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Abstract

The study of Acid mine drainage (AMD) formed in the area of the abandoned mine. The
neutralization method for the AMD was developed, under which the processes occurring in
AMD with increasing pH by Na>COs were studied. It was shown that after increasing the pH
to 6.0, a slight decrease in pH values is observed. Along with a decrease in pH, an increase in
water turbidity is also observed. The decrease in pH and increase in turbidity can be explained
that the precipitation of schwertmannite (to pH 4.5-5.0) is caused by the transition of divalent
iron to ferric iron, which consumes an additional amount of alkali, which leads to a decrease in
pH. When metals are deposited from AMD using Na>CQOgz, two mechanisms appear to be at
work. The first is based on the formation of carbonates of individual metals. The second is the
formation of hydroxides due to an increase in pH. Apparently, these two mechanisms are
competitive and in such a complex system it is difficult to assess which of these mechanisms
prevails. Thus, the suggested AMD neutralization method can be used to improve water quality
of the rivers which flow crossing the mining areas.

Keywords: acid mine drainage, mining, neutralization, environmental impact, water
quality.

Introduction

Due to its unique geological and geochemical characteristics, the southern part of
Armenia s rich in copper-molybdenum ores (Melkhumyan S., 2005; Sapelko T. V., etall, 2019).
The mountainous terrain provides rich mineral deposits, including copper and molybdenum,
making it an attractive location for mining ventures (Melkhumyan S., 2005). However, the
proximity of mining operations to rivers and other waterways raises concerns about potential
pollution and environmental impact (Margaryan L. A., et all, 2023; USAID, 2015).

The copper-molybdenum mining site is nestled amidst rugged mountainous terrain,
characterized by steep slopes and rocky outcrops. Its location near a river provides essential
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water resources for mining operations while presenting challenges for environmental protection
and management of water quality (Litvinenko T., Kumo K., 2017; Juricka D.,et all, 2019).

One of the key environmental issues caused from mining operations is the generation of
acid mine drainage in the area (Hayrapetyan S. S., et all, 2024). The mining industry is a major
source of acid mine drainage (AMD). AMD is a significant environmental issue associated with
mining activities, particularly in areas where sulfide minerals such as pyrite are present. When
these minerals are exposed to air and water during mining operations, they undergo chemical
reactions that produce sulfuric acid (ITRC, 2013; Strosnider W.,et all, 2014). This acidic runoff,
along with heavy metals and other contaminants leached from the surrounding rock, can
severely degrade water quality in nearby streams, rivers, and groundwater (Margaryan L. A. et
all, 2024).

Following the facts mentioned above, the AMD must be treated. Of all watercourse
pollutants, AMD is arguably one of the most serious due to its nature, extent, and difficulty of
remediation (Johnson D.B. et all, 2005).

Thus, the purpose of this article is to investigation of the AMD formed in the abandon
mine and study the processes occurring during the AMD carbonization with Na,COs.

Characteristic of AMD

Acid mine drainage formation is a natural process that occurs when sulfur compounds
in rocks are exposed to air and water. When this process occurs in the context of mining, sulfur-
bearing rocks are exposed through surface or underground mining (Blowes D.W., et all, 2003).
The process produces acidic waters by oxidizing the minerals pyrite (FeS2) and pyrotite (FeS)
and other sulfur-containing compounds to form sulfuric acid. Typically, the pH of acidic water
is between 2.1 and 3.5, which helps the water leach metals from the rocks and soils that come
into contact with them. AMD has a high iron content, and sulfate promotes the oxidation of
sulfur minerals associated with metals such as As, Cd, Co, Cu, Pb and Zn (Gupta V.K., Ali, 1.,
2012; US. Patent).

Heavy metals at high concentrations may cause neuro-behavioral disorders, mental
retardation, various types of cancers, kidney damage, and can even cause death when humans
are exposed to them in high concentrations (Hayrapetyan M.S., et all, 2023; Sounthararajah D.
P., etall, 2015). They can also adversely affect aquatic life in many ways (Glover-Kerkvilet J.,
1995).

