
Introduction

In the 20th century the rapid development of industry
and agriculture has resulted in frequent releases of xenobi-
otics into the environment. A perfect example includes
nitrogen-based compounds, which are considered as com-
mon and arduous pollutants of anthropogenic origin. Some
compounds, such as trinitrotoluene (TNT), have been a
popular object of numerous studies [1], but more recently
industrially-relevant nitrate esters such as nitroglycerin
(1,2,3-trinitroxypropane, NG) or ethylene glycol dinitrate
(EGDN) also have received much scientific attention [2, 3].
These substances are used as components for the produc-

tion of explosives and are present as co-contaminants in
nitrate-rich wastewater originating from manufacturing
facilities. Due to repeated washing steps during the produc-
tion process the wastewater from explosives production
factories is generated in very large volumes (often above
240 m3/day). Direct toxicity of nitroglycerin toward mam-
mals ranges from 30 to 1,300 mg/l, while the LC50 value
for aquatic organisms is between 1.5 and 3.0 mg/l [4]. This
fact, in addition to considerable content of NG and EGDN,
as well as a high concentration of nitrating mixture residues
(nitric acid and sulfuric acid), makes them an exceptional
environmental threat [5]. The reported concentration of NG
in wastewaters originating from explosives production
plants ranges from 180 mg/L at the Badger Army
Ammunition Plant (Baraboo, WI, USA) to between 300
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Abstract

Experiments focused on evaluating the ability of three aquatic plant species (sweet flag, common reed,

and broadleaf cattail) to decontaminate industrial wastewater effluents from a nitroglycerin and nitroglycol

production factory were carried out in the framework of this study. Toxicity of a nitrate-rich wastewater toward

the studied plant species was determined by measurement of plant biomass gain, and subsequent mathemati-

cal modeling allowed for assessment of IC50 values. The studied plant species were cultivated in hydroponic

cultures containing 1,500 mg/l of nitrates, 2.4 mg/l of nitroglycerin, and 1.0 mg/l of nitroglycol for 21 days,

during which the decontamination efficiency of each nitrogen-based compound was analyzed. It was observed

that the application of sweet flag and common reed contributed to a high nitrate removal efficiency (82 and

79%, accordingly). Sweet flag also was most efficient for decontamination of nitroglycerin (87%) and nitro-

glycol (42%), but the removal of the former compound was preferential. 
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and 600 mg/L at the Radford Army Ammunition Plant
(Radford, VA, USA) [6]. Such wastewater requires pre-
treatment before discharge into wastewater treatment
plants. Untreated post-production wastewater streams are
frequently released into lagoons and may contaminate nat-
ural watercourses. Since nitrate esters are resistant to
biodegradation and characterized by a slow decay rate, they
tend to accumulate in the environment [7, 8]. Evaluation of
the environmental pollution at military firing ranges in the
United States and Canada has confirmed that NG is a major
soil pollutant, with concentrations reaching up to 4,700
mg/kg [9]. Nitrate esters are capable of migrating over great
distances (i.e. through groundwater), therefore they pose a
threat not only in the primary contamination area but also
to all ecological niches in the direct vicinity [10]. Due to
this fact, the regulatory standards for nitroglycerin (2 μg/l
for water supplies [11]) are frequently exceeded. 

The treatment of wastewater containing nitrates and
nitrate esters is a challenging task. The difficulty is most-
ly associated with the specific composition, which is
determined by the type of nitrating mixture used during
the production of explosives. This corresponds to a high
concentration of nitrates (up to 7,500 mg N/l) and sul-
phates as well as a low pH value (usually between 1.0 and
1.5). Most of the conventional physicochemical methods
of wastewater treatment are either severely limited in
terms of efficiency or completely unsuitable for treating
such industrial effluents. The high nitrate content excludes
the use of ion exchange-based methods. The possible
adsorption of nitroglycerin on membranes corresponds to
a risk of microexplosions, which renders membrane-based
methods inapplicable. Hence, only a limited number of
physicochemical methods (such as microwave-assisted
degradation [12] and reductive transformation by pyrite
and magnetite [13]) may be applied. However these meth-
ods often involve high energy consumption or the need to
employ specific reagents, which make the process eco-
nomically inefficient.

