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ABSTRACT: The hydroxyl radical (•OH) is one of the main
oxidative species in aqueous phase advanced oxidation
processes, and its initial reactions with organic pollutants are
important to understand the transformation and fate of
organics in water environments. Insights into the kinetics and
mechanism of •OH mediated degradation of the model
environmental endocrine disruptor, dimethyl phthalate
(DMP), have been obtained using radiolysis experiments and
computational methods. The bimolecular rate constant for the
•OH reaction with DMP was determined to be (3.2 ± 0.1) ×
109 M−1s−1. The possible reaction mechanisms of radical
adduct formation (RAF), hydrogen atom transfer (HAT), and
single electron transfer (SET) were considered. By comparing the experimental absorption spectra with the computational
results, it was concluded that the RAF and HAT were the dominant reaction pathways, and OH-adducts (•DMPOH1,
•DMPOH2) and methyl type radicals •DMP(-H)α were identified as dominated intermediates. Computational results confirmed
the identification of transient species with maximum absorption around 260 nm as •DMPOH1 and

•DMP(-H)α, and these
radical intermediates then converted to monohydroxylated dimethyl phthalates and monomethyl phthalates. Experimental and
computational analyses which elucidated the mechanism of •OH-mediated degradation of DMP are discussed in detail.

■ INTRODUCTION

In recent years, advanced oxidation processes (AOPs), defined
by highly reactive species, predominantly hydroxyl radicals
(•OH), have become attractive alternatives to various conven-
tional environmental remediations, especially in the field of
wastewater treatment. In aqueous systems, a number of AOPs,
such as photocatalysis,1 Fenton’s reaction,2,3 ozone-based
oxidation,4 UV−H2O2

5 and radiolysis,6 have been successfully
employed to degrade organic pollutants.7−9 The mechanisms of
complete oxidation are often complex and involve several
reaction steps. Many studies have reported that the initial step
of the •OH-initiated reaction of organics is followed by a radical
molecular mechanism, which is not energetically favored,10,11

and not competitive with the subsequent radical−radical
coupling reactions. Thus, the initial step of •OH-mediated
degradation of organic pollutants is crucial to determine the
subsequent reactions and fates of organics in water.
Degradation products are also very important, and may be
more environmentally problematic.12,13 Therefore, a funda-
mental understanding of the fate and transformation by-
products of organic pollutants in AOPs systems, including the

detailed mechanisms and kinetics of the •OH-mediated
degradation of organics, is important to effectively improve
the application AOPs in wastewater treatment.
It is well-known that •OH is a highly reactive species with an

oxidation potential of 2.8 V.14 It can oxidize organics in
aqueous medium via three possible reaction mechanisms, e.g.,
•OH addition to an aromatic ring or other unsaturated bond
leading to the radical adduct formation (RAF, eq 1), hydrogen
atom transfer by •OH (HAT, eq 2), and/or single electron
transfer with •OH (SET, eq 3).15,16

+ →• •RAF: A OH AOH (1)

+ → − +• •HAT: A OH A( H) H O2 (2)

+ → +• •+ −SET: A OOH A OH (3)
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In the commonly held RAF mechanism, the •OH can easily
react with aromatic molecules such as benzene, benzaldehydes,
quinoline, and sulfa drugs by addition to the benzene ring,
producing OH-adducts.17−20 Most experimental investigations
have focused only on their characteristic absorptions around
310−410 nm, and the absorption below 290 nm has received
limited attention. As a result, some important mechanistic
information of these •OH reactions is likely to be neglected.
For instance, Sehested et al. found that besides the addition of
•OH to the benzene ring of methylated benzenes, •OH could
also abstract a hydrogen atom to form methylbenzyl radicals,21

characterized by absorption in the 260−270 nm range. This
HAT mechanism was also confirmed by the work of Song et
al.,22 where more than 50 of such active sites within
microcystin-LR can react with •OH via the HAT reaction.
Conversely, the •OH reactions with furazan derivatives to form
aniline radicals with an absorption peak at 290 nm, occur by the
RAF mechanism and further dehydration, rather than the HAT
mechanism.23 Thus, careful experimental studies must be
conducted to distinguish RAF mechanism from HAT
mechanism.
Due to the similar absorption spectra generated by •OH-