Many countries have legislation and regulations governing the treatment of wastewater
before it enters water bodies (Chen J.P., 2012). There are many treatment practices for
removing pollutants from wastewater. Of these, bed filtration using adsorbents has been widely
employed as an effective treatment strategy for removing organic and inorganic pollutants from
stormwater (Glover-Kerkvilet J., 1995; Roesner L.A., Charles R.A., 1996). AMD can also
acidify and pollute soils located near mining areas and in floodplains downstream of them
(Hudson-Edwards K.A., et all, 2011; Lottermoser B.G., 2011).

Studying the properties of AMD becomes important for understanding which
technological approaches should be chosen for the treatment and purification of such waters.
After all, AMD waters are very diverse and for each type it is necessary to apply an individual
approach. Among these approaches, neutralization with alkaline materials is the most popular.
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In particular, lime is used, which makes it possible to remove sulfates from the aquatic
environment as well (Akcil A., Koldas S., 2006; Kurniawan T.A., et all, 2006).

Other alkaline materials and other technologies are also used, however, as a rule, they
are high-cost, so several new processes have been developed, based on the use of precipitated
calcium carbonate or lime pre-treatment for neutralization of AMD and partial desalination
(Scherrenberg S.M., et all, 2008).

In addition to precipitation technologies, various physicochemical methods for treating
wastewater, for example, sorption methods, are also being developed (Goldberg S., 2002;
Sincero A.P., Sincero G.A., 2003). Flocculation and coagulation focus more on the physical-
chemical properties of the colloidal suspension (Alvarenga E., et all, 2015), whereas the
effectiveness of the treatment mainly relies on the reaction dynamics between the colloidal
suspension and coagulants (McCurdy K., et all, 2004; Ghaly A.E., et all, 2006).

Methods

The equipment used for the jar tests was a Flocculator 2000 (Kemira, Finland), which
has six adjustable paddles with rotating speeds between 0 to 250 rpm (Standard Methods, 1998).

The water sampling was done according to ISO 5667 and the requirements of the
developed protocols and forms (ISO 5667-1:2006). The drainage water samples were taken
during the 2022-2023.

The water temperature, turbidity and pH were tested in the samples by advanced test
kits (Standard Methods, 1998; Fomin G. S, 2000). The pH was used as a determinant to assess
the rate of hydrolysis and hydrolytic potential of the coagulants at different mixing duration,
whereas turbidity was measured to determine the removal of colloidal particles from the
samples.

A Metter Toledo Seven Multimeter (made in Germany) pH meter with an electrode
filled with silver chloride solution and the outer glass casing with a small membrane covering
at the tip was used. The equipment was calibrated with standard solutions with the pH of 4.0
and 7.0 before use (Standard Methods, 1998; Fomin G. S, 2000).

A HI 98703 Turbidimeter (Hanna Instruments) (made in Germany) was used to
determine turbidity or the suspended particles in the supernatant using FTU as a unit of
measurement. It was calibrated with 0.10, 10, 100, 1000 and 10000 FTU standard solutions
(Standard Methods, 1998; Fomin G. S, 2000)..

A Perkin Elmer Optima DV 7000 ICP-OES Optical Emission Spectroscopy (made in
USA) was used to determine the metals in the supernatant using ppm as a unit of measurement.
It was calibrated with the standard solution between 2 to 50 ppm of the salts mentioned in this
study (Standard Methods, 1998; Fomin G. S, 2000).

The AMD solution containing 6.8 g colloid in 800mL of the solution was poured in each
of the six 1000 mL glass beakers for the test. Different dosages of 2N Na.COz were added to
the AMD samples. The experiments were conducted employing rapid mixing or shaking (250
rpm for 2 min).

The experiments were conducted in the following order: In the first set of experiments,
the samples used had varying dosages of 1M Na>COs. After rapid mixing or shaking as afore-
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mentioned, the samples in all the sets of experiments were allowed to stay for different times
and after each day which the pH, and turbidity were measured.

Drainage water after 10-15 days of standing (the chemical composition of such water is
given in the table) was used for AMD treatment experiments.

