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Nitrate esters are widely used as effective explosives, important components of explosive ranges, and
energetic plasticizers. The environmental problem arising from the production and use of these com-
pounds can be solved using biotechnology. Phytoremediation appears as an efficient technology for this
purpose. The uptake and transformation of nitroglycerine (NG) and ethylene glycol dinitrate (EGDN) from
wastewater by plants using in vitro regenerants of Juncus inflexus and Phragmites australis were inves-
tigated. The plants were exposed to the NG, (600 mg l−1), the parent compound disappeared during 20
xplosives
thylene glycol dinitrate
itroglycerine
hytoremediation

days and degradation products as dinitroglycerine (DNG) and mononitroglycerine (MNG) were identified
in the medium. During 20 days the starting concentration of 100 mg l−1 EGDN disappeared in the case of
J. inflexus or decreased to 5% in the case of P. australis. Ethylene glycol mononitrate as the degradation
product was identified.

Using this approach directly to the wastewater from production of explosives, the starting concentra-
tion of nitroesters mixture (total concentration 270 mg l−1) was decreased by in vitro regenerants of reed

ks to −1
(P. australis) during 6 wee

. Introduction

Nitrate esters of aliphatic alcohols are industrially used as highly
fficient explosives as well as vasodilators in the treatment of heart
iseases, such as angina pectoris.

Glycerol trinitrate (nitroglycerin, NG, propane-1,2,3-triyl trini-
rate) and ethylene glycol dinitrate (EGDN) are used in a mixture of
odium nitrate and a suitable absorbent (often wood pulp) to pro-
uce dynamite. EGDN is added to the mixture to lower its freezing
oint. The EGDN/NG ratio is usually about 8/2 or 9/1. Explosives
epresent the only commercial use for EGDN. Because EGDN is more
olatile than NG, the amount of EGDN airborne from the dyna-
ite mixture is higher than that of NG. A mixture containing NG

nd EGDN, either in the sheet form or mixed with Royal Demoli-
ion Explosive (RDX: hexahydro-1,3,5-trinitro-1,3,5-triazine), can
e used to make Semtex, a plastic explosive. Both compounds are
roduced by the direct nitration of the parent alcohol with nitric

cid, usually in the presence of sulphuric acid as a catalyst [1].

As the solubility of nitroesters in water is rather low (EGDN
.5 g l−, NG 1.8 g l−1 at 25 ◦C), extensive washing with water is
sed in the production process to remove the residual mineral

Abbreviations: EGDN, ethylene glycol dinitrate; NG, nitroglycerine (trinitroglyc-
rine); DNG, dinitroglycerine; MNG, mononitroglycerine.
∗ Corresponding author. Tel.: +420 233022479, fax: +420 233022479.

E-mail address: vanek@ueb.cas.cz (T. Vaněk).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.076
the water contained only MNG (48 mg l ).
© 2010 Elsevier B.V. All rights reserved.

acids and ions. The water used for washing of NG and/or EGDN
then contains suspended droplets of these xenobiotics. Release of
the wastewaters to lagoons or soakaways thus represents serious
contamination, which can be spread into surrounding soils [2]. As
nitrate esters are not formed in plants, they need to be metabo-
lized by common reactions for xenobiotic detoxification [3]. The
elucidation of mechanisms for degradation of nitrate esters is of
both theoretical and practical significance. It would contribute to
effective decontamination of wastewaters and land sites, where
nitrate esters had accumulated during their production, storage
and utilization [4–6]. Physical and chemical treatments used for
the decontamination of xenobiotic pollutants may be disadvan-
tageous in terms of cost efficiency when the pollutant levels are
low in large volumes. When microorganisms are used for remedia-
tion of xenobiotics, their cultivation at adequate levels over a long
period requires both suitable inoculation protocols and continu-
ous nutrient supply. Bacterial metabolism of NG in mixed cultures
involves sequential denitration to glycerol dinitrates (DNGs), glyc-
erol mononitrates (MNGs), and eventually glycerol [7]. NG was
reported to be metabolized also by fungi (e.g., Phanerochaete
chrysosporium and Geotrichum candidum) [8–10]. It should be
taken into account that microorganisms showing highly efficient

biodegradation capabilities under laboratory conditions need not
perform equally well at actual contaminated sites [11].

