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Abstract In advanced oxidation processes (AOPs), the de-
tailed degradation mechanisms of a typical explosive of 2,4-
dinitrotoluene (DNT) can be investigated by the density func-
tion theory (DFT) method at the SMD/M062X/6-311+G(d)
level. Several possible degradation routes for DNT were ex-
plored in the current study. The results show that, for oxidation
of the methyl group, the dominant degradation mechanism of
DNT by hydroxyl radicals (*OH) is a series of sequential H-
abstraction reactions, and the intermediates obtained are in
good agreement with experimental findings. The highest acti-
vation energy barrier is less than 20 kcal mol . Other routes
are dominated by an addition-elimination mechanism, which
is also found in 2,4,6-trinitrotoluene, although the experiment
did not find the corresponding products. In addition, we also
eliminate several impossible mechanisms, such as dehydra-
tion, HNO; elimination, the simultaneous addition of two
*OH radials, and so on. The information gained about these
degradation pathways is helpful in elucidating the detailed
reaction mechanism between nitroaromatic explosives and
hydroxyl radicals for AOPs.
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Introduction

Environmental pollution by energetic compounds (explosives,
propellants, and pyrotechnics) has become a global problem
shared by many countries [1, 2]. Especially, pollution caused
by TNT (2,4,6-trinitrotoluene) had been given more attention
because of its high output and its identification in recent years
as a class C carcinogen [3—10]. In comparison, less attention
has been paid to DNT (2,4-dinitrotoluene). Comparing with
TNT, DNT only needs to lose a nitro group to become the
precursor of TNT synthesis, and DNT is also used as a plasti-
cizing and gelatinizing agent or as a modifier for explosives and
smokeless powders [11-13]. It is highly toxic to aquatic organ-
isms, invertebrates, algae, and bacteria [14]. Therefore, the en-
vironmental impact of DNT is also a major public concern. For
example, the US waste water treatment standard for DNT was
determined as 0.32 mg/L for discharge to streams [15].

As a consequence, alternative methods for the removal of
energetic compounds such as DNT have been considered,
such as adsorption [16], alkaline hydrolysis [3, 4], biodegra-
dation [17], and advanced oxidation processes (AOPs)
[18-22]. Along with alkaline hydrolysis and biodegradation,
AOPs have shown great promise as a method to remove DNT
from various environments. For example, Bin et al. [18]
checked the efficacy of five AOPs in degrading DNT and
confirmed that ozonation and Fenton oxidation are the best
choice. Celin et al. [19] testified to the efficiency of the photo-
Fenton technique compared to photolysis and the photo-
peroxide system for removing DNT in aqueous phase. Later,
Chen et al. [20] also pointed out that the removal efficiency of
Fenton oxidation is superior to that of the photo-peroxide
method. Liou et al. [21] determined the sequence of oxidation
efficiencies in Fenton system for several explosives including
DNT. Phutane et al. [22] explored the removal of DNT from
building-grade concrete. However, studies on the detailed
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degradation mechanisms of DNT to date are still rare, except
for the two possible pathways (denitration and oxidation) pro-
posed by Chen et al. [20]. The oxidation mechanism is then
further verified by detecting the intermediates [23, 24].
Clearly, a deficiency in knowledge of the detailed mechanisms
will limit the development of new AOP technologies. Hence,
the purpose of our study was to explore degradation mecha-
nisms that include the structure of intermediates of DNT de-
tected by experiments.

Considering the challenges of experiments involving
seizing lively radicals and short-lived intermediates, quan-
tum chemistry methods have become a good choice.
Indeed, several works have used density function theory
(DFT) to study the alkaline hydrolysis of energetic com-
pounds [3, 4, 25, 26]. We also focused on the reaction
mechanisms of TNT with «OH for AOPs by DFT [10].
However, relevant studies for DNT are rare. Here, we
focus on the reaction mechanisms of DNT with *OH, be-
cause to study all reactions of AOPs by quantum chemis-
try methods simultaneously would be too complicated.
Finally, we hope that our investigations will provide
meaningful help for the understanding of the degradation
process of DNT, and promote the development of AOP
technologies for the removal of nitroaromatics.

