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Abstract. Mining activities were producing large quantities of wastewater contaminated with nitrogen compounds
and metals. With insufficient treatment, these pollutants are released into the environment and have a toxic effect
on living organisms. Constructed wetlands are now widely adopted as wastewater treatment systems because of
the combination of physical, chemical and biological processes for the removal of contaminants. In this study, an
experimental system was modeled to improve the efficiency of the quarry wastewater treatment of a mining enter-
prise by sharing the higher aquatic vegetation: broad-leaved cattail (Typha latifolia L.), common water-plantain
(Alisma plantago-aquatica L.), jointed rush (Juncus articulatus L.) and lower aquatic vegetation (Chlorella sp.).
Concentrations of nitrogen compounds and metal were analyzed both in the model and in the treated solution of
quarry wastewater for calculation of treatment efficiency. Concentrations of the pollutants in the tissues of the
higher aquatic vegetation were analyzed to assess the accumulation capacity and efficiency of translocation of the
pollutants. The results of the experimental study showed the practical applicability of the constructed integrated
treatment system to reduce the concentration of pollutants in quarry wastewater, as well as increasing the efficien-
cy of treatment by introducing lower aquatic vegetation into the system.

Keywords: wastewater; vegetation; coastal aquatic vegetation; nitrogen compounds; microalgae; integrated treatment;
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Introduction. Quarry wastewater from mining activities is characterized by a multicomponent
composition [1, 2]. Biogenic compounds and heavy metals, being a major pollutant in wastewater
and entering surface and groundwater streams, cause significant disturbances in the natural process-
es of ecosystems [3, 4]. Due to the effect of biomagnification, heavy metals accumulate in the food
chain and eventually enter human and living organisms, causing disruption of vital systems [5, 6].
Nutrient inputs lead to eutrophication [7], which leads to reduced dissolved oxygen and light in nat-
ural reservoirs [8].

Constructed wetlands are becoming an economical alternative to traditional wastewater treat-
ment methods. They are systems that absorb pollutants from natural ecosystem processes, including
coastal aquatic vegetation, microorganisms and bacteria [9]. Currently, constructed wetlands are
used to treat wastewater from agriculture [7, 10], livestock [11], as well as mining [12], oil and gas
[13, 14] and metallurgical industries [15].

There are four types of constructed wetlands: free-water surface, horizontal and vertical sub-
surface flow, hybrid systems [16]. Depending on the oxygen situation created by the wastewater flow
mode [17], many pollutants are effectively removed: nitrogen compounds (NHs", NO2", NO3z")
[18, 19], phosphorus (H2PO4-, HPO4>, PO4>) [20, 21], hydrolysable metals (Al, Fe, Mn) [8, 22], and
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other metals and metalloids that are an integral part of the ore, as well as host and waste rock (Cr, Cu,
Mo, Ni, Pb, Zn, As, etc.) [23-25].

All components of the constructed wetlands participate in wastewater treatment. There is
a growing interest in the technology to reduce the concentration of pollutants due to vegetation
and associated microorganisms, named “phytoremediation” [22]. Depending on the pollutant
input mechanism in plant tissues, phytoremediation is divided into several constituents [26].
For example, in the treatment of heavy metal contaminated wastewater, rhizophilization
plays an important role, i.e. absorption of pollutants by the root system, and as a result
of the phytoextraction process, the input and accumulation of pollutants in plant tissues takes
place.

The purpose of the study was to assess the applicability of the system of constructed wetlands
for the treatment of quarry wastewater of a mining enterprise. The study analyzed the effectiveness
of reducing the concentration of pollutants in the model solution of quarry wastewater by an
integrated system consisting of the higher aquatic vegetation of broad-leaved cattail (Typha
latifolia L.), common water-plantain (Alisma plantago-aquatica L.), jointed rush (Juncus articula-
tus L.) and lower aquatic vegetation (Chlorella microalga). In the experimental study, model solu-
tion and vegetation samples were taken for further analysis of the concentration of nitrogen com-
pounds and metals.

Methods. The study was carried out based on data from a coal mining enterprise located in the
territory of the Republic of Khakassia, one of the oldest mining areas of Siberia (Fig.1). The climate
of the area is sharply continental and characterized by frosty winter and warm summer.
The temperature range in summer is from 9.8 to 25.2 °C with an average monthly temperature
of 16.8 °C.

Mining of a coal deposit is carried out in an open way. Ammonium nitrate-based mixtures are
used as explosives for drilling and blasting operations. Quarry wastewater results from the
discharge of groundwater aquifers and from the entry of precipitation into quarries. Based on
hydrological characteristics, four aquifers have been identified in the area of the quarry field, the
waters of which belong to the bicarbonate, sulfate-bicarbonate, chloride-bicarbonate or sulfate-
chloride type.

