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a b s t r a c t

The objective of this work was to characterize the effluent originating from a Brazilian TNT production
industry. Analyses were performed using physical, chemical, spectroscopic and ecotoxicological assays,
which demonstrated that the effluent had a significant pollution potential, mainly due to the low pH and
high concentration of TNT (156 ± 10 mg L−1). The results also demonstrated that the effluent presented
significant acute toxicity, and could cause countless damages if released into the receiving body without
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being adequately treated first. The observed pollution potential justifies studies to evaluate treatment
technologies or recover the residue generated in the TNT industry.
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. Introduction

The production of nitroaromatic explosives has resulted in
heir dissemination into the environment, where their presence
n waterways and soil represents an ecological and health hazard
1,2]. The hazardous characteristics of these compounds need to
e studied in-depth, so that the impact of their discharge into the
nvironment can be better evaluated [3].

The main source of contamination for nitrocompounds is asso-
iated with industrial processes, storage operations and use in
ilitary installations. In Germany and the United States, there are
great number of sites highly contaminated by explosives and

mmunition [4,5]. In Brazil, the largest amount of explosives is pro-
uced by the army [6]. The discharge of residues generated during
xplosive manufacturing and processing as well as the associated
evel of contamination varies widely, depending on the intensity of
he manufacturing operations and the effectiveness of the tech-
ologies used to treat the residues [7]. Conventional biological
astewater treatment processes (e.g., activated sludge) are not

ffective in treating the residues because the electron-withdrawing
itro constituents in these explosives inhibit the electrophilic

ttack through enzymes [8,9]. Chemical oxidation methods (e.g.,
dvanced oxidation processes) are also not considered effective
ecause the nitrofunctional groups inhibit oxidation [9]. Currently,
ne of the more commonly used methods is incineration. Although
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fficient, its applicability is questioned due to the emission of
aseous pollutants [10].

The toluene nitration process that uses a mixture of sulfuric and
itric acid has been well developed due to the industrial importance
f 2,4-dinitrotoluene (DNT), 2,6-DNT, and 2,4,6-trinitrotoluene
TNT) [8]. Before DNT is hydrogenated into toluenediamine, the
rganic product generated in the toluene dinitration process is first
ashed by a weakly basic aqueous solution to remove entrained
itric and sulfuric acid. Subsequently, the washed organic product

s submerged in clean water to eliminate basic impurities [6–8].
he two wash water streams described above produce the bulk
f the wastewater and result from the toluene dinitration process.
ikewise, wastewater was also generated at the company with the
roduction of 2,4,6-TNT [6]. Due to the severe toxicity and doubt-
ul carcinogenicity of 2,4-DNT, 2,6-DNT and 2,4,6-TNT, they should
e removed from the wastewater before it is re-released into the
nvironment [3,7].

This work presents the characterization of wastewater from
he Brazilian TNT industry using the analytical techniques of

ass spectroscopy, chromatography, toxicity assays and other
hysical–chemical analyses.

. Material and methods
.1. Chemicals and supplies

All chemicals were of an analytical grade or higher and were
urchased from Merck, Reagen or Sigma. The wastewater samples
ere collected in the IMBEL, Belics Materials Industry, localized in

http://www.sciencedirect.com/science/journal/03043894
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Table 1
Physical and chemical characteristics of TNT process wastewater and EPA maximum values

pH COD (mg L−1) Total nitrogen (mg L−1) Total solids (mg L−1) Total suspending solids (mg L−1) TNT (mg L−1)
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and nitrate beyond form the symmetrical and anti-symmetrical
components of TNT. Table 1 illustrates the analysis of the physi-
cal and chemical characteristics found in the effluent. Within this
context, it can be observed that all the parameters exceed the max-
imum values permitted by law [16].
astewater 1.0 ± 0.03 638 ± 12 729 ± 60
PA maximum values 100 120 0.68

a EPA recommended ambient water quality criteria. Human health criteria for co

ão Paulo State, Brazil. The wastewater originated from the prelim-
narily washes performed during the TNT purification process. This
ffluent is called yellow water, while the effluent produced by the
econd washing designed to extract the organic impurities is called
ed water [6–8]. Because the TNT purification process is performed
sing hot water laundering (around 90 ◦C), when the temperature
f the generated effluent reaches 30 ◦C, the crystal precipitation of
he TNT takes place. It is later redirected for the purification process.
he effluent sample was collected at the washer exit at a tem-
erature of approximately 60 ◦C. After collected, the effluent was
ollected at ambient temperature and stored under refrigeration
or later analysis. Although the majority of the effluent is inciner-
ted, there are still frequent contaminations that reach the ground
r streams and can get as far as Paraíba of the South River, the main
iver of Southeastern Brazil.