Computational methods

All calculations were performed using the Gaussian 09 suite
of programs [27]. The relevant stationary points in reaction
pathways were fully optimized at the M062X/6-311+G* level
[28, 29]. The solvent effect was described by the SMD solvent
model [30]. Considering the actual environment, aqueous so-
lution was chosen. We did not re-verify the reliability of the
functional M062X and SMD model, since they had been used
successfully to investigate the alkaline hydrolysis of several
explosives including TNT, DNT, DNAN and RDX by
Leszczynski’s group [3, 4, 25]. All stationary points were
further characterized by frequency analysis to be minima (all
real frequencies) or transition states (TS; one and only one
imaginary frequency). Additionally, zero-point vibrational en-
ergies, the corrections to enthalpy, entropy and Gibbs free-
energy were also determined by calculation of the analytic
harmonic vibrational frequencies at the same theory level as
geometry optimization. The intrinsic reaction coordinates
(IRC) [31] path was traced to check the energy profiles
connecting each TS to the two associated minima of the pro-
posed mechanism. The refined energies were corrected to en-
thalpies and free energies at 298.15 K and 1 atm, using the
revised harmonic frequencies. Gibbs free energies of all con-
sidered species were calculated using standard expression:
AG=AH-TAS at T=298.15 K.
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Results and discussion

AOPs are near-ambient-temperature water treatment pro-
cesses that depend on the generation of radical species,
mainly *OH radicals. Due to an unpaired electron in oxy-
gen atom, *OH becomes a strong oxidizing agent (E°=2.8
vs. ENH at pH 0) able to readily steal hydrogen atoms
from other molecules to form water molecules, and con-
tribute to unsaturated bonds [32]. The reactions of *OH
radicals with organic compounds in aqueous solution are
often complex chemical processes that proceed through a
number of partially oxidized radical intermediates.
However, the two initial reaction mechanisms, hydrogen
(H) atom abstraction and addition to unsaturated bonds
(double bond or aromatic ring), are still unequivocal
[32]. Combined with the intermediates found by experi-
ments [20, 22-24], we can roughly give the two reaction
pathways of DNT (labelled as 0) with «OH, as shown in
Fig. 1. Then, we will gradually clarify how DNT is de-
graded by *OH radicals to 2,4-dinitrobenzaldehyde (1),
2,4-dinitrobenzoic acid (2), and mononitrotoluene (4),
which are the products at the early stage of reactions.

Methyl group oxidation

For the initial steps of DNT reacting with *OH, a rough
oxidation pathway for the methyl (CH;3) group, from DNT
to 2,4- dinitrobenzoic acid via 2,4-dinitrobenzaldehyde
(0—>1—2), had been proposed by Chen et al. [20]. This
route is very similar to that of TNT [10]. Similarly, it also
lacks a number of crucial details on reaction mechanisms
and intermediates, such as 2,4-dinitrobenzyl alcohol
(named as IN1). In Fig. 2, we add the missing intermedi-
ates and TS information, referring to our knowledge of
TNT [6, 7, 10]. In general, this pathway contains a series
of H-abstraction and dehydration reactions, as shown in
Fig. 2. Next, we gradually dissected this pathway by
means of confirmation of the TSs and the data of reaction
(AGyR) or activation (AG) Gibbs free energies.