An alternative and potentially more cost-effective way
of waste treatment is the employment of biological meth-
ods. Most of the studies featuring biological treatment of
nitrate-rich wastewater focused on aerobic biodegradation
using bacteria [14-16], fungi [17], or under anaerobic con-
ditions [18]. However, it should be pointed out that the effi-
ciency of conventional biological methods (i.e. activated
sludge-based treatment) may be significantly limited, since
microbial inoculums are rarely capable of survival in raw
industrial effluents. This is a common cause of failure when
microorganisms with exceptional biodegradative potential
under laboratory conditions are used for treatment of actu-
al wastewater [19].

Another possible solution involves the use of phytore-
mediation. This method relies on the application of plants
that exhibit high survivability in contaminated sites and the
ability to uptake pollutants, which leads to subsequent
decontamination. Phytoremediation has been successfully
used to remove heavy metal ions and organic contaminants
from soil, as well as excessive amounts of biogenic ele-

ments (nitrogen and phosphorous) from municipal waste-
water. This method is considered worldwide as an eco-
friendly approach to environmental cleanup [20, 21].
Several reports have shown that plants may be used for effi-
cient removal of nitroglycerin and nitroglycol from soil [22,
23]. Recent studies on phytoremediation in a constructed
wetland confirmed that wetland species may be successful-
ly used for treatment of wastewater with a high concentra-
tion of nitroesters [24].

The aim of the presented studies focuses on evaluating
the ability of three aquatic plant species (Acorus calamus,
Typha latifolia, and Phragmites communis) to decontami-
nate nitrate-rich industrial wastewater originating from a
nitroglycerin and nitroglycol production plant. The experi-
ments involved survivability assessment by determination
of EC50 values as well as analysis of nitrates, nitroglycerin,
and nitroglycol decontamination efficiency for each plant
species.

Materials and Methods

Characteristics of Wastes

The nitrate processing wastewater was collected from
a Polish explosives production plant (2012). Wastes of
many production departments are combined into one
stream and flow into a drain collector. No information
regarding its detailed composition was obtained. Because
of their low pH (pH=1.5), they are neutralized to pH=7.0
by the addition of lime. The determined composition of
treated wastes was: N 3,000 mg/l, 21 mg/l chlorides,
1,880 mg/l sulfates. Moreover, the wastes contained
organic compounds: 4.8 mg/l of nitroglycerin, 1.9 mg/l of
nitroglycol, and a number of other unknown organic com-
pounds (COD ranged from 1,200 to 4,000 mg/l). This
means that 720 kg/day of nitrates, 2 kg/day of nitroglyc-
erin, and 0.5 kg/day nitroglycol may be released to the
environment.

Hydroponic Cultures

The experiments were carried out using rhizomes of
sweet flag (Acorus calamus L.), broadleaf cattail (Typha
latifolia), and common reed (Phragmites australis)
obtained from the commercial market. Plants were taken
out of pots and the soil was carefully removed by washing
them under running water several times. Afterward, the
plants were transferred to hydroponic containers (0.75 l)
with 300 ml of Hoagland’s medium ((g/l): NH3PO4 0.15;
KNO3 0.61; Ca(NO3)2×4H2O 0.94; MgSO4 0.24. The
microelements (mg/l): H3BO3 2.85; CuSO4×5H2O 0.08;
ZnSO4 0.22; MnCl2×4H2O 1.81; Na2MoO4×2H2O 0.01;
FeSO4 2.78; Na2EDTA 3.72) and left to grow for 14 days at
26±1ºC, light intensity of 20,000 luxes, and a 16:8 hour
photoperiod (lighting/darkness) until its leaves were about
20 cm long. The plants in this phase were used in all exper-
iments.
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Toxicity Studies

The pre-cultured sweet flag, broadleaf cattail, and com-
mon reed plants (leaves were about 20 cm long) were care-
fully rinsed with distilled water and weighed and then were
grown (one plant per sample) for 21 days at 26±1ºC, light
intensity of 20,000 luxes, and 16:8 hour photoperiod (light-
ing/darkness) in pots containing 10-65% of wastewater
(v/v), which corresponds to the concentration of nitrates
325-1,925 mg NNO3

/l. Upon finishing the experiments, the
plants were collected, carefully rinsed with distilled water,
and weighed. The obtained wet biomass values were com-
pared to control samples. All experiments were carried out
in triplicate. Based on the results, a mathematical model
describing wastewater toxicity toward the studied plant
species was built in the form of an equation:

Y=A + (B-A)/(1+10^((LogIC50-X)*C)) 

...where:
A – the value of the lower theoretical asymptote
B – the value of the upper theoretical asymptote
C – the value determining the slope

The employed mathematical model allowed for evalu-
ating the concentration of wastewater (expressed as mg
NNO3

/l), which caused a 50% inhibition of plant biomass
gain (IC50). The estimations of coefficient values in the
equation were carried out using the quasi-Newton method
(Statistica, StatSoft, Inc. USA).

