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Abstract. Results of studying optimal conditions and parameters for afterpurification of underspoil waters from metal
ions using humic acids production waste are presented with a view to develop the efficient measures on environmental
rehabilitation of ecosystems disturbed by the development of copper pyrite deposits. The influence of contact time and
waste dosage on the purification process was analysed, changes in the pH of wastewater and its impact on the growth
and development of plants were studied. The key factors were identified allowing to achieve the efficiency of the
purification process — the optimal contact time in the range from 120 to 180 min and waste dosage of 10 g/l. The study
showed that the use of waste resulted in a neutral pH value of 7.03 compared to the initial pH value of 5.95. It was
ascertained that the use of iron-magnesium production waste in combination with waste from humic preparations pro-
duction made it possible to achieve the MPC of commercial fishing importance (with the exception of magnesium).
Wastewater after the afterpurification process with high magnesium concentrations did not have a stimulating effect on
the growth and development of Lepidium sativum L. plants. From biotesting results it can also be stated that there is no
negative impact on the growth and development of Lepidium sativum L. The results obtained indicate a potentiality of
using afterpurified wastewater for watering plants in the process of initiating the environmental rehabilitation of the
disturbed ecosystems.
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Introduction. The development of solid mineral deposits in the Ural region, the occurrence of
abandoned or sealed-off mining facilities as well as objects of accumulated environmental damage
predetermine a complicated environmental situation in the region; therefore, progressing degradation
of the natural environment is still a major challenge at present, despite the fact that the environmental
factor is gradually becoming one of the fundamental issues in decision making [1, 2].

According to the governmental report on the state and protection of environment in the Sverdlovsk
Region!, mining industry was the main source of waste generation in 2022. The share of mining waste in
generation, disposal and availability at the end of the year was 90.1; 87.4 and 93.2 % of all generated,
recycled and accumulated production and consumption waste in the Sverdlovsk Region. Generation of

1 On the state of environment in the Sverdlovsk Region in 2022. Governmental report. Ekaterinburg: Ministry of Natural Re-
sources and Environment of the Sverdlovsk Region, 2023, p. 366.
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EE
waste from this group increased by 8.147 million tons (5.24 %) compared to 2021 and amounted to 163.6
million tons, mainly due to the growing overburden volume. It should be noted that the share of recycled
waste also increased. The amount of recycled mining waste compared to 2021 increased by 2.01 million
tons (3.1 %) and reached 67.5 million tons (41.2 % of the generation of this group of waste) due to the
use of hard rock overburden for own needs.

Despite a positive dynamics, the presence of large-tonnage waste from the mineral raw materials
complex, of both operating and sealed-off production facilities, is one of the reasons for the negative
processes occurring in the environment [3, 4]. In 2022, in the Sverdlovsk Region, water of water
bodies at 26 % of observation stations was classified as “polluted”, at 57 % as “dirty”, at 13 % as
“very dirty”, and at 4 % of stations as “extremely dirty”. The main ingredients from the list of ex-
tremely high surface water pollution levels at the stations of the national observation network in the
Sverdlovsk Region for 2022 are zinc, copper, and manganese. As regards groundwater quality, cases
of exceeding the MPC for cadmium and lead can be recorded.

The relevance of solving the environmental problems of disturbed territories is obvious in
connection with accumulation of a huge amount of waste from mining and metallurgical industries
stored in sludge and tailings dumps, dumps of overburden rocks, slags and substandard raw mate-
rials [5-7]. Therefore, identification of the pattern of mining facilities impact on the deposit
environment in respect of studying the processes that determine the accumulation and migration of
pollutants, the use of reclamation techniques for soil detoxification, the development of measures
on environmental rehabilitation of water bodies with the help of plants and sorption materials
produced from natural and technogenic raw materials is an intensely developing field of research
[8-10]. A great number of publications illustrate the broad range of materials used for removing
metals from wastewater solution including red mud [11-13], ash [14-16], steelmaking slags [17],
biochar [18-20], vermiculite [21], and different waste of plant origin [22-24]. Among them, the
industrial waste is attracting more and more attention, since it is expected that the use of waste for
environmental purposes will be low-cost [25].

