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A B S T R A C T

Large amounts of ammunition containing 2,4,6-trinitrotoluene (TNT) and other substances were dumped in the
Baltic Sea after WWII. Considering progressive corrosion processes, studying the transformation of TNT occur-
ring in the environment constitutes an important aspect of a possible associated risk. This study focused on the
transformations of TNT in simulated conditions of the Baltic Sea bottom sediment. Methods of analysis of TNT
and selected products of its transformations were developed for that purpose. The developed methods allowed
for the determination of selected compounds below 1 ng/g. Systematic monitoring of TNT transformations in the
environment of the bottom sediment was performed. This allowed for the determination of the kinetics of TNT
degradation and identification of degradation reaction products. Based on the obtained results, the TNT decay
half-time in conditions present in the Baltic Sea was estimated to be 16.7 years for the abiotic environment and
5.6 for the biotic environment.

1. Introduction

Studies of explosives and their transformations in the natural en-
vironment constitute an important aspect of the assessment of danger
posed by those materials for the natural environment, both on exercise
field and in storage facilities. Ammunition dumped in seas and oceans,
including the Baltic Sea, is an example of this problem. The subject goes
back to 1945 when the Potsdam Conference decided to eliminate
Germany's war potential. As a result of this, ammunition units, among
other bombs and artillery shells containing explosives and chemical
warfare agents, were dumped in the relatively shallow Baltic Sea
(Szarejko and Namieśnik, 2009).

Studies carried out within the framework of the CHEMSEA project
(Chemical Munitions Search & Assessment) demonstrated that the
dumped chemical ammunition was often located out of the official
designated dumping areas (the Gotland deep, the Bornholm deep), with
precise localisation unknown (Knobloch, 2013). As seen in Table 1, the
main explosive materials deposited in the Baltic Sea were 2,4,6-trini-
trotoluene (TNT) and 1,3,5-trinitro-1,3,5-triazacyclohexane (hexogen,
RDX). Among the mixtures listed, the composition named Torpex is the
most abundantly present in the Baltic Sea. That is because the mixture
was most commonly used for elaboration of torpedoes. Besides TNT and

RDX, the mixture contains approximately 18% aluminium in the form
of dust and< 1% waxes (Juhasz and Naidu, 2007; Walsh and Jenkins,
1992).

Due to corrosive processes and the resulting possibility of release of
hazardous substances into the water and bottom sediments, dumped
ammunition has become an issue due to the potential effects on the
environment and sea users (Pennington and Brannon, 2002). Besides
the environmental risk, the economic aspect associated with danger and
limitations of maritime works in the Baltic Sea must also be taken into
account (Knobloch, 2013). For that reason, the determination of precise
localisation of the ammunition on the bottom of the Baltic Sea, as well
as the determination and assessment of the associated environmental
risk, are of utter importance.

The basic requirement of conducting reliable research on explosives
and particularly on environmental hazards they generate is to apply
comprehensive and modern methods of analysis of all analysed com-
pounds. Currently, chromatographic techniques, such as thin layer
chromatography (Błądek et al., 1995), high-performance liquid chro-
matography (Sener et al., 2017), gas chromatography (Thomas et al.,
2018; Rahal and Moussa, 2011) coupled with various detectors, and
nuclear magnetic resonance (NMR) spectroscopy (Salter-Blanc et al.,
2013) are the most extensively applicable to the analysis of explosives.
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Among these techniques used in the analysis of explosives, liquid
chromatography is becoming increasingly important (Sener et al.,
2017). The key advantage of this method is that analysed compounds
are not exposed to high temperatures, as in the case of gas chromato-
graphy. That is particularly important in the analysis of explosives,
most of which undergo thermal decomposition at high temperature.
TNT and its decomposition products are an exception, as they may be
successfully analysed by both liquid and gas chromatography (Thomas
et al., 2018). This is due to their high thermal stability, for example, the
melting point of TNT is 81 °C (Huang et al., 2016), the boiling point is
240 °C (Giannoukos et al., 2015), and the decomposition point is 295 °C
(Huang et al., 2016). Additionally, the relatively low molar weight of
227.13 g/mol and good solubility in the majority of organic solvents
(Table 2) allows for the direct analysis of the compound with gas
chromatography with no need for a previous derivatisation reaction
(Rahal and Moussa, 2011). On the other hand, poor water solubility
favours efficient liquid-liquid extraction from aqueous matrices or

solid-liquid extraction from soil or sediments to organic solvents in the
process of preparation of samples for the chromatographic analysis.

The main reactions that TNT undergoes in the natural environment
are oxidation and reduction of its functional groups that are sub-
stituents in the benzene ring (Walsh and Jenkins, 1992; Glasby, 1997).
Under the effect of oxidative factors, the methyl group in TNT may be
oxidised to the carboxyl group, which subsequently is removed in the
process of decarboxylation, forming trinitrobenzene (Ayoub et al.,
2010). TNT may also undergo reactions of denitration, leading to 2,6-
dinitrotoluene and 1,3dinitrobenzene (Ayoub et al., 2010). Other im-
portant products of TNT degradation are amines, formed as the result of
reduction of one of three nitro groups in the amine group (Wang et al.,
2010).