.2. Methods

In order to determine the pollution potential of the effluent
nder study, its characterization was determined based on the fol-

owing parameters:

.2.1. Chemical oxygen demand (COD)
A sample was refluxed in a strongly acid solution with a known

xcess of K2Cr2O7. Oxygen consumed was measured against a stan-
ard at 600 nm with a spectrophotometer [11].

.2.2. Total solids
A well-mixed sample was evaporated in a weighed dish and

ried to constant weight in an oven set at between 103 and 105 ◦C
12].

.2.3. Total suspending solids
A well-mixed sample was created through a weighed standard

lass-filber filter and the residue retained on the filter was dried to
constant weight at between 103 and 105 ◦C [13].

.2.4. Molecular mass distribution
The molecular weight distribution of the effluent compounds

as determined by HPSEC using a Shimadzu chromatograph with
n Ohpak SB-803 HQ column eluted with degassed water at a flow
ate of 1.0 mL min−1 at 25 ◦C. The peaks of the compounds were
onitored by a LC-10 refractive index detector. The chromato-

raphic column was calibrated with polyethylene glycol (PEG) from
5,000 to 300 g mol−1 and ethylene glycol (62.07 g/mol) [14].

.2.5. Liquid chromatograph analysis
TNT decay was followed by reversed phase liquid chromatogra-

hy. The HPLC consisted of a LC Shimadzu pump 10AT equipped

ith a UV detector selected at � = 254 nm and fitted with a

iChrosphere RP-18 column 250 mm × 4.6 mm i.d., 5 �m parti-
le size (Merck). The system was operated in isocratic mode
methanol/water; 60/40, v/v) at a flow rate of 1 mL/min. The reten-
ion time of TNT under these conditions was 9.4 min (±30 s).

F
c

13,260 ± 60 1110 ± 60 156 ± 10
– 100 0.06a

tion of water.

.2.6. Gas chromatograph/mass spectrometer analysis
The proportionate amount (0.4 �L) of wastewater was injected

nto a gas chromatograph/mass spectrometer (Varian CP-3800)
quipped with a capillary column (Metal ultra alloy ua−5,
0 m × 0.25 mm, film thickness 0.25 �m), operated from 313 to
73 K at a programming rate of 20 K min−1. The mass spectra
btained were used to identify the components involved in both
he wastewater and extract as compared to the authentic standard
ompounds.

.2.7. Acute toxicity test
The effluent acute toxicity test was conducted by determining

he microbial respiration inhibition of Escherichia coli [15]. Basi-
ally, the assay consists of the incubation of E. coli cultures (ATCC
5922) at 37 ◦C with known amounts of the stressing agent. When
he CO2 concentration produced by microbial respiration reached
.5 mmol L−1, or approximately 9 × 108 cells/mL, 45 mL of the E.
oli culture was transferred to several flasks and each one received
mL of the sample 10% (v/v). As a control, 5 mL of distilled water
as introduced in one of the flasks and the CO2 production was
onitored every 20 min using Flow Injection Analysis (FIA). The

oxicity test was conducted for a maximum period of 120 min. For
ncubation periods of more than 120 min, there is loss of CO2 into
he atmosphere due to CO2 over-saturation (>5 mmol L−1) in the
queous culture medium.

. Results and discussion

Through the physical and chemical analyses, it was observed
hat the effluent is formed by a significant amount of total solids
13260 mg L−1) and that the following components most con-
ributed to its composition: 1110 mg of solid suspension constituted
y TNT crystal, 729 mg of total nitrogen, in which the forms of nitrite
ig. 1. Molar chromatogram distribution of the effluent originating from TNT pro-
essing.
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ig. 2. Chromatogram obtained for the gaseous chromatography of the effluent.

