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Transformation products (TPs) of emerging organic contaminates (EOCs) in water are still rarely

considered in environmental risk assessment, although some have been found to be concern. OH is
believed as an important reactive species both in indirect phototransformation and advanced oxidation
technology. Thus, eco-toxicity and human estrogenic exposure risks of four phthalates and TPs during the

OH-initiated photochemical process were investigated using computational approach. Four phthalates


can be degraded through OH-addition and H-transfer pathways. The OH-addition TPs were predominant for dimethyl phthalates, while H-transfer TPs were predominant for other three phthalates.

Compared with phthalates, OH-addition TPs (o-OH-phthalates) were one level more toxic to aquatic
organisms, and m-OH-phthalates exhibit higher estrogenic activity. Although H-transfer TPs were less

harmful than OH-addition TPs, some of them still have aquatic toxicity and estrogenic activity. Therefore,
more attentions should be paid to photochemical TPs and original EOCs, particularly those exhibiting
high estrogenic activity to humans.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Phthalates are widely used as plasticizers in numerous consumer and personal care products, including food packaging,
medical devices, cosmetics, and building materials. As such, they
have become ubiquitous environmental contaminants (Bertelsen
et al., 2013), with several million tons of phthalates produced and
used annually worldwide (Feng et al., 2013); large amounts of
phthalates are continuously released into the environment during
the production, use, and disposal of plastic products. As a result,
phthalates are frequently detected in various environmental
matrices, including air (Li et al., 2013), soil (Xu et al., 2008) and
water (Shi et al., 2012a, 2012b; Xie et al., 2007). When it released to
the aquatic environment, phthalates may be transformed into other
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products. Thus, the aquatic ecosystems and human health are
exposed to an unknown cocktail of these chemicals.
Recent studies suggest that most water contaminants may form
more toxic byproducts than their parent compounds during the
photochemical transformation in surface water, and then increase
risks to aquatic ecosystems and human health (An et al., 2014a; Gao
et al., 2014b; Potera, 2011). These transformations can also occur in
advanced oxidation technology (AOTs) systems (An et al., 2015; Li

et al., 2006, 2007) because OH is also believed to be an important reactive species in the degradation of organic pollutants in
AOTs systems. Recently, it is reported that although some of the
transformation products (TPs) are found in aquatic environment at
low concentrations, they still can interact with some reactive species in water environments resulting in an adverse impact on the
environment (Escher and Fenner, 2011). Accordingly, the environmental presence and the formation of TPs add further complexity
to environmental risk assessment. Given this, it is important to
study the transformation mechanisms and environmental risks

from these OH-initiated TPs as well as original compounds during
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the photochemical transformation of phthalates in water.
Endocrine-disrupting and reproductive risks have already been
well known for phthalates (Huang et al., 2009; Kaiser, 2005; Li
et al., 2010); Moreover, phthalates TPs may signiﬁcantly
contribute to the risk posed by the parent compound, and additional risks to human health may be also associated with phthalate's TPs (Duty et al., 2003). Thus, to assess the exposure risk from
single phthalate is insufﬁcient, the risks from its TPs should be also
considered. While limited reports were investigated on the fate of
phthalates and the health risk imposed by their phototransformation products in water.
Theoretical calculations have been demonstrated to effectively
supplement to the experimental results according to our early results (An et al., 2015, 2014b, 2011; Fang et al., 2013). These calculations have successfully predicted the reaction mechanisms and
fates, and have provided promising potential methods for the
toxicity assessments of EOCs (Gao et al., 2014a, 2014b; Wang et al.,
2011). Therefore, in this work, to systematically understand the
exposure risk imposed by phthalates and their TPs in water, the