The purpose of this study was to develop sensitive and precise
methods for the analysis of TNT and its decomposition products using
modern methods of liquid and gas chromatography, as well as the
analysis of transformations of the compound in bottom sediments from
the Baltic Sea under biotic and abiotic conditions. The study was di-
vided into two stages. The first stage involved the development and
optimisation of the method for determination of TNT and selected
products of its decomposition, including the following: 4-nitrotoluene;
1,3-dinitrobenzene; 1,3,5-trinitrobenzene; 2,4-dinitrotoluene; 2,6-dini-
trotoluene; 2,4-dinitroaniline; 2,6-dinitro-4-aminotoluene; and 4,6-di-
nitro-2-aminotoluene, with the use of a gas chromatograph coupled
with tandem mass spectrometry (GC–MS/MS) working in the selected
reaction monitoring (SRM) mode. Additionally, methods for the de-
termination of TNT, 2,4,6-trinitrobenzoic acid (TNBA), and 1,3,5-tri-
nitrobenzene with the use of a liquid chromatograph coupled with the
Orbitrap type mass analyser (LC-Orbitrap) were developed and opti-
mised. The second stage of the study involved systematic monitoring of
transformations of TNT in the environment of the bottom sediment
from the Baltic Sea, the determination of kinetic curves of those
transformations, and the identification of reaction products with the use
of the developed methods of chromatographic analysis. Additionally,
the correctness of the identification of substances formed during the
decomposition of TNT in the bottom sediment was confirmed with

Table 1
Explosive composition used during World War II. Data presented in the table was retrieved from the literature (Juhasz and Naidu, 2007; Walsh and Jenkins, 1992;
Glasby, 1997).

No. Name Composition Notes

1 Amatol Ammonium nitrate and TNT Extensively used in bombs, shells, depth charges, and naval mines
2 Baronal Barium nitrate, TNT, and powdered aluminium –
3 Baratol Barium nitrate and TNT Used in British hand grenades
4 Composition A 88.3% RDX and 11.7% plasticizer –
5 Composition B RDX, TNT, and wax –
6 Composition H6 45% RDX, 30% TNT, 20% powdered aluminium,

and 5% wax
Replaced Torpex for use in naval applications

7 DBX (Depth Bomb
Explosive)

21% RDX, 21% ammonium nitrate, 40% TNT,
and 18% powdered aluminium

An alternative for Torpex, which used less of the strategic material RDX

8 Minol 40% TNT, 40% ammonium nitrate, and 20%
powdered aluminium (Minol-2)

Developed by the British Royal Navy and used in torpedoes, depth charges, and naval
mines. Unsuitable for shells because of a risk of detonation if subjected to very high
accelerations

9 Pentolites 50% pentaerythritol tetranitrate (PENT) and 50%
TNT

–

10 Picratol 52% ammonium picrate and 48% TNT Used in armour-piercing shells and bombs insensitive to shock
11 PIPE 81% PETN and 19% oil –
12 PTX-1 30% RDX, 50% tetryl, and 20% TNT –
13 PTX-2 41–44% RDX, 26–28% PETN, and 28–33% TNT –
14 PVA-4 90% RDX, 8% poly(vinyl alcohol) (PVA), and 2%

dibutyl phthalate
–

15 RIPE 85% RDX and 15% oil –
16 Tetrytols 70% tetryl and 30% TNT –
17 Torpex 42% RDX, 40% TNT, and 18% powdered

aluminium
Developed for use in torpedoes, it was especially effective at producing destructive,
underwater explosions

18 Trialen 105 15% RDX, 70% TNT, and 15% powdered
aluminium

Used by the Luftwaffe

19 Explosive “D” Ammonium picrate US Army/Navy
20 Type 91 Explosive Trinitroanisol (TNA) Japanese Army/Navy

Table 2
TNT solubility (g/100 g) in selected solvents at 20 °C
(Ryon, 1987).

Solvent Solubility

Water 0.013
Pyridine 137
Acetone 109
Toluene 55.0
Benzene 67.0
Methyl acetate 72.1
Chlorobenzene 33.9
Chloroform 19.0
Carbon disulphide 0.48
Diethyl ether 3.29
Trichloroethylene 3.04
Ethanol (95%) 1.23
Carbon tetrachloride 0.65
1,2-Dichloroethane 18.7
Ethylene dichloride 18.7
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NMR.

2. Experimental

2.1. Reagents and materials

2,4,6-Trinitrotoluene (purity 99.8%); 4-nitrotoluene (98.5%); 1,3-
dinitrobenzene (97.5%); 2,6-dinitrotoluene (98.0%); 2,4-dinitrotoluene
(97.5%); 1,3,5-trinitrobenzene (98.5%); 2,4-dinitroanilin (97.0%); and
trinitrobenzoic acid (99.0%) were synthesised at the Military University
of Technology (MUT). Purity of the compounds was verified using NMR
and GC–MS. Other substances used in the study included the following:
2,6-dinitro-4-aminotoluene, 4,6-dinitro-2-aminotoluene 1000 μg/mL, a
solution in acetonitrile from Supelco (Bellefonte, PA, USA), analytical
grade 98.5% chloroform, analytical grade 99.5% acetone from Avantor
(Gliwice, Poland), LC-MS min. 99.95% acetonitrile from Chemsolve
(Łódź, Poland), HPLC ≥99.7% acetic acid from J. T. Baker (Center
Valley, PA, USA), analytical grade anhydrous magnesium sulphate from
Chempur (Piekary Śląskie, Poland), 99.5% deuterated dimethyl sulph-
oxide (d6-DMSO), and 99.5% deuterated chloroform (CDCl3) from
Sigma Aldrich (St. Louis, MO, USA). Additionally, the following were
used for the preparation of samples for the chromatographic analysis:
Kinesis KX syringe filter PTFE 25mm, 0.25 μm; Kinesis KX syringe filter
PVDF, 0.45 μm (St Neots, UK); filters fromWhatman, diameter 125mm,
type 1PS, and 5 (Little Chalfont, UK). The bottom sediment from the
Baltic Sea constituting the matrix for the analysis of TNT transformation
was collected as part of the Decision Aid for Marine Munitions
(DAIMON) project.

