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Abstract

At the present time one of the main remediation technologies for such environmental pollutant as 2,4-dinitrotoluene
(DNT) is advanced oxidation processes (AOPs). Since hydroxyl radical is the most common active species for AOPs, in
particular for Fenton oxidation, the study modeled mechanism of interaction between DNT and hydroxyl radical at
SMD(Pauling)/M06-2X/6-31+G(d,p) level. Computed results allow to suggest the most energetically favourable
pathway for the process. DNT decomposition consists of sequential hydrogen abstractions and hydroxyl attachments
passing through 2,4-dinitrobenzyl alcohol, 2,4-dinitrobenzaldehyde, and 2,4-dinitrobenzoic acid. Further
replacement of nitro- and carboxyl groups by hydroxyl leads to 2,4-dihydroxybenzoic acid and 2,4-dinitrophenol,
respectively. Reaction intermediates and products are experimentally confirmed. Mostly of reaction steps have low
energy barriers, some steps are diffusion controlled. The whole process is highly exothermic.

Keywords: 2,4-dinitrotoluene; hydroxyl radical; Fenton oxidation; DFT; reaction mechanism.

PAJUKAJIBHE PO3KJ/IAZAHHA 2,4-AIHITPOTOJIYEHA B YMOBAX
INTPOI'PECUBHOIO OKUCJIEHHA. PO3PAXYHKOBE JOC/IIAKEHHA

Jlrogmuna K. Ceatenko’,! Jleonig 'op6,2 Cepriii [. OkoBuTHi,3 €k JleLiHCbKUIAZ
1/loHeybKull HayioHaabHUll Medu4Huli yHisepcumem, 8ya. Beauka IlepcnekmusHa, 1, Kponusnuywvkutl, 25015, Ykpaiua
2MixcducyunaiHapHuli yeHmp HaHomokcuuHocmi, [lxcekcoHckull depycasHuli yHieepcumem, 8ya. Jliny, 1400,
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3/lninponemposcbKkull HayioHa1bHUll yHigepcumem imeHi Osaecsi ToHuapa, npocn. I'azapiHa, 72,
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AHoTalif

Y paHM# 4Yac OAHIE 3 OCHOBHHUX TEXHOJIOTIM JAJiA peKy/JbTHUBALii Takoro 3a6pyAHIBaya HaBKOJHMIIHbOI'O
cepeaoBHIIa, sIK 2,4-AuHiTpoToayeHa (DNT), € nporpecuBHi nponecu okucjieHHs (AOPS). OCKiJIbKY riApoKCUIbHUI
pPajAUuKaJ € HalGi/bII NOIUMPEHUM AaKTUBHUM areHToM AjA AOPs, 3okpema A1 okucieHHs PeHTOHA, MeXaHi3M
B3aemogii Mixk DNT i riapokcunbHUM pajukasoM 3MofenboBaHuii Ha SMD(Pauling)/M06-2X/6-31+G(d,p)
TeopeTU4YHOMy piBHi. Po3paxoBaHi pe3yjbTaTH A03BOJISIOTh NPUNYCTUTH HAHOGI/IbII eHepreTUYHO BUTIJHUM LIAX
AJa npouecy. PosknaganHa DNT ckiaja€erbea 3 NOCaiA0BHUX Bifgmensiens l'igporedy i npueaHaHp rijpokcuiy, mo
npoxojATh d4epe3 2,4-AUHITPOGEH3W/IOBUIl cOMpPT, 2,4-AMHITPOGEH30MHMU aibAerig i 2,4-AUHITPOGEH30MHY
Kucaoty. Iloganbma 3amiHa HITpO- i KAPGOKCUIBHOI Ipyn TiApOKCUIOM NPUBOAUTH A0 2,4-AUriApOKCcUGeH30iHOI
KUCIA0TH 1 2,4-aguHiTpodeHony BianosigHo. IIpomixkHi Ta KiHIeBIi mNpoaykTu peaknii mniaTBepaxeHi
eKClepuMeHTa bHO. BibmicTh cTaaiil peakuii MaloTh HU3bKi eHepreTU4Hi 6ap'epy, AesAKi cTajii KOHTPOIIIOTHCA
audysier. Becb peakuiiiHuil npouec € CUJIbHO €K30TepPMIYHHMM.