In the first step, the *OH radical seizes an H atom from the
CH; group of DNT, then generates a radical intermediate R1
by TS1. Due to the asymmetry of 0 in Fig. 3, we checked the
TSs, TS1, TS1' and TS1”, which correspond to three H atoms
(labelled as I, II, III) of the CH; group, respectively. From
Fig. 3, we can see that the lengths of the C—H breaking and H-
O forming bonds are 1.20 and 1.34 A at TS1, 1.21 and 1.33 A
at TS1’, and 1.22 and 1.31 A at TS1", respectively. This
implies that the H-abstraction is an asynchronous atom-
transfer reaction, and that the geometries of the TSs are closer
to the reactants. From the activation energies (AG* for solvent
phase) in Fig. 3, we find that TS1 has the lowest AG*
(9.1 kcal mol 1), TS1” has a moderate AG* (10.3 kcal mol )
and TS1" is the highest one (12.2 kcal mol ™). This
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corresponds to the sequence of the distance between the O-
atom of ortho-NO, group and the H-atom of *OH, which is
2.21 A for TS1, 2.32 A for TS1’, and 5.44 A for TS1",
respectively. Therefore, we think that TS1 and TS1’ form
weak hydrogen bonds that are conducive to H-abstraction
reactions.

In Fig. 2, R1 would further react with «OH without the
barrier and form the 2,4-dinitrobenzyl alcohol (IN1), which
has not been reported experimentally to date. However, the
similar 2,4,6-trinitrobenzyl alcohol for AOPs of TNT had been
detected by Ayoub et al. [7]. Next, IN1 would pass through two
routes to 2.4-dinitrobenzaldehyde (1). The first route is that
*OH abstracts the H linked with C atom of CH3;0H group, then
generates the radical R2 through TS2. R2 subsequently com-
bines with *OH and forms the compound IN2. The second one
is that *OH attacks the H at the O (not C) atom of CH;0H
group and forms the compound IN2’. Like IN1, both IN2
and IN2’ have also not been reported experimentally. From
IN2 (or IN2') to 1 (found by experiment [20, 24]), the trans-
formation is a dehydration reaction process through TS3 (or
TS3’). The last step from 1 to R3 through TS4 is also an H-

abstraction reaction, and results in the generation of another
detected intermediate 2 by the addition of another *OH. The
TS geometries of the above reactions are given in Fig. 4.
TS2, TS2' and TS4 are the TSs of H-abstraction reactions,
and TS3 and TS3' are the TSs of the dehydration reaction.
Figure 4 shows that TS3 differs slightly from the others. The
H---+OH distance (1.15 A) is less than that of H---O*CHR
(1.38 A), indicating that the TS3 is closer to the product.
However, other TSs, such as TS2, TS2’, TS3', and TS4, are
closer to the reactant. Calculated reaction (AGg) and activa-
tion (AG) Gibbs free energies for all routes in Fig. 2 are listed
in Table 1. The first H-abstraction (0+*OH—TS1—R1+H,0)
reaction has a lower energy barrier of 9.1 kcal mol ' in water.
Similarly, the last H-abstraction (1+*OH—TS4—R3+H,0)
has an almost identical AG* of 9.2 kcal mol ', As for the
second H-abstraction, IN1+*OH—TS2'—IN2'+H,0 has a
higher AG* of 13.8 kcal mol ', which is approximately twice
as much as that of INI+ OH—-TS2—IN2+H,O0O
(7.0 kcal mol "), hinting that the latter is preferred.
Interestingly, the two dehydration reactions of IN2—TS3—
14+H,0 and IN2'—>TS3'—1+H,0 have rather high activation

. o . OH
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Fig. 3 Optimized geometries of TS1, TS1’ and TS1” for the first H-
abstraction reaction of DNT, with the selected distance given in A. The
activation energy is given in kcal mol '

barriers of about 40.0 kcal mol ' and 57.4 kcal mol ", respec-
tively. Table 1 also shows that all reactions involved in oxida-
tions of CH; for DNT are exothermic, except for IN2—TS3—
1+H,0 in gas phase (AGgr=1.5 kcal mol_l). The Hammond-
Leffler postulate predicts that TSs should resemble the reac-
tant in exothermic reactions, and the product in endothermic
reactions. Hence, we can infer that TS3 should closely resem-
ble the product, and other TSs (TS1, TS2, TS2’, TS3’, and
TS4) should resemble the reactants. Indeed, this is in agree-
ment with the above analysis for TS geometries. On the
whole, the four H-abstraction reactions have lower activation
barriers, <20 kcal mol !, which can occur easily at room tem-
perature. However, the two dehydration reactions have the
high activation barriers, and the influence of solvation on ac-
tivation barriers is not noticeable. If this pathway is true, the
compound IN2 or IN2' should be detected by experiment;
nevertheless, there are no corresponding reports. Evidently,
other possible pathways are still hidden.