To date, the volume of quarry water is about 15,000 m®/day, with the share of groundwater is
about 70 %. To drain the resulting water from the pit sump, pumps are used, pumping quarry
wastewater into the storage pond. During the winter months, the water inflow declines, wastewater
accumulates and is not treated because of the low volume.

Based on the materials obtained from the studied coal mining enterprise, the qualitative
and quantitative composition of the model solution of quarry wastewater was determined.
To prepare the model solutions the following salts were used: sodium nitrate, sodium
nitrite, calcium chloride, iron sulphate (1)
7-aqueous, potassium sulfate, magnesium chlo-
ride 6-aqueous, sodium hydrocarbonate, sodium
chloride and potassium 1-substituted phosphate.
In addition, an aqueous solution of the main
microcomponents necessary for the vital activi-
ty of plants, namely Mn, B, Mo, Cu, Zn, Co,
the concentrations of which were taken equal
concentrations in the quarry wastewater of
the enterprise, was used. The aliquot of the

Fig.1. The location of the enterprise
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prepared solutions was selected based on the total volume of the initial model solution, which
was delivered to the experimental setup for treatment in one cleaning cycle. Table 1 shows the

composition of the model solution.

Table 1
Qualitative and quantitative composition of model solution
Pollutant Concentration of pollutant in solution, mg/dm? Maximum permissible concentration”, mg/dm?
Nitrate 100 45
Nitrite 6.0 3.0
Iron 0.04 0.3
Calcium 76.8 -
Sodium + Potassium 404 -
Hydrocarbonate 656.8 -
Phosphate 0.16 35
Manganese 0.011 0.1
Boron 0.004 0.5
Molybdenum 0.001 0.07
Copper 0.01 1.0
Zinc 0.001 5.0
Cobalt 0.0004 0.1
pH 7-8 -

* SanRiN 1.2.3685-21 “Hygienic standards and requirements to ensure safety and (or) harmlessness of

environmental factors for humans”.

The experimental setup was modelled after the free-water surface constructed wetlands
(Fig.2). The choice of this system was justified by the lowest capital and operating costs for
implementation into the existing treatment system, namely the operating storage pond of the
enterprise. The setup consisted of wetland vegetation (4), loading for its rooting (6), microor-
ganisms and a glass tank (5), in the volume of which the treatment took place. The experimental
setup was equipped with a full-spectrum lamp (3) to simulate 10-hour daylight. The plastic con-
tainer with a volume of 60 litres (1) preceded the experimental setup as a distribution tank of
the model solution of quarry wastewater. The metal container of 65 litres (8) was used as a
receiving tank for the treated model solution. To achieve better treatment efficiency, a species
of Chlorella microalgae (7) was introduced as the dominant form of the microorganism in the
tank of the experimental setup. A cell suspension with an optical density of 0.275 was added in

the amount of 5 % of the total unit volume (5).
As a wetland vegetation the experimental
setup used broad-leaved cattail (Typha
latifolia L.), common water-plantain (Alisma
plantago-aquatica L.) and jointed rush (Juncus
articulatus L.), which are characterized by high
accumulation of pollutants from wastewater
[27-29]. These plant species were selected in
natural growing conditions and acclimatized
within two weeks at the experimental site.
The acclimatized vegetation specimens were
divided into two identical groups, one of which
was not involved in the experimental study,

Fig.2. Scheme of the experimental setup
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so that the concentrations of pollutants in plant tissues were assumed as background. The
second group of vegetation was placed in the experimental setup in a percentage ratio of
60:20:20 in constructed plastic mesh containers with a diameter of 15 cm and a height of 25 cm.
A mixture of crushed stone and expanded clay by 5-20 and 10-20 mm, respectively, was used as
a loading.

The species ratio was determined according to the characteristics of the vegetation in
question and the capacity of the experimental setup. Broad-leaved cattail was preferred as the
main type in the treatment system due to its higher phytoremediation potential. Specimens of
common water-plantain and jointed rush were placed in the experimental setup as auxiliary
species for intensification of the treatment process, as well as increasing the surface of fixing
the dominant species of microorganism due to the developed high specific area of the root
system surface.

The model solution from the container (1) was continuously fed into the experimental setup
by means of a peristaltic pump (2). The solution dosing rate was 8.6 ml/min and was calculated
from the average hydraulic time of 3-4 days for the treatment system at the enterprise. The
experimental study was conducted on the basis of the Scientific Center “Ecosystem” of
the Saint Petersburg Mining University at a temperature 23 + 0.5 °C and a relative humidity
of 84 £2 %.