OH-initiated transformation of phthalates in water was used as a
baseline example to explore the photochemical transformation
mechanism by the theoretical calculations, and the environmental
fate of phthalates were also considered to assess the eco-toxicity
and human estrogenic activity of both original phthalates and
their TPs. The study also attempts the structure-dependency
toxicity of phthalates as well as their TPs, to help estimate other
similar contaminant toxicities. Four phthalates were employed in
this study based on their properties as priority control organic
pollutants because they are all simplest phthalates, such as
dimethyl phthalate (DMP), diethyl phthalate (DEP), dipropyl
phthalate (DPP) and dibutyl phthalate (DBP). This study's theoretical data will supply some experimental results to further properly
assess the exposure risks of phthalates as well as their TPs to
aquatic ecosystems and human health.
2. Computational methods
2.1. Electronic structure calculations
Electronic structure calculations were completed using a
Gaussian 03 program (Frisch et al., 2003). The geometry optimization of reactants, products, and transition states (TS) were performed using the hybrid density functional B3LYP method with the
6-31G(d,p) basis set (Nicolaescu et al., 2005). This method has been
successfully applied to simulate the aqueous reactions of organic
pollutants in environmental ﬁelds (Nicolaescu et al., 2005; Wang
et al., 2012). Harmonic vibrational frequencies were calculated at
the same level to identify all stationary points as either minima
(zero imaginary frequency) or TS (only one imaginary frequency).
The minimum energy pathway (MEP) was constructed using
intrinsic reaction coordinate (IRC) theory to conﬁrm that each TS
accurately connected the reactant with the associated product. The
mechanism involving single-electron transfer reaction was calculated using Marcus theory (Supplementary information). Singlepoint energy calculations, including the solvent effect, established
the potential energy surface (PES) at B3LYP/6-311þþG(d,p) level
based on the optimized structures and the conductive polarizable
continuum model (CPCM). The reaction kinetics was calculated
using transition-state theory (TST), considering solvent cage effects
and diffusion-limited effects, and the detail descriptions were given
in Supplementary data.
2.2. Eco-toxicity assessment calculations
The acute and chronic toxicities of phthalates as well as TPs
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were assessed using the “ecological structure-activity relationships” ECOSAR program (ECOSAR, 2014). This allowed for the risk
assessments at three trophic levels of aquatic organisms: green
algae, daphnia and ﬁsh. Acute toxicity is expressed using EC50
values (the concentration of tested pollutant leading to 50% growth
inhibition of green algae after 96 h) and LC50 values (the concentration of tested pollutant leading to 50% dead ﬁsh and daphnia
after 96 and 48 exposures, respectively). The lowest effect concentration was chosen for the most conservative estimation. The
threshold environmental concentrations (TEC) and the exposure
risk of target chemicals were assessed using the hazard quotient
(HQ) method (Hernando et al., 2006). A detailed description and
the eco-toxicity classiﬁcation are provided in Supplementary
information.
2.3. Human estrogenic activity calculations
The human estrogenic activities of phthalates and their TPs were
determined using VirtualToxLab software (Vedani et al., 2015,
2012). These simulated and quantiﬁed bindings to estrogen receptor b (ERb), were well known to cause signiﬁcant changes in
target cell estrogen (Grober et al., 2011). The binding afﬁnity is
expressed as IC50 values (i.e. the concentration at which 50% of ERb
binding was inhibited), and the approach is typically based on
human data and can assess the estrogenic risk of the target compounds to human.
3. Results and discussion
3.1. The structure-dependent risk of phthalates
Fig. S1 shows the optimized structures of the four phthalates,
including the description of their carbon atom number. There are
three typical sites on the benzene ring for four phthalates: meta(C1), ortho-(C2), and ispo-(C3) positions. The CeH bonds varied
slightly across the phthalate side chains. As a result, four phthalates
have similar structural parameters and physicochemical properties
(Fig. 1). For example, both the octanol-water partition coefﬁcients
(LogKow) and molecular polarity slightly increases from lowest to
highest in the following order: DMP, DEP, DPP and DBP.
To estimate phthalate exposure risk in aquatic ecosystems, acute
and chronic toxicities were investigated ﬁrst at three trophic levels
of aquatic organisms (green algae, daphnia and ﬁsh) (Fig. 1). All
toxicity values (LC50, EC50, and ChV) for each aquatic organism
decreased from DMP to DEP to DPP to DBP. For example, the LC50
values for ﬁsh were 40.82, 12.47, 3.75 and 1.11 mg L1 for DMP, DEP,
DPP and DBP, respectively (Table S1). This suggests that the acute
and chronic toxicities at the three trophic levels increased with the
order of DMP < DEP < DPP < DBP. The trends were similar for the m,
and LogKow, suggesting the phthalate aquatic toxicity strongly
correlated with these two parameters. That is, phthalates with
higher m and large LogKow values are more toxic to aquatic
organisms.
As Fig. 1 shows, the acute toxicity values of DMP ranged from
10.0 to 100.0 mg L1 at the three aquatic organisms. According to
the European Union criteria (Table S2), DMP is classed as harmful to
the three aquatic organisms. The same harmful level was also
observed for DEP to ﬁsh and daphnia, and a toxic level was obtained
to green algae. DPP was classiﬁed as toxic level to all three aquatic
organisms. A toxic level was also obtained for DBP to ﬁsh and
daphnia, while DBP with an EC50 of 0.49 mg L1 was classiﬁed as
very toxic to green algae (EC50 < 1.0 mg L1) (Table S1). For chronic
toxicity (Fig. 1), although DMP and DEP were not harmful to
daphnia, four phthalates still result in adverse effects to other
aquatic organisms. Moreover, by comparing the available
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Fig. 1. Properties, aquatic toxicity and the threshold environmental concentration (TEC) of the four phthalates.

experimental data of toxicity values (Table S3), it can be seen that
the experimental and calculated data fall into the same toxicity
classes, further conﬁrming that this theoretical program is a suitable method to assess the toxicity of phthalates and their TPs.
To further assess phthalate safety in aquatic environments and
for human health, the HQ method was also used to calculate the
threshold environmental concentrations (TEC) in water. Fish are a
human food source, so this trophic level was selected as the model
aquatic organism. The TEC for ﬁsh were calculated to be 0.14, 0.12,
0.04 and 0.01 mg L1 for DMP, DEP, DPP and DBP, respectively
(Fig. 1). When phthalate concentrations exceed these levels, they
may impose potential risk to ﬁsh and consequently to human
health through the dietary exposure. Moreover, they may threaten
human health through drinking water exposure because phthalates
have been frequently detected in drinking water (Shi et al., 2012a).
The TEC to human health is also calculated as only 300, 24 and
3 mg L1 for DMP, DEP and DBP, respectively (Fig. 1), while the TEC
of DPP could not be determined because there is no oral reference
dose (RfD). Thus, based on these toxicity values, the DPP TEC should
be conservatively estimated as similar as DBP. As such, the results
suggest that phthalate may impose risks to human health through
the drinking water exposure when their concentrations in water
exceed the corresponding values.
As for phthalate exposure risk to human health, the estrogenic
responses of four phthalates were assessed by examining their
binding afﬁnity to estrogen receptor b (ERb). Data showed that the
ERb-binding afﬁnities of four phthalates were all above 100 mM,
indicating that ERb-mediated endocrine-disrupting effect was
negligible. This ﬁnding agrees well with previous experimental results, where no phthalate bonding to ERb was detected (Toda et al.,
2004), and further conﬁrms the reliability of the VirtualToxLab calculations used in this work to assess human estrogenic activity of
phthalates as well as their TPs. However, the relationship between
phthalates and endocrine-disruption remains controversial. The
systematically study on the phthalate TPs and their aquatic toxicity
as well as estrogenic activity may help resolve the open questions.
3.2. Photochemical transformation patterns of phthalates
3.2.1. Photochemical transformation mechanisms