2.2. Equipment

GC analysis was carried out by an Agilent 7890A gas chromatograph
equipped with a tandem mass spectrometer (Agilent Technologies, Palo
Alto, CA, USA). The mass spectrometer was operated at the electron
impact mode (EI). For instrument control, data acquisition and pro-
cessing, Mass Hunter B.07.00 (Agilent Technologies) software was
used. The analysis was performed using an InertCap™ 5MS/Sil capillary
column (30m×0.25mm×0.25 μm).

LC analysis was carried out using a Dionex UHPLC Ulti Mate 3000
system (Dionex Corporation, Sunnyvale, CA, USA) coupled to a Q
Exactive Focus mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) operating with a HESI electrospray interface in negative io-
nization mode.

Spectra of nuclear magnetic resonance were obtained using a Bruker
spectrometer, model Avance III HD with the proton-resonance fre-
quency of 500MHz. All spectra were registered using the impulse
technique, and the obtained results were subject to automatic Fourier
transform.

2.3. Methodology

2.3.1. Preparation of standard solutions
To prepare chloroform standard solutions of the analysed com-

pounds, 25mg of each compound were weighed, placed in a 25mL
measuring flask and filled, with chloroform to the mark. One millilitre
of each 1mg/mL standard solution obtained as stated above was
transferred to a 10 cm3 measuring flask and filled with chloroform to
the mark. The resulting solution was a mixture of all standard sub-
stances at the concentration of 0.1 mg/mL each and was used for op-
timisation of the GC–MS/MS separation. It was also used for production
of calibration solutions with concentrations between 0.1 mg/mL and
0.1 ng/mL, by serial dilution.

2.3.2. Sample spiking procedure
TNT transformation studies were carried out at an elevated tem-

perature of 70 °C. The matrix made up of samples of bottom sediments

collected from the bottom of the Baltic Sea as a part of the DAIMON
project was used for the study (Bełdowski et al., 2016). Analysed
samples were collected from the bottom of the Gotland depth and
stored at −20 °C in a freezer. Two types of matrices were used for the
study, sterile sediment and non-sterile sediment. This allowed for the
analysis of the effect of the presence or absence of microorganisms on
the transformation of TNT in the bottom sediment.

Before spiking, the sediment samples were taken out of the freezer
and thawed at room temperature and homogenised with a mechanical
stirrer. Homogenised samples were divided into two parts, the sediment
for preparation of sterile samples and the sediment for preparation of
non-sterile samples. Then, a portion of sediment weighing 150.067 g
dedicated for the preparation of sterile samples was dried at 70 °C until
constant weight in order to determine the water content, which was
78% by weight. Dried sediment was sterilized using three cycles of
heating at 120 °C for 24 h. Between individual cycles of heating, the
sediment was cooled down to room temperature. Deionized water was
then added to the sterilized sample to restore its baseline weight
(150.067 g) and to achieve the same water content in the sterile and
non-sterile sediment (level of 78%). The sample prepared that way was
re-homogenised. Then, weighted amounts of 50 ± 0.1mg TNT were
placed in Falcon test tubes and 5 ± 0.1 g of the sterile or non-sterile
bottom sediments were added to each test tube. Next, test tubes were
shaken for 15min and placed in an incubator at 70 °C for a defined
period of time (from 1 h to 116 days). Reference samples were also
prepared (both sterile and non-sterile) that were not exposed to high
temperature. Those samples were prepared directly after spiking
(t= 0 h).

2.3.3. Preparation of analytic samples
The following procedure was applied to prepare bottom sediment

samples for GC–MS/MS analysis: extraction of analytes from a sediment
sample weighing 5.0 ± 0.1 g with 10mL of chloroform for 20min,
centrifugation of the sediment and chloroform mixture at 2000 rpm for
15min, separation of the extract from the decanted sediment into
Falcon test tubes with simultaneous filtration through the Whatman
1PS filter, repeated extraction with a fresh portion of chloroform,
combination of extracts, drying the extract with 1 g of anhydrous
magnesium sulphate(VI) for 1 h, transfer of the extract to 50 cm3

measuring flasks with filtration through Whatman 5 filters, and filling
with chloroform to the mark, transfer of the resulting solution to
1.5 cm3 vials, and chromatographic analysis.

The following procedure was applied to prepare bottom sediment
samples for LC-MS/MS analysis: extraction of analytes from a sediment
sample weighing 5 ± 0.1 g with 10mL of acetonitrile for 20min,
centrifugation of the sediment and acetonitrile mixture at 2000 rpm for
15min, separation of the extract from the decanted sediment into
Falcon test tubes with simultaneous filtration through the Whatman 5
filter, repeated extraction with a fresh portion of acetonitrile, transfer of
the extract to 50 cm3 measuring flasks with filtration through Whatman
5 filters, filling with acetonitrile to the mark, filtration of the extract

Table 3
TNT recovery from sediment samples depending on the solvent used and the
drying method.