The earlier experiments [8] confirmed the possibility of using iron-magnesium production
waste to neutralize industrial wastewater from metal ions (Cd?*, Zn?* Co?*, Cu?"). The dependence
of purification efficiency on the dose of waste introduced, contact time, initial concentration
of metals and acid-alkaline balance was experimentally determined. Optimal conditions are the
120-180 min contact time, dosage of 4-10 g/l and an initial concentration of metal ions not ex-
ceeding 500 mg/I.

The purpose of the work is to assess the possibility of using waste generated in production
of humic preparations as a material for afterpurification of wastewater to the MPC level of com-
mercial fishing importance from metal ions (Cu®*, Zn?*, Cd?*, Mg?*) in concentrations obtained
as a result of experimental research on redistribution of heavy metals in the “wastewater — waste”
system using iron-magnesium production waste [8]. In addition, the task was set to assess the
impact of already purified water on the growth and development of agricultural biological plant
resources.

Analysis of the initial concentration of metals in solution and pH of solutions was accom-
plished. The optimal contact time and dosage of materials were determined. An assessment was
made of the effect of water following afterpurification on the growth of Lepidium sativum L.
watercress plants.

Materials and methods. Waste used in this study was obtained from the production of humic
preparations (HPW). As the source raw material for the production of a humic preparation
(potassium humate), the following ratio of components by weight of dry matter is used, %:
high-moor peat — 40-60; sapropel (TU 0135-001-94744244-2007) — 25-38; diatomite
(TU 5761-001-59266087-2005) — 14-20; KOH - the rest. The main inorganic compounds of peat
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Fig.1. Humic acids production waste: a — before treatment; b — after treatment

are nitrogen to 1.5 %, phosphorus, potassium, calcium (in total) to 0.6 % (N:P:K). The content of
humic substances in peat is 7.4-7.9 %. Diatomite is by more than 80 % composed of silica.

HPW is a pasty substance of dark grey colour which forms as a result of solid phase separation
from the target product by centrifugation (Fig.1).

The waste was dried at a temperature of 95 °C and crushed to a fraction of 1 mm. A drying
cabinet (ShS-80-01-SPU, OOO PriborUfa, Russia) was used for drying the samples, and laboratory
sieves and a porcelain mortar and pestle were used for grinding. Bulk density of the HPW is 400-
450 kg/m?, humidity — 3-5 %, pH — 8.0-8.5.

Wastewater is underspoil water from the exhausted copper pyrite deposit Kaban-1 within the
boundaries of the Sverdlovsk Region, 190 km from Yekaterinburg. Wastewater was investigated
after interaction with iron-magnesium production waste applying the procedure [8], pH = 5.95.
Elemental composition, mg/l: Cd?* — 0.01 (MPC — 0.005); Zn®* — 0.2 (MPC — 0.01); Mg?* —
849.60 (MPC —40); Cu?* - 0.1 (MPC —0.001) [8]. The MPC was adopted by Order of the Ministry
of Agriculture of Russia dated December 13, 2016 N 552 (as amended on 10.03.2020) “On ap-
proval of water quality standards for water bodies of commercial fishing importance including
the standards for the maximum permissible concentrations of harmful substances in waters of
water bodies of commercial fishing importance”.

Elemental analysis and sample preparation. To ash the samples, a MARS 5 Digestion Micro-
wave System by CEM Corporation (USA) was used in accordance with methodology EPA 30522,
The process started with addition of 0.5 g sample to which 9 ml of HNO3 (GOST 11125-84, 70 %)
and 3 ml of HF (GOST 10484-78, 45 %) were added. Then, the mixture was stirred, after which it
was left for 15 min, and the vessels were closed. Special vessels were used recommended by the
manufacturer — EasyPrep. The time required to heat to 180 °C was 6 min, the time to maintain the
temperature was 10 min, and the power was 1,800 W. After treatment with dilution to 50 ml, a trans-
parent sample without colour and foreign particles was obtained. 1 M HNO3 was used to determine
the mobile forms of metal.