Plant Cultures in the Presence of Nitrates, 
NG and EDGN

In order to assess the ability of the studied plants to
decontaminate the nitrogen-based compounds present in
the wastewater effluent, sweet flag, broadleaf cattail, and
common reed were transferred to hydroponic containers
(0.75 l) with 200 ml of Hoagland’s medium and 200 ml of
waste water. Then the plants were left to grow for 21 days
at 26±1ºC, light intensity of 20,000 luxes, and a 16:8 hour
photoperiod (lighting/darkness). A parallel set of samples
was prepared as negative controls (without plants). Every
three days samples (2 ml) were taken in order to determine
the decontamination efficiency of nitrates, EGDN, and NG.
All experiments were carried out in triplicate.

HPLC Analysis of Nitroglycerine 
and Nitroglycol

Determination of nitroglycerine and nitroglycol were
carried out using a MERCK-HITACHI system consisting
of an autosampler (model L-7250), pump (model L-7100),
and DAD (model L-7455) set at 220 nm. Analyses were
performed isocratically at a flow rate of 0.60 ml/min, at
30ºC on a Lichrospher® RP-18 column (5 μm, 205 × 4.6
mm, MERCK, Germany). Methanol, acetonitrile, and 0.01
M NaH2PO4 (pH = 4.5) were used as a mobile phase with
isocratic flow rate at 1 ml·min-1. The assay was performed
at 36ºC. The sample volume was 50 µl. Samples were fil-

tered prior to injection (0.22 µm, Millex-GS, Millipore). A
standard was used as reference. This was accomplished via
computer integration (Chromatography Data Station
Software, MERCK-HITACHI) operated in the mode of
external standard. All experiments were carried out in trip-
licate.

Determination of Nitrates

Determination of nitrates in the wastewater was con-
ducted with the aid of spectrophotometry (λ=410 nm) via
the reaction with sodium salicylate (Specord 40, Jena
Analytic, Germany) as previously described by Cyplik et
al. [25]. All experiments were carried out in triplicate.

Results

Toxicity Assessment

The first experimental step focused on assessing the
toxicity of industrial wastewater toward the selected plant
species. The application of a mathematical model for analy-
sis of the obtained results allowed a wastewater dose that
caused 50% inhibition of plant biomass gain (IC50) to be
determined. The plants exhibited various resistances to the
toxic substances present in the industrial effluent. The tol-
erance toward nitrate-based compounds, measured by shifts
in plant biomass gain, was dependant on the plant species
and decreased with increasing concentration of the waste-
water. All the presented results are expressed as values rel-
ative to the control sample (plants cultivated without waste-
water).

The highest tolerance was observed for sweet flag
(Fig. 1) and common reed (Fig. 2). Both plant species
exhibited biomass gain when cultured in pots containing
up to 40% wastewater (corresponding nitrate concentra-
tion of 1,285 mg NNO3

/l). For sweet flag, the maximum
biomass gain value after 21 days of experiments reached
21% for samples containing wastewater at 965 mg NNO3

/l.
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Fig. 1. Toxicity of industrial wastewater (calculated as corre-
sponding concentration of nitrates – mg NNO3

/l) toward sweet
flag, expressed as changes in the wet biomass gain rate relative
to control: ○ – experimental data, solid line – mathematical
modeling data, dotted line – IC50 value indicator.
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In the case of common reed, the maximum biomass gain
observed after the same time period was similar (20%), but
at a lower concentration of wastewater (325 mg NNO3

/l).
The IC50 value for sweet flag and common reed was at
1,318 and 1,309 mg NNO3

/l, accordingly. The broadleaf cat-
tail was characterized by a notably lower tolerance toward
the presence of nitrogen-based compounds in the cultiva-
tion broth (Fig. 3). Although this plant species displayed the
highest maximum biomass gain (29%) at the lowest con-
centration of wastewater (325 mg NNO3

/l), an increase in the
wastewater content led to a significant reduction of biomass
gain rate (2% at 965 mg NNO3

/l), and the determined IC50
value was lower (739 mg NNO3

/l) compared to the other
plant species.