The OH-initiated photochemical transformation

of

four

phthalates were modeled in detail, and grouped as three pathway

groups: (i) OH-addition leading to the radical adducts formation

(RAF pathways), (ii) hydrogen atom transfer by OH (HAT pathways),

and (iii) single electron transfer by OH (SET pathways). Scheme S1
summarizes all phthalate transformation pathways, and
Figs. S2eS4 present the optimized geometries of all TS and products
involved in these pathways. Table 1 lists the computed reaction
enthalpies (DH) and reaction energies (DG) of all pathways. It can be
seen that SET pathways were non-spontaneous for all phthalate, due
to positive DG values of 19.32e27.59 kcal mol1. In addition, these
pathways were endothermic processes (DH > 22.82 kcal mol1),
while other RAF and HAT pathways were exothermic processes

except carbonyl- OH-addition pathways (4RAF) of four phthalates
with small DH of 7.87e9.66 kcal mol1. As such, from a thermody
namics viewpoint, the SET and carbonyl- OH-addition pathways
were less energetically favored than others, and can be ruled out

from the initial OH reaction steps. This conclusion further theoretically revealed the previous experimental results that the transient
absorption spectra of the SET intermediates were not observed in the

pulse radiolysis of DMP with OH (An et al., 2014b). Therefore, there
is a very low probability for the electron-transfer reactivity of four

phthalates to OH.
For the phthalates' RAF pathways (Table 2), the energy barriers
(DGs) of 4RAF were calculated as 23.77e28.65 kcal mol1, and

higher by at least 10.33 kcal mol1 compared with benzene- OH
addition pathways. This conﬁrms that OH had difﬁculty attacking

the phthalate's carbonyl groups. However, for the benzene- OHs
addition pathways, DG
were obtained with 8.61e9.77,
10.56e10.76, and 13.44e14.20 kcal mol1 for 1RAF, 2RAF, and 3RAF,
respectively. DGs of the latter pathway was higher than the former
two pathways by 4.11e4.83 and 2.68e3.61 kcal mol1, respectively,
thus 1RAF and 2RAF pathways were predicted to be more likely
among of four RAF pathways. Therefore, for RAF pathways, the meta
carbon atoms (C1) and ortho carbon atoms (C2) in the benzene ring


were most easily attacked position by OH, producing the meta OH


adducts ( Phthalates-OH1) and ortho OH-adducts ( PhthalatesOH2) as dominant transformation intermediates, respectively
(shown in Figs. S1 and S2-4).
For HAT pathways of phthalates, the DGs of benzene-H-transfer
pathways (1HAT and 2HAT) were calculated as 12.06e12.84 and
16.01e17.73 kcal mol1, respectively (Table 2). This was higher than
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Table 1

Reaction enthalpies DH and reaction energies DG for OH-initiated transformation of the four phthalates (kcal mol1).
RAF pathways

DH

DG

a

DMPa
DEP
DPP
DBP
DMPa
DEP
DPP
DBP

HAT pathways

SET pathway

1RAF

2RAF

3RAF

4RAF

1HAT

2HAT

aHAT

16.40
16.15
16.29
16.12
7.42
6.86
6.93
6.75

15.21
15.1
14.83
14.58
5.89
5.85
5.63
5.69

12.97
13.2
13.39
13.27
3.33
3.52
4.15
3.94

8.52
9.66
8.96
7.87
18.64
20.76
20.37
19.56

4.82
4.84
4.9
4.89
6.46
6.07
6.34
6.62

4.97
4.99
4.93
4.95
5.13
7.41
6.59
6.61

19.41
22.28
22.31
22.36
20.77
23.61
24.74
24.21

bHAT

gHAT

dHAT

e
17.12
21.55
21.41

e
e
18.14
22.08

e
e
e
18.48

18.22
24.82
24.69

21.33
25.51

21.32

27.91
26.38
22.82
26.35
27.59
25.96
19.32
25.32

Data from reference (An et al., 2014b).

Table 2

Free energy barriers DGs (kcal mol1) for the OH-initiated transformation of four phthalates.

D Gs

DMPa
DEP
DPP
DBP
a

RAF pathways

HAT pathways

1RAF

2RAF

3RAF

4RAF

1HAT

2HAT

aHAT

bHAT

gHAT

dHAT

9.57
9.77
9.56
8.61

10.59
10.56
10.70
10.76

14.20
13.90
13.67
13.44

27.38
28.65
25.02
23.77

12.44
12.84
12.78
12.06

15.51
16.01
17.07
17.73

10.60
10.12
10.22
10.07

e
9.7
10.19
10.27

e
e
8.86
7.89

e
e
e
8.77

Data from reference (An et al., 2014b).

