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INTRODUCTION 

There is ecological problem of mine drain-
age and ground subsidence, especially in inhab-
ited areas, as a result of the mining activity in the 
Lviv-Volyn industrial mine region (Fig. 1), and 
in particular, the mines of the Chervonograd re-
gion. The subsidence of the bottom surface (depth 
ranging from 0.6 to 3.9 m) is accompanied by pro-
cesses of flooding and soils waterlogging. Every 
year, 5.0 to 10 million m3 of polluted mine waters 
is pumped from mines of the basin, the toxic ef-
fects of which appear at all local biocenoses cov-
ering area of about 90 km2, where 4770 hectares 
of farmland and 642 hectares of forest areas were 
destroyed. The territories of the city of Chervono-
grad, the villages of Sielets and Mezhirichchia are 

flooded almost completely, which makes build-
ing drainage systems, pumping out of water and 
carrying out sand pouring of flooded territories a 
necessity.

Highly mineralized metal-containing com-
ponents of wastewaters from under spoil of 
mines and spoil tips of the Chervonograd region 
cause a significant degradation of the soil layer 
of surrounding territories, contamination of un-
derground aquifers, migration and assimilation 
of toxic compounds of heavy metals at almost 
all levels of the environment [Adamenko et al. 
2016; Buchatska 2009] Hence, the minimiza-
tion of the role of the natural geological bar-
rier is taking place and the natural systems are 
unabled to perform self-rehabilitation [Dong et 
al. 2011; Knysh and Karabin 2010]. The lack 
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ABSTRACT 
The article substantiates the efficiency of using chemical (reagent) technologies for the purification of industrial 
water from mines and spoil tips from heavy metals-toxicants and reducing their ecological hazard. The ecological 
risk indices of toxicants and their proportion in the overall level of ecological danger of the investigated object 
were presented. The results of experimental studies, interaction of comparative qualitative indicators of removal 
of heavy metal ions by inorganic reagents – calcium carbonate and sodium hydroxide were provided. It is shown 
that the solution of the ecological problem concerning the reduction of the toxicity level of subterminal waters of 
mines is their treatment with fine calcium carbonate CaCO3 that converts the heavy metal ions into hardly soluble 
basic carbonates or heavy metal hydroxides. Positive results concerning the efficiency of the subterminal water 
treatment of the «Velikomostovskaya» mine of the Chervonograd mining area by calcium carbonate were identi-
fied. That indicates a significant reduction of the ecological hazard indicator of the treated wastewater. The content 
of ions of most heavy metals, which precipitate in the form of basic carbonates at values close to pH = 8.5, was 
significantly reduced.
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of universal methods for the utilization of mine 
and sub-spoil waters in case of unreliability 
of their accounting, low efficiency of purifica-
tion methods, and their selectivity necessitate 
conducting a study onthe chemistry of heavy 
metal binding reactions in order to create op-
timal conditions for their immobilization and 
reduce the level of toxicity of spoil mine wa-
ters [Dlamini at al. 2013; Myung 2008]. One of 
the main technogenic sources of influence on 
underground, surface waters, soils and natural 
biocenoses is the mine waters and spoil tips of 
«Velikomostovskaya» mine the department of 
«Lvivvugillya State Enterprise».

The purpose of the work is to study the pecu-
liarities, mechanisms and efficiency of the chemi-
cal processes for the chemical removal of heavy 
metal toxicants (Cu2+, Mn2+, Pb2+, Co2+, Cd2+, Zn2+, 
Cr3+, Fetotal., Hg2+) from mine waters of «Velikomo-
stovskaya» mine and calculation of the propor-
tion of each pollutant component in the level of 
environmental hazard of the investigated object.

MATERIALS

In order to reduce the toxicity of mine and 
spoil tip waters, reagents capable of converting 
heavy metal ions into sparingly soluble com-
pounds were used – finely dispersed calcium car-
bonate (CaCO3) powder and 0.95N sodium hy-
droxide (NaOH) solution. 

