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Abstract 
Industrial waste waters rich in heavy metal ions and sulfates are a common phenomenon caused by oxidation of sulfide 
ore bodies and associated waste. Oxidized products enter a water body leading to a greater number of metal ions, a 
higher concentration of dissolved salts and a lower pH thus affecting the quality of water. As the environmental impact 
of sulfates is less detrimental than that of dissolved metals or acidity, the sulfate control has received little attention in 
many regulatory jurisdictions. It should be noted that the literature on sulfate removal from industrial waste waters is 
relatively sparse. However, a number of techniques are available to lower the concentration of dissolved ions, including 
sulfate ions. The sulfate control levels are based on the maximum permissible concentration (MPC) of approximately 
100 mg/l for fisheries and on the secondary drinking water recommendations of approximately 500 mg/l. Methods of 
sulfate removal from industrial waste waters can be of two types: removal through semi-permeable membranes; remov-
al by salt precipitation through ion exchange; permeable reactive barrier; biological recovery or insoluble mineral pre-
cipitates. This article offers an overview of the main sulfate removal options for industrial waste waters, as well as a 
feasibility study comparing the available techniques. The feasibility study suggests that among the techniques available 
today, biological methods and methods involving chemical reagents offer the most advanced options. An effective low-
cost pre-treatment option for sulfates includes lime treatment, which is relevant if the sulfate concentration exceeds 
2,000 mg/l. The most suitable option for sulfate removal will be dictated by site-specific conditions of a particular min-
ing operation. 

Keywords: removal options, acid mine waters, sulfate ions, reverse osmosis, chemical method, ion exchange, bio-
removal. 

Introduction   
Wastewater treatment with the extraction of val-

uable components has received much attention in 
recent years due to it is one of the most important 
tasks of rational use of natural resources in the min-
ing enterprises activity. It is economically important 
for the wastewater treatment technology to include 
the receipt of demanded products and easily recy-
clable sludges. 

The main difficulty is to treat large volumes of 
technogenic wastewaters. This leads to high eco-
nomic and material costs in the implementation of 
various treatment schemes. In addition, wastewater 
is a complex multi-component system, containing 
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dissolved metals with high sulfate content, colloids, 
solid suspended substances of both inorganic and 
organic origin [1]. 

Technogenic waste waters are classified in three 
types: mine, quarry and subsurface. The contamina-
tion of technogenic waste waters is primarily due to 
sulfide minerals oxidation because of their instabil-
ity in hypergenic conditions. Technogenic waste 
waters are the most polluted. 

Although the environmental impact of sulfate 
ions is comparably lower than other dissolved pollu-
tants, the sulfate control and mine water condition-
ing have been given little attention in mining enter-
prises. 

The situation has changed due to reformations in 
Russian environmental legislation. These changes 
significantly increase the fees for discharges exceed-
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ing the limits, in 25 times instead of 5 to date. The 
factor of 25 is used in respect of emissions and dis-
charges in excess of established permit limits on 
emissions and discharges, as well as ultimately per-
mitted emissions (UPE) и normatively permitted 
discharges (NPD) – if limits are not installed [2,3]. 
Rivers are water receivers of cleaned waters from 
mining enterprises. In addition, in recent years, al-
most all the rivers have been transferred to the cate-
gory of fishery water reservoirs. It leads to increase 
the demands on the water cleaning including salt 
composition. 

This review will assess the options available for 
sulfate removal from mine, subsurface and other 
types of technogenic waters for conditioning and 
discuss an economic and technical comparison made 
between the available technologies. 

The article presents the review of existing sul-
fate removal options for technogenic waste waters. 

Technogenic waste waters (TWW) of mining 
enterprises are classified into: open pit, mine, and 
subsurface. Open pit acidic waters are formed dur-
ing construction and operation of pits. Construction 
and exploitation of mines leads to the formation of 
mine acidic waters. Subsurface acidic waters contain 
dissolved minerals leached from sulfide components 
of the off-grade and off-balance ores, overburden 
and enclosing rocks. The chemical composition of 
acidic technogenic waste waters depends on sulfide 
mineralization of ores such as ferrous, non-ferrous 
and rare earth metals. 

It is known that the following characteristics are 
common for these waters: low activity values of hy-
drogen ions (pH = 1,5 -4,5), high concentrations of 
sulfur-containing salts of macro- and microele-
ments, high values of redox potential (Eh) [6, 7]. 

According to their chemical composition, tech-
nogenic waste waters do not meet water quality 
standards of fishery water bodies, including the 
standard of maximum permissible concentration of 
harmful substances in waters of fishery water bod-
ies. There are presented three of the main indicators: 

- high mineralization (up to 3 g/l), therefore, 
about 2 million tons of mineral salts are discharged 
annually into water bodies and rivers; 

- pollution with suspended solids (90-110 mg/l), 
which causes water bodies siltation; 

- the increased heavy metal ions content (in 1,5-
15 times). 

The oxidation processes of sulfide minerals pro-
ceed through a complex multistage mechanism, 
which leads to an increase in acidity and water satu-
ration with heavy metals cations and sulfate anions 
[27, 46, 48]. 

