the reaction energy 
barrier for ‧ClO is relatively high, and it was assumed 
that the rate constant is relatively slow, thus the 
kinetics in the reaction of TBOEP with ‧ClO was out of 
consideration here. For the reaction between TBOEP 
and ‧OH, substitution channels are difficult to occur 
with high barriers, and therefore only the contribution of 
H-abstraction pathways to the overall reaction was 
considered. The result were shown in Figure 4. Table 1 
lists the detailed rate constants and branching ratios for 
each channel at 298 K. 

Considering the temperature of the flame in a fire, 
the total rate constant (ktot) and branched rate 
constants (kH-n) were calculated for the temperature 
range from 298 K to 800 K in the atmosphere. As 
shown in Figure 4, in typical atmospheric conditions (T 
= 298 K and 1 atm), the rate constants for six 
H-abstraction channels are 6.15 × 10-13, 2.29 × 10-9, 

2.11 × 10-11, 6.89 × 10-12, 3.97 × 10-12, and 6.49 × 10-14 

cm3 molecule-1 s-1, respectively. The rate constant of 
R2 (kH-2) accounts for 98.93 % to the overall reaction, 
while the contributions of other pathways are negligible. 
Additionally, it was noted that temperature influences 
the total rate constant obviously. As the temperature 
increases from 298 to 800 K, the total rate constant 
decreases gradually from 2.95 × 10-9 to 5.55 × 10-11 
cm3 molecule-1 s-1. The rate constants caused by 
temperature differences happens due to fires or 
variations in altitude, And the residence time and 
spatial distribution characteristics of pollutants in the 
atmosphere will be influenced significantly. At 298 K 
and ·OH concentration of 1.0×106 molecules·cm-3, the 
estimated atmospheric lifetime of TBOEP is 0.09 h, 
indicating that ‧OH can degrade TBOEP rapidly in the 
atmosphere. As temperature increases from 298 to 800 
K, the atmospheric lifetime also increases gradually. At 
higher temperatures (508 K), the half-life extends to 
approximately 5.52 h, meaning that TBOEP degrades 

 

Figure 4: The calculated rate constants in the reaction of TBOEP with ‧OH along with temperature (T) at 1 atm. 

Table 1: The Total and Separated Rate Constant k (cm3 molecule−1s−1) and Branch Ratio (Γ) in the Reaction of TBOEP 
with ‧OH at 298 K in the Atmosphere 

Channels  k Γ(%) 

TBOEP + ‧OH→TA-TS-1(kH-1) 6.15×10-13 0.02 

TBOEP + ‧OH→TA-TS-2(kH-2) 2.92×10-9 98.93 

TBOEP + ‧OH→TA-TS-3(kH-3) 2.11×10-11 0.72 

TBOEP + ‧OH→TA-TS-4(kH-4) 6.89×10-12 0.23 

TBOEP + ‧OH→TA-TS-5(kH-5) 2.97×10-12 0.10 

TBOEP + ‧OH→TA-TS-6(kH-6) 6.49×10-14 0.00 

TBOEP + ‧OH(ktot) 2.95×10-9 100 
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more slowly at higher temperatures and requires longer 
time to be removed. Previous study on the degradation 
of tris(2-chloroisopropyl) phosphate initiated by ‧OH 
showed that the rate constant is 1.7 ×10-10 cm3 
molecule-1 s-1 at 298 K in the atmosphere [49], which is 
close to that in this work, indicating that ‧OH might 
degrade organophosphate flame retardants quickly. 
Therefore, it can be assumed that in high temperature 
such as fire conditions, the degradation rate becomes 
slower and then the polymeric materials will be 
protected with TBOEP as additive. However, the 
physical characteristic and mechanical strength might 
be changed. 

3.5. Ecotoxicity Assessment 

During degradation of TBOEP various 
intermediates and products can be formed. Employing 
ECOSAR and T.E.S.T models were used to assess the 
developmental toxicity, mutagenicity, acute and chronic 
toxicity of the parent compound, primary intermediates 
and transformation products when exposed to three 
representative aquatic organisms (i.e., fish, daphnid, 
and green algae). Figure 5a and 5b show the acute 

and chronic toxicity assessments of TBOEP, 
TAP1-IM-2, TAP2-IM-2, TAP3-IM-2, TAP4-IM-2, 
TAP5-IM-2, TAP6-IM-2, TAP1-2, TAP2-3, TAP3-2, 
TAP4-3, TAP5-3, and TAP6-3. Figure 5c shows the 
assessment of developmental toxicity and mutagenicity 
for these selected compounds. Table S4 provides 
detailed acute and chronic toxicity values. 