Recently, phytoremediation has gained attention as an
ecofriendly approach to environmental cleanup [12–16]. Relatively
wide use of various phytoremediation techniques has showed their

dx.doi.org/10.1016/j.jhazmat.2010.08.076
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:vanek@ueb.cas.cz
dx.doi.org/10.1016/j.jhazmat.2010.08.076
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Table 1
Composition of nutrient medium using for mustard
seeds germination.

[mg l−1]

CaCl2·H2O 588.0
92 R. Podlipná et al. / Journal of Haz

dvantage as effective and relatively cheap methods for pollutant
limination from the environment. However, until now, a relatively
imited knowledge of the mechanisms involved has been acquired.
herefore, more systematic approaches concerning the selection
f plant species, genetic manipulation, and optimization of reme-
iation processes are urgently required [17–19]. Phytoremediation
as been studied for the treatment of high explosives. Uptake and
ransformation of trinitrotoluene (TNT), RDX, and other explosives
y different plant species has been repeatedly reported [20–27].

n spite of the fact that mechanisms of catabolic processes have
ot been fully elucidated [28,29], it appears that plants have a
ubstantial capacity to remove and effectively transform organic
ompounds containing nitro groups. These processes may include
oth stimulation of plant detoxification pathways and microbial
iodegradation of the contaminants [30].

The aim of this study is the optimization of the phytoremedi-
tion process in a constructed wetland. We compared the in vitro
egenerants of Phragmites australis and Juncus inflexus under labora-
ory conditions to investigate the possibility of effectively cleaning
he wastewaters contaminated during production of nitroesters.

. Materials and methods

.1. Cultivation of in vitro regenerants of wetland species

The regenerants of J. inflexus and P. australis were obtained from
IOPLANTA (Germany). They were cultivated aseptically under
6 h light period at 24 ◦C in magenta boxes on Sangwan-Gorenflot
edium [31] with 30 g l−1 sucrose, supplemented with 5 mg l−1 6-

enzylaminopurine (BAP), with the pH adjusted to 5.8 with 1 N
aOH. Subculturing was carried out for a period of 4 weeks. A

elatively high concentration of BAP suppressed the development
f the root system and, therefore, a month before starting the
xperiments, the cultures were transferred onto a medium without
rowth regulators. EGDN was added in three different concen-
rations (100, 500, and 1000 mg l−1); corresponding amounts of
thanol were added to the control plants.

.2. Sample preparation and detection of nitroesters

The medium from the suspension culture was filtered out using
Büchner funnel, and the cells (approximately 20–30 g fresh mass)
ere resuspended and extracted by orbital shaker (50 rpm) in 50 ml

f acetone for 24 h. The filtered acetone extract was evaporated on
vacuum evaporator, and the solid residue was dissolved in 2 ml
f methanol.

The medium was filtered through a SEP-PAKTM-C18 cartridge
or rapid sample preparation (Waters, USA) and washed out with
0 ml of distilled water to remove sugars and inorganic salts. Explo-
ives and their degradation products were washed out with 10 ml
f methanol. This solution was evaporated on a vacuum evaporator
t 35 ◦C. The solid residue was dissolved in 1 ml of methanol.