No. Solvent Drying method Recovery [%]

Sample 1 Sample 2 Sample 3 Average

1 Chloroform Magnesium
sulphate

93.2 89.3 89.0 90.5

2 Chloroform Drying in
nitrogen stream

89.3 94.1 86.0 89.8

3 Acetone Magnesium
sulphate

42.9 48.9 45.9 45.9

4 Acetone Drying in
nitrogen stream

56.9 66.4 63.5 62.3
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Fig. 1. Chromatogram obtained during the analysis of standard solutions by GC–MS/MS. a) 4-Nitrotoluene; b) 1,3-dinitrobenzene; c) 2,6-dinitrobenzene; d) 2,4-
dinitrobenzene; e) 1,3,5-trinitrobenzene; f) 2,4,6-trinitrotoluene; g) 2,6-dinitro-4-aminotoluene; h) 2,4-dinitroaniline; and i) 4,6-dinitro-2-aminotoluene. The op-
erating parameters included an injector temperature of 270 °C and oven temperature of 40 °C (held for 1min). The temperature was increased at 10 °C/min to 270 °C
with the final temperature held for 10min.
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through PTFE 25mm, 0.25 μm syringe filters, transfer of the solution to
1.5 cm3 vials, and chromatographic analysis.

2.3.4. Optimisation of the sample preparation procedure
The preparation of spiked bottom sediment samples for gas chro-

matographic analysis required extraction of analytes in an organic
solvent and removal of water from the obtained extract. In order to
choose the most favourable procedure of sample preparation, two sol-
vents were selected, acetone and chloroform, and two extract drying

methods, with anhydrous magnesium sulphate(VI) and with nitrogen
gas (in the latter case 5 cm3 of the extract was evaporated to dry in a
stream of nitrogen gas and the dry residue was dissolved in 5 cm3 of the
corresponding solvent).

Bottom sediment samples weighing 5.0 ± 0.1 g were spiked with
the addition of 5.0 ± 0.1 mg of TNT to reach a concentration of
1mg TNT/1 g of sediment. Spiked samples were shaken for 2 h and then
left at 4 °C for 24 h to allow penetration of analytes into the structure of
the matrix. Then, extractions were carried out according to the proce-
dure described under Section 2.3.3. TNT recovery results for the four
methods mentioned above were compared and the obtained results are
provided in Table 3.

The highest levels of TNT recovery were observed for chloroform,
and the use of magnesium sulphate and nitrogen gas stream provided
TNT recovery at a comparable level. Drying with anhydrous magnesium
sulphate(IV) was selected for further tests as the method was more
rapid and less expensive.

2.3.5. GC–MS/MS analysis
Before the analysis of environmental samples, GC–MS/MS analysis

conditions were determined. A standard chloroform solution was used
for that purpose, containing the following standards: 4-nitrotoluene;
1,3-dinitrobenzene; 2,6-dinitrotoluene; 2,4-dinitrotoluene; 1,3,5-trini-
trobenzene; 2,4,6-trinitrotoluene; 2,6-dinitro-4-aminotoluene; 2,4-di-
nitroaniline; and 4,6-dinitro-2-aminotoluene.

First, the temperature program was optimised so that a complete
separation of a mixture containing TNT and selected products of its
decomposition could be obtained. By optimisation, the complete se-
paration of the reference mixture in the shortest time was obtained for
the following temperature program: the capillary column was held for
1min at 70 °C and then heated up to 270 °C at a rate of 10 °C/min and
the final temperature was maintained for 10min. The application of the
developed temperature program ensured a complete separation of the
analysed mixture (Fig. 1).

At higher temperatures explosives and their derivatives undergo
partial decomposition. Therefore, to achieve the lowest quantification
and detection levels, the effect of the temperature of a dosing unit on
the value of the analytical signal was examined, and optimum condi-
tions of sample dosing to the chromatograph were established on that
basis. The relationship between the analytical signal and the tempera-
ture of the injector was determined for all tested compounds based on
the obtained results and is presented in Fig. 2. Using the obtained re-
lationships, it was found that the highest values of the analytical signal
for all tested compounds were achieved for the dosing unit temperature

Table 4
The tandem mass spectrometer parameters during the analysis of TNT and their
degradation products by GC–MS/MS.

No. Compound Parent
ion [m/
z]

Transition
precursor ion/
product ion

Collision
cell energy
[eV]

Type of
transition

1 4-Nitrotoluene 137 137/137 0 Q
137/107 3 q
137/91 13 q

2 1,3-
Dinitrobenzene

168 168/168 0 Q
168/122 8 q
168/75 22 q

3 2,6-Dinitrotoluene 165 165/165 0 Q
165/148 9 q
165/90 16 q

4 2,4-Dinitrotoluene 165 165/165 0 Q
165/119 6 q
165/118 10 q

5 1,3,5-
Trinitrobenzene

213 213/213 0 Q
213/167 8 q
213/120 21 q

6 2,4,6-
Trinitrotoluene

210 210/210 0 Q
210/193 10 q
210/164 6 q

7 2,6-Dinitro-4-
aminotoluene

197 197/197 0 Q
197/180 5 q
197/78 25 q

180 180/180 0 Q
180/163 9 q
180/105 11 q

8 2,4-Dinitroaniline 183 183/183 0 Q
183/153 6 q
183/107 15 q

9 4,6-Dinitro-2-
aminotoluene

197 197/197 0 Q
197/180 3 q
197/133 14 q

180 180/180 0 Q
180/133 8 q
180/105 19 q

Table 5
Selected validation parameters for GC–MS/MS in SRM mode used for the analysis of TNT and its degradation products.