As shown in figures, the predicted acute toxicity of 
TBOEP to fish, daphnid, and green algae (logLC50 or 
logEC50) are 1.62, 1.42, and 1.45 mg/L, respectively, 
and all are below 2 mg/L,indicating that TBOEP is 
acute toxicity. The predicted chronic toxicity of TBOEP 
for fish, daphnid, and green algae (logChV) are 0.66, 
0.52, and 0.96 mg/L, respectively, which are below 1 
mg/L, indicating that it is chronic toxicity. Therefore, 
TBOEP exhibits both acute and chronic toxicity to 
these three aquatic organisms. On the other hand, from 
the evaluated values it can be seen that the acute and 
chronic toxicity of TAP1-IM-2, TAP2-IM-2, TAP3-IM-2, 
TAP4-IM-2, TAP5-IM-2, and TAP6-IM-2 were reduced 
slightly. The acute toxicity values of TAP1-2, TAP2-3, 
TAP3-2, TAP4-3, TAP5-3, and TAP6-3 are greater 
than 2 mg/L, and the chronic toxicity values are greater 

 

Figure 5: Developmental toxicity, mutagenicity, and ecological toxicity values (logLC50, logEC50, and logChV) of TBOEP and its 
degradation products for fish, daphnid, and green algae (uniting mg/L). (a) is acute toxicity, (b) is chronic toxicity, and (c) is 
developmental toxicity and mutagenicity.  
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than 1 mg/L, reaching the non-toxic standard. And thus 
these products are harmless to the three aquatic 
organisms. Generally, compounds are classified into 
developmental toxicants (developmental toxicity > 0.5 
mg/L) and developmental non-toxicants 
(developmental toxicity < 0.5 mg/L); mutagenicity 
negative (ames mutagenicity < 0.5) and mutagenicity 
positive (ames mutagenicity > 0.5). As shown in Figure 
5c, except for TAP3-2 and TAP5-3, the developmental 
toxicity values of all compounds are greater than 0.5 
mg/L, indicating that they all exhibit developmental 
toxicity. For the parent compound, all intermediates 
and degradation products, the mutagenicity values are 
less than 0.5 mg/L, indicating that they do not exhibit 
mutagenicity. In summary, TBOEP exhibits acute and 
chronic toxicity to fish, daphnid, and green algae. The 
degradation and transformation products meet 
non-toxic standards and it is assumed that they are 
harmless to the three aquatic organisms. Most of the 
compounds exhibit developmental toxicity; the parent 
compound, all intermediates and degradation products 
are non-mutagenic. The toxicity implies that the 
degradation by ‧OH is beneficial to the environment 
after it was emitted or discharged into environment, 
and it can propose theoretical information for the 
recycle and waste management of these polymeric 
materials. 

4. CONCLUSIONS 

To understand the chemical behavior of additive 
fireproof compounds in polymeric materials, the 
mechanism, kinetics, and toxicity of the degradation of 
TBOEP by ·OH and ·ClO in environment were 
investigated theoretically. Results indicate that ·OH is 
more effective than ·ClO to degrade TBOEP, with the 
H-abstraction mechanism being dominant. In ·OH with 
TBOEP reaction the six H-abstraction pathways 
overcome energy barriers of 36.8, 14.1, 25.5, 29.0, 
28.9 and 38.8 kJ/mol in the atmosphere. While 
substitution channels are difficult to occur. Moreover, 
kinetic data indicates that high temperatures is 
unfavourable to degrade TBOEP, and thus it is 
assumed that the polymeric materials can be protected 
in fire conditions. The acute and chronic toxicity of 
degradation products to all three aquatic organisms is 
reduced, and mutagenicity is negative, while 
developmental toxicity of the degradation products is 
positive. The toxicity implies that the degradation by 
‧OH is beneficial to the environment after it was 
emitted or discharged into environment. 
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