The presence of NG and degradation products was determined
y high-performance liquid chromatography on a reverse-phase
iC18-Biospher-packed stainless-steel column (250 mm × 4 mm). A
inear gradient of methanol (10–100%) was applied for 40 min at

flow rate of 1 ml min−1. Substances were detected by compar-
ng the spectra and retention times of the samples and standards
sing a photo diode array detector Jasco MD 1510 (Essex, UK). The
uantity of products was calculated from the chromatograms at a
avelength of 203 nm using the standard calibration curve.
.3. Ecotoxicity test

Phytotoxicity was assessed by the root growth-inhibition
ssay using 3-day-old white mustard (Sinapis alba, Brassicaceae)
MgSO4·7H2O 246.5
NaHCO3 129.5
KCl 11.5
pH 7.6–8.0

seedlings [32]. Mustard seeds were germinated on a filter paper in
glass petridishes of diameter 11 cm (25 seeds in each dish) contain-
ing 5 ml of growth medium (Table 1), supplemented with 50, 100,
200, and 400 mg l−1 of NG, a mixture of the two DNG isomers, and
a mixture of the MNG isomers. The seeds were germinated for 72 h
in the dark at 24 ◦C. After this period, the lengths of the primary
roots of the seedlings were measured and compared with that of
the control. All experiments were carried out in triplicate.

2.4. Statistical analysis

The results are presented as the means of three indepen-
dent experiments. Each concentration was tested in triplicate as
minimum. Data were analyzed by one-way analysis of variance
(ANOVA) using the STATISTICA 0.8 (StatSoft, Inc., USA) software.
Tukey’s posthoc analyses were used for the evaluation of the sig-
nificance of differences among particular treatments. The level of
significance was established as p ≤ 0.05.

3. Results and discussion

There are only a few reports concerning degradation of
nitroesters in plants. Cultures of plant cells or organs can serve
as suitable models to elucidate the mechanisms of uptake or/and
transformation of different xenobiotics. Goel et al. [33] showed that
sugar beet (Beta vulgaris) could effectively degrade NG. Denitra-
tion of both NG to glycerol and DNG to MNG was enhanced by
the expression of pentaerythritol tetranitrate (PETN) reductase in
transgenic seedlings. French et al. [34] followed the same approach
and developed transgenic tobacco plants (Nicotiana tabacum) that
expressed PETN reductase for the enhanced degradation of nitrate
ester explosives and TNT. The transgenic seeds were able to ger-
minate and grow in media containing glyceryl trinitrate (NG) and
TNT, at levels toxic to the wild-type tobacco. The toxic effect of
nitroesters in model systems of plant tissue cultures was studied
by Podlipna et al. [35]

3.1. Test of toxicity

The wastewater originating from the manufacture of dynamite
and other explosives contained both starting compounds — NG and
EGDN (Fig. 1). According to the information of ammunition plants
the concentration of NG in wastewater generally ranges from 100 to
500 mg l−1 and concentration of EGDN from 500 to 2000 mg l−1. The
latter one represented the major constituent. Initially, evaluation
of the phytotoxicity of nitrate esters was undertaken. Until now,
only relatively low attention has been paid to this topic, probably
due to the relatively lower toxicity of NG and EGDN to humans, in
comparison with other explosives, such as TNT. The test was based
on measurement of the inhibition of growth of the primary root of
the mustard seedlings after a 3-day exposure to different concen-

trations of the compounds of interest. NG or EGDN were applied
in the following concentrations: 0, 50, 100, 200, and 400 mg l−1.
According to ANOVA analysis the statistical significant differences
between toxicity of NG and EGDN were found for concentration 200
and 400 mg l−1 (Fig. 2). NG concentration of 400 mg l−1 completely
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ig. 1. Structure of parent compounds nitroglycerine (NG) and ethylene glycol d
ononitroglycerine (MNG) and ethylene glycol mononitrate (EGMN).

nhibited the germination of mustard seeds, whereas EGDN, at the
ame concentration, decreased the root length only by 40%.