adducts and cation radicals as claimed previously, limited
experimental information has been reported on the SET
mechanism of •OH reactions,17,24 although the SET mecha-
nism has been considered as a dominant pathway for •OH-
mediated reactions of some aromatic molecules.25,26 The
lifetime of cation radicals formed through the SET mechanism
was extremely short, and the cation radicals hydrolyzed to form
OH-adducts in aqueous medium. As a result, it is often difficult
to experimentally distinguish the RAF mechanism from the
SET mechanism in •OH-mediated reactions.
Quantum chemical calculations have proven to be a powerful

tool to obtain deeper insight into reaction mechanisms and
kinetics, as well as offer a very valuable complement to
experimental studies.27,28 Unfortunately, only a few theoretical
studies can be found on the •OH-mediated degradation
mechanisms of organic pollutants in AOPs. For example,
Nicolaescu et al. successfully investigated the RAF mechanism
of the •OH-mediated degradation of quinolone.29 A
comprehensive study can be very useful for understanding
the transformation mechanisms of organics in wastewater
treatment using AOPs.
In this study, both radiolysis experiments and quantum

chemical calculations were employed to elucidate the
mechanisms of •OH-mediated degradation of dimethyl
phthalate (DMP). DMP, the simplest phthalate, is of particular
interest since it is a widely prevalent, relatively simple, aromatic
contaminant, and an endocrine-disrupting chemical.30,31 The
reactions of DMP with various oxidative radicals, such as •OH,
azide radicals (•N3) as well as sulfate radicals (SO4

•¯), produced
by pulse radiolysis, were investigated comparatively. Moreover,
the intermediates formed in the steady-state radiolysis were
identified by HPLC-MS-MS and doubly confirmed with
authentic standards. Additionally, the quantum chemical
calculations, as well as the theoretical determinations of
transition spectra of possible intermediate radicals, were carried
out to thoroughly comprehend the •OH-mediated degradation
mechanisms of DMP in aqueous phase AOPs.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Dimethyl phthalate (DMP,

>98% purity), phthalic acid (PA, >98%) and monomethyl

phthalate (MMP, >97%) were purchased from Sigma-Aldrich
and dimethyl 4-hydroxylphthalate (m-DMPOH, >98%) was
obtained from Tokyo Chemical Industry. All irradiation
solutions were prepared using high purity deionized water
(Millipore Corp., 18 MΩ cm), which included constant
illumination by a Xe arc lamp at 172 nm to keep total organic
carbon concentrations below 13 μg L−1. The solutions used in
the radiolysis experiments were prepared with buffer and
adjusted to pH 7.0 and sparged with high-purity N2O (for •OH
and •N3 experiments) or N2 (for SO4

•¯ experiments) to remove
dissolved oxygen.

Radiolysis Experiments. Electron pulse radiolysis experi-
ments were performed at the Notre Dame Radiation
Laboratory using the 8-MeV Titan Beta model TBS-8/16-1S
linear accelerator with pulse lengths of 2.5−10 ns. This
irradiation and transient absorption detection system has been
described previously in detail.1 Dosimetry was carried out using
N2O-saturated of 10 mM potassium thiocyanate (KSCN)
solutions as described elsewhere.19,32 All experimental data
were determined by averaging 8−12 replicate pulses using the
continuous flow mode of the instrument. The radiolysis of
water is described in eq 4, where the numbers in parentheses
are the G-values (yields) in μmol J−1.33,34

→ + + +

+ +

• − •

+

H O OH(0.28) e (0.27) H(0.06) H (0.05)

H O (0.07) H (0.27)

2 aq 2

2 2 (4)

A Shepherd 109-86 Cobalt 60 (60Co) γ source was used for
steady-state γ radiolysis experiments with a dose rate of 1.82
krad min−1, as measured by Fricke dosimetry. For only
oxidative conditions, all aqueous solutions were presaturated
with N2O before γ-irradiation.