After exceeding the IC50 value, rapidly progressing
morphological changes could be observed for all the stud-
ied plant species. In the primary stage several necrotic
changes appeared on the leaves and afterward the plants
started to dry out, which resulted in a drastic decrease of
their biomass.

Removal of Nitrates

The second experimental step was carried out in order
to evaluate the nitrate removal efficiency for each plant
species used in the study. The uptake and removal rate was
influenced by the resistance of the plants as well as the
incubation time. 

The most rapid removal of nitrates in the cultivation
broth was observed for sweet flag and common reed, since
the NNO3

content in the cultivation broth was decreased over
threefold (from 1.5 to 0.4 g/l) after nine days (Fig. 4). In the
following days the nitrate removal rate was notably lower
and at the end of the experiment (day 21) the final concen-
tration of nitrates was at 0.27 g/l for sweet flag and 0.32 g/l
for common reed, which corresponded to a decontamina-
tion efficiency of 82 and 79%, accordingly. In the case of
broadleaf cattail the nitrate uptake and removal occurred at
a notably slower rate throughout the whole incubation peri-
od. Ultimately, for samples cultivated in the presence of
cattail species, approximately 65% of the initial nitrate load
remained at the 21st day of the experiment. The parallel neg-
ative control showed that an insignificant decrease of the
nitrate concentration (below 5%) occurred for samples
without any plant species.

Removal of NG and EGDN

During the final experimental step, the ability of the
selected plant species to remove nitroglycerin and nitrogly-
col from the industrial effluent was analyzed. The experi-
ments revealed that the susceptibility of specific wastewater
components to phytoremediation with the use of sweet flag,
common reed, or broadleaf cattail may vary. In an effluent
where both nitroglycerin and nitroglycol were present, the
removal of NG was preferential (Fig. 5). In the case of
sweet flag and common reed the concentration of nitro-
glycerin was reduced by 50% after the 3rd day. At the end
of the experiment (day 21), decontamination efficiency
reached 87 and 84% for sweet flag and common reed,
accordingly. During the experiments with broadleaf cattail
the NG removal rate was slower, reaching 52% decontam-
ination efficiency after 21 days of incubation.
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Fig. 2. Toxicity of industrial wastewater (calculated as corre-
sponding concentration of nitrates – mg NNO3

/l) toward com-
mon reed expressed as changes in the wet biomass gain rate rel-
ative to control: □ – experimental data, solid line – mathemati-
cal modeling data, dotted line – IC50 value indicator.

Fig. 3. Toxicity of industrial wastewater (calculated as corre-
sponding concentration of nitrates – mg NNO3

/l) toward
broadleaf cattail expressed as changes in the wet biomass gain
rate relative to control: Δ – experimental data, solid line – math-
ematical modeling data, dotted line – IC50 value indicator.

Fig. 4. Shifts in the concentration of nitrates during wastewater
decontamination studies with the use of studied plant species: ○
– sweet flag, □ – common reed, Δ – broadleaf cattail, x – con-
trol.
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In contrast to nitroglycerin, the removal of nitroglycol
from the hydroponic cultures occurred at a notably lower
rate for all the studied plant species. Similarly to the exper-
iments with NG, the highest decontamination efficiency
was observed for cultures with sweet flag or common reed,
while a lower efficiency was noted for broadleaf cattail.
However, the differences were not as notable as before.
Ultimately, on the 21st day of the experiment the EGDN
decontamination efficiency was at approximately 42% for
sweet flag and common reed and at 29% for broadleaf cat-
tail (Fig. 6). No changes in the concentration of either NG
or EGDN were observed for negative controls after 21
days.

Discussion

Aquatic plant species, macrophytes and hydrophytes
are commonly used to remove pollutants in wastewater or
for remediation of the environment. For such purposes, the
application of free-floating plants such as water hyacinth
(Eichhornia crapssipes), duckweed (Lemna sp.), and other
species from the Araliaceae family, or emergent plants
such as cattails (Typha sp.), common reed (Phragmites
australis), and others, is a frequent practice [26, 27]. 