This is, according to the authors’ knowledge, the first report on
he toxic effect of EGDN in plants using the standard ecotest which
nable to compare the toxicity of EGDN with another compounds.
he current data concerning NG are in accordance with the results
f French et al. [34], who described severe stunting of both root and
hoot of tobacco in the presence of NG (227 mg l−1) [34].
.2. Degradation of NG

Uptake and transformation of NG in rush (J. inflexus) were eval-
ated using a medium containing 600 mg l−1 NG. Within 20 days,

ig. 2. Inhibition of growth of primary roots of 3-day-old white mustard seedlings
n the presence of nitroglycerine (NG) or ethylene glycol dinitrate (EGDN) in
omparison to the control (100 %). The results are the means of three replicate
easurements ± standard deviations. The treatments with statistically significant

ifferences (according to ANOVA, p ≥ 0.05) are marked by different letters (a, b).

ig. 3. Degradation of nitroglycerine (NG) by regenerants of Juncus inflexus, initial
oncentration 600 mg l−1, degradation products 1,2-dinitroglycerine (1,2-DNG), 1,3-
initroglycerine (1,3-DNG) and mononitroglycerine (MNG) were identified in the
edium.
te (EGDN) and their degradation products – 1,2 and 1,3-dinitroglycerine (DNG),

the NG content decreased under the detection limit. The degrada-
tion products detected in the medium were 1,3-DNG, 1,2-DNG, and
MNG. The contents of both DNGs increased within 12 days, reach-
ing the maximum of 50 and 40 mg l−1, respectively, on the 13th day.
MNG concentration started increasing after 10 days. At the end of
the experiment, the concentration of MNG was about 40 mg l−1. The
total quantity of degradation products found in the medium was
approximately 5-fold lower than the starting concentration of NG
(Fig. 3). The low amount of degradation products in the medium
was probably caused by plant uptake and accumulation of these

compounds in either vacuoles or other cell compartments.

Fig. 4. Degradation of mixture of nitroglycerine (NG), initially concentration
100 mg l−1; 1,2-dinitroglycerine (1,2-DNG), initially concentration 80 mg l−1; 1,3-
dinitroglycerine (1,3-DNG) initial concentration 20 mg l−1 and mononitroglycerine
(MNG), initial concentration 100 mg l−1 by regenerants of Juncus inflexus, concen-
tration in the medium.

Fig. 5. Remediation of wastewater (diluted by cultivating medium in ratio 1:5) using
the in vitro regenerants of reed (Phragmites australis).
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Fig. 6. Degradation of ethylene glycol dinitrate (EGDN) using reed and rush in vitro
regenerants in the course of cultivation on medium supplemented by different initial
concentration (100, 500 and 1000 mg l−1), content in the medium. The results are
the means of three replicate measurements ± standard deviations. The treatments
with statistically significant differences (according to ANOVA, p ≥ 0.05) are marked
by different letters (a, b, c).

Fig. 7. Content of ethylene glycol mononitrate (EGMN) in the medium during degra-
dation of ethylene glycol dinitrate (EGDN) by reed and rush in vitro regenerants, the
initial concentration of EGDN was 100, 500 and 1000 mg l−1.
s Materials 184 (2010) 591–596

3.3. Cleaning of wastewaters containing nitroesters

Phytoremediation of wastewater, which contained both NG and
its degradation products, was followed using aseptically cultivated
regenerants of rush. The medium was supplemented with a cock-
tail containing NG (100 mg l−1), a mixture of DNGs (100 mg l−1,
1,2- and 1,3-DNG in the ratio 4:1), and MNG (100 mg l−1). NG
was depleted from the medium very quickly (within 3 days).
Both dinitroglycerins were very slowly degraded to MNG, the con-
tent of which consequently increased. After twenty days (end of
experiment), the total contents of NG and its metabolites were
lower then the initial NG concentration (Fig. 4). These two exper-
iments confirm the ability of rush and probably other wetland
plant species to degrade and accumulate NG. Denitration of NG
was also followed in pure bacterial cultures of Bacillus thuringiensis
plus B. cereus and Enterobacter agglomerans. These cultures seem
to have active hydrolytic pathway, although formation of nitrate
was not established. In contrast, White et al. showed unequivo-
cally that assimilation of nitrogen from NG in pure cultures of a
Pseudomonas sp. and Agrobacterium radiobacter occurred through
nitrite (not nitrate) [7,36]. The concomitant formation of mainly
glycerol-1,3-dinitrate (and small amounts of the corresponding
1,2-isomer) was found. Cells were able to denitrate both dinitrates
to mononitrates, but not further. They also converted PETN to its
tri- and dinitrates. The enzyme involved in denitration was iden-
tified in the crude cell extracts as NADH-dependent NG reductase
[37].