Air-acetylene flame atomic absorption spectroscopy (AAS) (Varian AA 240 FS by Varian Aus-
tralia Pty Ltd. Australia) was applied to determine metal concentrations in wastewater, mineralized
samples and leachates. Specific wavelengths were used for different elements: Cd — 228.8;

2 MARS 6. Microwave Acid Digestion. Method Note Compendium. CEM, 2018, p. 320.
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Zn —213.9; Mg — 202.6; Cu — 324.7 nm. The detection limits of elements in solution were: Cd — 1.5;
Zn—-1.6;Cu—-1.2; Mg—-0.3 pg/l.

Experiments. Redistribution of metals in the “wastewater — HPW ” system. The effect of HPW
dosage on the degree of metal ions removal from solution was investigated. In the experiments, sam-
ples of 0.1; 0.2; 0.5; 1.0; 1.5 and 2.0 g were weighed and placed in conical falcon tubes. Wastewater
in a volume of 50 ml was poured to the samples. Then, the samples were mixed (at a frequency
of 99 rpm) for 120 min using a rotary mixer ELMI RM-1L manufactured by ELMI LTD (Latvia).
Afterwards, the resulting solutions underwent filtration using “Blue ribbon” filters.

Determination of the optimal contact time for removing metal ions from solution. Wastewater in
a volume of 50 ml was poured to 0.2 g weighed quantities. Samples were mixed at different time
intervals from 5 to 180 min. The resulting solutions underwent filtration using “Blue ribbon” filters.

To assess the influence of the initial concentration of metal ions Cu?*, Zn%*, Cd?*, Mg* on
wastewater purification process, solutions with different concentrations were prepared: 5, 10, 50, 100,
300, 500 and 1,000 mg/I. The solutions were prepared using test-grade “high purity” reagents and the
state standard samples (with concentrations from 1 to 10 g/l). The experiment was conducted with
contact time of 120 min, a 0.2 g weighed quantity was applied, the solution volume was 50 ml, at
room temperature. In the experiment, the static exchange capacity of waste (SEC) and the degree of
pollutant recovery from the solution (E) were determined, and the standard error of the mean value
was calculated.

Determination of static exchange capacity and degree of pollutant recovery from solution:

ge=(C,-C,)V/m, 1)
E=(C -C,)/C, 100, 2

where C; is the initial concentration of ions in solution, mg/l; Ce, the equilibrium (residual)
concentration of copper ions in leachate determined in water after mixing water and substrate,
mg/l; V — volume of model solution added to waste, I; m, mass of dry weighed quantity of the
substrate, g.

Biotesting of wastewater. The seed germination experiment was performed according to the pro-
cedure in SanPin 2.1.7.573-96. Watercress Lepidium sativum L. seeds (30 pcs.) were placed evenly
on filter paper in a Petri dish. Then, 5 ml of wastewater obtained after interaction with waste was
poured into each dish. As control — wastewater from the Kaban-1 deposit with initial elemental com-
position (concentrations before purification using iron-magnesium production waste: Cd?" — 0.20
(MPC = 0.005); Zn?* —50.12 (MPC — 0.01); Mg?* — 322.50 (MPC — 40); Cu?* — 78.10 (MPC — 0.001);
Fe®* — 147.71 (MPC - 0.1); Co* — 1.73 (MPC — 0.01); Ca?* — 33.20 (MPC — 180); K* — 5.26
(MPC - 50) and distilled water [8]. Dishes were covered with lids and left for 72 h at room tempera-
ture. The experiment was repeated three times. Root length and germination power of seeds as well
as the contents of the investigated chemical elements in individual plants were measured on completing
the experiment. Before the chemical analysis, the seeds were washed with distilled water. The seeds
were considered germinated if their length was at least 2 mm. Based on these data, the indicators of
relative seed germination power (RGP) and relative root growth (RRG) were obtained:

