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ABSTRACT

In this study, subcritical water has been used as a medium for degradation of 2,4-dinitrotoluene
(2,4-DNT), 4-nitrotoluene (4-NT) and 2-amino-4-nitrotoluene (2-A-4-NT). The effect of temperature,
oxidant concentration and time were studied and the optimal combination of reaction parameters
was established using response surface methodology in a Box-Behnken design. Of all the parame-
ters examined, temperature showed the most positive effect on the degradation of the nitroaromatic
compounds. Optimal reaction conditions were found to be a temperature of 240°C, 210°C and 236°C,
time of 180, 178 and 172 min, oxidant concentration of 100, 99.64 and 99.61 mM for 2,4-DNT, 4-NT and
2-A-4-NT, respectively. Since high-temperature was applied, the possibility of formation of subcritical
degradation products existed; therefore, total amounts of degraded nitroaromatic compounds and
formed intermediate products were determined by gas chromatographic—-mass spectrometric analysis.
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1. Introduction

Historically, 2,4,6-trinitroluene (TNT) has been the most
widely used military explosive, due to the low manufacturing
cost, safety of handling and high explosive power. However,
in many cases of military conflict, residual TNT from artil-
lery shells, bombs and other munitions has been found to
contaminate soil and adjacent surface waters. Wastewater
from equipment washing processes after munitions filling or
demilitarization operations can also pose an environmental
threat. Several processes — dissolution, microbial transforma-
tions, sorption and others — control the fate of TNT on soil
and water. The interactions between TNT and these processes

* Corresponding author.

are complex and often produce different degradation routes,
which may lead to by-products of higher toxicity. The envi-
ronmental fate and toxicity of TNT and its metabolites have
been thoroughly reviewed [1-4].

2,4-Dinitrotoluene (2,4-DNT) is a synthetic substance
used primarily as a chemical intermediate for the production
of toluene diisocyanate. It is also used in the production of
TNT, dyes and polyurethane foams. 2,4-DNT has been found
in the soil, surface water and groundwater, air around man-
ufacturing facilities and contaminated waste sites. It slowly
decomposes in water by microbial organisms and can be
degraded by sunlight in surface water. 2,4-DNT does not
adsorb strongly to the soil particles. Therefore, it can move
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from soil into groundwater, where it can contaminate drink-
ing water [5].

4-Nitrotoluene (4-NT) and 2-amino-4-nitrotoluene
(2-A-4-NT) are by-products produced during the aerobic
microbial reduction of TNT. The microbial degradation of
TNT starts with the reduction of two nitro groups to amines
— the reduction of the third nitro group requires anaerobic
conditions [3]. The enzymes that catalyze these reactions are
called nitroreductases — each one of them leads to a different
degradation pathway. Therefore, near-complete reduction of
TNT can only be achieved by consortia of enzymes and rarely
occurs in nature. Khan et al. [4] analyzed the toxicological
profile of TNTs microbial intermediates and concluded that
although aerobic TNT degradation pathways may be advan-
tageous from a toxicological point of view, anaerobic degra-
dation may be preferred over aerobic degradation because of
its potential for complete TNT mineralization.

To date, research groups worldwide have mainly focused
on the degradation of TNT itself both on soil and on waste-
water, however, the published literature on the environ-
mental fate and treatment methods of TNT by-products and
metabolites is much more limited. Research on these sub-
stances has mostly focused on advanced oxidation processes
and bacterial degradation. 2,4-DNT has been studied more
compared with 4-NT and 2-A-4-NT. Chen and Su [6] com-
bined persulfate anions with ultrasonic irradiation and deter-
mined that complete elimination of 2,4-DNT can be achieved
under the optimal conditions of ultrasonic power intensity at
126 W cm?, temperature of 45°C and persulfate anion concen-
tration of 2 wt%. The degradation pathway they proposed,
included an oxidation step to form dinitrobenzoic acid, fol-
lowed by a decarboxylation step to form 1,3-dinitrobenzene,
before mineralization occurred. The same team combined an
electro-Fenton process with ultrasonic radiation to achieve
complete mineralization of 2,4-DNT [7]. Fenton treatment
was also the choice of Jho et al. [8], who studied the effect of
Pb and Cu (often present in explosives-contaminated sites)
in 2,4-DNT degradation. Their results showed that the use of
Fenton reagents to degrade 2,4-DNT resulted in significant
mobilization of Pb and Cu in soil. Therefore, prior removal of
Pb and Cu was recommended.