No. Analyte LOD [ng/
mL]

LOQ [ng/
mL]

Linearity range [ng/mL] The equation of the straight line Linearity of method expressed by determination
coefficient (R2)

1 4-Nitrotoluene 0.6 1.9 1.9–400 y= 15.604c− 0.0128 0.9998
400–1000 y= 2212.9c− 0.2743 0.9990

2 1,3-Dinitrobenzene 3.6 11.0 11.0–400 y= 1552c− 0.0044 0.9995
400–1000 y= 1928.3c− 0.1536 0.9995

3 2,6-Dinitrotoluene 2.0 6.1 6.1–400 y= 495.78c− 0.0009 0.9996
400–1000 y= 790.5c− 0.1271 0.9969

4 2,4-Dinitrotoluene 2.7 8.1 8.1–400 y= 6144.3c− 0.0114 0.9996
400–1000 y= 8319.7c− 0.9417 0.9991

5 1,3,5-Trinitrobenzene 34.9 105.8 105.8–400 y= 18.913c− 0.0004 0.9986
400–1000 y= 27.351c− 0.0037 0.9996

6 2,4,6-Trinitrotoluene 560.4 1698.2 1698.2–4 · 105 y= 1.1777c− 0.0026 0.9965
4 · 105–1 · 106 y= 1.6495c− 0.2072 0.9955

7 2,6-Dinitro-4-aminotoluene 4.7 14.2 14.2–1 · 104 y= 2.11c− 0.0003 0.9953
1 · 104–1 · 105 y= 23.162c− 0.2815 0.9963

8 2,4-Dinitroaniline 3.4 10.2 10.2–400 y= 882.19c− 0.0175 0.9950
400–1000 y= 1375.9c− 0.2027 0.9985

9 4,6-Dinitro-2-aminotoluene 13.1 39.7 39.7–1 · 104 y= 1.511c− 0.00019 0.9959
1 · 104–1 · 105 y= 22.94c− 0.2585 0.9984
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of 270 °C. At higher temperatures the value of the analytical signal
decreased and was practically null at 300 °C. A conclusion may be
drawn that the analysed compounds are poorly volatile and that an
increased temperature of the injector favours their efficient evaporation
and thus increases the value of the analytical signal.

Optimised operational conditions of the mass detector operating in
the follow-up reaction monitoring mode were applied for qualitative
and quantitative analyses (Table 4). Mass spectra of tested compounds
were analysed to determine parent ions, precursor ion-product ion
transitions, and the energy of the collision cell optimum for each

transition. On that basis, one or two parent ions were selected for each
compound. They were then fragmented to select the most intensive
transition to be used for quantitative analysis (Q) and two transitions to
be used in the qualitative analysis (q). To determine the value of the
energy of the collision cell, the detector's response was registered for
the energy range 1–40 eV with a 1 eV step. Optimum values of the
energy of the collision cell for individual precursor ions and product ion
transitions are listed in Table 4. Optimisation of the scanning time and
measurements for time at 50–100ms, with a 10ms step, was per-
formed. The optimum scanning time for each of the analysed

Table 6
Selected validation parameters for the LC-Orbitrap method used for the analysis of TNT and its degradation products.

No. Analyte LOD [ng/
mL]

LOQ [ng/
mL]

Linearity range [ng/
mL]

The equation of the straight line Linearity of method expressed by determination
coefficient (R2)

1 2,4,6-Trinitrobenzoic acid 1.35 4.09 4.09–200 y=2.4305c+ 23.613 0.9953
200–1000 y=6.7103c− 1010.6 0.9961

2 2,4,6-Trinitrotoluene 0.53 1.61 1.61–100 y=7.9385c+ 19.837 0.9966
100–1000 y=6.353c+112.88 0.9989

y = 43.609e-0.048c

R² = 0.999

y = 41.944e-0.145c

R² = 0.9981
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compounds was 70ms (Table 4).
Based on the conducted optimisation studies, the following analysis

conditions were used: the initial capillary column temperature of 70 °C
was kept for 1min, then the column was heated to 270 °C at a rate of
10 °C/min and the final temperature was maintained for 10min. The
helium carrier gas flow rate was 1mL/min, injector temperature was
270 °C, temperatures of the transfer line, ion source, and quadruples
were 270, 230, and 150 °C, respectively, and the injector was in splitless
mode for analysis of degradation products and in split mode (400:1) for
TNT analysis.

2.3.6. LC-Orbitrap analysis
Reversed-phase gradient separation was achieved on an SB-C18

column (2.1× 100mm, 1.8 μm). The mobile phase was 0.1% formic
acid in water (A) and 0.1% formic acid in methanol (B). The following
multigradient steps were used: 20% B, increased to 50% after 3min and
held for 1min, increased to 100% B after 7min and held for 1min, and
returned to 20% B. The column was kept at 30 °C and the injection

volume was 5 μL. Mass spectrometric detection was carried out on a Q
Executive Focus mass spectrometer operating in negative electrospray
ionization mode. The following operating conditions were used: va-
porize temperature, 350 °C; capillary temperature, 320 °C; sheath gas
flow, 18 L/min; auxiliary gas flow 3 L/min; electrospray voltage,
3.5 kV; maximum injection time; 200ms; scan range, m/z 70–800; mass
resolution, 70,000 (m/z 200).