Nevertheless, it is found that technogenic waste 

waters with high sulfate concentration have a corro-
sive effect and a high scale potential as well [39]. 

The article presents the scientific and technical 
literature review of Russian and foreign authors and 
the comparative analysis of available sulfate remov-
al technologies from technogenic waste waters. 

Sulfate removal methods can be divided into 
physical, physicochemical, chemical and biological 
[30, 32, 41–43, 50, 52]. 

Physical methods 
Physical methods include reverse osmosis and its 

modifications, filtration. These methods have not 
previously been used for desalination of acidic tech-
nogenic waste waters of mining enterprises, but re-
cently the Russian’s largest mining and metallurgical 
company "UMMC – holding" is studying the possi-
bility of using these methods in their enterprises. 

The technogenic waste water removal technolo-
gy based on  reverse osmosis which replies on a 
semi-permeable membrane separating a strong solu-
tion and a dilute solution. In this technology, an ex-
ternal hydraulic pressure allows to overcome osmot-
ic pressure, thus forcing water through the mem-
brane receiving two streams [8]. 

Reverse osmosis is designed for the removal of 
up to 99% of dissolved organic and inorganic sub-
stances, including sulfates. 

The advantages of reverse osmosis are: firstly, it 
does not require using of a traditional reagent-
precipitator, such as lime; secondly, receiving water 
with pollutants concentrations ten times lower than 
the requirements of maximum permissible concentra-
tions (MPC) for fishery water bodies, thirdly, the 
possibility of using dilute solution as recycled water 
in the enterprise production cycle [28, 31, 37, 38, 47]. 

The disadvantages include:  
1. the necessity in pre-removal of suspended 

particles  on  micro  filters  with  a  pore  size  of  less  
than 5 microns; 

2. low dilute output at each stage and, as a con-
sequence, constructing a series of membrane ele-
ments to implement the process and reach 60-75% 
level of the initial water flow; 

3. the limitation of the minimum concentrate 
volume, which is determined both the apparatus hy-
drodynamics, and the solubility of salts removed 
from the water. It should be stressed that scale form-
ing salts can be deposited on the membranes surface 
and lead to a decrease in productivity, membrane 
elements corrosion and membrane surface fouling 
by mineral deposits of insoluble salts (alkaline earth 
metals carbonates, calcium sulfate in the gypsum 
form); 
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4. application of antiscaling agents for preven-
tion of crystalline salts deposit formation on the 
membrane surface; 

5. the problem of brine disposal, which is 
formed during the division of technogenic waste 
water into two streams and containing pollutants in 
concentrations significantly exceeding the water 
quality standards of fishery water bodies, including 
standards of MPC of harmful substances in waters 
of fishery water bodies [9, 10]. 

The following method for sulfate removal is fil-
tration, which is used to extract fine-dispersed sub-
stances at the stage of deep removal (post-treatment) 
of technogenic waste waters after physicochemical 
or biological treatment, consisting in the separation 
of suspensions using porous partitions or granular 
layers, which separate the dispersed phase and pass 
the liquid. 

The following filtering processes are used in the 
practice of technogenic waste water treatment [25]:  

- filtration through filter walls; 
- filtration through granular layers; 
- microfiltration. 
The advantages of filtering are:  
1. obtaining filtrate that meets the requirements 

for the content of solid insoluble substances; 
2. complete passage of filtrate through the filter 

screen in comparison with reverse osmosis; 
3. the applicability of the filtration as one of the 

stages in technological water removal process. 
The disadvantages include:  
1. the process duration; 
2. obtaining filtrate with high metal and sulfate 

content. 

Physicochemical methods 
Physicochemical methods include electrodialy-

sis, ion exchange [33]. 
In electrodialysis an external direct current and a 

stack of alternating cation and anion selective mem-
branes are applied to extract the salts from techno-
genic waste water. In this electro-membrane process 
anions and cations are attracted to the anode and to 
the cathode. Cations and anions are concentrated 
between cation-impermeable barrier and anion-
impermeable membranes. 

Advantages of electrodialysis are, 1. this process 
does not require additional reagents for its implemen-
tation; 2. processability: the electrodialyzers provide 
ease of maintenance and reliability in operation; 3. low 
power consumption; 4. the system is not sensitive to 
effluent temperature or pH; 5. the recyclability of ex-
tracted components to the production; 6. Capital costs 
are reduced due to lower working pressures. 

Disadvantages: 1, the concentration polarization, 
leading to the salts deposition on the membrane sur-
face, which leads to lower treatment efficiency; 2, 
the low intensity. 

Periodic (approximately every 15 minutes) 
switching of the current polarity greatly improves 
electrodialysis. The reverse electrodialysis reduces 
fouling and facilitates membrane regeneration. 

Nevertheless, insufficient pre-treatment may oc-
cur a large amount of calcium sulfate deposition on 
the electrodes [11]. 