alkyl-H-transfer pathways (a ~ dHAT) by approximately
1.8e6.3 kcal mol1. Moreover, the former pathways were less
exothermic by at least 12 kcal mol1 than the latter pathways
(Table 1). This implies that H-transfer from the benzene ring was
less favored than from the alkyl group. For the alkyl-H-transfer
pathways, DEP Cb-H-transfer pathway (bHAT) was more likely to
occur than the aHAT pathway, because the DGs of bHAT was
10.12 kcal mol1, and was lower by 0.42 kcal mol1 than its aHAT.
This means the lowest barrier of HAT pathway is that of the Htransfer from the terminal methyl group (eCH3). As for DPP
transformation, the similar trendy was obtained. H-transfer from
terminal methyl group (gHAT) has the highest reactivity, due to the
lowest DGs of 8.86 kcal mol1. But DBP showed a different trendy.
The highest reactivity was obtained as gHAT pathway
(7.89 kcal mol1), rather than terminal methyl-H-transfer (dHAT
pathway), with a slightly higher DGs (8.77 kcal mol1).
Based on above mentioned discussion, all of single-electron

transfer pathways, two OH-addition pathways (3RAF and 4RAF),
and two benzene-H-transfer pathways (1HAT and 2HAT) can be
excluded from possible phthalate transformation pathways in water. Nevertheless, due to the small difference in the DGs of the
remaining pathways (1RAF, 2 RAF and a ~ dHAT), their contributions
cannot be completely identiﬁed based only on the mechanism aspects. As such, the kinetics calculations were also conducted to
distinguish each pathway's contribution from each other in the
total transformation pathways.
3.2.2. Kinetics calculations
To quantitatively evaluate each major pathway's contribution
and explore phthalate transformation fate in water, the reaction
kinetics were investigated within a temperature range of 273e313 K.
Table S4 presents the calculated second-order rate constants for
each pathway as well as the total reactions (ktotal, the sum of rate
constants of each pathway), and the experimental data reported in
early references are also summarized for the comparison. Fig. S5
shows that ktotal as a function of temperature, and the results suggest that ktotal of phthalate transformation increased as the temperature rose. This suggests that high temperatures could improve

OH-initiated phthalate transformation in water, and phthalate
concentrations could be varied from seasonal water temperature.

Fig. S5 and Table S4 show that, at a ﬁxed temperature, the ktotal
increases as the carbon number of the side chain of four phthalate
increases. The ktotal increases in the order of kDMP < kDEP < kDPP < kDBP.
The ktotal for DMP, DEP, DPP and DBP were calculated as 2.66  109,
4.40  109, 5.80  109, and 8.70  109 M1 s1 at room temperature,
respectively. These calculated rate constants were well matched with
the experimental values. Taking DMP transformation as an example,
the calculated ktotal of 2.66  109 M1 s1 was the same order of
magnitude as the early reported experimental values:
(2.67 ± 0.26)  109 M1 s1 using the competition kinetics method
(Wen et al., 2011), and 3.2  109 and 3.4  109 M1 s1 using pulse
radiolysis (An et al., 2014b; Wu et al., 2011), as well as
4.0  109 M1 s1 through the ﬁtting the experimental data to the
kinetic model (Xu et al., 2009). These consistence results further
conﬁrm the reliability of our theoretically calculated data.
Additionally, to estimate rate constants at speciﬁc temperatures,
the pre-exponential factor, the activation energy and the Arrhenius
formulas were established from the rate constant data within the
temperature range of 273e313 K (Table S5). The activation energies
of four phthalates were calculated as 11.01, 10.95, 10.2, and
9.37 kcal mol1 for DMP, DEP, DPP and DBP transformation,

respectively. This means these OH-initiated transformation reactions of four phthalates in water can be easily occurred with so
small activation energies.

Furthermore, the half-life (t1/2) of OH-initiated transformation
was also calculated within 273e313 K temperature range. Fig. S6

shows that at a speciﬁed [ OH] range, the t1/2 of four phthalates

decreases as the temperature increases, based on [ OH] from
1014e1018 M in natural waters (Wu and Linden, 2010). For

example, at the highest [ OH] of 1014 M in natural waters, the t1/2
of DMP increased from 4.8 to 22.7 h as the temperature dropped
from 313 to 273 K. This suggests that a decrease of environmental
temperature results in an increase t1/2 of four phthalates, further
conﬁrming the previous experimental observation that longer halflives are obtained in cold water environments (Staples et al., 1997).
Moreover, at a ﬁxed temperature, t1/2 of four phthalates increased

with the decrease of [ OH]. These results suggested that the t1/2

depended more on [ OH] than the temperature, although the in
crease in the temperature and [ OH] would beneﬁt the phthalates'
transformation (Fig. S6). Furthermore, at a ﬁxed temperature and
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[ OH], t1/2 of four phthalates decrease as the alkyl chain length increases. This implies that as the alkyl chain length increases, the

susceptibility of phthalates to OH-initiated photochemical trans
formation increases. For example, at room temperature, with [ OH]
14
up to 10
M, t1/2 values were obtained as 7.2, 3.4, 3.3 and 2.2 h for
DMP, DEP, DPP and DBP transformation, respectively. This

conﬁrmed that phthalate reaction with OH is very important for

their transformation reactions in water, particularly at high [ OH]
values.
3.2.3. Transformation products
To quantitatively estimate the transformation products of
different phthalates in aquatic environments, the temperature dependences of the branching ratios (G) were calculated as:
G ¼ kpathway/ktotal, and the results are shown in Fig. 2. For DMP
transformation (Fig. 2a), the G of 1RAT, 2RAT and aHAT were calculated
as 51%, 21% and 28% at room temperature, respectively. Therefore,