Fig. 4 Optimized geometries of
TS2, TS2', TS3, TS3', and TS4,
with the selected distance given in
A. The activation energy is given
in keal mol ™"

TS2

AG=7.0 .\ AG—400
Bl
g

TS2'
AG*=13.8
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Next, we designed another two routes of R24++OH—TS5—
1+H,0 and R2"+*OH—TS5'—1+H,0, i.c., the radical interme-
diates R2 or R2' further abstract an H-atom by *OH but not
coupled with *OH. The relative free energetic surface and key
geometric parameters are displayed in Fig. 5. It is clear that the
two new H-abstraction reactions are highly exothermic,
AGg* = =71.3 keal mol ' and —94.9 keal mol ', respectively.
For R2, *OH can abstract the H-atom at the oxygen atom, finally
forming TSS5. This reaction has an activation barrier of
16.6 keal mol !, which is higher than the earlier H-abstraction
reactions (IN1—-TS2—R2 with 7.0 keal mol ' and 0—TS1—
R1 with 9.1 kcal mol ). For R2’, the H-abstraction reaction has
a barrier of 11.3 kcal mol ', slightly higher than the first one
(0—>TS1—R1, 9.1 kecal mol™") and lower than the second one
(IN1-TS2'—R2’, 13.8 kcal molﬁl). Obviously, the activation
energy barrier of new two routes shown in Fig. 5 is far less than
those of two dehydration reactions (40 kcal mol ' and
57.4 kcal molfl). Therefore, from the point of view of thermo-
dynamics, they should be the main channel that results in the
formation of 2,4-dinitrobenzaldehyde (1) directly from IN1
(considering that the radical R2 or R2’ has an extremely short
life time). In this way, we can explain why experiments [20, 24]
often detected the intermediate 2,4-dinitrobenzaldehyde (1),
rather than the intermediates IN2 and IN2'.

Addition-elimination reaction

For aromatic compounds, *OH addition to an aromatic ring
usually prevails over H abstraction when competition is pos-
sible, since the former is a negative energetic barrier process
[32]. Therefore, we also proposed the reactions of *OH addi-
tion to different C-atoms of the DNT ring (labelled I-VI). The

TS3'
AG#=57.4
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Table 1 Reaction (AGg and

AGg* for gas and solvent phase, Reaction step” AGr AGR* AG AGH
respectively) and activation (AG
and AGi for gas and solvent 0+*OH—TS1—R1+H,0 —22.0 —25.6 9.2 9.1
phase., respectively) Gibbs free IN1+*OH—TS2—R2+H,0 -33.9 —38.4 5.9 7.0
energles gt 29'8.1 5K for all 4 IN1+-OH—TS2'—R2'+H,0 -12.8 —14.8 11.7 13.8
reactions in Fig. 2 (kcal mol )
IN2—-TS3—1+H,0 1.5 -52 43.3 40.0
IN2'—>TS3'—1+H,0 —58.9 —66.5 56.1 57.4
1+*OH—>TS4—R3+H,0 —58.4 —61.8 6.6 9.2