2.3.7. NMR analysis
All NMR spectra were registered at ambient temperature (approxi-

mately 20 °C). Considering a relatively low sensitivity, the carbon
spectra (13C NMR) of the environmental samples were registered for
12 h. Samples of sediments spiked with TNT and reference samples
(non-spiked) were dried at 40 °C, powdered, flooded with 1mL of
deuterated DMSO, and shaken for 2 h. Then, the obtained suspension
was separated using a disc syringe filter with PVDF with a pore dia-
meter of 0.45 μm. The liquid phase was analysed using NMR. The
identical procedure was applied for the preparation of samples obtained
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as chloroform solutions, but CDCl3 was used for direct extraction of
analytes from the solid phase.

2.3.8. Data standardisation
All measurements were repeated at least seven times. The mean

values and standard deviations were determined. Based on these two
values all data was standardised using z-values. The precision of all
measurements was determined as the relative standard deviation. For
all obtained data the relative errors were calculated.

3. Results and discussion

3.1. Selected GC–MS/MS validation parameters

The following validation parameters were determined: linearity and
the linearity range of the method, the limit of detection (LOD), and the
limit of quantification (LOQ). Results are presented in Table 5.

Determined relationships between the analytical signal and
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Table 7
Summary of the max concentration and times after which the maximum con-
centration of individual TNT degradation products was achieved in non-sterile
sediments.

No. TNT degradation
product

Maximum
concentration [nmol/g
sediment]

Time after which the
maximum concentration
was achieved [day]

1 4-Nitrotoluene 0.3 0.7
2 2,6-Dinitrotoluene 17.0 16.7
3 2,4-Dinitrotoluene 26.4 12.5
4 2,6-Dinitro-4-

aminotoluene
3990.6 0.6

5 2,4-Dinitroaniline 415.1 22.1
6 4,6-Dinitro-2-

aminotoluene
1009.9 2.1
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concentration were characterised by a good linearity, with the de-
termination coefficient ranging between 0.9950 and 0.9998 for all
analysed compounds. The LOD and LOQ for TNT is 560.4 ng/mL and
1698.2 ng/mL, respectively. These relatively high values are a result of
the applied analytical method for TNT, which had to cover a much
broader range of concentrations compared to the analysis of its de-
gradation products. Degradation products were present in analysed
samples in quantities up to 6 orders of magnitude lower. LOD and LOQ
values for TNT degradation products were much lower and depending
on the analyte they ranged between 0.6 and 34.9 ng/mL, and between
1.9 and 105.8 ng/mL, respectively. The general tendency was the fol-
lowing: the lower content of the analyte in analysed samples, the more

sensitive the method.

3.2. Selected LC-MS/MS validation parameters

The following validation parameters were determined: linearity
range of the method, LOD, and LOQ. Results are presented in Table 6.

Determined relationships between the analytical signal and con-
centration were characterised by a good linearity, with the determi-
nation coefficient ranging between 0.9953 and 0.9989 and low values
of the detection and quantification limits, below 1 ng/mL, for all ana-
lysed compounds.
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3.3. GC–MS/MS analysis of sediment samples

TNT-spiked samples of bottom sediments were subject to qualitative
and quantitative chromatographic analysis aimed at the determination
of the content of TNT and its degradation products and determination
of TNT decay kinetic curves.

Based on the obtained results, kinetic curves of TNT decay in sterile
and non-sterile samples of bottom sediments were determined and are
presented in Fig. 3. The graphs suggest that in the case of TNT decay the
reaction follows pseudo-first order kinetics. That is confirmed by the
fact that the obtained group of points is best described by the ex-
ponential curve and points arrange along a straight line after a loga-
rithmic transformation. TNT decay half-times at 70 °C were calculated
from equations defining the obtained curves. They were 14.4 days for
sterile samples and 4.8 days for non-sterile samples. The difference
between kinetic curves for the sterile and non-sterile environment

clearly indicates a significant role of microorganisms (mostly bacteria
and fungi) in the processes of TNT degradation.

TNT decomposition products were then identified in tested sedi-
ment samples. Analyses demonstrated no presence of 1,3-dini-
trobenzene in any of the samples, and 4-nitrotoluene was detected only
in non-sterile samples. The change in content of 4-nitrotoluene in the
bottom sediment is presented in Fig. 4. Obtained results indicate an
increase in 4-nitrotoluene content in the beginning of the reaction, with
a maximum reached approximately 1 day after spike of the sediment
with TNT. After that time, the 4-nitrotoluene content in the sample
gradually decreased. The decay of 4-nitrotoluene indicates that the
compound undergoes further transformations – most probably in a
denitration reaction.

The presence of 2,6-dinitrotoluene; 2,4-dinitrotouene; 2,4-dini-
troaniline; 2,6-dinitro-4-aminotoluene; and 4,6-dinitro-2-aminotoluene
in various amounts was found in both sterile and non-sterile samples.

Fig. 10. Chromatogram obtained during the analysis of sediment samples by LC-Orbitrap.
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Fig. 11. Mass spectrum of 1,3,5-trinitrobenzene obtained during the analysis of sediment samples by LC-Orbitrap.
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Results are presented in Figs. 5–8. The concentration of each of the
above-mentioned compounds was higher in non-sterile samples. The
results also confirm a significant role of bentic microorganisms in the
process of degradation of 2,4,6-trinitrotoluene. In a broader context,
this means that TNT transformations in field conditions largely depend
on the particular environmental setting. Other products of TNT trans-
formation present in highest amounts, both in sterile and non-sterile
samples, were 2,6-dinitro-4-aminotoluene and 4,6-dinitro-2-aminoto-
luene.