Karouoei caosa: 2,4-1AHITPOTONYEH; TiAPOKCUIBHUM paiuKas; okuciaeHHs @eHToHa; TOT; MmexaHisM peakiiii.
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AHHoTanuga

B HacTosIee BpeMs OJHOH U3 OCHOBHBIX TEXHOJIOTHUH JJIA PeKy/JbTUBALMM TAKOTO 3arpA3HUTEJIS OKpYKalole
cpeabl, Kak 2,4-auHutpoTosyosa (DNT), saBiadAwTCcA nporpeccuBHble mpounecchl okucaeHus (AOPs). Tak kak
TUAPOKCH/IbHBIN pafuKaJ sABJIseTcA Hau6oJ/iee pacIpoCTPaHeHHbIM aKTUBHBIM areHToM A AOPs, B YyacTHOCTH A1
okucjeHuss PeHTOHA, MexaHU3M B3auMoAelcTBUA MexkAy DNT M rHJpOKCHIBHBIM PAaAUKaIOM CMOJeTUPOBaH Ha
SMD(Pauling)/M06-2X/6-31+G(d,p) TeopeTudyeckoM ypoBHe. PaccuuTaHHble pe3yJbTaTbl MO3BOJIAIOT
NpeANOoJIOKUTh HauGoJiee 3HepreTHUYecKd BBITOJHBI NyTh AJA npounecca. Pasnoxkenune DNT cocrout us
noc/jaeA0BaTe/JbHbIX  OTINEIJIEHWH BOJOpojJa W  NPUCOeAMHEHUII THMAPOKCWIA, MNPOXOAAIIUX  4epe3
2,4-AMHUTPOGEH3W/IOBBIA CNUPT, 2,4-IMHUTPOGEH30MHBbIA ajbjeruj U 2,4-AUHUTPOGEH30IHYI0 KHCJIOTY.
JanbHelliasg 3aMeHa HUTPO- U KapGOKCH/IBHBIX IPynn THAPOKCHJIOM NPUBOAUT K 2,4-AMIHJpPOKCUGEH30HHOM
KHC/I0Te U 2,4-AUHUTPOQEHOJIy COOTBETCTBEHHO. IIpoMexxyToyHble M KOHeYHble MNPOAYKTbI peaKIuu
MOATBEPKAEHbI IKCIEPUMEHTA/IbHO. BOJIbIIMHCTBO CTaAuil peaKknuy UMeT HU3KHE JHepreTuyecKue Gapbepsl,

HEKOTOpbIE CTaauun KOHTPOJINPYHOTCA
J3K30TE€pMHUYE€CKHUM.

auddysmueii.

Becnb peaKuHOHHblﬁ nponecc sABJSAETCA CHJIBHO

Katouessie cno8a: 2,4-[MHATPOTOJIYOJI; TUAPOKCUIbHBIN pajukai; okucaeHre Pentona; TOIl; MexaHHU3M peakLuu.