Liu et al. [9] prepared a series of mesoporous photo-
catalysts and tested their performance on a wastewater
containing 2,4-DNT, 2,6-DNT and 2,3-DNT. After 240 min
irradiation time and 1 wt% doping of yttrium and lantha-
num, >80% degradation of each of the DNT isomers was
achieved. Using solar simulation equipment, Luning Prak
et al. [10] investigated the photocatalysis rates of 2,4-DNT
and 2,6-DNT and their metabolites in marine waters. The
rates of 2,4-DNT and 2,6-DNT photolysis were found slower
than those of their more toxic by-products dinitrobenzyl alco-
hol and dinitrobenzaldehyde, respectively. However, other
DNT by-products did not undergo photolysis significantly
— therefore, they may accumulate in marine environments if
not transformed by other processes such as microbial decay.
Finally, they concluded that pH, temperature and nitrate con-
centration variations over a range of environmentally rele-
vant values did not affect the DNTs photolysis rates [11].

Bioremediation of contaminated soils is often based on
the activity of microorganisms to slowly decrease the con-
taminant levels. In the case of DNTs, several bacteria strains

have been reported to be effective in reducing the nitro
groups to amines. Shewanella marisflavi EP1 [10], Pseudomonas
putida NDT1, Pseudomonas fluorescens NDT2, Bacillus cereus
NDT4, Achromobacter sp. NDT3 [12,13], Bacillus subtilis,
Burkholderia phytofirmans, Pseudomonas mandelii [14] and
Rhodococcus pyridinivorans NT2 [15] have been successfully
used in laboratory-scale tests. It is safe to conclude that mix-
tures of microbial strains are able to treat more effectively
and degrade DNTs faster, compared with individual strains.
However, more work is required to understand the molecu-
lar basis of microbial catabolic sequences toward designing a
full-scale bioremediation strategy that will be applied in the
field [16]. Phytoremediation methods are commonly used for
the removal of explosives in soil and wastewater. Podlipna
et al. [17] studied the ability of hemp, flax, sunflower and
mustard plants to grow on soils contaminated with 2,4-DNT.
At concentrations up to 1 mg L™, the crop plants showed ade-
quate tolerance to the explosive substance, indicating their
potential for treating soils contaminated with low concentra-
tions of 2,4-DNT. Other methods for the degradation of TNT
by-products and metabolites include electrochemical reduc-
tion [18], biochar-based reduction using dithiothreitol [19]
and hydrothermal carbonization at 200°C [20].

In this study, a static experimental setup using subcritical
water (hot water under enough pressure to maintain the lig-
uid state) was used to degrade model solutions of 2,4-DNT,
4-NT and 2-A-4-NT (Table 1). Subcritical water has been
successfully used in the past to remove and degrade var-
ious contaminants on soil and wastewater, such as polyar-
omatic hydrocarbons, dioxins, dyes and explosives [21-23].
With respect to TNT by-products and metabolites, only Oh
et al. [24] have studied the subcritical water degradation of
2,4-DNT on synthesized contaminated soil. The authors pre-
pared a 50 mg kg DNT contaminated soil and processed
it at temperatures ranging from 100°C to 300°C. At 300°C,
no DNT was detected after 40 min treatment. However, it is
important to note that the behavior of naturally contaminated
soil is different from artificially contaminated soil, where the
mass transfer limitation (from the inner pores of soil to solu-
tion) is practically non-existent [22]. In this work, the exper-
imental parameters were optimized using response surface
methodology (RSM). RSM is a combination of mathematical
and statistical techniques used to study the effect of several
variables influencing the responses by varying them simul-
taneously and carrying out limited number of experiments.