HPLC Analysis. Concentrations of DMP were analyzed
using a model 2669 Waters high performance liquid
chromatography (HPLC) coupled with a PDA detector and a
reverse phase Hypersil BDS C18 column (150 mm × 4.6 mm,
3 μm) column. The injection volume was 20 μL, and the
mobile phase was composed of acetonitrile/water (70:30) with
a flow rate of 0.6 mL min−1. Identification and qualification of
degradation intermediates were performed with a Waters
HPLC-MS-MS (ABI API 3000 System), and further confirmed
by the comparison of the retention times and spectra of
authentic samples using HPLC.

Computational Methods. All of the electronic structure
calculations were carried out with the Gaussian 03 program,35

and the equilibrium geometries and frequencies of the
stationary points (reactants, products, transition states, and
intermediates) were calculated at the B3LYP/6-31G(d,p)
levels. Vibrational frequency calculations were used to identify
all of the stationary points as either minima (zero imaginary
frequency) or transition states (one imaginary frequency). The
minimum-energy path (MEP) was constructed with the
intrinsic reaction coordinate (IRC) theory at the same levels
to confirm that the transition state corresponded with minima
along the reaction pathways. Single point calculations were
performed at the B3LYP/6-311++G(d,p) on the optimized
structures, and the solvent effect was also considered by single-
point calculations using the conductive polarizable continuum
model (CPCM),29,36 with a dielectric constant of 78.39 for
water.37 Using the same approach, full optimization in aqueous
solution was carried out for the most representative pathway. In
both cases, the results and geometries confirm the trend
observed with gas-phase structures calculations (discussed in
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the Supporting Information, SI). The absorption spectra were
modeled with time-dependent density function theory
(TDDFT) at the B3LYP/6-311++G(d,p) level. All energies
are in kcal/mol, and all bond lengths are in angstroms, unless
otherwise specified, and all computations were done at 298.15
K and 1 atm.

■ RESULTS AND DISCUSSION
Pulse Radiolysis Studies. To study the reaction of •OH

with DMP, solutions were presaturated with N2O, which
quantitatively converts the hydrated electrons and hydrogen
atoms to •OH radicals under pulse irradiation conditions, as
described elsewhere.38 Using a DMP solution, the time-
resolved transient absorption spectra of •OH + DMP were
generated and recorded (Figure 1a). Three characteristic peaks

at 260, 300, and 360 nm were observed. According to the
similar spectra from the reaction of •OH with several structural
analogs,21,39,40 the maximum absorption at 260 nm can be
attributed tentatively to the methylene type radical (•DMP(-
H)α), formed by the HAT mechanism from the methyl group
of DMP. In addition, this transient species was formed and
increased within the short lifetime scale of 2.5 μs, followed by a
rapid decay. The typical growth kinetic curve of the transient
radicals is plotted in Figure 1b. The bimolecular rate constant
for the •OH reaction with DMP was determined as (3.2 ± 0.1)
× 109 M−1s−1 from the linear dependence of the first-order
growth rate constant on the DMP concentration (see insert in
Figure 1b). Moreover, this rate constant was the same order of
magnitude as previously reported values: (2.67 ± 0.26) × 109

M−1s−1 using the competition kinetics method,41 and 3.4 × 109

M−1s−1 using pulse radiolysis experiments,6 as well as 4.0 × 109

M−1s−1 through fitting the experimental data to the kinetic
model.42

The absorption peaks in the region 300−360 nm correspond
to •OH-adducts of DMP according to pulse radiolysis studies
by Wu et al.,6 but the formation of the adducts from the cation
radical (DMP+•) should not be neglected since both
intermediates exhibit similar absorption in this region.19

Thus, additional experimentation is needed to distinguish
these transient intermediates and estimate the contribution of
the RAF and SET mechanisms to the •OH-mediated
degradation of DMP.
To determine the contribution of the SET mechanism of

•OH, the reaction of DMP with •N3 was investigated. The
•N3,

a milder and more selective species than •OH, can exclusively
participate in SET reaction via primary formation of radical
cations.43 Azide radicals are generated by pulse radiolysis of
N2O-saturated sodium azide solutions as described in eq 5.44

+ → + = ×• − − • − −OH N OH N k 1.2 10 M s3 3 4
10 1 1

(5)