The real wastewaters arising from the washing out steps of pro-
duction of explosives (such as dynamite) were tested in cooperation
with the ammunition factory (Explosia a.s., Czech Republic). These
wastewaters contained residues of NG, DNG, MNG, and predom-
inantly EGDN. The total amount of nitroesters in this wastewater
was in the range of 1–2 g l−. This high concentration could be toxic
for plants and therefore, the wastewater was diluted with the nutri-
ent medium in the ratio 1:5 for the next experiments. The initial
concentrations used were EGDN – 190 mg l−1, NG – 60 mg l−1, and
both DNG and MNG about 10 mg l−1. The metabolism of nitroesters
in wastewater by in vitro regenerants of reed (P. australis) was
followed. During the 40 days of the study, the contents of all com-
pounds except MNG decreased below the detection limit. Rapid
degradation of NG to DNG caused a transient elevation of DNG in
the first 5 days. Simultaneously, further degradation to MNG took
place, resulting in the rapid accumulation of MNG after 10 days, in
contrast to other metabolites (Fig. 5). The potential further degra-
dation of MNG cannot be excluded, but it appears to be very slow.
These results represent the first step in the practical application
of phytoremediation to clean up the wastewaters polluted during
nitroester production.

3.4. Degradation of EGDN

EGDN is the major component of the explosive dynamite. In the
consequence, it is therefore, the major xenobiotic in contaminated
wastewaters, too. The ability of two wetland plant species, rush
and reed, to degrade this compound was compared. Three differ-
ent initial concentrations were tested, the highest one being 1 g l−1.
This latter concentration caused welting and browning of the plants
after 3-day incubation [35]. EGDN was taken up by the plants. The
speed of depletion of the parent compounds from the medium was
dependent on the initial EGDN concentration (Fig. 6). The toxic
effect of EGDN on the degradation process was evident. In the case

of rush, the plants died after 10 days. Then the accumulated xeno-
biotics were released back into the medium. During degradation,
one metabolite was found, which was identified by mass spectrom-
etry as ethylene glycol mononitrate (Fig. 7). The content of EGMN
in the medium was higher in the case of reed for all treatments;
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Fig. 8. Content of ethylene glycol mononitrate (EGMN) in the medium during degra-
dation of ethylene glycol dinitrate (EGDN), the initial concentration of EGDN was
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00, 500 and 1000 mg l−1; comparison between reed (Phragmites australis) and rush
Juncus inflexus), the treatments with statistically significant differences (according
o ANOVA, p ≥ 0.05) are marked by different letters (a, b). The results are the means
f three replicate measurements ± standard deviations.

he statistically significant differences were established by Tukey’s
osthoc analyses (Fig. 8).

. Conclusions

The results of this study proved that water plants are suitable
or phytoremediation of wastewaters that contain nitroesters, sim-
lar to the removal of contamination with TNT [22]. For nitroesters,
his approach appears to be even more safe and efficient, because
itroesters (at least NG and PETN) can be fully degraded [38]. The
lycerol produced can be used in plant metabolisms as a carbon
ource [39]. Thus, the phytoremediation process yields no poten-
ially toxic degradation products. In addition, phytoremediation

sing water plants had been patented recently [40]. If we com-
are the phytoremediation efficiency of rush and reed, our results

ndicate the more rapid degradation by rush plants under low con-
entration of EGDN, but this plant species is more sensitive to high
oncentration of EGDN (Fig. 6).
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