Calcium carbonate is finely dispersed pow-
der of white color, made by grinding marble 
crumb. Calcium carbonate (CaCO3) constitutes 
solid crystals of white color, practically insol-
uble in water (at 20oC, Ks=0.00066 g/100 g of 
H2O). The molar mass of CaCO3 equals 100.087 
g/mol. Melting point +825°C, decomposition 
temperature +1300°C. The density is 2.83 g/
cm3. The mass fraction of calcium carbonate 
in the resulting powder is 98.6%; magnesium 

carbonate is 0.7% by weight, about 0.1% Fe2O3, 
and silicon compounds. The mass residual frac-
tion on 200 microns sieve amounts to 0.5%, 
while on 45 microns – 63.0%. Inorganic and 
organic impurities, fibers or inclusions of oth-
er materials were not detected. It occurs in the 
form of mineral compounds – calcite, arago-
nite, and vaterite [Volkov and Zharsky 2005].

Another chemical agent – 0.95N sodium hy-
droxide solution was used. The molar mass of 
NaOH = 39.997 g/mol. Melting point +323°C. 
Boiling point +1388 °C. Density – 2.13 g/cm3. 
Solubility in water at 25°C is 108.7 g/100 g. So-
dium hydroxide (caustic soda) is available in two 
types: solid and liquid. Solid granular caustic 
soda is a white solid matter with a granule size 
about 0.5–2 cm. The caustic soda is very hygro-
scopic, well soluble in water, when exposed to 
water, a large amount of heat is released. A so-
lution of sodium hydroxide is a solution of the 
secondary standard, so the study was conducted 
with fresh NaOH solution. Liquid caustic soda is 
a colorless or colored liquid – sodium hydroxide, 
technical, GOST 2263–79. By degree of influ-
ence on the body, it refers to the substances of 
the 2nd class of danger [Nabivanets 1996; Volkov 
and Zharsky 2005].

METHODS AND PROCEDURE

The studies on the mine water were carried 
out at laboratory of the State Environmental In-
spection of Lviv region in the Department of 
instrumental-laboratory and radiation control in 
accordance with current methods and standards 
[Standard methods for the examination of water 
and wastewater 2006; Guiding normative docu-
ments of the Ministry of Environmental Protec-
tion of Ukraine 2006].

Sampling, storage and handling of water sam-
ples was carried out in accordance with DSTU 

Fig. 1. Map of the Lviv-Volyn industrial mine region
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ISO 5667–6–2001 and DSTU ISO 5667–10–2001 
[Derzhspozhyvstandart of Ukraine 2006]. 

The total iron content, zinc and nickel were 
determined with the method of photometric anal-
ysis. The titrimetric method of analysis was used 
to detect and determine calcium, magnesium and 
chlorides in water. Sulfates were determined by 
means of the gravimetric method. The mass con-
centration of heavy metals in the samples of mine 
waters was determined with the flame atomic 
absorption spectrophotometry.

Sampling and chemical analysis of soils were 
carried out in accordance with the procedure of 
DSTU 4770.1–9: 2007 at the certified laboratory 
of Lviv department of State Agency «Gosgrunto-
horona». The preparation of solutions of soil ex-
tracts was carried out in accordance with DSTU 
4770.9: 2007. The content of mobile forms of 
heavy metals in soil samples was determined 
on atomic absorption spectrophotometer C-115 
[Safarova V. at al. 2011; Zhou and Guo 2015].

For the complex evaluation of the ecologi-
cal condition of the territory around the «Veliko-
mostovskaya» mine, the results of the chemical 
analyses of mine waters from 2005 to 2015 years, 
which were performed in the laboratory of SE 
«Lvivvugillya», results of our own investigations 
over the past three years and results of regional 
hydrogeochemical investigations of scientists on 
the specified topics were used [Samchuk 2009; 
Knysh and Karabin 2010; Voytovich 2015].

Mathematical and statistical methods were 
employed to calculate the changes in concen-
trations of chemicals (heavy metals, sulfate and 
chloride anions) in the waters of the spoil tips 
during the period of research. As statistical pa-
rameters of distribution, the central character-
istics (arithmetic mean and median), variation 
indices and maximum concentrations of the sub-
stances dissolved in water in the samples during 
the representative period of statistical aggregate 
data of concentrations of pollutants were calcu-
lated in the work.