#The compounds represented by the notations are the same as those in Figs. 1 and 2

corresponding results are plotted in Fig. 6. As shown in Fig. 6,
we gave the entire possible pathways, mainly considering the
detected products of 1,3-dinitrobenzene (3) and
mononitrotoluene with two isomers (4 or 4'). For example,
R4 from *OH addition to the I position of the ring is followed
by the elimination of CH3OH, and generates a radical RS. If
RS5 continues to react with *H, the detected product 3 would be
obtained. I[f R4 eliminates a HNOs3, another detected product 4
would be produced by the further neutralization of *H. To
check the probability of these reactions in Fig. 6, their reaction
Gibbs free energies in gas and aqueous phase are summarized
in Table 2. The data listed in Table 2 shows that all the reac-
tions are endergonic. In detail, the reactions, including the
elimination of CH3OH, have the relatively lower AGR* of
22.9 and 17.7 kcal mol ' for R4—R5 and R12—RS5 in aque-
ous, respectively. Based on TS theory, we know that the acti-
vation energy barriers (AG¥) should be higher than these
values. From Fig. 6, we can also see that these two reactions

TS5

AG*=16.6

X

AGgi=-71.3

1+H,0

AG (kcal/mol)

AG#=11.3

AGgi=-94.9

1+H,0

Fig. 5 Free energy profile and geometries of TSs for other H-abstraction
reactions including two radicals. The selected distances in TS5 and TS5’
are given in A

are related to the product 3 detected by experiments [20, 23].
However, in experiments, the proposed pathway for 3 was
generally oxidation of the methyl group. In the above analysis,
our proposed sequential H-abstraction reactions with the low-
er barrier, not the addition-elimination mechanism, should be
responsible for the production of 3. In addition, those process-
es involving the elimination of HNO; have the higher AGg*
of 39.3 kcal mol™', 43.8 kcal mol™', 41.5 kcal mol™',
44.7 kecal mol ™!, 44.2 kcal mol ™', and 43.6 kcal mol™! (see
Table 2), respectively, which are approximately twice as high
as the AGr* of reactions with the elimination of CH;OH. For
these endoergic reactions with the elimination of HNOs, AG*
would be greater than AGRI. Hence, the AG* of these six
reactions should be far more than 20 kcal mol !, which indi-
cates that these reactions are not feasible at room temperature.

It is worth noting that there are two unusual routes,
involving the elimination of *NO, after *OH addition
(R7-*NO,—IN4 and R8-*NO,—INS5). Taking the reaction
of R7-NO,—IN4 as an example, the further result gives
an activation barrier of 0.7 kcal mol ', This is close to zero
and far less than that of CH;OH and HNO; elimination.
Clearly, the addition-elimination with *NO, should be the
easiest reaction channel. This addition-elimination mecha-
nism is also found for TNT [10], and the substituent path-
way (i.e., addition-elimination) is very common in the case
of aromatic rings [32]. However, the corresponding prod-
ucts IN4 and IN5 have not been reported by any experi-
ments. Maybe, the subsequent degradation of IN4 and INS
is also a very fast reaction process. Of course, this requires
further theoretical or experimental investigation. On the
other hand, from the above analysis we know that our pro-
posed addition-elimination mechanisms cannot generate
the product of mononitrotoluene (4) detected by Chen
et al. [20]. We also checked the addition reaction of two
*OH radicals, which also involve the elimination of
CH;0OH and HNOj; with higher barriers (about
80.2 kcal mol ' and 72.4 kcal mol™', respectively).
Therefore, these results are not given here. Because the
nitro group is subject to isomerization reactions that, in-
stead of -NO, by —ONO or —OON, we think that elimina-
tion of NO, should start from isomerization. Therefore, in
the following works, we will investigate the relationship

@ Springer
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Fig. 6 Addition-elimination mechanisms for the degradation reaction of DNT only by *OH radicals

between the denitration and isomerization of NO, for more
nitroaromatic explosives.