Introduction

2,4-Dinitrotoluene (DNT) is wused for
production of dyes, explosives, organic synthesis
and as a propellant additive. It is formed in a
large amount during 2,4,6-trinitrotoluene (TNT)
production and can release into environment.
The U.S. Environmental Protection Agency
determines DNT as a priority pollutant, thus
remediation of DNT at contaminated sites is
required. Alkali hydrolysis, iron reduction and
advanced oxidation are actively used to remove
DNT from environment [1-12]. Advanced
oxidation processes (AOPs) are one of the most
promising methods for the treatment of soils and
waters contaminated by DNT [1-12]. Most of
these processes are associated with the
generation of radical species mainly hydroxyl
radical (OH+), which is a strong oxidizing agent
(E®=2.8 eV) and can cause rapid decomposition of
DNT. Fenton’s reagent (hydrogen peroxide +
ferrous iron) as one of the most common AOPs
was used to remove DNT from aqueous solutions
as well as contaminated soil [1-8]. It was found
that Fenton’s degradation of DNT followed the
first order reaction kinetics [5-7]. The main
products for DNT primary degradation were
suggested as 2,4-dinitrobenzaldehyde,
2,4-dinitrobenzoic  acid, 1,3-dinitrobenzene,
3-nitrophenol, 2,4-dinitrophenol [3-6]. The aim
of the present paper is to shed more light on the
mechanism of the initial steps of the interaction
of DNT with hydroxyl radical and chemical

nature of possible intermediates and products
encountered in the oxidation process.

Computational Methodology

All calculations were performed using the
Gaussian 09 suite of programs [13]. The M06-2X
functional of the Density Functional Theory
(DFT) was chosen for the study because it was
recommended for applications involving
thermochemistry, kinetics, and noncovalent
interactions on the base of assessment of its
performance over broad amounts of data [14].
SMD model in a combination with Pauling radii
was selected as a solvation model for the present
study. The relevant stationary  points
(intermediates, transition states, and products) in
aqueous solution were fully optimized at the
SMD(Pauling)/M06-2X/6-31+G(d,p) level. Since
our computational analysis is based on the values
of Gibbs free energy, stationary points were
further characterized by calculation of the
analytic harmonic vibrational frequencies at the
same theory level as geometry optimization.

Results and Discussion

The pathways for the initial steps of the
interaction of DNT with hydroxyl radical are
direct substitution of nitrogroup, attaching
hydroxyl radical to C1 atom, and hydrogen
abstraction from the methyl group of DNT (Fig.).
All pathways are exothermic. The first pathway
leads to intermediates INT1 and INTZ2, the
second one results in formation of INT3. The
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Fig. Computer generated pathway of DNT oxidation with hydroxyl radical,
corresponding Gibbs free energy diagram

third one leading to INT4 is the most kinetically
favorable pathway (Table). Therefore we predict
that the methyl group transformation will
preferable occur at the initial step of DNT
decomposition. Further INT4 easy adds hydroxyl
radical without energy barrier (diffusion
controlled step) and forms 2,4-dinitrobenzyl
alcohol ~ (INT5). Analysis of  possible

transformations of INT5 shows that hydrogen
abstraction leading to INT8 is a dominant
pathway as compared with direct substitution of
nitrogroup. During optimization INT8 readily
transforms into more stable INT9. Elimination of
hydrogen from INT9 passes without energy
barrier and results in formation of
2,4-dinitrobenzaldehyde (INT10).
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Hydrogen abstraction from aldehyde group is
the most energetically favourable transformation
of INT10. This pathway has about 5 kcal/mol
smaller free energy barrier than the replacement
of nitrogroup by hydroxyl. Formed INT13
captures hydroxyl radical and transforms into
more stable 2,4-dinitrobenzoic acid (INT14).
Further, the substitution of nitrogroup by
hydroxyl radical occurs in INT14. Formation of
2-hydroxy-4-nitrobenzoic acid (INT15) and
4-hydroxy-2-nitrobenzoic acid (INT16) has close
free energy barriers and free reaction energies,
therefore  these  processes may  occur
simultaneously. The replacement of the second
nitrogroup by hydroxyl radical leads to
2,4-dihydroxybenzoic acid (PR1). Hydroxyl
attaching to C1 of INT14 leads to formation of

INT17. The latter transforms into
2,4-dinitrophenol (PR2) by elimination of
carboxyl radical, which readily undergoes

decomposition to carbon dioxide losing hydrogen
by interaction with hydroxyl radical.