The adjusting of pH is carried out using 1M Na>COz Heavy metals concentrations were
analyzed using an ICP-OES (Agilent 4100 MP-AES).

Research Results
Two aspects of the behavior of AMD neutralized by sodium carbonate occur:
1. Aslight increase in pH when a neutralizing agent is added, which can be explained by
the hydrolysis of individual carbonates;
2. An increased increase in turbidity, which is not associated with the oxidation of ferrous
iron into ferric iron, but is caused by the formation of carbonates that do not hydrolyze and are
relatively stable at elevated pH values.

Table 1
Result of the tested parameters for different conditions of the AMD.

Solution of ten-da:
Parameter, Initial MD After 10 days AMD sediment in HyCI
AMD or ten- . .
mg/I day AMD (Sediment 6 I, solution
volume 100 ml)

pH 2.7 2.8 -

Al 223.2 141.4 68.27

Ca 311.58 342.92 135.64

Cr 0.04 0.03 0.3

Cu 4 2.5 1.55

Fe 125.37 86.52 2314.9

K 2.17 1.71 10.9

Mg 298.16 276.73 87.06

Mn 174.04 177.13 41.3

Na 27.48 20.11 49.79

Ni 0.51 0.44 0.09

P 0 0 2.09

Pb 0.02 0.03 0.26

S 1346.66 1069.45 709.67

w 1.96 2.16 0.39

Zn 70.59 69.97 14.24
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Fig. 1 Change in pH and turbidity of carbonated mine drainage water depending on the
standing exposure. Volume of 1 M Na2COsz:a—2ml; b—-4ml, c -6 ml.

Fig. 1 shows curves of changes in pH and turbidity of mine drainage water depending
on the exposure of its standing. The pH was controlled with sodium carbonate in the amount
of:a—2ml; b—-4ml, c-6ml Inall cases, at the initial stage of exposure (during the first two
days), some slight increase in pH value is observed. Thus, in the first case (with the addition of
2 ml of sodium carbonate, the initial pH value is pH 3.92), after the first two days an increase
in pH is observed to pH 4.0 and pH 4.01, respectively. The pH gradually begins to decrease
from pH 4.01 to pH 3.94, not reaching the initial value (pH 3.92) and only on the third day does
the pH become lower than the initial value and amount to 3.68. Within two days a plateau is
established and the pH remains virtually unchanged. Then the pH values begin to decrease
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almost linearly and by the end of the twenty-second day pH = 2.71. At the same time, the
turbidity constantly increases almost linearly and from the initial 28 FTU reaches 634 FTU.

When adding 4 ml of sodium carbonate, an increase in pH also occurs during the first
two days and is (initial pH 4.15) in both cases pH 4.21. The increase in turbidity in the exposure
interval of one to five days is insignificant and amounts to (the first day - 59.1 FTU and the
fifth day - 94.3 FTU). On the sixth day, the turbidity increases to 146 FTU, and on the seventh
day it increases to 169 FTU. Then there is a rapid increase in turbidity and after eleven days it
is already 423 FTU.

When pH 4.4 is reached (by adding 6 ml of sodium carbonate), the increase in pH after
the first two days is practically not observed and instead of pH 4.40 it is only pH 4.45. In the
interval of four to six days there is a slight minimum for pH. Further, the pH increases and
reaches a plateau in the pH range of 4.0-4.04, and the turbidity increases, passing through
several short plateaus.

Despite the insignificant difference ApH 4.40 — 4.02 = 0.38, at the initial pH 4.4 the
turbidity is the highest, that is, an increase in turbidity should not be associated with a decrease
in pH. An increase in turbidity means an increase in sediment. At pH 4.0-4.5, ferric iron
precipitates and aluminum partially precipitates. Since sodium carbonate is the precipitant here,
precipitation of individual elements in the form of carbonates may well take place.