The «EXCEL» software was used to process 
the statistical parameters and the software pack-
age «Statistica 6.0» was employed for the visual-
ization of results [Borovikov and Ivchenko 1999].

Quantitative analyses of the ecological hazard 
index (EH) of pollutants, in particular of heavy 
metals, i.e., exceeding the normative concentra-
tion for fish ponds and their proportion in the 
overall level of environmental hazard (W) were 
calculated with the formula:

%100
EH

MPCCW  (1)

,
MPC

CEH   (2)

where: С – concentration of pollutants (at the 
place of sampling), mg/dm3;

 MPC – the maximum permissible 
concentration of pollutants for fish ponds; 

 ΣEH – a total index of the environmental 
hazard of all pollutants.

RESULTS AND DISCUSSION

The production capacity of the «Velikomo-
stovskaya» mine on 01.01.2018 is 300 thousand 
tons per year. The mine occupies an area of 648 
hectares, including 346 hectares of agricultural 
land, 242 hectares of settlements and 60 hect-
ares of other territories. The location of the «Ve-
likomostovskaya» mine (1 VM – the old name), 
the other 8 operating and 4 non-operating mines 
(1 CHR, 2 VM, 5 VM, 8 VM) and the spoil tips 
on the explored territory indicate that they are still 
sources of pollution of water [Buchatska 2009], 
since the active waste of contaminated sewage in 
the river Western Bug and rivers of its basin was 
observed from the tips and territories of the mines 
(Fig. 2, Fig. 3).

The distribution of mine water is determined 
by the geological structure, hydrogeological con-
ditions and tectonic features of the territory, as 
well as a set of basic natural factors that deter-
mine the patterns of formation, distribution and 
composition of the mine waters. Thus, the high 
content of calcium ions and sulfate ions in the 
waters of the «Velikomostovskaya» mine can be 
explained by the presence of tectonic fractures 
in this and adjoining territories, which are trans-
mitted by cretaceous waters in carbonic water, 
which changes the qualitative and quantitative 
characteristics of coal-water [Matlock et al. 2002; 
Samchuk 2009.].

Integrated hydrochemical research, conducted 
in the period 2016–2018 in the zone of influence 
of the Chervonograd mines showed a significant 
content of toxic heavy metal ions in tip waters, as 
well as chlorides and sulfates, which contribute to 
the acidic environment of mine waters.

Clayey rocks of argillites, the content of 
which accounts for about 70% of waste, and a 
significant amount of sulfur (the transformation 
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Fig. 2. Map diagram of the Chervonograd mining area (1 VM – «Velikomostovskaya» mine)

a) b)

c)

Fig. 3. Photos of «Velikomostovskaya» mine (a) and a spoil tips of «Velikomostovskaya» mine (b, с)
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of sulfides in sulfates) contribute to the forma-
tion of oreol of acidic waters at the foot of the 
spoil tips, the migration and sorption of heavy 
metal ions [Tobylko 2016], prolongation of 
their effect in the environment. At the same 
time, lowering of the pH values of spoil tips 
waters as well as periodic changes in the tem-
perature lead to the transition of compounds 
of heavy metals from sorbent to mineral and 
organic substances into free state [Knysh and 
Karabin 2010; Keng et al. 2014].

The results of investigations on the content of 
pollutants in the spoil tips waters of the «Vosmon-
stovskaya» mine of «Lvivvugillya» indicate an 
excess of the parameters of the MPC of heavy 
metals, anions of strong acid-electrolytes for the 
fish ponds (Table 1).

The calculated index of exceeding the norma-
tive values of each pollutant component (C / MPC) 
and the percentage of its excess (W) in relation to 
the overall level of environmental hazard (EH) of 
all pollutants for the spoil tip waters of the «Ve-
likomostovskaya» mine (EH = 6,274 × 103) indi-
cate its high ecological danger to the environment.