Gs / Ge-100 = RGP, (3)

where Gs — is the number of germinated seeds in the sample; and Gc — the number of germinated
seeds in control (distilled water);

Ls/ Lc-100 = RRG, (4)

Ls — root length of germinated seeds in the sample; Lc — root length of germinated seed in control
(distilled water).
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Discussion of results. To confirm the possi- 70
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fication of wastewater from metal ions, the influence 50 /// -
of initial concentration of metals in solution, con- Eg 40 //
tact time between the material and the solution, ; 54 /
dosage of the HPW and acid-alkaline state of the & 20 /
aqueous medium (pH) were studied. Analysis of 10
the influence degree of each factor helps to prove A%
the efficiency and potential of the HPW for 06 1(T>o 200 300 400 500 600 700 800 900 1000
wastewater purification from metals [26-28]. The Initial solution concentration, mg/g

results obtained can serve as a rationale for the use
of production waste as a material for purification
and afterpurification of industrial wastewater in Fig.2. Effect of initial concentration of metal ions
terms of developing the efficient measures on en- in solution on the HPW wasFewater_purification process

. N . (monometallic solutions)
vironmental rehabilitation of water bodies.

Influence of initial concentration of metal ions on wastewater purification. Initial concentration
of metal ions controls the removal of metal ions from aqueous solution. This allows evaluating the
influence of metal concentration in solution on the interaction processes and to understand, what
concentrations are most important for an efficient removal from solutions [29]. The dependence
of the static exchange capacity of the HPW with respect to the metals under study (Cu?*, Zn?*,
Cd?*, Mg?* relative to their initial concentration in monosolution is shown in Fig.2. State standard
samples were used to dilute solutions from 5 to 1,000 mg/I.

The graph in Fig.2 shows that the processes of removal of metals such as copper, cadmium,
magnesium, and zinc have a certain dynamics. The initial stage (from 5 to 50 mg/l) is characterized
by a rapid recovery of metals (Cu?*, Zn?*), which points to a high formation rate of metal compounds
with waste [30, 31]. After this stage, there is a period (50-200 mg/l) of a marked decrease for
Cu?*, Zn?*. As a result (from 500 mg/l), the equilibrium sets in when the absorption rate of metals
and their removal becomes approximately the same, which signals the completion of this process and
the attainment of a certain stability of the system. The process of magnesium and cadmium absorption
by the HPW is increasing with growing initial concentration of these elements in solution, which is
shown in Fig.2 by a concave curve.

Therefore, it can be stated that it is impossible to use the HPW for purification of wastewater
containing high concentrations of the elements under study (Cu?*, Zn?* more than 50 mg/I); however,
they can be used at the final stages for bringing the quality of purified water to the MPC level of
commercial fishing importance.

The mechanism for removing elements from wastewater can be described in several stages. At
the first stage, metal ions move from solution to the outer surface of waste. This process corresponds
to film diffusion, when metal ions move from solution surface to the waste surface. At the second
stage, metal ions penetrate into the waste structure. This process involves movement of metal ions
through internal channels or pores of the material, which can lead to their deeper fixation inside the
material [32, 33]. All this plays the key role in understanding the processes of metal removal as well
as for the development of efficient water purification technologies in terms of introducing measures
on environmental rehabilitation of water bodies including the elimination of discharge of highly
mineralized water into them.