the OH-addition pathway (1RAT) was dominated pathways of DMP

transformation to form DMP-OH1. It can also produce stable metahydroxylated product on the benzene ring (m-OH-DMP) (An et al.,
2014b).
Ortho-hydroxylated
DMP
(o-OH-DMP)
and
hydroxymethyl-DMP (a-OH-DMP) were also formed at a lower
ratio through the 2RAT and aHAT pathways, respectively. These
transformation products were identiﬁed by HPLC-MS-MS and
doubly conﬁrmed with the authentic standards in our previous
experimental research (An et al., 2014b).
The different results were obtained for DEP transformation
(Fig. 2b). The stable H-transfer product, b-OH-DEP, was obtained as
the main product. Therefore, the hydroxylated product can be
easily happened on the side chain than on the benzene ring of DEP,
especially on the terminal methyl group (Cb). This is consistent
with the analysis of the energy barrier of these pathways of four
phthalates mentioned above. Fig. 2c shows a similar result for DPP

transformation. The largest contributor to DPP transformation was
obtained for gHAT pathway, with G of 38% at the room temperature,
then 1RAF, aHAT and bHAT pathways with G of 23%, 15% and 16%
respectively. This comparison demonstrates that HAT pathways
from the terminal methyl group (eCH3) could be more signiﬁcant
than other pathways for DPP. Meanwhile, HAT transformation
products decreased in the order of g-OH-DPP > b-OH-DPP > a-OHDPP. A different trend was observed for DBP HAT pathways (Fig. 2d).
That is, the DBP HAT transformation products decreased with the
order of g-OH-DBP > d-OH-DBP > a-OH-DBP > b-OH-DBP. This
difference could result from the inductive effect of the electronwithdrawing carbonyl group, and the electron-donating alkyl
group may be also responsible for the reactivity trend of DBP.
In summary, for DMP transformation, RAF mechanism is obtained as the dominant pathway, while the HAT pathways were
dominated for other three phthalates. The RAF pathway contribution to phthalate transformation was calculated as 72%, 40%, 31%
and 26% for DMP, DEP, DPP, and DBP at room temperature,
respectively (Fig. S7). With the increase of the alkyl side chain, the

role of RAF pathway becomes less signiﬁcant in the OH-initiated

transformation reactions. For DEP, DPP and DBP, the OH attack onto
the side alkyl chain are more important than the attack on the
benzene ring. The H atom on the end eCH3 group is the most active
position for other three phthalates. Except for DBP, HAT reaction
from Cg was the highest position to form the transformation
intermediates.
3.3. Exposure toxicity of TPs
3.3.1. Exposure toxicity to aquatic organisms
To systemically understand the exposure risk of these TPs in
water, their acute and chronic toxicities to aquatic organisms were
both investigated during the photochemical process. For DMP TPs

Fig. 2. The contribution ratio of main pathways of four phthalates transformation in the temperature range of 273e313 K: (a). DMP; (b). DEP; (c). DPP; (d). DBP.
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(Table S6a), all RAF products (m-OH-DMP and o-OH-DMP) were
classiﬁed as harmful to three tested aquatic organisms, except oOH-DMP was acutely toxic to daphnia. Moreover, all toxicity values
of RAF products were 1e56 times lower than that of original DMP,
indicating that the eco-toxicity increased through RAF pathways. As
such, the hydroxylated products on the benzene ring (RAF products) were found to be more toxic than original DMP. However,
different results were observed for HAT TPs. The HAT product (aOHeDMP) was classiﬁed as non-harmful to all tested aquatic organisms (Table S6a). The general conclusion is that when DMP is
exposed to aquatic environments, RAF products are more harmful
than HAT products, and even more toxic than original DMP. Thus,
the adverse effects from RAF pathway, hydroxylated products, may
raise signiﬁcant concerns to DMP transformation in water.
For TPs of other three phthalates (DEP, DPP and DBP)
(Table S6bec), a similar conclusion was obtained: the eco-toxicity
of TPs were also enhanced by RAF pathways compared with HAT
pathways, as well as compared to the corresponding original
phthalates (DEP, DPP and DBP). In particular, several RAF products
were two levels more toxic than their corresponding original
phthalates. As for TPs of DPP (Table S6c), the aquatic toxicity of RAF
products increased as compared with the two short chain phthalates (DMP and DEP). Moreover, the acute toxicity of o-OH-DPP was
one level more toxic than m-OH-DPP (Table S6c) to three tested
aquatic organisms. This implies that hydroxylated products on the
ortho-position of benzene ring were more toxic than the TPs in the
meta-position. For DBP TPs, both the acute and chronic toxicities of
all RAF products were classiﬁed as very toxic to all three tested
aquatic organisms, with the exception of green algae which were
located at chronically toxic level (Table S6d). Thus, the aquatic
toxicity of HAT products cannot be ignored since several TPs could
also impose adverse effects on aquatic environments. In particular,
as hydroxylated products on the side chain's end eCH3 group, bOH-DEP, g-OH-DPP and d-OHeDBP, were the most harmful species
to aquatic organisms among of corresponding HAT products.

In summary, for OH-initiated transformation of four phthalates,
the aquatic toxicity of all TPs increased from DMP to DBP, with
similar tendencies as their original compounds. Moreover, all the
RAF products, especially o-OH-phthalates, are more toxic than the
parent compounds, but the phenomenon was not seen for the HAT
products. Several hazardous products may still result from DEP, DPP
and DBP transformation although HAT products were less harmful

than RAF products. Among these HAT products, the OH attack on
the end eCH3 group could result in more toxic TPs than on the
eCH2 group of other three phthalates. For example, b-OH-DEP, gOH-DPP, and d-OHeDBP are the most harmful HAT products to
aquatic organisms. Thus, the adverse effect of these phthalate TPs
to various aquatic organisms cannot be ignored completely.