Table 1
Chemical structures and properties of nitroaromatic compounds

Compound Structure Chemical =~ Molar mass
formula (g mol™)
2,4-Dinitrotoluene CHs CHN,O, 182134
NO;
NO.
4-Nitrotoluene /©/CH3 CHNO, 137.14
0N
2-Amino-4- N CHN,0, 15212
CHs
nitrotoluene
O:N
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The validity of the method has been well established in vari-
ous experimental setups and conditions, including subcritical
water processes [25-28]. Finally, degradation pathways were
determined and proposed for all compounds.

2. Materials and methods
2.1. Materials

2,4-DNT, 4-NT and 2-A-4-NT were purchased from
Sigma-Aldrich (Steinheim, Germany). HPLC grade methanol
and acetic acid were obtained by Merck Chemical (Istanbul,
Turkey). Ultrapure water (18.2 MQ cm™) was obtained from
MilliPore Milli-Q Gradient water purification system and
purged using nitrogen. The sample solutions were prepared
at the required concentrations by serial dilution of the stock
solution with 18 pS cm™ ultrapure water. Hydrogen peroxide
35% (Merck, Turkey) was used as the oxidant.

2.2. Methods

Subcritical water experiments were described in detail in
Yang et al. [29], Yang and Hildebrand [30] and Kayan and
Gozmen [31]. A brief overview of the process is as follows:
stainless steel vessels (7.07 mL capacity with 9 cm x 1 cm
internal diameter) were used for the degradation process.
Nitroaromatics were prepared at concentrations of 18.2,
13.7 and 15.2 mg L for 2,4-DNT, 4-NT and 2-nitrotoluidine,
respectively. Both ends of the vessels were wrapped with two
layers of Teflon tape and one end was tightly sealed with an
end cap. Each vessel wasloaded with 5 mL nitroaromatic solu-
tion, H,O, was added to the vessel (according to the required
oxidant concentration, 50-75 and 100 mM) and capped. The
experiments were performed in triplicate for all reaction con-
ditions. Vessels were placed in a Shimadzu GC-9A oven for
heating. All experiments were performed at a temperature
range of 100°C-250°C for 30, 105 and 180 min. Subsequent to
the desired reaction time, the vessels were removed from the
oven and allowed to cool at room temperature.

All measurements were performed on an Agilent 1200
Infinity Series HPLC system (Santa Clara, CA, USA) equipped
with 1200 series binary pump (G1310A), microvacuum degas-
ser (G1322A), standard auto sampler (G13229A), thermo-
stated column compartment (G1316A) and multi-wavelength
detector (G1365D). Separation was achieved on a Kinetex
C,; RP column (100 A, 50 mm x 4.6 mm, 5 pm, Phenomenex,
Torrance, CA, USA) maintained at 25°C. The mobile phase
used was 60/39 v/v methanol/water to which 1% acetic acid
was added. The flow rate was set at 1.20 mL min™ and injec-
tion volume was 10 uL. UV detection was set at 280 nm. The
mineralization of nitroaromatic solution was monitored by
the reduction of the total organic carbon (TOC), which was
measured on a Shimadzu TOC-VCPN model TOC analyzer.

The gas chromatographic-mass spectrometric (GC-MS)
analysis was performed using the 5890A Agilent model gas
chromatograph, interfaced with an electron capture and
5975C mass selective detector. The aqueous solutions were
extracted three times with 15 mL dichloromethane. A 3 puL
sample was used for the GC-MS analysis. An HP5-MS capil-
lary column (30 m x 0.25 mm x 0.25 um) was used as the ana-
lytical column. Helium was used as the carrier gas with a flow
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rate of 2 mL min™. The GC injection port temperature was set
at 250°C (split mode = 1/5), and the column temperature was
fixed at 70°C for 5 min. Subsequently, the column was sequen-
tially heated at a rate of 5°C min™ to 120°C and held for 1 min,
at a rate of 8°C min™ to 200°C and held for 5 min and at a rate
of 10°C min™ to 280°C and held for 10 min. The MS detector
was operated in the electron impact mode (70 eV).