The model solution of the quarry wastewater was sampled at three points: at the inlet and
outlet of the experimental constructed wetland, and directly from the volume of treated water in
the setup. A total of six consecutive cleaning cycles of the model solution were completed with-
in 26 days. Each sample was placed in a 50 ml sterile plastic tube, marked and cooled to 4 °C
before analysis.

To control the acidity of the model solution, pH values were determined using the Expert-001-3
ionometer. Nitrate and nitrite were measured by liquid chromatography on the LC-20 Shimadzu de-
vice. The metal concentration in the solution was determined by an atomic-emission spectrometer
with inductively coupled plasma ICPE-9000 (Shimadzu).

To assess the concentration of pollutants in plant tissues, at the end of the experimental study,
plant specimens of each species were selected, the total biomass of which provided a reliable analy-
sis. The selected plant specimens were subjected to the main stages of preparation: they were divid-
ed into the main vegetative organs — leaves and roots, dried to an air-dry condition and ground using
a laboratory blender Waring LB20EG.

To determine the nitrate concentration, 1 g of each pre-prepared plant sample was placed in a
flask containing 50 ml of 1 % aluminum potassium sulfate solution. The resultant solutions were
then mixed on a magnetic stirrer for 3 min, after which they were filtered to produce a transparent
filtrate used in the measurement. The concentration of nitrate was determined by the ionometric
method by Expert-001-3. The obtained nitrate mass concentrations in the aqueous extract were re-
calculated in milligrams per kilogram of dry mass.

Heavy metal concentrations in plants tissues were analyzed in several stages. The pre-prepared
plant samples were ashed in the Nabertherm LT 15/11 muffle furnace at 550 °C for 10 h. The
metals were extracted from the ash to the solution by acid extraction with the addition of 33 %
HNOa. The metal concentration in the solution was determined by an atomic-emission spectrometer
with inductively coupled plasma ICPE-9000 (Shimadzu).

The obtained values of mass concentration of metals in the solution were converted to dry
mass. For this purpose, ash values were additionally determined: 1 g of each pre-prepared plant
sample was placed in the crucible and further into the Nabertherm LT 15/11 muffle furnace, where
the samples were held at 550 °C before the visible traces of carbon compounds disappeared. The
calculation of ash content was carried out according to GOST P 56881-2016.
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To assess the influence of metals and plant species on the concentrations of accumulated met-
als in plant tissues, a two-factor analysis of ANOVA was conducted. The significance level in the
calculation was assumed to be 0.05. The Pearson linear correlation coefficient was calculated to es-
timate the transport of pollutants in plant tissues. The statistical processing of the results of the
experimental study was carried out using the MS Excel software product.

Results discussion. The introduction of Chlorella microalgae into the wastewater
treatment system has a number of advantages. During growth, microalgae may absorb pollu-
tants, mainly nitrogen and phosphorus, from wastewater [30, 31]. The viability of microalgae is
due to the fact that the model solution of quarry wastewater contains biogenic compounds as
well as heavy metals, which are essential macro- and micro-components, making it as close as
possible to the composition of the nutrient medium, necessary for microalga growth. In addi-
tion, Chlorella microalgae has high photosynthetic activity and biomass growth rate [32]. Oxy-
gen production rate is 2-10 Oz/m?2-h and depends on ambient light, reaching maximum values at
noon [33-35].

In the experimental setup, an aerobic environment was established during the study due to
photosynthetic oxygen release by vegetation and microalgae. In many constructed wetlands,
less oxygen produced during the day is consumed at night [30], increasing dissolved oxygen
concentration in the water. In the current situation, nitrite oxidation occurred during the nitrifi-
cation process [19] and by the end of the 4th cleaning cycle — a steady decrease of concentration
in the model solution by 99 %. Because nitrite was converted to nitrate, there was no significant
change in nitrate concentration at the outlet of the experimental setup.

When comparing the treatment efficiencies of nitrite in the model solution of quarry
wastewater and in mine waters of similar composition exclusively with the help of higher
aquatic vegetation [12] an increase of disposal efficiency of 18 % was observed in the current
study. This shows that the introduction of Chlorella microalgae into the treatment system has
contributed to the intensification of the process of absorbing pollutants from the quarry
wastewater.