classiﬁcation criteria of the binding afﬁnity (VirtualToxLab, 2013).
In addition, no binding to ERb was observed for o-OH-DMP, which
is consistent with a previous experimental study (Okamoto et al.,
2011). These results are all conﬁrmed by the reliability of theoretical method for the estrogenic activity predication.
Thus, it can be concluded that DMP TPs have greater estrogenic
activity than the corresponding original DMP, and RAF product (mOH-DMP) has more estrogenic activity than HAT products (a-OHDMP). As shown from the binding mode in Fig. 3, DMP and its TPs
can form the hydrogen bond with the Arg 346 amino group. Thus
two TPs (m-OH-DMP and a-OH-DMP) exhibit estrogenic activity
due to the formation of another hydrogen bond between hydroxyl
group and the carbonyl group of Glu 305, possibly triggering the
adverse effects of these TPs' on human health.
Similar results were also obtained for the TPs of other three
phthalates (DEP, DPP and DBP) (Table S7). All o-OH-phthalates have
negligible estrogenic activities, while other TPs have greater estrogenic activity than the original compounds. Furthermore, RAF
products (m-OH-phthalate) have higher estrogenic activity than
HAT products. For TPs of DEP and DPP, all impose medium risks to
humans, except a lower risk of a-OH-DPP. The low binding afﬁnity
of a-OH-DPP may result from the hydrogen-bond interaction between the hydroxyl group and the carbonyl group of His 475
(Fig. S8).
Furthermore, the estrogenic activity was enhanced among of
DEP and DPP HAT TPs, with the activity of a-OH-phthalate lower
than b-OH-phthalate, which was both lower than that of g-OHphthalates. As for DBP HAT TPs, a different trend was obtained. The
estrogenic activity was similar for a-OH-DBP and b-OH-DBP, which
were both less than d-OH-DBP and g-OH-DBP. That is, a-OH-DBP
and b-OH-DBP did not show estrogenic activity, but g-OH-DBP and
d-OH-DBP were found to impose medium and low risks to humans
with IC50 of 5.89 and 13.8 mM, respectively. Based on the combined
results of the branching ratios mentioned above, the estrogenic
activities of the HAT products have a similar trend as their

branching ratios. This means that the increased OH attack on the
favorable alkyl position will increase the estrogenic activity of HAT
products.
The above results suggest that during the photochemical
transformation of phthalates in water, the TPs have been found to
be with endocrine-disrupting potential, and then increase the risks
to human health. As for four phthalates studied, RAF products (mOH-phthalates) exhibit higher estrogenic activity than HAT products, and even possessing higher activity than the original phthalates. Meanwhile, all HAT products except a-OH-DBP and b-OH-DBP
also possessed estrogenic activity. In particular, the estrogenic activity of g-OH-DPP exceeded the activity of corresponding original
phthalate.

3.3.2. Estrogenic activity to human health
TPs of phthalates in water may also alter the endocrine system's
normal function. During the photochemical transformation of
phthalate, the resulting products referenced above may adversely
inﬂuence people through the ingestion pathway, and then possibly
affect the human endocrine system. To investigate human
endocrine-disruption, the estrogenic activities of TPs were also
assessed based on the binding affinity to ERb, which is well known
to cause signiﬁcant changes in target cell estrogen (Grober et al.,
2011). Table S7 shows the results of original phthalates, and Fig. 3
and S8 show the TPs interactions with ERb obtained by the ﬂexible docking. DMP was found to be negligible ERb-binding affinity;
however, its TPs (except o-OH-DMP) were found to be potentially
hazardous to human health. For example, m-OH-DMP and a-OHDMP with IC50 of 743 nM and 59.7 mM (Table S7), were classiﬁed as
medium and low risk levels, respectively, based on the

4. Conclusion


A detailed theoretical insight into the OH-initiated photochemical transformation of four different phthalates was conducted in water environments. Quantum chemical calculations


indicate that OH reacted with four phthalates through both OHaddition and H-transfer pathways. Kinetics analysis reveal that

OH-addition TPs are mainly formed for DMP, while H-transfer
products are predominant for DEP, DPP and DBP. The eco-toxicity
assessments suggest that the aquatic eco-toxicity of phthalates as
well as their TPs increased as their alkyl chain length increases.
Compared with the original phthalates, hydroxylated products on
the ortho-position of phthalates' ring (o-OH-phthalates) have
greater aquatic toxicity, and hydroxylated products on the metaposition of phthalates' ring (m-OH-phthalates) exhibit higher estrogenic activity. Although H-transfer products were less harmful
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Fig. 3. The interaction pattern of DMP and its transformation products binding to estrogen receptor b (ERb).



than those OH-addition products, they could still be harmful to
aquatic organisms and human health. Therefore, these hazardous
products should be paid more attention in the future experimental
studies and assessment.
Acknowledgments
This is contribution No. IS-2098 from GIGCAS. The authors
appreciate the ﬁnancial supports from National Natural
Science Funds for Distinguished Young Scholars (41425015),
Science and Technology Project of Guangdong Province, China
(2012A032300010)
and
Earmarked
Fund
of
SKLOG
(SKLOG2011A02).
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.envpol.2015.08.006.
References
An, T.C., An, J.B., Gao, Y.P., Li, G.Y., Fang, H.S., Song, W.H., 2015. Photocatalytic
degradation and mineralization mechanism and toxicity assessment of antivirus drug acyclovir: experimental and theoretical studies. Appl. Catal. B Environ. 164, 279e287.
An, T.C., Fang, H.S., Li, G.Y., Wang, S.L., Yao, S.D., 2014a. Experimental and theoretical
insights into photochemical transformation kinetics and mechanisms of
aqueous propylparaben and risk assessment of its degradation products. Environ. Toxicol. Chem. 33, 1809e1816.
An, T.C., Gao, Y.P., Li, G.Y., Kamat, P.V., Peller, J., Joyce, M.V., 2014b. Kinetics and
mechanism of (OH)-O-center dot mediated degradation of dimethyl phthalate