3. Results and discussion
3.1. Experimental design

RSM was used to determine the optimal experimental
condition for target response. This is accomplished by chang-
ing one parameter when others are kept at a constant value.
The advantage of RSM allows for a low number of required
experiments which is advantageous in terms of time and cost.
It is important to determine which parameters will be effec-
tive on an experimental response. In this study, temperature
(T), oxidant concentration (C) and time () were chosen as
the process parameters (independent variables) to develop
predictive models for simulation and optimization of the oxi-
dation of nitro compounds. Box-Behnken design was used to
identify the relationship between the response (decomposi-
tion %) and process variables. Table 2 presents the parameters
and coded/actual operating ranges covered in RSM.

A total of 17 runs were performed by Design Expert
software in duplicate due to the Box-Behnken Design (BBD)
matrix in Table 3 and average values were used in data analy-
sis. The number of runs was calculated by using the following
formula:

N=k>+k+cp @

where k is the factor number and cp is the replicate number of
the central point [32]. The RSM model that includes linear and
quadratic variables as well as interaction terms is given in Eq. (2):

x?

i

k k
Response(Decomposition %) =B, + z B.x, + ZB
0=1 0=1

YD B e

i=1 j=1

@)

The obtained data were evaluated by analysis of vari-
ance (ANOVA) and the results are shown in Table 4. It can be
seen that the proposed models for all three compounds were
highly significant depending on a very low p values (<0.0001).
On the contrary, very high F values (87.42, 126.75 and 110.51
for 2-A-4-NT, 4-NT and 2,4-DNT, respectively) indicate that
the proposed models adequately explain the variation in the
data and the estimated factors are real. Furthermore, the F

Table 2
Coded and actual levels of independent variables in the BBD

Coded Temperature, Oxidant concentration,  Time,
variables °C mM min
-1 100 50 30
0 175 75 105
+1 250 100 180




240

Table 3
Box-Behnken design for subcritical water oxidation of 2-NT,
4-NT and 2,4-DNT and observed responses

Run Temperature Oxidant Time Decomposition %

B. Kayan et al. / Desalination and Water Treatment 77 (2017) 237-246

value for temperature was at least tenfold those of time and
oxidant concentration, indicating that temperature is by far
the process-controlling variable. The F values for time and
oxidant concentration are of the same order, indicating that
both a similar effect to the decomposition process.