Nucleation stage of a new phase
Precipitation of schwertmannite after standing water for ten days of exposure appears
to be complete. When the pH is increased with sodium carbonate to pH 3.92, pH 4.15 and pH
4.40, nucleation processes of a new phase occur during the initial period of exposure. The core
of these nuclei apparently consists of hydroxides and carbonates. Individual homogeneous
nucleation (hydroxides separately, carbonates separately) is unlikely to occur, since
heterogeneous nucleation is energetically more favorable than homogeneous nucleation.
Therefore, the nucleation particles are most likely a mixture of hydroxides and carbonates. The
only thing that is not entirely clear is a slight increase in pH during the initial stages of water
exposure. This period coincides with nucleation processes. If we associate the increase in pH
values with nucleation processes, apparently three main processes occur during this period:
— Oxidation of divalent iron into trivalent iron;
—Hydrolysis of carbonates (in particular, ferrous iron at relatively low pH, with the release
of OH™ ions);
— Stabilization of carbonates with increasing pH and their precipitation on growth centers.
The oxidation of divalent iron into trivalent iron occurs with the release of H* ions, but
another process occurs in parallel, which not only neutralizes the formed H*ions, but also
increases the number of OH~ ions. Most likely, this is the result of hydrolysis of carbonates,
leading to an increase in the amount of OH~ ions. As the pH increases, the hydrolysis of
carbonates becomes insignificant and the processes of divalent iron oxidation begin to prevail
over the process of carbonate hydrolysis, so the increase in pH values becomes insignificant.
Carbonates become more stable and are abundantly deposited on already formed growth
centers.
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Seed particle growth stage

Apparently, the initial increase in pH values occurs due to the formation of carbonates,
which are more susceptible at relatively low pH values. This is evidenced by the fact that as the
initial pH increases, the differences in the increase in pH values become smaller. This means
that at higher pH values, the hydrolysis of carbonates is inhibited. However, this does not
prevent the rapid increase in turbidity (Fig. 2).

The vertical increase in the rate of turbidity formation cannot be explained by the
oxidation of ferrous iron to ferric iron. Carbonation is catalyzed by OH~ ions.

It is necessary to substantiate the statement that at a higher pH value, carbonates are
more stable, that is, at low pH (3.9-4.15), hydrolysis of carbonates of divalent metals occurs
(this is especially true for divalent iron, and therefore at low pH processes occur much more
intense).

Mechanism of pH change
The oxidation of divalent iron into trivalent iron proceeds according to the equation
Felty + 3H;0(aq) = Fe(OH)3(so1iay + 3H(hgy (1),

Fe?* is initially formed according to the equation (Ntwampe 1.0., et all, 2015;
Evangelou V.P., 1995).
2FeS, + 70, + 2H,0 — 2Fe®* + 4503~ + 4H™ (2).

The maximum values of water turbidity depend on the initial pH value as a result of
adding 2 ml, 4 ml and 6 ml of 1 M Na,C0O; and are 1100 FTU; 870 FTU and 1100 FTU
respectively. Nucleation of a new phase and an increase in turbidity in all three modes go
through a slow stage of homogeneous nucleation (at pH 3.92 and pH 4.40, this stage lasts about
three days, and at pH 4.15 — seven days). In Fig. 1 this corresponds to the first plateau. Next, a
comparatively rapid stage of deposition on the already formed particles takes place. Particle
formation and growth occur differently depending on the initial pH.

A good criterion can be the ratio of the final values of turbidity and pH to their starting
values, as well as the absolute value of their difference.

The decrease in pH difference at higher starting pH values appears to be the result of a
decrease in ferrous iron content in the system. Therefore, the decrease in pH values due to the
oxidation of ferrous iron into ferric iron becomes less significant.

With a slight increase in pH, the increase in turbidity is insignificant in all three cases.
Further, with a decrease in pH, an accelerated increase in turbidity is observed (Fig. 2).

The mechanism for the increase in turbidity at relatively high pH values (pH 4.4) is
apparently different, since the difference in the decrease in pH values is 0.4 units. In the case
of pH 3.92 and 4.15, the difference in pH reduction is 1.07 and 1.09, respectively, but the
turbidity of water at these pH differences is 629 FTU (pH 3.92), 870 FTU (pH 4.15) and 1100
FTU (pH 4.4). It is impossible to explain the increase in turbidity by a decrease in pH as a result
of the oxidation of divalent iron to trivalent iron.
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Fig. 2 Dependence of an increase in turbidity on a decrease in pH

Other mechanisms appear to be involved and most likely result from the formation of
metal carbonates. In addition, the formation of carbonates is catalyzed by OH~ ions, that is, as
the pH increases, the carbonization of metals increases and due to the precipitation of
carbonates, the turbidity of the water increases.