Effect of contact time and dosage. The study of the process of ion recovery from solution in-
cluded a change in the waste mass from 0.1 to 2 g in 50 ml of solution with constant concentration.
This process was performed at a constant stirring speed of 99 rpm and lasted 120 min at room tem-
perature. To evaluate the recovery of metal ions from wastewater, underspoil water of the Kaban-1
deposit treated with iron-magnesium production waste was used as model solution [8]. The results
are shown in Table 1 and Fig.3.

——Cy?+* ——7Zn?* ——Cd%* Mgz+
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Table 1
Results of chemical analysis of obtained leachates (50 ml wastewater, contact time 120 min)
. . Content of chemical elements in leachate, mg/l
Weighed quantity, g pH
Cd2+ Zn2+ Mg2+ Cu2+
0.1 0.007+0.001 0.15+0.02 953.14455.16 0.073+0.01 6.25+0.01
0.2 0.003+0.001 0.1+0.02 857.11+47.21 0.039+0.01 6.78+0.01
0.5 < 0.0015 <0.0016 931.10+45.24 <0.0012 7.03+0.01
1.0 < 0.0015 <0.0016 932.05+43.42 <0.0012 6.99:+0.01
1.5 <0.0015 <0.0016 946.41+40.56 <0.0012 6.9+0.01
2.0 <0.0015 <0.0016 992.94+44.15 <0.0012 6.78+0.01

The results of the study showed that the efficiency of removing these metals with the use of the
HPW increased with its growing dosage, until almost complete purification (100 %) was achieved.
This suggests that a higher dosage of the HPW favoured the increasing number of active sites for
metal binding, which, in turn, increased the overall efficiency of the removal process [34-36]. Further,
the ability of the HPW to remove copper, cadmium and zinc from solution does not change with
increasing dosage. Considering the presence of silica in the source raw material for the production of
potassium humate (diatomite), virtually insoluble compounds form as a result of the HPW interaction
with wastewater.

At the next stage of research, the influence of duration of contact between the HPW and
wastewater on the efficiency of metal ions removal was determined, which makes it possible to verify
the optimal exposure time to the HPW for purifying wastewater from the investigated elements to the
MPC level.

Table 2
Results of chemical analysis of obtained leachates (50 ml of wastewater, 0.2 g weighed quantity)
Contact time, min Content of chemical elements in leachate, mg/I oH
cd* Zn2* Mgz+ Cu?
5 0.009-+:0.001 0.18+0.03 995.45+52.14 0.08+0.02 6.05+0.01
10 0.007+0.001 0.17+0.02 994.51+54.21 0.07+0.02 6.11=0.01
15 0.0060.001 0.15+0.02 854.25+56.12 0.05+0.02 6.25+0.01
30 0.005+0.001 0.12+0.02 966.32+50.11 0.05+0.02 6.52+0.01
60 0.005+0.001 0.11+0.01 854.55+56.87 0.04+0.01 6.70+0.01
120 0.003+0.001 0.10+0.02 857.11+47.21 0.03+0.01 6.78+0.01
180 0.003+0.001 0.10+0.02 905.84+67.14 0.04+0.01 6.82+0.01
80.00 An experimental study of the effect of contact
time on wastewater afterpurification process was
X 0000 conducted at constant solution concentration
2 /// (Table 2) within different time intervals from
E 40.00 5 to 180 min at room temperature (Fig.4).
S / / Elemental composition of leachates obtained
2 20,00 as a result of the HPW interaction with wastewater
g allows evaluating changes in concentration of
0.00 different elements in leachates depending on
0 0.5 1 15 contact time, which is important for understanding
Waste dosage, g the dynamics of the process and determination
of the optimal conditions for wastewater purifica-
—-Cu—*2Zn—Cd . .
tion to the MPC level (Table 2). Residual concen-
Fig.3. Influence of waste dosage on degree tration of metals in leachates after interaction
of metal ions recovery from solution at these contact time conditions varied from
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0.009 to 0.003 mg/l for cadmium, from 0.18 to 80.0
0.10 mg/l for zinc, from 995.45 to 854.55 mg/l ¢ 700 1
for magnesium, and from 0.08 to 0.04 mg/l for ggg - = |
Copper. 8 oot —1 |