(1) °C (C,omM ()min 5 A 4. NT 4-NT 2,4-DNT The coefficient and adjusted coefficient of determination
R? and R? ) illustrate the adequacy of a model if they are
1100 20 105 17 1210 E:lose to 1. Irz systems mvolvmgc_;l thrZe variables, the pr};dlc-
2 250 50 105 77 63 65 tive equation for the decomposition is obtained from the fol-
3 100 100 105 26 21 16 lowing second-order polynomial equations given below for
4 250 100 105 93 87 75 2-A-4-NT, 4-NT and 2,4-DNT, respectively:
5 100 75 30 15 15 5
6 250 75 30 84 71 66 Decomposition % = +74.60 + 33.63T +5.38C _ +7.75t +1.75TC 3)
7 100 75 180 23 23 13 +1.00Tt +0.50C, t—17.68T* —3.67C2 —2.42+*
8 250 75 180 96 84 83
9 175 50 30 54 62 57 Decomposition % = +64.80 +29.25T +5.75C,_+4.75t + 3.75TC,_ @)
10 175 100 30 62 69 66 +1.25Tt—0.25C, t —20.28T° +1.23C2 +3.72¢>
11 175 50 180 74 71 61
12175 100 180 84 77 73 Decomposition % = +57.20 +30.63T +4.63C__ +4.50t +1.00TC,, )
13 175 75 105 75 66 58 +2.25Tt+0.75C, t—19.10T° + 3.40C2, +3.65
14 175 75 105 76 65 57
15 175 75 105 75 64 58 . Thg ne?gative and. ppsitive signs of the Fegression coeffi-
- 75 105 74 P cients indicate the dissident and synergistic effects of each
variable. Pareto chart could be used to see these effects more
17 175 75 105 7 4 57 clearly [33,34]. This chart indicated that temperature is the
Table 4
ANOVA for the response surface quadratic models for wet peroxide oxidation of 4-NT, 2-A-4-NT and 2,4-DNT
Compound Source Degrees of freedom  Sum of squares Mean square  F value p Value
2-A-4-NT Model 11,234.17 9 1,248.24 87.42 <0.0001
Temperature 9,045.13 1 9,045.13 633.48 <0.0001
Oxidant concentration 231.12 1 231.12 16.19 0.0050
Time 480.50 1 480.50 33.65 0.0007
Residual 99.95 7 14.28
Lack of fit 94.75 3 31.58 24.29 0.0050
Pure error 5.20 4 1.30
Total 11,334.12 16
4-NT Model 9,113.32 9 1,012.59 126.75 <0.0001
Temperature 6,844.50 1 6,844.50 856.79 <0.0001
Oxidant concentration 264.50 1 264.50 33.11 0.0007
Time 180.50 1 180.50 22.59 0.0021
Residual 55.92 7 7.99
Lack of fit 52.00 3 17.33 17.69 0.0090
Pure error 3.92 4 0.98
Total 9,169.24 16
2,4-DNT Model 9,455.69 9 1,050.63 110.51 <0.0001
Temperature 7,503.13 1 7,503.13 789.21 <0.0001
Oxidant concentration 171.13 1 171.13 18.00 0.0038
Time 162.00 1 162.00 17.05 0.0044
Residual 66.55 7 9.51
Lack of fit 63.75 3 21.25 30.36 0.0033
Pure error 2.80 4 0.70
Total 9,522.24 16

4-NT: R*=0.9912, R?  =0.9798, CV% =5.96, adequate precision = 28.55.

2-A-4-NT: R*=0. 9939 R2 = 09861, CV% = 4.91, adequate precision = 32.29.
2,4-DNT: R*=0.9930, R? ;= 0.9840, CV% = 5.98, adequate precision = 30.39.
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most important parameter for all three compounds (Fig. 1).
The impacts of the remaining two parameters (C__and t) were
considered as equal.

The normalized decomposition of 2-A-4-NT, 4-NT and
2,4-DNT by subcritical water oxidation was predicted by
use of Egs. (3)-(5). The experimental results and predicted
decomposition % values were in good agreement (Fig. 2).

&
Coxt
Tt
Tox
t
Co
t |
Cox

-30 -10 10 30 50

24-DNT
W 4-NT
W 2-A-4-NT

Fig. 1. Pareto chart.

100 — a

Decomposition % (predicted)

20 —

R2 =0.9912
R,gj=0.9798

I I I I I I
0 20 40 60 80 100

Decomposition % (experimental)

241

According to R* values, 99% of the variations of decompo-
sition % for the three compounds were explained by the
model obtained and only 0.60%-0.90% of the variation was
not explained by these equations.

3.2. Influence of temperature and oxidant concentration on
the degradation efficiency

To show the type and size of influence of the independent
variables and their interactions on the decomposition process,
3D response surfaces were drawn. Fig. 3 represents the effect of
temperature and H,O, concentration on the decomposition of
the nitro compounds, at constant time (175 min). Temperature
has a significant influence on the decomposition for all three
compounds and played a critical role, earlier observed in
Fig. 1. According to Figs. 3(a)—(c), as the temperature is raised,
so does the decomposition efficiency. At the lowest oxidant
concentration of 50 mM, raising the temperature from 100°C
to 250°C resulted in a decomposition % increase of 60%, 50%,
55% for 2-A-4-NT, 4-NT and 2,4-DNT, respectively. A similar
trend was observed at the highest oxidant concentration of
100 mM. On the other hand, at the lower end of the tempera-
ture range (100°C-160°C), increasing the oxidant concentra-
tion had no effect on the decomposition. Above 160°C, the
increase in oxidant concentration had a minor effect, in all
cases. This clearly shows that in the experimental temperature