The process of DNT transformation, depicted
in Fig. is highly exothermic. The release of
approximately 460 kcal/mol energy is predicted.
The rate limited step is 2,4-dinitrophenol
formation. It should be noted that
decarboxylation of 2,4-dinitrobenzoic acid with
formation of 1,3-dinitrobenzene was found to be
energetically unfavourable process requiring
more than 30 kcal/mol free activation energy. We
suggest that other than hydroxyl radical reactive
species may be responsible for
1,3-dinitrobenzene formation.

Table

SMD(Pauling)/M062x/6-31+G(d,p) level calculated Gibbs free activation energies and Gibbs free energy
of reactions for DNT oxidation with hydroxyl radical

Reaction AGact, AGreac, Reaction AGact, AGreac,
kcal/mol kcal/mol kcal/mol kcal/mol

DNT+OH*—>INT1+NO2* 12.90 -36.14 INT10+OH*—INT12+NO2* 14.42 -38.35
DNT+OH*—-INT2+NO2* 13.06 -32.07 INT10+OH*—INT13 8.82 -66.37
DNT+OH*—INT3 13.82 -12.91 INT13+0OH*—INT14 - -59.84
DNT+0OH*—INT4+H20 8.85 -29.27 INT14+0OH*—INT15+NOz* 13.88 -39.19
INT4+0H*—INT5 - -71.20 INT14+0H*—>INT16+NOz* 13.99 -36.23
INT5+OH*—INT6+NO2* 14.00 -37.13 INT15+0H*—>PR1+NO>* 14.12 -36.27
INT5+0OH*—INT7+NO2* 13.62 -34.43 INT16+0H*—->PR1+NO2* 12.68 -39.23
INT5+0OH*—INT9 8.71 -46.52 INT14+0OH*—INT17 13.66 -14.37
INT9+0OH*—INT10 - -63.93 INT17—PR2+CO2+H20 20.73 -108.33
INT10+OH*—>INT11+NOz* 13.67 -41.71

Based on the calculated data the most
favourable reactive channel may be described as
follow. Firstly, replacement of hydrogens of the
methyl group by hydroxyl occurs. The process
consists of the sequence elimination of hydrogen
from the methyl group and addition of hydroxyl
radical. The most stable intermediates are
2,4-dinitrobenzyl alcohol, 2,4-dinitrobenzaldehyde,
2,4-dinitrobenzoic acid. As soon as methyl group
transforms into carboxyl group the substitution
of nitrogroup by hydroxyl starts. Sequence
substitution of two nitrogroups by hydroxyls
leads to 2,4-dihydroxybenzoic acid. At the same
time the replacement of carboxyl group by
hydroxyl may occur. This process results in
formation of 2,4-dinitrophenol. It should be
noticed that we studied the earlier steps of
interaction of DNT with hydroxyl radical. The
species depicted in Fig. are intermediates and not
the final products of the reaction. Additional
chemical reactions are necessary to full
mineralization of DNT. The suggested mechanism
of DNT primary decomposition, based on DFT

calculations, is confirmed by experimentally
detected products for Fenton oxidation of DNT
[3-6].

Conclusion

Reaction of DNT with hydroxyl radical was
modeled at SMD(Pauling)/M06-2X/6-31+G(d,p)
level. Calculations show that decomposition of
DNT starts from methyl group transformation
into hydroxymethyl, carbonyl, and carboxyl
groups. Then displacement of nitro- or carboxyl
group by hydroxyl occurs. The calculated main
products (2,4-dinitrobenzyl alcohol,
2,4-dinitrobenzaldehyde, 2,4-dinitrobenzoic acid,
and 2,4-dinitrophenol) are experimentally
observed during Fenton oxidation of DNT. The
process has low Gibbs free activation energies
and high exothermicity. We hope that this paper
will help to understand the mechanism of
degradation process of DNT with hydroxyl
radical, and promote the improvement of AOPs
technologies for removal of DNT and other
nitroaromatic compounds from environment.
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