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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. 
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Анотація 
У даний час однією з основних технологій для рекультивації такого забруднювача навколишнього 
середовища, як 2,4-динітротолуена (DNT), є прогресивні процеси окислення (AOPs). Оскільки гідроксильний 
радикал є найбільш поширеним активним агентом для AOPs, зокрема для окислення Фентона, механізм 
взаємодії між DNT і гідроксильним радикалом змодельований на SMD(Pauling)/M06-2X/6-31+G(d,p) 
теоретичному рівні. Розраховані результати дозволяють припустити найбільш енергетично вигідний шлях 
для процесу. Розкладання DNT складається з послідовних відщеплень Гідрогену і приєднань гідроксилу, що 
проходять через 2,4-динітробензиловий спирт, 2,4-динітробензойний альдегід і 2,4-динітробензойну 
кислоту. Подальша заміна нітро- і карбоксильної груп гідроксилом приводить до 2,4-дигідроксибензойної 
кислоти і 2,4-динітрофенолу відповідно. Проміжні та кінцеві продукти реакції підтверджені 
експериментально. Більшість стадій реакції мають низькі енергетичні бар'єри, деякі стадії контролюються 
дифузією. Весь реакційний процес є сильно екзотермічним. 

Ключові слова: 2,4-динітротолуен; гідроксильний радикал; окислення Фентона; ТФГ; механізм реакції. 
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Аннотация 
В настоящее время одной из основных технологий для рекультивации такого загрязнителя окружающей 
среды, как 2,4-динитротолуола (DNT), являются прогрессивные процессы окисления (AOPs). Так как 
гидроксильный радикал является наиболее распространенным активным агентом для AOPs, в частности для 
окисления Фентона, механизм взаимодействия между DNT и гидроксильным радикалом смоделирован на 
SMD(Pauling)/M06-2X/6-31+G(d,p) теоретическом уровне. Рассчитанные результаты позволяют 
предположить наиболее энергетически выгодный путь для процесса. Разложение DNT состоит из 
последовательных отщеплений водорода и присоединений гидроксила, проходящих через  
2,4-динитробензиловый спирт, 2,4-динитробензойный альдегид и 2,4-динитробензойную кислоту. 
Дальнейшая замена нитро- и карбоксильных групп гидроксилом приводит к 2,4-дигидроксибензойной 
кислоте и 2,4-динитрофенолу соответственно. Промежуточные и конечные продукты реакции 
подтверждены экспериментально. Большинство стадий реакции имеют низкие энергетические барьеры, 
некоторые стадии контролируются диффузией. Весь реакционный процесс является сильно 
экзотермическим. 

Ключевые слова: 2,4-динитротолуол; гидроксильный радикал; окисление Фентона; ТФП; механизм реакции. 

Introduction 

2,4-Dinitrotoluene (DNT) is used 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 
(E0=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 INT2, 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 Gact., 
kcal/mol 

Greac., 
kcal/mol 

Reaction Gact., 
kcal/mol 

Greac., 
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+OH• INT14 – -59.84 

DNT+OH• INT4+H2O 8.85 -29.27 INT14+OH• INT15+NO2• 13.88 -39.19 

INT4+OH• INT5 – -71.20 INT14+OH• INT16+NO2• 13.99 -36.23 

INT5+OH• INT6+NO2• 14.00 -37.13 INT15+OH• PR1+NO2• 14.12 -36.27 

INT5+OH• INT7+NO2• 13.62 -34.43 INT16+OH• PR1+NO2• 12.68 -39.23 

INT5+OH• INT9 8.71 -46.52 INT14+OH• INT17 13.66 -14.37 

INT9+OH• INT10 – -63.93 INT17 PR2+CO2+H2O 20.73 -108.33 

INT10+OH• INT11+NO2• 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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