00— b

Decomposition % (predicted)

RZ =0.9939
R3gj= 0.9861

T T T T T T
0 20 40 60 80 100

Decomposition % (experimental)

100 —

40 —

Decomposition % (predicted)

20 —

R? =0.9930
RAgj=0.9840

I I I
60 80 100

Decomposition % (experimental)

Fig. 2. Comparison of the experimental data with those predicted for (a) 2-A-4-NT, (b) 4-NT and (c) 2,4-DNT by the BBD.
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range used for our experiments, there is a consistent conver-
sion of H,O, to *OH radicals, which depends on the initial
oxidant concentration and not temperature. However, it is
impossible to know the exact effect of temperature on ¢OH
production without measuring the residual H,O, in real time
or at the end of the experiment. Therefore, adding the nec-
essary amounts of H O, in the vessel, does not necessarily
mean that the production of hydroxyl radicals will be ade-
quate to sustain the decomposition of the nitroaromatics until
mineralization (Eqgs. (6) and (7)). Additionally, during the
design of such experiments, one has to take into account the
potential consumption of hydroxyl radicals from the various
by-products produced during treatment (Eq. (8)).

Decomposition %

Decomposition %

S
=l
8
3
2.
g
5
3
5
[a)

7
50 100 T

Fig. 3. Effect of temperature and oxidant concentration on
decomposition of (a) 2-A-4-NT, (b) 4-NT and (c) 2,4-DNT
(t=175 min).
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H,0, - 2'0OH (6)
*OH + nitroaromatics — secondary products (7)
*OH + secondary products — tertiary product 8)

The main initial reaction is the electrophilic addition of
hydroxyl radical on the aromatic ring [35]. According to the
electron-withdraving/meta-directing effect of -NO, group
and the electron-donating/ortho—para directing effect of
the -CH, group, the rank of 2-A-4-NT > 4-NT > 2,4-DNT is
expected for the decomposition efficiency. At the same time,
an increase in temperature facilitates the breaking of bonds
and therefore degradation efficiency is enhanced.

Decomposition %

Decomposition %

Decomposition %

Fig. 4. Effect of temperature and time on decomposition of
(a) 2-A-4-NT, (b) 4-NT and (c) 2,4-DNT (C, =90 mM).
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3.3. Influence of temperature and time on the degradation
efficiency

Figs. 4(a)-(c) show the effect of time and temperature
on decomposition persent at a constant hydrogen peroxide
concentration of 90 mM. The critical role of temperature was
again observed here. For all nitroaromatics, increasing the
temperature resulted in significantly higher decomposition
efficiency. However, at a given temperature, increasing the
treatment time did not have a significant effect on decom-
position. This shows that as soon as the production of *OH

Decomposition %

Decomposition %

Decomposition %

30 50 COX

Fig. 5. Effect of time and oxidant concentration on decomposition
of (a) 2-A-4-NT, (b) 4-NT and (c) 2,4-DNT (T = 200°C).

is stabilized, then decomposition proceeds without fluctu-
ations until all H,O, is converted or the nitroaromatic sub-
stance is completely decomposed. Time had practically no
effect at lower temperatures (<160°C) where *OH production
is slower. Increasing the treatment time from 30 to 180 min,
did not increase the decomposition %. At temperatures
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Fig. 7. Proposed degradation pathway for 4-NT, 2-A-4-NT and 2,4-DNT.

above 160°C, increasing treatment time resulted in ~10%
increase in the decomposition efficiency. This can probably
be explained by the heat transfer limitation between the oven
and the stainless steel vessels. For the reactor, reaching 250°C
requires considerably more time than reaching 100°C. In
such experiments, time 0 is usually taken as the time the ves-
sel is entered at the preheated oven. Therefore, Figs. 4(a)-(c)
indicate that it took <30 min for the reactor to reach 100°C,
however, considerably >30 min to reach 250°C and this was
shown in the increased decomposition %. Measuring of rate
constants for the reactions between the *OH radical and the
nitroaromatics would help to determine the impact of heat
transfer, however, this would require a dynamic (flow) setup
where frequent sampling could occur.