in aqueous solution: experimental and theoretical studies. Environ. Sci. Technol.
48, 641e648.
An, T.C., Sun, L., Li, G.Y., Gao, Y.P., Ying, G.G., 2011. Photocatalytic degradation and
detoxiﬁcation of o-chloroaniline in the gas phase: mechanistic consideration
and mutagenicity assessment of its decomposed gaseous intermediate mixture.
Appl. Catal. B Environ. 102, 140e146.
Bertelsen, R.J., Carlsen, K.C.L., Calafat, A.M., Hoppin, J.A., Haland, G., Mowinckel, P.,
Carlsen, K.H., Lovik, M., 2013. Urinary biomarkers for phthalates associated with
asthma in Norwegian children. Environ. Health Perspect. 121, 251e256.
Duty, S.M., Singh, N.P., Silva, M.J., Barr, D.B., Brock, J.W., Ryan, L., Herrick, R.F.,
Christiani, D.C., Hauser, R., 2003. The relationship between environmental exposures to phthalates and DNA damage in human sperm using the neutral
comet assay. Environ. Health Perspect. 111, 1164e1169.
ECOSAR, 2014. http://www.epa.gov/oppt/newchems/tools/21ecosar.htm.
Escher, B.I., Fenner, K., 2011. Recent advances in environmental risk assessment of
transformation products. Environ. Sci. Technol. 45, 3835e3847.
Fang, H.S., Gao, Y.P., Li, G.Y., An, J.B., Wong, P.K., Fu, H.Y., Yao, S.D., Nie, X.P., An, T.C.,
2013. Advanced oxidation kinetics and mechanism of preservative propylparaben degradation in aqueous suspension of TiO2 and risk assessment of its
degradation products. Environ. Sci. Technol. 47, 2704e2712.
Feng, X.L., Lu, S.Y., Liu, D., Li, L., Wu, X.Z., Song, J., Hu, P., Li, Y.S., Tang, F., Li, Z.H.,
Wang, G.M., Zhou, Y., Liu, Z.S., Ren, H.L., 2013. Direct competitive immunosorbent assay for detection of MEHP in human urine. Chemosphere 92, 150e155.
Frisch, M.J., Truck, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman, J.R.,
Zakrzewski, V.G., Montgomery, J.A., Stratmann, J.R.E., Burant, J.C., Dapprich, S.,
Millam, J.M., Daniels, A.D., Kudin, K.N., Strain, M.C., Farkas, O., Tomasi, J.,
Barone, V., Cossi, M., Cammi, R., Mennucci, B., Pomelli, C., Adamo, C., Clifford, S.,
Ochterski, J., Petersson, G.A., Ayala, P.Y., Cui, Q., Morokuma, K., Malick, D.K.,
Rabuck, A.D., Raghavachari, K., Foresman, J.B., Cioslowski, J., Ortiz, J.V.,
Boboul, A.G., Stefnov, B.B., Liu, G., Liaschenko, A., Piskorz, P., Komaromi, L.,
Gomperts, R., Martin, R.L., Fox, D.J., Keith, T., AleLaham, M.A., Peng, C.Y.,
Nanayakkara, A., Gonzalez, C., Challacombe, M., Gill, P.M.W., Johnson, B.,
Chen, W., Wong, M.W., Andres, J.L., Gonzalez, C., HeadeGordon, M.,
Replogle, E.S., Pople, J.A., 2003. GAUSSIAN 03. Guassian, Inc., Pittsburgh, PA.
Gao, Y.P., An, T.C., Fang, H.S., Ji, Y.M., Li, G.Y., 2014a. Computational consideration on
advanced oxidation degradation of phenolic preservative, methylparaben, in
water: mechanisms, kinetics, and toxicity assessments. J. Hazard. Mater. 278,
417e425.