It can be concluded that in the time interval from 5 |/
120 to 180 min. the maximum values of the effi- § 20.0 7/
ciency indicator for copper, cadmium and zinc are g 100 2

recorded; further increase of the interaction time of 0.0
solutions with the HPW will not lead to major
changes in the investigated indicator. It should be
noted that magnesium values in the resulting leacha-
tes were higher than the initial magnesium values in
wastewater. This indicates that the process of removing
magnesium ions from polymetallic wastewater is not
as efficient as in artificially created model solutions from the SSS, which indicates the need for further
research related to formation of a cascade of biological ponds considering the material composition
of the bed and filtration dam sensitive to this chemical element.

Further, to assess the risk of secondary pollution when using the HPW, the chemical analysis of
the samples obtained after interaction with wastewater was accomplished. Concentrations of metals
in the material before the start of the experiment are given (Table 3).

0 20 40 60 80 100 120 140 160 180
Contact time, min

——Cu —=—Zn =Cd

Fig.4. Effect of contact time on recovery rate
of metal ions from solution

Table 3
Results of chemical analysis of HPW after interaction with wastewater
Element Gross forms, mg/kg Gross forms, mg/kg Mobile, mg/kg MPC, mg/kg”
(before interaction) (after interaction) (after interaction) (gross/mobile forms)

Cu 0.81+010 9.68+1.58 1.53+0.25 33/3

Zn 4.38+0.98 21.75+4.58 4.25+0.89 55/23

Cd <0.0015 <0.0015 <0.0015 0.5/Undetermined
Co 0.20+0.05 4.35+1.25 0.98+0.10 -/5.0
Mg 1,504.31+354.44 1,305.40+299.45 602.93+154.45 Undetermined
Mn 21.27+3.47 22.03+£3.33 4.03+0.78 1,500/700

K 36,540.38+3,548.21 3,628.68+454.68 1,245.39+248.45 Undetermined
Fe 2,485.93+384.49 2,490.38+335.24 1,300.58+224.87 Undetermined

* SanPiN 1.2.3685-21 “Hygienic standards and requirements for ensuring the safety and (or) harmlessness of environmental
factors to humans”.

Initially, the HPW contains a large amount of magnesium — 1,504.31 mg/kg; potassium —
36,540.38 mg/kg; manganese — 21.27 mg/kg and iron — 2,485.93 mg/kg. At the end of experiment,
a decrease in gross forms of magnesium to 1,305.40 mg/kg, potassium to 3,628.68 mg/kg was recorded,
iron and manganese remained at the same values. At the same time, there is a significant accumulation
of copper from 0.81 to 9.68 mg/kg; zinc — from 4.38 to 21.75 mg/kg, cobalt — from 0.20 to 4.35 mg/kg.

Experiments on afterpurification of pre-treated underspoil water from the Kaban-1 deposit, when
determining the optimal conditions and time parameters for the purification processes, indicate the
range within which the process reaches its highest efficiency — from 120 to 180 min, at material
dosage 10 g/l (0.5 g weighed quantity).

Biotesting of wastewater. Despite a major excess of the MPC of commercial fishing importance
for magnesium, in this study, a biotesting technique was applied for in-process monitoring of acute
toxicity of samples including the use of watercress as a test object. This method is based on the study
of behavioural response of plants to exposure to wastewater. Response of plants (seed germination
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rate, root system development, and total biomass) can
serve as an indicator of the negative impact of various
pollutants on the ecosystem.

One of the main advantages of using watercress
as a test object is a relatively short duration of experi-
ments due to the rapid cycle of plant growth and deve-
lopment [37, 38].