The maximum contribution to the overall 
level of pollution is made by the water of the 
mine containing manganese (about 96%). Due 
to the high mineralization of underground waters 
and the hydrolysis of heavy metal salts, the re-
lease of strong acids (sulfate and chloride) into 
the medium occurs. In the investigated area, the 
type of mine waters is predominantly chloride-
hydrocarbonate-sodium with mineralization from 
2.5 to 9 g/dm3. The slightly acidic environment of 
the spoil tip waters of the «Velikomostovskaya» 
mine (pH = 6.6) indicates the possibility of soil 

contamination due to the chemical processes of 
dissolution, oxidation-reduction and migration to 
the surface of heavy metal ions [Rene et al. 2017; 
Grishko et al. 2012.]. The composition of waters 
near spoil tips is saturated with anions of acids 
(sulfates, chlorides), as well as products of pyrite 
decomposition, in particular the compounds of 
iron, manganese, cuprum, nickel, lead, and other 
heavy metals ions (Table 2).

Investigation of the calcium carbonate effect 
on the purification of mine waters was carried out 
by precipitation and mixing the reagent with the 
subsequent determination of pH by the potentiom-
etry method (to establish a stable pH ≈ 6.8). The 
results of the studies on the calcium carbonate pu-
rification efficiency spoil tips waters of «Veliko-
mostovskaya» mine and their ecological hazard 
evaluation are presented in Table 3 and Figure 4.

Comparative calculations of W propor-
tion of each component in the level of ecologi-
cal hazard of sewage indicate that the choice of 
a chemical agent (CaCO3) for the removal of 
most toxic metals is correct and meets the water 
quality requirements for fishery reservoirs. At 
the same time, the concentration of sulfates also 
decreased significantly.

The mechanism for the removal of heavy 
metals (Co2+, Zn2+, Cr3+, Ni2+) using hydrolyzed 
calcium carbonate (pH≈8.5) is simultaneous with 
the formation of the basic carbonates of these 
metals, the solubility of which is lower than that 
of neutral carbonates (except highly soluble alkali 
salts and hydroxides Cd2+, Pb2+, Mn2+). The mini-
mum solubility of metal hydroxides is observed 
in alkaline media at pH > 8.5 (except Fe3+ ions) 
[Nabivanets 1996; Pestrikov et al. 2009].

Table 1. The content of pollutants in the spoil tips waters of «Velikomostovskaya» mine

No Polutant MPC, mg/l Concentra-tion, mg/l С/MPC W, %
1 Fe total. 0,1 5,836 58 0,9
2 Мn (2+) 0,01 59,97 5997 95,6
3 Cu (2+) 0,001 0,040 40,3 0,6
4 Pb (2+) 0,01 0,133 13 0,21
5 Cd (2+) 0,0005 0,021 42 0,67
6 Zn (2+) 0,01 0,148 14,8 0,24
7 Cr (3+) 0,005 0,032 6,4 0,1
8 Ni (2+) 0,01 0,401 40 0,64
9 Co (2+) 0,01 0,159 16 0,26
10 Chlorides 300 524,9 1,8 0.02
11 Sulfates 100 2449.66 24,5 0,39
12 Ca (2+) 180 591,18 3,3 0,053
13 Мg (2+) 40 687,04 17 0,27

Total  index of the environmental hazard ∑ЕН = 6274 100
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Table 2. The content of water soluble and total heavy metals in soils near the spoil tips of 
«Velikomostovskaya» mine

No Polutant Content of water soluble form, mg/kg The content of total heavy metals, mg/
kg

1 Fetotal. 0,05 16,2
2 Мn (2+) 28,5 181,4
3 Cu (2+) 0,02 1,3
4 Pb (2+) 0,06 5,9
5 Cd (2+) 0,018 0,27
6 Zn (2+) 0,03 0,24
7 Cr (3+) 0,01 2,8
8 Ni (2+) 0,9 4,6
9 Co (2+) 0,09 0,14
10 Hg (2+) - 0,026
11 Chlorides 283 -
12 Sulfates 163 -

Fig. 4. Concentration of heavy metal ions after treatment by calcium carbonate

Table 3. Efficiency of purification of calcium carbonate of underground waters of «Velikomostovskaya» mine 
and their environmental hazard