The pH of strong acid found in the effluent was attributed to the
ineral residues acid of H2SO4 and HNO3 adsorbed into the prod-

ct. This characteristic is a factor for concern, since it could cause
ountless damages to any type of receiving body, in addition to
equiring great amounts of alkali in order to achieve the necessary
eutrality for many types of remediation processes, which would
ignificantly raise the costs of these processes. It was also observed
hat the effluent presented a considerable high degradable organic
oad (638 ± 12 mg OL−1). The molar distribution mass of the effluent
omponents was determined through exclusion chromatography,
ith UV detention at 254 nm. The obtained chromatogram is illus-

rated in Fig. 1.
The chromatogram (Fig. 1) shows a peak retention time of

0.3 min, which after interpolation with the curve standard,
esulted in a molar mass of 220 g mol−1, whose molar fraction
orresponds to 98% of the total area of the chromatogram. It is
mportant to point out that this molar mass corroborates with the

ass of the nitrate compound, probably the symmetrical TNT, dur-
ng which time the anti-symmetrical forms have minor solubility
n water [8]. There was a relatively lesser contribution (2%) for an
ffluent made up of high molar mass (4630 g/mol) for a reten-
ion time of 7.9 min. In order to characterize the monodispersed

olar fraction observed in the chromatogram of distribution for
he components found in the effluent and confirm the presence
f anti-symmetrical TNT and/or isomers, gaseous chromatography
ssays were conducted together with mass spectrometry. The chro-
atogram and relative mass spectrometry results for this analysis

re illustrated in Figs. 2 and 3, respectively.
The chromatogram (Fig. 2) demonstrates the presence of a
rouping of three characteristic peaks for a retention time of 24 min.
mong these, the central peak was attributed to the TNT for the
eak of the molecular ion (w/z ratio = 210), common ionic frag-
ents and certain eliminated fragments. The adjacent peaks were

Fig. 3. Mass spectrometry results obtained from wastewater analysis.
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ssociated with the aliphatic hydrocarbons (ftalates), with its pres-
nces attributed to the fact that the effluent samples were stored
n polyethylene bottles.

Considering the TNT solubility at the ambient temperature
25 ◦C) of 130 mg L−1 and the constant precipitation of the compo-
ition with the reduction of the temperature [8], we can conclude
hat the effluent is a saturated solution of the composition, with the
ime quantified and chromatographic analysis, 156 ± 10 mg L−1. We
ttribute to this dissolved TNT the yellowish coloration presented
y the effluent. It is important to emphasize that Brazilian and
uropean law does not establish restrictions for TNT or composites
pecifically. On the other hand, the U.S. Environmental Protection
gency (EPA) allows a maximum level of 0.06 mg L−1 for TNT in
aters designed for human consumption [16].

It was observed that the effluent presented significant acute tox-
city, comparable to other industrial effluents with high potential
olluting agents. The measurement of the acute toxicity with E.
oli, for example, resulted in a 86.5% inhibition of cellular growth,
ndicating that, specifically for this bioindicator, the TNT industry
ffluent is relatively more toxic. It is important to point out, how-
ver, that with the addition of more assays, there are other levels
hat must be analyzed.

. Conclusion

In general, the effluent characterization showed that certain
arameters such as total solids, total organic nitrogen, COD and
H were present at levels above those allowed by the criteria for
elease into a receiving body. However, the parameter that is cause
or greater concern is the 2,4,6-trinitrotoluene composition, whose
resence and raised concentration explains the recalcitrance of the
ffluent during the conventional remediation processes of a chem-
cal and biological nature. The ecotoxicological profile is another
ause for concern and was attributed to the TNT and increased ionic
orce of the effluent, the resultant of one of the mineral residues of
he sulfuric and nitric acids used in the process. The recognized
ollution potential of the effluent, as well as the difficulties pre-
ented for its remediation makes it crucially important to develop
easibility studies to explore clean technologies that involve the

odification and optimization of processes, product recovery and
euse of residuary waters resulting from the nitroaromatic industry.
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