These plants are among species that exhibit rapid biomass
increase rate and the ability to utilize nutrients present in
wastewater. These traits may be helpful during removal of
nitrogen-based compounds [28-30].

Phytoremediation of an environment contaminated with
compounds exhibiting explosive properties is a challenging
task due to considerable toxicity of such pollutants and a
limited number of plants that are capable of their removal.
Out of the three main groups of explosive materials –
nitroaromatics, nitroamines, and nitrate esters – most stud-
ies including the use of plants as a treatment method were
focused on the former two. For example, numerous studies
involving phytoremediation were conducted for areas con-
taminated with hexahydro-1,3,5-trinitro-1,3,5-triazine or
trinitrotoluene [31-37]. 

The number of studies dedicated to removal of NG or
EGDN by employing plants is much more limited. The
ability of Beta vulgaris plant species to uptake and metab-
olize nitroglycerin was reported by Goel et al. [38]. This
plant species was capable of growth in a broth containing 2
mM of NG as well as the transformation of this compound
into glycerol dinitrate (GDN) and further into glycerol
mononitrate (GMN). The ability to transform NG at an ini-
tial concentration of 10 mg/l by hydroponic cultures of
Cyperus escalantus, Juncus effuses, and Setaria glacula
also was studied by Rifler and Medina [10]. Experiments
involving the toxicity of NG and EGDN as well as their
removal by flax (Linum usitatissimum), rush (Juncus
inflexus), reed (Phragmites australis), and mustard (Sinapis
alba) were carried out by Podlipna et al. [7]. The Authors
established that flax was able to uptake and transform NG
into 1,2-dinitroglycerine and 1,3-dinitroglycerine (1,2-
DNG and 1,3-DNG). After 24 days of experiments with ini-
tial concentration of nitroglycerin at 300 mg/l, only 40% of
its degradation products remained. Toxicity assays for NG
using 3-day seedling of Sinapis alba revealed that the inhi-
bition of root growth occurred at 50 mg/l, while at 200 mg/l
the root length was reduced by 80% compared to control
samples. Tests carried out with Juncus inflexus and
Phragmites australis also confirmed the toxicity of EGDN.
The plants turned brown and withered after just 3 days of
exposure to EGDN at a concentration of 500 mg/l. The
same authors used in vitro regenerants of Juncus inflexus
and Phragmites australis for removal of NG and EGDN
[24]. During 20 days Juncus inflexus was capable of com-
pletely removing NG and EGDN at initial concentrations of
600 and 100 mg/l, accordingly. The use of Phragmites aus-
tralis allowed for the decontamination of an industrial
effluent from an explosives production factory. Upon dilu-
tion the wastewater contained approx. 190 mg/l of EGDN,
60 mg/l of NG, and 10 mg/l of both DNG and MNG. Over
the course of 40 days the removal of NG was very rapid,
followed by subsequent formation of DNG and its further
transformation, which ultimately resulted in the accumula-
tion of MNG. The concentration of EGDN was reduced to
approximately 5% of the initial concentration. 

Although in our studies the concentrations of NG and
EGDN were notably lower compared to those used by
Podlipna et al. [24], the apparent differences in removal
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Fig. 6. Shifts in the concentration of nitroglycol during waste-
water decontamination studies with the use of studied plant
species: ○ – sweet flag, □ – common reed, Δ – broadleaf cattail,
x – control.

Fig. 5. Shifts in the concentration of nitroglycerin during waste-
water decontamination studies with the use of studied plant
species: ○ – sweet flag, □ – common reed, Δ – broadleaf cattail,
x – control.
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rates for both compounds may be explained by the high
content of the nitrating mixture residues present in the
wastewater that was employed. Based on the obtained
results, it may be concluded that removal of nitrates and
NG is preferential compared to EGDN, as confirmed by the
relatively low decontamination efficiency of this compound
in the industrial wastewater effluent sample. Our studies
suggest that sweet flag may be as effective for removal of
nitrate esters as common reed.