No Polutant Degree of purification, % С / MPC W, %
1 Fetotal 99,9 - -
2 Мn (2+) 75,1 1494 98,5
3 Cu (2+) 99,8 - -
4 Pb (2+) 94,6 - -
5 Cd (2+) 98 - -
6 Zn (2+) 99,3 - -
7 Cr (3+) 93,3 - -
8 Ni (2+) 96,3 1,5 0,1
9 Co (2+) 91,3 1,4 0,1
10 Chlorides 0 1,8 0,07
11 Sulfates 99,9 0,01 -
12 Ca (2+) 6,1 3,1 0,2
13 Мg (2+) 2 16,8 1,1

Total index of the environmental hazard ∑ЕН 1518 100
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The results of studies on the efficiency of 
cleaning and environmental hazards of the under-
ground waters of the «Velikomostovskaya» mine 
indicate that the content of heavy metal ions and 
sulfates after treatment by fine-dispersed calcium 
carbonate has significantly decreased. The esti-
mated value of the ecological hazard indicator 
amounts to ЕH = 1518 for the purified СаСО3 tip 
waters (Table 3), which is four times less than the 
initial value (ЕН = 6274) (Table 1). 

Manganium ions Mn2+ (98,5%) are the most 
important environmental hazard in mine waters, 
which is explained by the peculiarities of their 
hydrolysis, precipitation and the formation of 
oxides, hydroxides, or complex compounds at 
different degrees of oxidation (+2 ÷ +4) of ions, 
depending on the oxidation-reduction potential 
of the medium, temperature and concentration of 
hydrogen and metal ions [Rene et al. 2017].

These features require the optimization of the 
precipitation conditions of the Mn2+ ions or the 
replacement of the method for increasing the de-
gree of its removal (e.g. oxidative demagnetiza-
tion: in alkaline solution by potassium perman-
ganate, ozonation, chlorination, biochemical oxi-
dation or biosorption [Nemati and Harison 2000; 
Wang and Chen 2009]).

The study of the 0.95N NaOH solu-
tion for purification of underground waters 
(Vprob water = 100 ml) of the «Velikomostovs-
kaya» mine was carried out by fractional sedi-
mentation until the pH ≈ 6.6–6.8 was reached, 
followed by filtration of the sediment. Estimation 
of the purification efficiency by sodium hydrox-
ide solution pertaining to underground waters and 

investigation of their ecological danger is given 
in Table 4 and Figure 5. 

The results of the research show that ions of 
heavy metals (ferrum, cuprum, plumbum, zinc, 
nickel and manganese) were removed after treat-
ment with alkali by 98 ÷ 99.9% by weight, the 
degree of removal of Ca2+ ions was 42.7%; how-
ever, the concentration of sulfate and chloride 
ions remained unchanged.

The overall indicator of the environmental 
hazard of the underground water of the mine after 
treatment with a solution of NaOH is significantly 
lower (157 times), compared with the initial value 
of this indicator of contaminated water. In addi-
tion, the indicators of environmental hazard of 
pollutants for the waste water purified with NaOH 
solution are 38 times lower than those treated 
with CaCO3. However, the indicators of residual 
mineralization by hydroxidation method lead to a 
high toxicity of mine water [Thiruvenkatachari et 
al. 2008], which was confirmed by the study on 
the radish. At the same time, after treatment of 
calcium carbonate wastewater, their toxicity for 
the seeds of plant is practically zeroed.

The effectiveness of both methods for the 
chemical removal of heavy metals from the spoil 
tip waters of the «Velikomostovskaya» mine is 
quite high, which enables to significantly reduce 
the content of heavy metals in mine water and 
neutralize the strong-acid medium to neutral.