Seeds of Lepidium sativum L. were germinated
in Petri dishes (Fig.5) on filter paper within 72 h with
addition of the investigated aqueous solutions:
1) wastewater from the Kaban-1 deposit (untreated);
2) wastewater from the Kaban-1 deposit (after interac-
tion with iron-magnesium production waste) [8];
3) wastewater from the Kaban-1 deposit (after interac-
tion with iron-magnesium production waste and the
HPW); 4) distilled water.

Table 4

Influence of different wastewater compositions on germination power and growth of watercress, elemental analysis
of individual plants after interaction

Wastewater after interaction | Wastewater after interaction
Untreated with iron-_magnesium With_iron-magnesium o
production waste. production waste and HPW. Distilled water
Element wastewater Waste dosage — 10 g/l Waste dosage — 10 g/l
contact time — 120 min contact time — 120 min
1 2 3 4
Number of germinated seeds, pcs. 19.00+2.00 30.00+0.00 30.00+0.00 30.00+0.00
Root length, mm 4.30+4.00 9.64+2.65 21.11+6.00 21.06+1.53
Total biomass, mg 15.00+2.89 27.15+4.04 40.09+4.36 45.66+1.15
RGP, % (germination percentage) 63.33+£2.00 100.00=+0.00 100.00+0.00 100.00+0.00
RGG, % (relative root length) 20.50+4.00 45.74+2.65 100.50+6.00 100.00+1.53
Cu, mg/kg 662.67+£30.00 16.80+1.33 8.75+1.02 8.40+1.11
Zn, mg/kg 1,478.40+218.04 174.32+6.56 53.10+3.11 45.12+1.85
Cd, mg/kg 1.87+0.46 1.00+0.27 <0.0015 <0.0015
Fe, mg/kg 1,442.47+£117.90 234.80+33.50 206.15+25.51 246.40+29.42
Mg, mg/kg 2,042.13+£211.00 15,064.00+667.18 11,956.00+468.01 1,996.00+127.42
K, mg/kg < 0.0008 13,108.00+452.28 15,419.50+709.10 13,704.00+394.22
pH 2.33 5.95 7.05 6.51

Experimental studies revealed that Lepidium sativum L. seeds exposed to untreated wastewater
from the Kaban-1 deposit displayed a major decrease in seed germination power, total biomass and
root system development compared to control values (Table 4, Fig.5).

It was found that seed germination decreased by more than 30 %, and total biomass by 65 %,
indicating a deterioration in seed viability under the influence of this wastewater. Development of the
plant root system was 80 % less compared to control values. These data indicate the negative impact
of wastewater on plant development, which is a serious signal of its potential toxicity and impact on

living systems.

The study showed that compositions 2 and 3 containing wastewater taken after interaction with
waste, demonstrated a high efficiency compared to composition 1 containing untreated wastewater.
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The number of germinated seeds in these solutions was similar to the control sample and amounted
to 100 %.

In plants germinated in composition 2 (containing iron-magnesium production waste 10 g/l),
relative length of the root system was 45.74 %, which is 2.2 times greater than in plants from com-
position 1. However, this length of roots was 2.1 times less than that of plants from composition 3
which included water prepared first using iron-magnesium production waste, and then waste from
humic acids production.

When analysing the elemental composition of plants, it is important to note a decrease in the
content of all studied metals in samples 2 and 3 compared to untreated wastewater, with the exception
of magnesium and potassium. This indicates a potential impact of wastewater treatment process using
waste on reducing concentrations of different metals in plants. It is potassium and magnesium that
play an important role in vital activity of plants, especially in conditions of technogenically altered
or polluted ecosystems. These elements are macronutrients and are necessary for plants in relatively
large amounts compared to micronutrients [39, 40].

Potassium plays the key role in the process of photosynthesis, activates many enzymes, partici-
pates in regulation of plant water balance, and also affects plant resistance to stress conditions such
as drought and frost. On the other hand, magnesium is no less important for plants, since it plays an
important role in photosynthesis and chlorophyll synthesis, participates in metabolic processes, in the
absorption and transport of phosphorus, which is important for ensuring plant growth and develop-
ment [39, 40].