Nitrate and ammonium forms of nitrogen are known to undergo a step-by-step transfor-
mation as part of nitrogen exchange when they enter the plant cell. The absorbed ammonium
is directly involved into the synthesis of amino acids and amides. At the same time, nitrate
is initially reduced to nitrite form in the cytosol of the cell and further in the chloroplast —
to ammonium, which is also supplied for amino acid and amide synthesis. An excess nitrate, not
used for biosynthesis, is stored in the vacuole cell [36]. Therefore, in order to quantify the
accumulated nitrogen in plant tissues,

nitrate concentration was analyzed in the 200
experimental study (Fig.3). % 2000
As can be seen, the intensity of ni- £ ¢y,
trogen accumulation in different plant &
species differs due to the physiology and £ 1000
morphology of each species. However, £ 500
there was a greater concentration of ni- © 0
trate in leaves than in roots for the plant Leaves Roots Leaves Roots Leaves  Roots
species studied. In the leaves of broad- Typha latifolia L. Alisma plantago- Juncus articulatus L.
leaved cattail, common water-plantain T aquatica L.

and jointed rush, nitrate concentrations at

. Fig.3. Nitrate concentration in different plant tissues
the end of the experimental study were

1 —background values; 2 — experimental
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3.4, 3.2 and 2.4 times higher than those of roots. The highest values of accumulated pollutant in
leaves and roots are jointed rush — 2,514.2 and 1,056.1 mg/kg, respectively.

In all tissues of the studied vegetation, at the end of the experimental study, nitrate concen-
trations increased significantly compared to background values. The greatest increase in the ni-
trate concentration in the leaves compared to the background values was observed in the jointed
rush (3.4 times), followed by the common water-plantain (2.3 times) and broad-leaved cattail
(1.1 times). Nitrate accumulation in vegetation roots has a similar sequence of species and in-
creases relative to background values of 8.3, 3.7 and 1.2 respectively.

The data obtained allow to speak about the effective accumulation of nitrate in the tissues
of the studied vegetation and, as a consequence, the absorption of nitrogen compounds from the
aqueous solution. It should be noted that the absorption efficiency of these compounds by
vegetation is influenced by the ratio of N/P in the aquatic environment. The phosphorus
concentration in the model solution of quarry wastewater (0.05 mg/dm?) is several tens of times
lower than the nitrogen compound concentration. Nevertheless, the obtained concentrations of
accumulated nitrate in plant tissues suggest that nitrogen compounds can be removed at a low
phosphorus level, which is consistent with the study [29].

Due to the well-established aerobic environment, hydrolysable metals were effectively re-
moved from the model solution in the experimental setup. The mean concentration of Mn during the
experimental study in the solution at the inlet of the setup was 0.011 mg/dm?® and at the outlet
0.0016 mg/dm?®. There has been an average decrease in Mn concentration of 85.5 % since the first
cleaning cycle. Iron removal was less effective at 12.9 %.

The accumulation of metals in vegetation, like nitrate, is determined by its physiology and
morphology. The results of the study show high concentrations of accumulated metals in broad-
leaved cattail (Fig.4).

Compared to background concentrations of Mo, Zn, Cu, Mn and Fe, there was a significant
increase in concentrations, namely 1.7; 2.7; 3.3; 1.9 and 2.5 times, respectively. The highest accu-
mulative capacity was found for iron (1,889 mg/kg) and manganese (1,211 mg/kg). The following
series of metal accumulations is observed: Fe > Mn > Zn > Cu > Mo, which is consistent with the
data obtained in previous studies of the accumulative capacity of this species [37]. There was no
significant increase in metal concentrations in the tissues of other studied plant species in the study,
but all plant tissues exhibited identical accumulations.

It should be noted that vegetation’s

60 1 2000 ability to absorb metals depends on its type

50 | | | and metal [12]. Some plant species, being

g | 1600 £ hyperaccumulators, tolerate the exceedance
£ 40 L EES E  of concentrations of pollutants in aguatic
2 30 B | 2 systems and, as a consequence, their high
= 20 ‘ ‘ m 800 £ content in their biomass [23, 38]. The con-
§ o ( | | F ‘ 400 § ducted study found a positive correlation
| N between the concentration of pollutants in

0 L= - e | 0 plant tissues and metals (p < 0.007). This

Mo Zn Cu Mn Fe . . .