In addition, the use of calcium carbonate as a 
chemical agent has several advantages over sodi-
um hydroxide. Under interaction of heavy metal 
ions with CaCO3, less soluble basic carbonates 
(at lower pH values) are formed than hydroxides 

Table 4. Efficiency of purification by sodium hydroxide of underground waters of «Velikomostovskaya» mine 
and their environmental hazard

No Polutant Degree of purification, % С / MPC W, %
1 Fetotal. 99,9 0,6×10–4 -
2 Мn (2+) 97,5 0,015 0,04
3 Cu (2+) 99,9 0,006 0,02
4 Pb (2+) 99,9 0,001 0,003
5 Cd (2+) 91,4 3,6 9
6 Zn (2+) 99,9 0,014 0,035
7 Cr (3+) 91,7 0,5 1,25
8 Ni (2+) 98,4 0,65 1,63
9 Co (2+) 95 0,08 0,2
10 Chlorides 0 1,08 2,7
11 Sulfates 0 24,5 61,3
12 Ca (2+) 42,7 1,88 4,7
13 Мg (2+) 56,9 7,4 18,5

Total index of the environmental hazard (∑ЕН) 40 100
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of these metals, as well as the concentration of 
sulfate anions is significantly reduced. It is also 
important that the use of this reagent due to in-
significant solubility of calcium carbonate in 
water is carried out in an alkaline medium at a 
pH ≈ 8.5, which satisfies the conditions for mine 
water discharges.

The advantage of this reagent is also the 
possibility of using inexpensive natural mate-
rial [Gruszecka-Kosowska et al. 2017; Keng 
et al. 2014; Zasidko et al. 2019] – carbonate 
gravel of different sizes as a filter material for 
mine and spoil tip waters. Attention was drawn 
to the idea of applying the so-called geochemi-
cal barrier [Pestrikov et al. 2009], where mine 
waters will be directed after pre-settling. It is 
proposed to use a concrete structure of appro-
priate length L, width B and depth H of a rect-
angular shape with recess for sedimentation 
and inclination for water drainage (Fig. 6). Be-
fore introducing the mine waters into carbon-
ate barrier it is necessary to direct them to the 
settling tank (or use the mine space) with a wa-
terproofing time of 5–10 days, which will en-
sure the efficiency of cleaning from suspended 
particles up to 80–90%.

Carbon gravel is placed in containers from 
the grid; the rock can be easily regenerated (re-
placed) after use. The proposed geochemical car-
bonate barrier for further purification from toxic 
compounds of heavy metals may remain opera-
tional within 2–3 years with a working life of ≈ 
22%, due to the partial consumption of calcium 
carbonate in ion exchange reactions.

Mine waters sediments, as well as multi-ton-
nage combustible waste of coal enrichment spoil 
tips after purification and controlling the residual 
concentrations of pollutants can be used as com-
ponents for pigment production or alternative fu-
els for combustion in rotary kilns of cement pro-
duction, solving the problem of waste utilization 
and conservation of natural resources.

CONCLUSIONS

The inflow of industrial metal-containing 
highly mineralized mine waters and sewage 
from under spoil tips leads to the negative deg-
radation changes of the soil, natural biocenoses, 
deterioration of water reservoirs, etc. The role 
of the natural geological barrier near the rock 

Fig. 5. Concentration of heavy metal ions after treatment by sodium hydroxide

Fig. 6. Outline for carbonate geochemical barrier [16]: a – scheme; b – longitudinal section
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development sites is almost eliminated due to 
the anthropogenic stress, whereas there is a clear 
tendency for frontal migration of heavy metal 
ions and other pollutants through underground 
and surface waters to biological objects with 
their subsequent translocation. The evaluation 
of the toxicity of heavy metals, the peculiari-
ties and conditions for the formation of various 
forms of pollutants should determine the speci-
ficity of their transfer into biosphere levels, the 
possibility of accumulation and safe utilization 
and/or removal from the environment.

The use of the carbonate method for the 
treatment of mine waters more effectively solves 
the problem of neutralizing anions of strong 
electrolytes, significantly reducing the mineral-
ization of wastewater by binding sulfate anions 
(99.9%) to insoluble calcium sulfate, as well as 
stabilizing the pH of the medium without over-
dose of the reagent, which corresponds to the 
conditions of wastewater discharges in the res-
ervoirs. The method of reagent sedimentation of 
heavy metal ions by the action of CaCO3, due to 
its high efficiency (cheap and affordable reagent, 
does not require sophisticated equipment, easy 
to operate), can be used under uncontrolled dis-
charges of contaminated water, and also when 
other methods are not possible.
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