Summing up, the GC–MS/MS analysis of bottom sediment samples
weighing 5 g each and spiked with 50mg of TNT (which corresponds to
44 μmol of TNT per 1 g of sediment) and exposed to a temperature of
70 °C for 116 days identified six different products of decomposition of
2,4,6-trinitrotoluene in various amounts, changing with time. Results
are presented in Table 7. Kinetics and TNT decay half-time were de-
termined in sterile and non-sterile sediment samples. Under the dis-
cussed conditions, the decay of TNT proceeds according to the

mechanism of a pseudo-first order reaction, which is confirmed by a
good fit of experimental points to the exponential curve. However, the
mechanism of formation of subsequent products of TNT degradation is
a highly complex set of reactions, both sequential and parallel, influ-
enced by numerous environmental factors.

The scheme of TNT transformations in the bottom sediment was
develop based on research and the literature data and is presented in
Fig. 9. According to literature data, products of TNT transformations in
the natural environment are 2,6-dinitrotoluene (a) and 2,4-dini-
trotoluene (b), transformed into 1,3-dinitrobenzene (c) as a result of
decarboxylation (Ayoub et al., 2010; Snellinx et al., 2002). The pre-
sence of first two compounds was experimentally confirmed, whereas
1,3-dinitrobenzene was not determined in any of the analysed samples.
This may indicate that in the discussed matrix of the bottom sediment
the decarboxylation reaction of 2,4-dinitrotoluene is absent.

Reduction of TNT over the course of its degradation leads to the
production of two isomers, 2,6-dinitro-4-aminotoluene (d) and 2,4-
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Fig. 12. Mass spectrum of 2,4,6-trinitrobenzoic acid obtained during the analysis of sediment samples by LC-Orbitrap.
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dinitro-6-aminotoluene (e). During the subsequent stage, these products
are further eliminated, which leads to the formation of the respective
isomers 2,4-dinitrotoluene (f) and 2,6-dinitrotoluene (g). Experimental
analyses allowed for determination of relatively high amounts of 2,6-
dinitro-4-aminotoluene (d) and 2,4-dinitro-6-aminotoluene and (e) a
low amount of 2,4-dinitrotoluene (f) and 2,6-dinitrotoluene (g). This

experimental fact confirms the assumption that 2,6-dinitro-4-aminoto-
luene (d) and 2,4-dinitro-6-aminotoluene (e) are two of the first pro-
ducts of TNT degradation (Rahal and Moussa, 2011). Moreover, oxi-
dation of 2,4-dinitrotoluene (b) leads to 2,4-dinitrobenzoic acid (h). If
ammonia is present in the environment, the ammonia salt of 2,4-dini-
trobenzoic acid (i) is formed, which undergoes regrouping to yield 2,4-

Fig. 14. 1H NMR spectrum obtained during the analysis of sediment sample 1 spiked with TNT and held for 89 h at 70 °C.

Fig. 15. 1H NMR spectrum obtained during the analysis of sediment sample 2 spiked with TNT and held for 89 h at 70 °C.
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dinitroaniline (k). These hypotheses have also been confirmed experi-
mentally.

3.4. LC-Orbitrap analysis of sediment samples

TNT-spiked samples of bottom sediments were qualitatively ana-
lysed with liquid chromatography coupled with the Orbitrap mass
analyser to identify polar products of its degradation. Based on results
presented in Figs. 10–13, it can be seen that products of degradation of
TNT present in bottom sediment are 1,3,5-trinitrobenzene (Fig. 9, m)
and 2,4,6-trinitrobenzoic acid (Fig. 9, l). This result is consistent with
literature data (Szala and Sałaciński, 2015; Habineza et al., 2017).
Identification and subsequent determination of 2,4,6-trinitrobenzoic
acid by means of gas chromatography was possible due to the com-
pound's polar character. On the other hand, identification of 1,3,5-tri-
nitrobenzene was hindered by the overlapping peak of TNT that was
present in analysed samples in much higher amounts, demonstrating a
retention index similar to that of 1,3,5-trinitrobenzene. Additionally,
based on obtained results it may be stated that the first stage of de-
gradation occurring in the bottom sediment involves oxidation of the
methyl group of 2,4,6-trinitrotoluene to a carboxyl group. This state-
ment is based on the fact that 2,4,6-trinitrobenzoic acid is the first
product of the reaction. 1,3,5-Trinitrobenzene was determined in
samples collected after prolonged storage at 70 °C. On that basis, it may
be stated that degradation of TNT proceeds according to the kinetics of
sequential reactions, in which 2,4,6-trinitrobenzoic acid is an inter-
mediate product and 1,3,5-trinitrobenzene is the final product.

3.5. NMR analysis of bottom sediment samples

The 1H and 13C NMR spectra of a sediment sample analysed directly
after spiking with TNT revealed only strong signals typical for pure
TNT. On the 1H NMR spectrum two strong signals with chemical shifts
of 2.55 and 8.97 ppm are observed due to the methyl group (3H) and
two aromatic protons of TNT (2H), respectively. Based on the spectrum,
it may be stated that the sample contained mostly TNT and a minor
amount of compounds contained in the spiked bottom sediment. The
13C NMR spectrum of the same sample presented signals from TNT
(15.45 (CH3), 123.06, 133.72, 146.06, 151.29 ppm) and from im-
purities extracted from the sediment.