factor accounted for 43.3 %, which is suffi-

1 m2 cient considering all factors influencing the

. . _ uptake of metals by vegetation, environ-
Fig.4. The concentration of metals in the leaves of broad-leaved

cattail (Typha latifolia L.) (the values of the columns to the left mental characteristics (pH, light, tempera-
of the dotted line refer to the blue vertical axis, to the right —to thered)  ture, salinity, etc.), and plant species (in this
1 — background values; 2 — experimental StUdy, factor share — 11.4 %) [39].
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Once absorbed by vegetation roots, metals can accumulate directly in the roots and (or) be
transported to the aboveground organs. In order to assess the transport efficiency of the pollu-
tants in the studied vegetation, the correlation Pearson analysis between metal concentrations in
the aboveground and underground organs was carried out. Uniform transport of absorbed metals
to the aboveground organs is carried out through the xylene vessels in the form of chelate com-
plexes immobilized in the intracellular spaces of the root [40], which is indirectly confirmed by
the obtained directly proportional dependence (r = 0.88, 0.99, 0.99 for broad-leaved cattail,
common water-plantain and jointed rush respectively).

The effective transfer of metals from underground to aboveground organs is indicated by the
ratio of metal concentration in shoots to roots greater than one [41]. In the experimental study, this
value was shown by broad-leaved cattail to Zn, Cu and Mn, as well as common water-plantain to
Zn and Cu (Table 2).

Table 2
Concentration of metals in plant tissues at the end of the experimental study
Concentration, mg/kg Multiplicity
Plant species
Zn Cu Mn Fe Zn Cu Mn Fe
Broad-leaved cattail
Leaves 56.3 19.0 1,211.1 | 1,889 35 26 187 0.8
Roots 15.9 7.2 64.6 2,436
Common water-plantain
Leaves 18.3 8.4 123.6 567 15 11 0.9 02
Roots 11.9 7.7 1314 2,300
Jointed rush
Leaves 19.0 9.9 73.2 1,046 05 0.2 03 01
Roots 39.9 47.7 229.9 9,105

All three plant species used in the experimental study are characterized by a developed root
system with a large surface area, which has a positive effect on the rate of absorption of the
pollutants from the solution [29]. To visualize the results, the development of the root vegeta-
tion system is given by the example of broad-leaved cattail (Fig.5).

At the beginning of the experimental study, the suppression of the root system of planted
vegetation was observed in terms of discolouration and disturbance of root growth. At the end

Fig.5. Development of root system of broad-leaved cattail (Typha latifolia L.)
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of the vegetation adaptation period to the conditions of the experimental setup, after two weeks
from the beginning of the experimental study, a slight growth of young roots in each species
was found (Fig.5, a). During the initial absorption period, there was an increase in size and
growth of new roots (Fig.5, b). Already at the beginning of the sustained uptake period there
was active branching of the roots (Fig.5, c).

The root system was placed at a distance of 10 cm from the bottom of the constructed plas-
tic mesh containers. By the end of the experimental study, the roots were growing through load-
ing to the bottom of the containers. There was an increase in the area of the root system by an
average of 85 % of the original planted one, which allows for almost complete recovery and, as
a result, of successful adaptation of the vegetation to the concentrations of pollutants in the
model solution. All plant species studied during the experimental study showed growth of both
underground and above-ground parts.

Conclusion. In the result of the study practical applicability of a complex method of bio-
logical treatment was proved, following the example of a system of free water surface con-
structed wetlands for coal-mining enterprise conditions. Based on the data obtained, it can be
concluded that the treatment system in question can be applied to mining enterprises with a sim-
ilar chemical composition of the wastewater produced.

In addition to the ability to self-clean this system through natural processes, the efficiency
of pollutant removal is enhanced by the combined use of higher and lower aquatic vegetation.
The plant species used have successfully adapted to the model solution of quarry wastewater, as
evidenced by the developing root system and the growth of the aboveground part.

The conditions created by the experimental study contributed to the active removal of
nitrite and hydrolysable metals from the model solution. In order to increase the efficiency
of nitrate nitrogen removal from quarry wastewater, it is recommended that anaerobic zones be
established in constructed wetlands to intensify the denitrification process.

All plant species (broad-leaved cattail, common water-plantain and jointed rush) have
demonstrated the ability to accumulate nitrate in their tissues, with the predominant concentra-
tion noted in the above-ground part. The greatest accumulations were observed in the leaves and
roots of the jointed rush — 2,514.2 and 1,056.1 mg/kg, respectively.

In relation to metals (Mo, Zn, Cu, Mn and Fe), broad-leaved cattail showed the highest ac-
cumulation ability. There was an active accumulation of metals in the leaves of vegetation,
mainly Fe and Mn. In addition, active transport of Zn, Cu, Mn and Zn and Cu and Cu was de-
tected in broad-leaved cattail and common water-plantain, which is one of the characteristics of
hyperaccumulator plants.
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