Comparison

We have shown the possible pathways of DNT degrada-
tion by comparing experimental results [20, 23, 24] and
our simulations for TNT [10], which includes oxidation of
the methyl group and addition-elimination reactions. The
corresponding potential energy surfaces (PESs) for these
two pathways are summarized in Figs. 7 and 8, respec-
tively. In summary, oxidation of the methyl group mainly
includes the mechanism of H-abstraction and contains two
routes: the first is one H-abstraction followed by one de-
hydration reaction, and the highest activation barriers are
of 40.0 kcal mol ' and 57.6 kcal mol !, as shown in

Fig. 7 (gray). The second is three continuous steps of H-
abstraction reaction (see Fig. 7, red and blue), with acti-
vation barriers of 16.6 kcal mol™! (highest) and
7.0 kcal mol™" (lowest) (also see Fig. 5), respectively.
Comparing the results of the two routes clearly shows that
the detected products of 2,4-dinitrobenzaldehyde (1), 2,4-
dinitrobenzoic acid (2), and 1,3-dinitrobenzene (3) [20,
23, 24] should be involved in the second route, i.e., three
sequential steps of H-abstraction reaction. Therefore, we
not only verified the pathway proposed by Chen et al.
[20], but also detailed this pathway, providing radical in-
termediates and TSs.

The addition-elimination mechanism of *OH adding to
aromatic ring also contains three routes: the first is the
elimination of CH;OH and HNO; after one *OH addition
to the benzene ring. These reactions are endothermic and

Table 2 Reaction (AGg and

AGg* for gas and solvent phase, Reactions® AGgr AGg# Reactions AGgr AG*

respectively) Gibbs free energies

at 298 K for all reaction processes R4-CH;0H—R5 244 229 R4-HNO;—R6 38.8 39.3

in Fig. 6 (kcal mol ) R7-HNO;—R6 42.8 438 R8-HNO;—R9 42.0 442
R10-HNO;—R6 36.9 41.5 R10-HNO;—R9 40.4 44.7
R11-HNO;—R9 40.2 43.6 R12-CH;0H—R5 18.3 17.7

#The compounds represented by the notations can be seen in Fig. 6

@ Springer
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Fig. 7 Relative AG potential
energy surfaces (PES) for the
oxidation of methyl group

(kcal mol ). The compounds
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be seen in Figs. 1-5
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the estimated activation barriers are far more than
20 kcal mol ™' based on the AGyg data in Table 2, as
shown in Fig. 8. The second is the elimination of
CH;0H and HNOj after two *OH radicals addition to
different positions of the ring. These routes have the
highest activation barriers of 80.2 kcal mol ' and
72.4 kecal mol™" in all proposed pathways of DNT degra-
dation in this work. The third route is the addition-
elimination mechanism, that is, *OH addition to the ring

Reaction Coordinate

followed by the elimination of *NO,; this has a barrier of
0.7 kcal mol ! (Fig. 8, red), which is the lowest in all the
proposed pathways of DNT degradation. Evidently, the
last route (addition-elimination) should also be a main
reaction channel. However, the products of 2-hydroxyl-
4-nitrotoluene and 4-hydroxyl-2-nitrotoluene (see Fig. 8)
have still not been detected by experiment. In addition,
the mechanism of NO, isomerization will be addressed in
our next investigations.

Fig. 8 Relative AG PES for
addition-elimination reactions
(keal mol ). The compounds
represented by the notations can
be seen in Fig. 6
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Conclusions

In this work, we investigated the degradation reactions with
hydroxyl radicals in AOPs for the important nitroaromatic ex-
plosive 2,4-dinitrotoluene (DNT) by means of DFT methods at
the M06-2X/6-311+G(d) level. The results show that the dom-
inant pathway of DNT degradation is sequential H-abstraction
and addition-elimination reactions. Sequential H-abstraction re-
actions can well explain the intermediates detected by several
experiments [20, 23, 24]. Addition-elimination reactions
should be also regarded as the main channel of DNT degrada-
tion based on the lowest activation barriers (0.7 kcal mol ),
which is similar to TNT [10], and very common in the other
case of aromatic ring [32], although the intermediates produced
were not reported. Details of TSs, intermediate radicals and free
energy surfaces for all proposed reactions are also given to
make up for the lack of experimental knowledge. In addition,
the influence of solvation on the degradation reactions is also
provided. Given the lack of experimental data, we provided
information of degradation pathways that are crucial if we are
to understand the detailed reaction mechanism between
nitroaromatic explosives and hydroxyl radicals for AOPs.
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