An N2O-saturated solution containing 10 mM NaN3 and
0.26 mM DMP mixture was used to investigate the reaction of
•N3 with DMP at different time intervals. The transient
absorption spectra showed very weak absorption in the 300−
360 nm regions (Figure 2a), in addition to the characteristic

absorption peak of the •N3 around ∼280 nm.45 The absorption
intensity in the 300−360 nm range was only a tenth of that
observed in the •OH radical reaction within the irradiation time
at 5 μs. This is due to the low reactivity of •N3 with oxidation
potential (E0 = 1.33 V vs NHE).46 Therefore, an additional
experiment was required to clarify the contribution of the SET
mechanism in the •OH-mediated degradation of DMP.
The sulfate radical anion is a stronger oxidant (SO4

•¯, E0 =
2.43 V vs NHE)47 which can also undergo SET reactions with
organics. The SO4

•¯ is formed in N2-saturated solutions
containing K2S2O8 (5 mM) and tert-butyl alcohol (50 mM)
as described in eq 6,48 with the yield of G (SO4

•¯) = 2.7 μmol
J−1:

Figure 1. (a) Time-resolved transient absorption spectra recorded
during the reaction of •OH with DMP (0.26 mM and pH 7) at room
temperature for different times. (b) The build-up at 260 nm during the
pulse radiolysis of a solution of DMP with concentration of 50 mM in
N2O-saturated pH 7.0 solution. Inset: plot of the first-order transient
formation rate constant at 260 nm vs different DMP concentrations in
the reaction with •OH radical.

Figure 2. Time-resolved transient absorption spectra recorded at room
temperature for different time intervals during the reaction between
DMP (0.26 mM and pH 7) and (a) •N3; (b) SO4

•¯.
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+ → +

= ×

− − − •−

− −

S O e SO SO

k 1.1 10 M s

2 8
2

aq 4
2

4

5
10 1 1

(6)

The transient absorbance spectra obtained for the reaction of
SO4

•¯ with DMP are shown in Figure 2b. A strong absorption
was generated at 260 nm, similar to those obtained from the
•OH or •N3 reaction with DMP. As mentioned above, the
transient intermediate at 260 nm also is likely ascribed to the
methyl benzyl radical (•DMP(-H)α). In addition, from Figure
2b, it is interesting to note that the shape of the spectrum above
300 nm was different from that of the •OH reactions. Along
with the decrease of the absorbance around 300−360 nm, a
new transient peak with the absorption spectrum at 260 nm
was formed and increased with the increase of radiation time
during the reaction of SO4

•¯ with DMP. This result could
provide the evidence that the radical cations (DMP•+) with the
absorption in the 300−360 nm region could be initially
generated in the SET reaction of SO4

•¯ with DMP. Then, the
short-lived DMP•+ rapidly decays, leading to the formation of
the methylene type radicals (•DMP(-H)α) at 260 nm.49 Due to
the different spectra shape at 300−360 nm, it may be deduced
that DMP•+ is unlikely to be formed in the •OH-mediated
reaction. However, the spectral information obtained herein
only detected transient intermediates which seemed to overlap
with that in the •OH reactions. Therefore, it is difficult to fully
distinguish the origin of the intermediates resulting from
different mechanisms in the studied time scale. Thus, the
detailed quantum chemical calculations of transient absorbance
spectra of some intermediate radicals will aid in the
confirmation of the experimentally determined intermediates.
Identification of Degradation Products and Assign-