The 1H NMR spectra of two samples spiked with TNT and stored for
89 h at 70 °C are presented in Figs. 14 and 15. Following elimination of
resonance peaks from impurities introduced by containers and filters,
only signals 5.86, 6.18, and 6.58 ppm are of diagnostic value in sample
No. 1 (Fig. 14).

In the proton spectrum, the signal from protons of the TNT aromatic
ring is invisible. Concerning low levels of TNT degradation products,
the unanimous attribution of diagnostic signals is difficult. The broad
signal at approximately 7.35 ppm is actually a group of signals re-
presenting protons of 2-amino-4,6-dinitrotoluene and 4-amino-2,6-di-
nitrotoluene. Signals of protons in the amine groups of those com-
pounds are visible at approximately 5.49–5.86 ppm.

The 1H NMR spectrum of sample No. 2 after 89 h of storage (Fig. 15)
contains numerous resonance peaks, but only signals at 6.23, 6.31,
7.22, 7.72, 7.74, 8.42, 8.66, 8.97, 9.08, 9.17, 12.46, and 13.07 ppm are
of diagnostic value.

Signals with the highest chemical shift values (12–13 ppm) re-
present strongly deshielded protons, e.g. in carboxyl groups. However,
at that resolution of the spectrum they are difficult to identify. The
signal at approximately 9.15 ppm comes from aromatic protons of
2,4,6-trinitrobenzoic acid, and the signal at approximately 7.31 ppm
comes from aromatic protons of 2-amino-4,6-dinitrotoluene and 4-
amino-2,6-dinitrotoluene. Signals with chemical shifts of 9.01 and
8.90 ppm indicate the presence of 2,2′,6,6′-tetranitro-4,4′-azoxytoluene
(4AzTNT) in the solution (Fig. 16). The relative area of those signals is
low and, therefore, the concentration of that compound is also con-
sidered low.

The sample spiked with TNT and stored for 42 days was extracted
with two solvents for comparison, deuterated acetone and DMSO. The
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Fig. 16. Structure of 2,2′,6,6′-tetranitro-4,4′-azoxytoluene (4-AzTNT).
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Fig. 17. 1H NMR spectrums obtained during the analysis of sediment samples spiked with TNT and held for 42 days at 70 °C. 1. Acetone extraction, 2. DMSO
extraction.
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resulting spectra are presented in Fig. 17. The chemical shift to some
extent depends on the interaction between the analyte and the solvent,
but in the case of aromatic protons the change in the chemical shift
value was minor. By comparing those spectra, we were able to de-
termine which signals came from compounds insoluble in acetone but
soluble in d6-DMSO. In the spectrum for d6-DMSO, the signal with the
shift of 6.64, a group of three signals at 7.37, and a signal at 10.5 ppm
were observed. The signal presenting the highest chemical shift prob-
ably represents the carboxyl proton in 2,4,6-trinitrobenzoic acid, and
the signal at 9.15 ppm comes from the aromatic protons of the same
compound. The group of three signals at approximately 7.35 ppm
comes from aromatic protons of 2-amino-4,6-dinitrotoluene and 4-
amino-2,6-dinitrotoluene. The presence of signals with chemical shifts
of 9.01 and 8.90 ppm indicates the presence of 2,2′,6,6′-tetranitro-4,4′-
azoxytoluene and its asymmetrical analogue in the solution. The area of
signals corresponding to that compound was relatively high, compared
to analogous signals in the spectrum of the sample stored for 89 h. 4-
AzTNT is formed as a result of the reaction between TNT degradation
products possessing amine groups in their structure, e.g. 4-amino-2,6-
dinitrotoluene. Intermediate products of the reduction of nitrous com-
pounds are hydroxyamino- and nitroso-derivatives. These compounds
are difficult to detect due to their high reactivity, but their presence was
confirmed in spectrometric analyses. The azoxy derivative of TNT is
characterised by a very low solubility in typical organic solvents and in
water. This compound is one of the final products of TNT degradation,
but precipitates from the solution, which hinders its detection.

4. Conclusions

Methods for analysis of TNT and selected products of its decom-
position with gas chromatography coupled with tandem mass spectro-
metry and with liquid chromatography coupled with the high resolu-
tion Orbitrap mass analyser have been developed and optimised. Limits
of detection and quantification of studied analytes have been de-
termined.

Developed methods for analysis of 2,4,6-trinitortoluene and its de-
gradation products were subsequently used in studies aimed at the
determination of kinetics of TNT degradation in bottom sediments from
the Baltic Sea and for identification of products of that degradation.

Kinetic curves of TNT decay at 70 °C in sterile and non-sterile
samples of bottom sediments were determined based on the obtained
results and the decay half-time was calculated on that basis, which was
14.4 days for sterile samples and 4.8 days for non-sterile samples. By
applying the empirical van't Hoff equation (assuming that with tem-
perature increasing 10 K the reaction rate would increase 2.5 times on
average (Bohn and Cerri, 2010)), the mean TNT decay half-time at the
bottom of the Baltic Sea was estimated. Assuming the ambient tem-
perature of 4 °C and neglecting the effects of pressure, calculated values
of TNT decay half-time were 16.7 years for the sterile environment and
5.6 years for the non-sterile environment. Nearly three times longer
TNT decay half-time in sterile samples indicates an important role of
microbiology in the TNT degradation process. Similar kinetics were
observed for transformations of TNT degradation products in marine
environments. Observations described here may account for the

development of a correct assessment of the risk posed by the presence of
explosives in the natural environment.
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