Y. Gao et al. / Environmental Pollution 206 (2015) 510e517
Gao, Y.P., Ji, Y.M., Li, G.Y., An, T.C., 2014b. Mechanism, kinetics and toxicity assessment of OH-initiated transformation of triclosan in aquatic environments.
Water Res. 49, 360e370.
Grober, O.M.V., Mutarelli, M., Giurato, G., Ravo, M., Cicatiello, L., De Filippo, M.R.,
Ferraro, L., Nassa, G., Papa, M.F., Paris, O., Tarallo, R., Luo, S.J., Schroth, G.P.,
Benes, V., Weisz, A., 2011. Global analysis of estrogen receptor beta binding to
breast cancer cell genome reveals an extensive interplay with estrogen receptor
alpha for target gene regulation. BMC Genomics 12, 36.
Hernando, M.D., Mezcua, M., Fernandez-Alba, A.R., Barcelo, D., 2006. Environmental
risk assessment of pharmaceutical residues in wastewater efﬂuents, surface
waters and sediments. Talanta 69, 334e342.
Huang, P.C., Kuo, P.L., Chou, Y.Y., Lin, S.J., Lee, C.C., 2009. Association between prenatal exposure to phthalates and the health of newborns. Environ. Int. 35,
14e20.
Kaiser, J., 2005. Toxicology e panel ﬁnds no proof that phthalates harm infant
reproductive systems. Science 310, 422e422.
Li, G.Y., An, T.C., Chen, J.X., Sheng, G.Y., Fu, J.M., Chen, F.Z., Zhang, S.Q., Zhao, H.J.,
2006. Photoelectrocatalytic decontamination of oilﬁeld produced wastewater
containing refractory organic pollutants in the presence of high concentration
of chloride ions. J. Hazard. Mater. 138, 392e400.
Li, G.Y., An, T.C., Nie, X.P., Sheng, G.Y., Zeng, X.Y., Fu, J.M., Lin, Z., Zeng, E.Y., 2007.
Mutagenicity assessment of produced water during photoelectrocatalytic
degradation. Environ. Toxicol. Chem. 26, 416e423.
Li, G.Y., Sun, H.W., Zhang, Z.Y., An, T.C., Hu, J.F., 2013. Distribution proﬁle, health risk
and elimination of model atmospheric SVOCs associated with a typical
municipal garbage compressing station in Guangzhou, South China. Atmos.
Environ. 76, 173e180.
Li, N., Wang, D.H., Zhou, Y.Q., Ma, M., Li, J.A., Wang, Z.J., 2010. Dibutyl phthalate
contributes to the thyroid receptor antagonistic activity in drinking water
processes. Environ. Sci. Technol. 44, 6863e6868.
Nicolaescu, A.R., Wiest, O., Kamat, P.V., 2005. Mechanistic pathways of the hydroxyl
radical reactions of quinoline. 2. Computational analysis of hydroxyl radical
attack at C atoms. J. Phys. Chem. A 109, 2829e2835.
Okamoto, Y., Ueda, K., Kojima, N., 2011. Potential risks of phthalate esters: acquisition of endocrine-disrupting activity during environmental and metabolic
processing. J. Health Sci. 57, 497e503.
Potera, C., 2011. Nontoxic medical imaging agents form toxic DBPs. Environ. Health
Perspect. 119. A511eA511.
Shi, W., Hu, X.X., Zhang, F.X., Hu, G.J., Hao, Y.Q., Zhang, X.W., Liu, H.L., Wei, S.,
Wang, X.R., Giesy, J.P., Yu, H.X., 2012a. Occurrence of thyroid hormone activities
in drinking water from eastern China: contributions of phthalate esters.

517

Environ. Sci. Technol. 46, 1811e1818.
Shi, W., Zhang, F.X., Hu, G.J., Hao, Y.Q., Zhang, X.W., Liu, H.L., Wei, S., Wang, X.R.,
Giesy, J.P., Yu, H.X., 2012b. Thyroid hormone disrupting activities associated
with phthalate esters in water sources from Yangtze River Delta. Environ. Int.
42, 117e123.
Staples, C.A., Peterson, D.R., Parkerton, T.F., Adams, W.J., 1997. The environmental
fate of phthalate esters: a literature review. Chemosphere 35, 667e749.
Toda, C., Okamoto, Y., Ueda, K., Hashizume, K., Itoh, K., Kojima, N., 2004. Unequivocal estrogen receptor-binding afﬁnity of phthalate esters featured with ring
hydroxylation and proper alkyl chain size. Arch. Biochem. Biophys. 431, 16e21.
Vedani, A., Dobler, M., Hu, Z., Smiesko, M., 2015. OpenVirtualToxLabda platform for
generating and exchanging in silico toxicity data. Toxicol. Lett. 232, 519e532.
Vedani, A., Dobler, M., Smiesko, M., 2012. VirtualToxLab e a platform for estimating
the toxic potential of drugs, chemicals and natural products. Toxicol. Appl.
Pharmacol. 261, 142e153.
VirtualToxLab, 2013. User and Reference Manual-version 4.8. http://www.biograf.
ch/data/projects/OpenVirtualToxLab.php.
Wang, X.B., Wang, Y., Chen, J.W., Ma, Y.Q., Zhou, J., Fu, Z.Q., 2012. Computational
toxicological investigation on the mechanism and pathways of xenobiotics
metabolized by cytochrome P450: a case of BDE-47. Environ. Sci. Technol. 46,
5126e5133.
Wang, Z., Chen, J., Sun, Q., Peijnenburg, W.J.G.M., 2011. C60-DOM interactions and
effects on C60 apparent solubility: a molecular mechanics and density functional theory study. Environ. Int. 37, 1078e1082.
Wen, G., Ma, J., Liu, Z.Q., Zhao, L., 2011. Ozonation kinetics for the degradation of
phthalate esters in water and the reduction of toxicity in the process of O3/
H2O2. J. Hazard. Mater. 195, 371e377.
Wu, C.L., Linden, K.G., 2010. Phototransformation of selected organophosphorus
pesticides: roles of hydroxyl and carbonate radicals. Water Res. 44, 3585e3594.
Wu, M.H., Liu, N., Xu, G., Ma, J., Tang, L.A., Wang, L.A., Fu, H.Y., 2011. Kinetics and
mechanisms studies on dimethyl phthalate degradation in aqueous solutions by
pulse radiolysis and electron beam radiolysis. Radiat. Phys. Chem. 80, 420e425.
Xie, Z.Y., Ebinghaus, R., Temme, C., Lohmann, R., Caba, A., Ruck, W., 2007. Occurrence
and air-sea exchange of phthalates in the arctic. Environ. Sci. Technol. 41,
4555e4560.
Xu, B., Gao, N.Y., Cheng, H.F., Xia, S.J., Rui, M., Zhao, D.D., 2009. Oxidative degradation of dimethyl phthalate (DMP) by UV/H2O2 process. J. Hazard. Mater. 162,
954e959.
Xu, G., Li, F.H., Wang, Q.H., 2008. Occurrence and degradation characteristics of
dibutyl phthalate (DBP) and di-(2-ethylhexyl) phthalate (DEHP) in typical
agricultural soils of China. Sci. Total Environ. 393, 333e340.