ment of Transient Spectra. Steady-state radiolysis experi-
ments of DMP in N2O saturated solution were performed using
a 60Co γ source to identify the stable intermediates formed in
the reactions of •OH-mediated oxidation of DMP. A
representative HPLC chromatogram of the products formed
during the γ-radiolysis of N2O-saturated solution of DMP is
depicted in Figure 3a. On the basis of the retention time (tR)
and spectrum of authentic standards, four stable degradation
products, phthalic acid (PA) (tR = 1.80 min), monomethyl
phthalate (MMP) (tR = 3.61 min), meta-hydroxylated DMP
(m-OH-DMP) (tR = 4.25 min), and ortho-hydroxylated DMP
(o-OH-DMP) (tR = 4.57 min), were identified by HPLC-MS-
MS. The decay of DMP during this process as a function of the
irradiation dose, together with the evolution of degradation
products, are also illustrated in Figure 3b. Within 90 min of γ-
irradiation, corresponding to an irradiation dose of 1.64 kGy,
92.0% of DMP was degraded. By fitting the decay to single
exponential decay kinetics, the half-life for the degradation of
DMP under these conditions (with dose rate of 1.82 krad
min−1) was calculated to be ∼44.2 min. Furthermore, with the
gradual decrease of DMP concentration, the concentrations of
all intermediates exhibited similar changing trends except for
PA. The three main intermediates first increased dramatically
and then decreased swiftly with further increase of radiation
dose. That is, the maximum concentrations were 19.77 mM for
m-OH-DMP at 50 min, 8.16 mM for o-OH-DMP at 30 min,
and 22.19 mM for MAP at 10 min, respectively. However, the
concentration of PA was always relatively low (less than 0.50
mM) until 90 min, suggesting that it was a secondary product
of DMP degradation. Of course, DMP and its degraded

products will be oxidized further into CO2 and H2O with
further extension of the degradation time over 90 min.
Three primary products (m-OH-DMP, o-OH-DMP, and

MMP), confirmed experimentally with the authentic standards,
can be correlated with several transient intermediates: OH-
adducts (•DMP-OH1 and

•DMP-OH2), carbon centered radical
(•DMP(-H)α) and/or DMP•+. Computational methods were
employed to further validate and explore these species. First,
the reliability of the method was confirmed by calculating the
absorption spectra of the hydroxycyclohexadienyl radical
(C6H6OH•) as shown in SI Figure S1. The maximum
absorption around 310 nm was well in agreement with a
previous experimental value (315 nm).50 Thus, the transition
spectra of these potential intermediate radicals, •DMPOH1,
•DMPOH2,

•DMP(-H)α), and DMP•+ were modeled at the
same level and compared with the experimental spectra of the
•OH-mediated reaction of DMP (SI Figures S2−S5). It is
apparent from these spectra that •DMPOH1 and

•DMP(-H)α
have a maximum absorption at 260 nm, and the transient
absorption in the region 300−360 nm were present in the
calculated absorption of all transient species, except •DMP(-
H)α. These results indicate that these four transient species, if
formed, would possibly overlap the absorption at these regions.
In SI Figure S5, DMP•+ exhibits a similar spectral shape as seen
with the SO4

•− reaction, and has a maximum absorption at 750
nm, which was not observed in experimental spectra recorded
in the •OH reaction. This result confirms that DMP•+ could
not be formed by the SET mechanism in the •OH-mediated
reaction of DMP. Therefore, it can be deduced that RAF and
HAT mechanisms are likely to be favored in DMP degradation
by •OH, to produce OH-adducts (•DMPOH1,

•DMPOH2) and
methyl type radicals (•DMP(-H)α), respectively. Furthermore,
these transient species could be rapidly converted to the more
readily detectable intermediates (m-OH-DMP, o-OH-DMP,
and MMP).

Figure 3. (a) HPLC chromatogram of degradation products obtained
from the γ-radiolysis degradation of the DMP. (b) Concentration
profiles of DMP and degradation products during γ-radiolysis of DMP
with an initial concentration of 0.25 mM.
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Reaction Mechanism Calculations. From the exper-
imental data, it can be concluded that DMP is quickly degraded
by •OH to form four major products. According to both
experimental and computational spectral data, the SET
mechanism is insignificant in the •OH-mediated degradation
of DMP. However, for RAF and HAT mechanisms, several
potential reaction sites exist on the benzene ring and side
chains of DMP. To determine the predominant mechanisms
and reaction sites of •OH reaction, quantum chemical
calculations were performed. All three mechanisms were
considered in the theoretical investigation: RAF, HAT, and
SET, and all possible reaction pathways of •OH with DMP are
depicted in Figure 4. The optimized geometries of the reactant,
the formed intermediates and transition states (TS) involved in
these pathways are shown in SI Figures S6−S7 and the

calculated frequencies of these species are listed in SI Table S1.
From SI Figure S6 and Table S1, it can be seen that the
calculated geometries and frequencies agreed very well with the
available experimental results within 5% at the B3LYP/6-
31G(d,p) level.
As shown in Figure 4, on the basis of the reaction enthalpies