In conditions of anthropogenic influence on the environment, where plants can encounter unfa-
vourable conditions, sufficient levels of potassium and magnesium in soil and their availability be-
come critical for ensuring normal growth and development, and, therefore, is essential for the renewal
and maintenance balance in such ecosystems, although it should be clarified that purified wastewater
does not have any stimulating effect on Lepidium sativum L. plants [39, 40].

Also, iron is one of the most important and indispensable micronutrients for the plants. Insolu-
bility of iron salts and difficulty of their transition into a soluble form create problems for the absorp-
tion of iron ions by plant roots. Iron is an important element for many reactions and processes in
plants, and its deficiency or excess can negatively affect their development and productivity [41]. In
wastewater samples from the Kaban-1 deposit (compositions 1 and 2), iron concentration is much
higher than in other samples including compositions treated with waste.

It is especially important that cadmium was not found in composition 3, which indicates a pos-
sible decrease in cadmium availability for the plants when using the treatment process including iron-
magnesium production waste and the HPW.

In the study of chemical composition of germinated watercress seeds, it was found that the plants
exposed to untreated wastewater absorbed more micronutrients, such as iron, zinc, copper, and cad-
mium, compared to other samples. Since most plants have the root type of metal accumulation, the
accumulation process, most likely, occurred in the underground part [42-44]. The detected high con-
centrations of iron, zinc, copper, and cadmium appeared to be toxic for plants, and this affected the
characteristics of the germinated seeds, root length and total biomass.

In addition, in samples 1chlorosis was recorded associated with a lack of chlorophyll, which led
to a change in colour (yellowing) of plants. Low pH level (2.33) in samples 1 also affected the availability
of magnesium and potassium macronutrients which are essential for healthy plant growth [45, 46]. Mac-
ronutrients including nitrogen, potassium, calcium, magnesium, and sulfur are known to be better
absorbed at pH values between 6.0 and 6.5. Micronutrients become less available to plants at higher
alkaline pH values exceeding 7.0 [45, 46].

Potassium and magnesium micronutrients, being antagonists, compete with each other in the
processes of assimilation of nutrients by plants [47]. In samples with low pH level plants do not
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receive enough essential macronutrients, such as potassium and magnesium, but accumulate an
excess of iron, zinc, cadmium, and copper micronutrients. This imbalance has a negative effect
on plant growth and development.

Therefore, maintaining the optimal soil pH level is the key to preventing chlorosis and ensuring
healthy plant growth. The results obtained indicate a possibility of using wastewater purified by a
complex of iron-magnesium production waste and the HPW of wastewater for irrigation of biological
plant resources when initiating the processes of ecological rehabilitation of ecosystems disturbed by
development of copper pyrite deposits.

Conclusion. In this study, the optimal conditions were identified for the efficient use of the HPW
in afterpurification processes of pre-treated underspoil water of the Kaban-1 deposit from copper,
cadmium, and zinc ions. The most efficient parameters include the following:

« Contact time ranging from 120 to 180 min, indicating the importance of prolonged exposure to
attain the maximum efficiency of the purification process. Long contact time allows intensifying the
interaction between waste and wastewater, which promotes a more complete removal of metal ions
from solution.

» Waste dosage of 10 g/l indicates the optimal amount of waste to achieve the desired purification
effect. This parameter affects the degree of interaction between waste and solution as well as the
overall efficiency of the process.

Using waste, a neutral pH value (7.03) was attained compared to the initial value (5.95). However,
waste appeared to be inefficient for the afterpurification of natural wastewater from magnesium ions,
and the process of releasing Mg?* into solution was also recorded. Purified wastewater, despite a
significant amount of magnesium, does not have a negative effect on the growth and development of
Lepidium sativum L. plants; however, no stimulating effect was recorded.
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