Conclusion

During the mine area AMD’s neutralization with sodium carbonate, two mechanisms
are involved: 1. Precipitation of metals as hydroxides and 2. Precipitation as carbonates.
Moreover, at starting pH values in the range of 3.9-4.5, a slight increase in pH is observed,
followed by a linear decrease in pH.

The higher the starting pH value, the smaller the difference in pH, but the increase in
turbidity is more transient, that is, an increase in turbidity is not directly related to a decrease in
pH. The smallest difference in pH at higher values is explained by the fact that the amount of
ferrous iron in the system becomes smaller (apparently it precipitates in the form of carbonate
- siderite). High pH values apparently catalyze carbonization processes, so the content of
carbonates in the sediment under these conditions will be greater than hydroxides.

This approach scheme could certainly work effectively for all types of polymetallic
mines to neutralize the impact of AMD on water resources.
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NCCIEJOBAHUE MUHEPAJIBHO-APEHAXXHbBIX BOJA 1 UX
HEWTPAJIN3AIIUS HA TEPPUTOPHUM 3ABPOIIIEHHBIX IIAXT

A. C. Apakensin
Oxronoeanocgepuswiii nayunviil yenmp HAH PA

[TpoBeneHo oOcienoBaHNE KHUCIBIX APEHAXHBIX BOJ B pailoHEe 3a0pOILEHHBIX IAXT.
Pa3pabotan MeTo/1 HEHTpanu3aluy KUCIBIX APEHAXHBIX BOJ, B KOTOPOM U3yY€HBI MPOIIECCHI,
MPOUCXOIAIINE B KUCIBIX JApeHaXHBbIX Bomax 3a cder nobeimeHuss pH (Na2CO3). IMocae
nosbiieHust pH 1o 6 Habmoganock cHwkenune 3Hadenuit pH. I[pu ymensienun pH MyTHOCTD
BOJbI yBenuuuBaercs. CHwkenue pH u yBeianueHHe MyTHOCTH MOKHO OOBSICHUTH TEM, YTO
o0Opa3oBaHUe OCaJKa IIBEPTMAaHHUTA OOYCIIOBJIEHO MEPEXOJ0M JIBYXBAaJEHTHOI'O JKejle3a B
TPEXBaJIEHTHOE, KOTOPOE PACXOJyeT JOMOJIHUTEIbHOE KOJIMYECTBO IIEIOYM, YTO BBI3BIBAET
camwkenne pH. Korma Meramnel ocaxknparorcs npu nomou Na2CO3, mno-BuauMomy,
JIeMcTBYIOT /Ba MexaHu3Ma. IlepBblii ocHOBaH Ha 00Opa30BaHUM KapOOHATOB OTHEIbHBIX
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METaJJIOB, BTOPOM — Ha 00pa3oBaHWUU THAPOKCHAOB 3a cyeT moBbilieHus pH. DTtu aBa
MeXaHU3Ma KaKyTcsl KOHKYPHUPYIOIIUMHU, U B TAKON CIIOKHOM CUCTEME TPYAHO OLEHUTD, KAaKOI
W3 ATUX MEXaHU3MOB mpeodiamaer. Takum oOpa3oM, MpeayiaraeMblii Croco0 MOXKET OBITh
WCIOJB30BaH JJIs yJMyYIICHUS KadyecTBa BOABI PEK, MPOTEKAIOIIUX IO TOPHOJOOBIBAIOIINM
parioHaM.

Knwuesvle cnosa: KUCIbIA IpeHAX IIAXT, TOPHOE JEJI0, HEUTpaATU3aIUs, BO3ACHCTBUE
Ha OKPY’KaIOIIYIO0 CPely, KAYeCTBO BOJIBI.
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