For 2-A-4-NT, near-complete decomposition was
achieved at 250°C and 180 min treatment time, whereas at

the same conditions, decomposition efficiency was 90% and
85%, for 4-NT and 2,4-DNT, respectively. This shows that
2-A-4-NT decomposition is more feasible compared with the
other two nitroaromatics.

3.4. Influence of time and oxidant concentration
on the degradation efficiency

Fig. 5 presents the interactive effect of time and oxidant
concentration at a constant temperature (200°C). For all
nitroaromatics, raising the treatment time and/or oxidant
concentration, had practically no effect on decomposition.
This confirms the conclusions drawn earlier about the domi-
nating role of temperature.

The perturbation plot enabled us to see clearly the effect
of the three factors simultaneously. As can be seen in Fig. 6,
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temperature (A) is the controlling parameter for achieving
maximum decomposition. The sharp curvature of tempera-
ture (A) and the nearly flat curvatures that correspond to the
oxidant concentration (B) and time (C), confirm the conclu-
sions drawn earlier from the 3D response surfaces.

3.5. Proposed degradation pathway for 4-NT, 2-A-4-NT and
2,4-DNT

Based on the GC-MS results (described below), the early
stage degradation pathways for each of the nitroaromat-
ics under examination, can be seen in Fig. 7. Two potential
routes are proposed for 2,4-DNT. The compounds rapidly
decreased, while at the same time there was an increase of
intermediate by-products.

HO radical attacks to the aromatic ring in ortho-, meta-
and para-position strongly depend on the kind of substituent
present on the ring. The oxidation of this parent compound
can produce 2,4-nitrobenzaldehyde and 2,4-nitrobenzoic acid
at m/z =196 and 212, respectively. Further oxidation and decar-
boxylation of this 4-nitrobenzoic acid can give nitrophenol
(m/z = 139), nitrobenzene (m/z = 123) and benzene (m/z = 78).

The second route is the reduction of nitro groups
into amino groups giving the m/z value 166 and 136.
2,4-Nitrobenzaldehyde further can be converted to 2-A-4-NT
and 2,4-aminotoluene, respectively. Further deamination of
2,4-aminotoluene can give benzaldehyde (1m/z =106) and ben-
zene (m/z =78). The last step involves opening of the aromatic
ring, leading to small organic acids.

4. Conclusions

The novel static subcritical water setup used for the deg-
radation of the nitroaromatic compounds proved to be effec-
tive. The effect of temperature, treatment time and amount of
oxidant were studied with single factor experiments, in order
to determine the preliminary ranges of the parameters before
further optimization. Experiments have shown that in all
cases, the chosen parameters influenced the reaction greatly,
whereas temperature proved to be the most influential. The
influence sequence for experiment factors was temperature >
oxidant concentration > treatment time. Using Box-Behnken
experimental design, the optimal reaction conditions were
found to be: temperature of 240°C, 210°C and 236°C; time
of 180, 178 and 172 min; oxidant concentration of 100, 99.64
and 99.61 mM for 2,4-DNT, 4-NT and 2-A-4-NT, respectively.
Total amounts of degraded compounds were also observed
and results have shown that high temperatures, long treat-
ment times and increasing oxidant concentrations contribute
to a higher amount of degraded nitroaromatics. The main
intermediates were separated and identified by GC-MS,
and a plausible degradation pathway for 2,4-DNT, 4-NT and
2-A-4-NT was proposed.
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