(ΔH) and energy barriers (ΔG‡) for the different pathways of
DMP reaction with •OH, the SET pathway is the most difficult
pathway due to high endothermic energy of 27.91 kcal mol−1.
While all the RAF and HAT pathways are exothermic processes
with ΔH values in the range of −19.41 to −4.97 kcal mol−1,
except RAF4 with a ΔH of 8.52 kcal mol−1. Thus, from the
viewpoint of thermodynamics, the SET mechanism can be
ruled out as the initial step of •OH reaction with DMP in
comparison with the HAT and RAF mechanisms, in agreement

Figure 4. Reaction enthalpies (ΔH) and free energy barriers (ΔG‡) of all possible pathways for the reaction of DMP with •OH. Units of ΔH and
ΔG‡ are kcal mol−1.

Figure 5. m-OH-DMP formation pathways embedded with reaction enthalpies (ΔH) and free energy barriers (ΔG‡). Units of ΔH and ΔG‡ are kcal
mol−1.
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with the experimental data. Therefore, the absorption peak in
the region 300−360 nm was assigned to the OH-adducts of
DMP and not the radical cations (DMP+•) in the •OH-
mediated degradation of DMP.
As shown in Figure 4, ΔG‡ values for •OH-addition

pathways on the side chains (RAF4 and RAF5) were higher
by 13.18 to 55.42 kcal mol−1 in comparison to benzene •OH-
addition pathways (RAF1, RAF2, and RAF3), indicating that
•OH addition to the carbonyl of DMP (RAF4) was an
insignificant pathway as well as the demethylation reaction
(RAF5). For the benzene •OH-addition pathways, ΔG‡ values
were 9.57, 10.59, and 14.20 kcal mol−1 for meta-position
addition (RAF1), ortho-position addition (RAF2), and ipso-
position addition (RAF3), respectively. It can be seen that ΔG‡

of the latter pathway was higher than those of the former two
pathways by 4.63 and 3.61 kcal mol−1, respectively, indicating
that RAF1 and RAF2 pathways were more likely to occur among
these RAF pathways, to mainly produce OH-adducts,
•DMPOH1 and

•DMPOH2.
In the case of HAT pathways, the ΔG‡ value for the methyl

hydrogen transfer pathway (HATα) was 10.61 kcal mol−1,
which was lower than those of the benzene hydrogen transfer
pathways (HAT1 and HAT2) by 1.83 and 4.90 kcal mol−1,
respectively. In addition, the ΔH of the former pathway was
−19.41 kcal mol−1, which was at least 15 kcal mol−1 lower than
those of the latter two pathways. As expected, the H atom
transfer from the methyl group is more likely than those from
the benzene ring, and thus the dehydrogenation radical
(•DMP(-H)α) was mainly formed.
According to both thermodynamic and kinetic considerations

of these processes, •OH additions to the aromatic ring (RAF1
and RAF2) and hydrogen atom transfer from a methyl group
(HATα) were very feasible. Thus, •OH-adducts (•DMPOH1
and •DMPOH2) and dehydrogenation radicals (•DMP(-H)α)
are formed in the initial step of the •OH reaction with DMP,
consistent with the experimental absorption spectra discussed
above. Furthermore, these intermediates can be transformed
into the stable products m-OH-DMP, o-OH-DMP, MMP, and
PA. To understand the subsequent transformation reactions in
AOPs systems, it is essential to track the stable intermediates
formed from •DMPOH1,

•DMPOH2, and
•DMP(-H)α. As

•DMPOH1 and
•DMPOH2 are structurally similar, •DMPOH1

was selected in the computations example of subsequent
reactions so as to decrease the computational cost.
Fate of •DMPOH1 Radical. The subsequent reactions of