Studies focused on the removal of nitrogen from a syn-
thetic medium with the use of water hyacinth, water let-
tuce, and salvinia were carried out by Ayyasamy et al. [27].
The Authors observed that the application of water
hyacinth enabled the reduction of the initial nitrogen con-
centration by 64-83% after a 10-day period. Increasing the
initial concentration from 100 to 300 mg/l resulted in
increased removal rate, although after exceeding 500 mg/l
the decontamination efficiency of the studied plants was
notably limited. On the other hand, such a high concentra-
tion of nitrogen resulted in a considerable biomass gain
value (37%) after 10 days of the experiment. During the
same time period the biomass gain for water lettuce and
salvinia was at 24 and 15%, accordingly. The end-treat-
ment of wastewater from a municipal treatment plant by
means of phytoremediation was reported by Kim [39]. By
employing a constructed wetland system (area of 5,500
m2) based on the activity of Phragmites australis, a high
removal efficiency (approximately 70%) was achieved for
both nitrogen and phosphorous, with a retention time equal
to only 2.5 days. In comparison, the results obtained in the
framework of this study showed that the use of sweet flag
may contribute to an enhanced nitrate decontamination
rate, as a considerably higher initial nitrate concentration
(1,500 mg NNO3

/l) was reduced by 73% after 10 days.
Although the possible detoxification mechanisms

were not determined in the scope of this study, it is plau-
sible that the processes were carried out in a similar man-
ner to that described by Podlipna et al. [24]. According to
the established pathway, the phytoremediation of nitrate
esters is mainly focused on progressive denitrification.
Nitroglycerin is transformed into two possible dinitro-
glycerin homologues (either 1,2- or 1,3-), with subsequent
degradation to mononitroglycerin and finally to glycerol.
Upon denitrification nitroglycol is transformed into
mononitroglycol and then degraded into ethylene glycol.
Both denitrification products can then be incorporated
into biological cycles of plants and further altered to
obtain plant hormones or other biologically relevant com-
pounds.

Several advantages of phytoremediation  may be eluci-
dated by a comparison of results with those obtained in our
previous study, where activated sludge microorganisms and
a microbial consortium DNC2 were used for biological
denitrification of industrial nitrate-rich wastewater [5]. For
example, the addition of an external carbon source is not
necessary for phytoremediation, whereas an addition of
glycerol was necessary to achieve complete removal of
nitrates with the use of microorganisms. Additionally, the

nitrate removal rate for microorganisms was strongly influ-
enced by aeration conditions. The best performance
occurred under strictly anaerobic conditions (complete
removal of 3 g/l after 6 days); however, under aerobic con-
ditions no removal was observed. The use of plants allows
for satisfactory nitrate removal under aerobic conditions,
without the necessity to provide anaerobic conditions. It is
also worth noting that the phytoremediation-based methods
are usually more economically efficient, since biodegrada-
tion carried out in bioreactors under strictly specified con-
ditions corresponds to energy usage and maintenance costs.
On the other hand, the use of microorganisms enables bet-
ter removal of both nitroglycerin and nitroglycol, which
suggests that a combined phytoremediation/biodegradation
approach may potentially be most appropriate for efficient
treatment of industrial effluents. Taking this into considera-
tion, future studies will be focused on the combined appli-
cation of aquatic plant species and microbial consortia that
exhibit a high biodegradation potential in order to enhance
the decontamination efficiency via potential rhizosphere
interactions.

Conclusions

The obtained results suggest that the studied plant
species may be successfully applied for treatment of indus-
trial wastewater with a high concentration of NNO3

, nitro-
glycerin, and nitroglycol. Each of the studied plant species
displayed an ability to decontaminate nitrogen-based com-
pounds, but the highest removal efficiency was observed
for sweet flag (Acorus calamus). Common reed
(Phragmites communis) exhibited both a similar removal
rate as well as a high tolerance toward the presence of nitro-
gen-based compounds. The performance of broadleaf cat-
tail (Typha latifolia) was notably lower, as this species was
more susceptible to the toxic effect. Upon adequate dilution
the industrial effluents generated in explosives production
plants may be efficiently treated with the use of phytore-
mediation, either as a single, independent treatment process
or as an end-point clean-up stage in a hybrid treatment
method. This method makes for an economically justified
step that allows for enhanced treatment efficiency.
Additionally, due to its simplicity, phytoremediation may
be easily integrated into the overall treatment process in
wastewater treatment plants. Depending on the available
space, the employment of constructed wetlands with the
use of the studied plants may be an excellent strategy,
enabling optimization of the flux ratio in order to achieve
maximum detoxification efficiency.
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