•DMPOH1 are depicted in Figure 5. From pathway (I), the
direct dehydrogenation is unlikely to occur in an aqueous
environment, due to high energy barrier of 27.42 kcal mol−1.
However, because •OH is continuously generated in this
system, another •OH can attack the aromatic ring of
•DMPOH1 (pathway (II)), via a barrierless radical−radical
reaction with exothermic energy of −49.57 kcal mol−1. And
then, monohydroxylated DMP (m-OH-DMP) should be
rapidly produced, since the high released energy of −49.57
kcal mol−1 could completely overcome the energy barrier
(ΔG‡= 44.12 kcal/mol) of the subsequent dehydration step. In
addition, the single electron transfer from •DMPOH1 (pathway
(III)), could also take place through a very small energy barrier
(ΔG‡ = 1.50 kcal mol−1). Then the formed short-lived cation
might undergo loss of a hydrogen ion to yield m-OH-DMP
(pathway (III), due to the low energy barrier of 5.71 kcal
mol−1. Therefore, for the subsequent reaction of •DMPOH1,

both •OH addition and SET reaction might be the feasible
pathways for the formation of m-OH-DMP.
In the present study, the gamma degradation experiments

were carried out in N2O saturated solution and in the absence
of O2. However, most of AOPs such as photocatalytic
degradation51 and Fenton reaction52 are often carried out in
aerated aquatic environments, indicating that O2 might
participate in the subsequent reaction as a mild oxidant.
Therefore, the presence of O2 was also considered in this work
to fully understand the DMP subsequent fate in AOPs. As
shown in pathway (IV) of Figure 5, H-abstraction reaction by
O2 was an exothermic process with ΔG‡ of 16.66 kcal mol−1,
and HOO• and m-OH-DMP would be the degradation
products.

Fate of •DMP(-H)α Radical. The reaction pathways of
•DMP(-H)α are depicted in SI Figure S8. •DMP(-H)α can
be attacked by •OH to form the cation radical through the SET
mechanism, pathway (V). Then MMP might be formed with
loss of formaldehyde followed by further •OH addition, since
the maximum ΔG‡ of the pathway (V) is only 1.40 kcal mol−1.
However, •DMP(-H)α is prone to attack by •OH via a
barrierless radical−radical reaction at −78.78 kcal mol−1

(pathway (VI)). This large released energy can completely
overcome the energy barrier of 17.86 kcal mol−1 to produce
MMP. Therefore, both pathways (V) and (VI) could be the
feasible processes to form MMP.
In the presence of O2, pathway (VII) of SI Figure S8,

•DMP(-H)α could be directly attacked by O2 to form the
peroxyl radical (R−OO•). This pathway is a barrierless process
with exothermic energy of −21.08 kcal mol−1, followed by the
reaction of the peroxyl radical (R−OO•) also with the release
of energy, −69.53 kcal mol−1. The highly exothermic sequence
can completely overcome the final energy barrier of 28.95 kcal
mol−1, to produce MMP. Furthermore, MMP can undergo the
similar HAT reaction with methyl group, leading to the
formation of PA, which was confirmed by our experimental
obtained data. The ΔG‡ value of this pathway is 10.39 kcal
mol−1, 0.22 kcal mol−1 lower than that of the initial HATα step
of DMP. The HAT reaction of MMP with •OH might be
higher than that of DMP. That is, the initial reaction of DMP
with •OH was likely the critical step during the degradation of
DMP.
The goal of this work was to establish the underlying

mechanisms involved in the •OH-mediated oxidation of an
emerging contaminant (EC), dimethylphthalate. The imple-
mentation of AOPs in environmental applications requires an
accurate prediction of the environmental fate and risk
assessment of the target contaminants. To date, the direct
detection of the reaction intermediates would be very
challenging, partially because of the complexity of the reactions,
as well as lack of authentic standards. Nevertheless, the
quantum chemical calculation can provide a powerful tool to
accurately predict the reaction pathways of contaminants
remediated by •OH in AOPs, due to the excellent agreement
with the experimental observations according to this study.
These results were also very important to reveal the fate of ECs
in water environments, since it is well-known that the ring-
hydroxylated intermediates may cause more serious risk
compared to parent compound.53 As for ECs, the combined
experimental and computational results of DMP suggested that
besides the •OH addition to the aromatic ring, the HAT
pathway at the methyl group might also represent an alternative
mechanism to •OH-mediated reaction of DMP in aqueous
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phase. Furthermore, the investigation is is underway to
elucidate the structure-dependency of the reactive intermedi-
ates, as well as the quantitative evaluation of the health risk of
the stable intermediates.
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