The ion exchange method (IEM) allows to clean 
technogenic waste waters by means of absorption of 
positive or negative ions of "pollution" by ion ex-
change resins in exchange for an equivalent amount 
of hydrogen protons and hydroxyl anions of ionite 
[12, 33]. 

The basic equations of ion exchange, schemati-
cally describing the reaction of the interaction of 
ions with ion exchange resins, the following: 

for cation exchange resins: 
++++ +-®+- nHMenKMeHnK nn

 
for anion exchange resins: 

---- +-®+- OHAnnAAnOHnA nn
. 

Thus, by means of ion exchange, technogenic 
waste water is cleaned from heavy metal ions 

2 3 2 2 2( ,  ,  ) ,  ,Zn Cr Hg Ni Cu+ + + + + , including alkaline 
earth metal ions 2 2( , )Mg Ca+ + , ammonia salts and 
anions 2

4( , , , etc.)Cl SO CNS CN- - - - . 
The ion exchange technology can be used to 

treat solutions with sulfate up to 2000 mg/L. 
The advantage of the IEM allows to achieve the 

content of pollutants to the maximum permissible 
concentration. 

The advantage of the ion exchange method: it 
has been designed to reduce gypsum levels in efflu-
ent thereby achieving the maximum permissible 
concentration of total dissolved solids and reducing 
corrosion potential. 

The disadvantages of ion exchange are: 1. sig-
nificant consumption of aggressive reagents for re-
generation; 2. the operating costs, increasing in pro-
portion to the salinity of technogenic waste waters; 
3. high costs of recycling solutions. 

Chemical methods 
Chemical methods include lime treatment, bari-

um-containing and aluminum-containing reagents. 
Lime treatment is a traditional technology for 

technogenic waste water treatment plants, based on 
neutralization with the production of complex pre-
cipitation containing metal hydroxides and calcium 
sulfate in the form of gypsum [34, 36, 44, 49]. This 
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method provides only partial cleaning of technogen-
ic  waste  waters  from  sulfate  ions.  It  should  be  
stressed that the concentration of sulfates in the 
cleaned water exceeds the MPC of the fishery water 
bodies value by 15–20 times. 

The advantages of lime treatment is the simplici-
ty of the cleaning process and reagent availability. 

The disadvantages include: 1. the insufficient 
degree of cleaning of acid technogenic waste waters 
from heavy metal ions; 2. a large amount of multi-
component sludge, 3. the necessity of an additional 
cleaning stage from trace heavy metal ions and sul-
fates. 

Barium salts such as BaCl2, BaCO3 are used to 
reduce sulfates concentration in technogenic waste 
waters up to 100 mg/L [13, 40, 53]. Barium hydrox-
ide Ba(OH)2 [14] is proposed as an complex reagent 
because of its good solubility and strong alkaline 
reaction. According to stoichiometry the sulfate 
concentration from 380 to 75 mg/dm3 can  be  re-
duced with 0.54 g Ba(OH)2. 

The advantages are: 1. all barium-containing re-
agents can remove sulfates from waste waters from 
high levels to within regulatory standards; 2. acidic 
waste  waters  can  be  treated  directly  with  BaS  and  
Ba(OH)2; 3. during the cleaning process valuable 
products are created. 

The main disadvantages are that barium com-
pounds are very toxic and the high cost of barium 
containing reagents. 

Sulfate removal through the precipitation of 
ettringite can be realized by means of aluminum-
containing reagents. 

The mechanism of the chemical process include 
many  stages.  The  first  stages  is  the  interaction  of  
aluminate anion in an alkaline medium with calcium 
ions producing various hydrated forms of calcium 
aluminate. This compound interacts with sulfate 
ions [19, 20, 21, 22, 23, 24]. The product of this re-
action is the complex sulfate containing precipitate 
in the form of calcium hydro-sulfur-aluminate 
(CHSA): 

2 3 4 23 ,CaO Al O yCaSO xH O´ ´ ´  

1 3, 12 32где y x= ¸ = ¸  
The resulting calcium hydro-sulfur-aluminate 

precipitations are insoluble and non-toxic com-
pounds. The undoubted advantage of this method is 
the receiving valuable product which can be used as 
a raw material in the building materials production 
[4]. The disadvantage of the method is the high pH 
value of water (above 12.0), which requires carboni-
zation stage to reduce the pH of cleaned water. 

Biological methods 
Anaerobic conditions allow to remove sulfate 

from technogenic waste waters as stable sulfide con-
taining precipitates. The process of sulfate reduction 
is brought about by strictly anaerobic bacteria of 
two genera: Desulfovibrio spp. (five species) and 
Desulfotomaculum spp. (three types). These organ-
isms use reductive sulfur compounds (sulfate, sul-
fite, etc.) in a respiratory metabolism generating 
hydrogen sulfide [5]. Suitable conditions for the im-
plementation of a sulfate reduction system can be 
made in flooded underground mine workings and 
open pits. 

Biological sulfate reduction include oxidation of 
organic substances generally short chain organic 
acids and the destruction of phosphates, nitrates, 
ammonium ions. As a result, hydrogen sulfide reacts 
with dissolved metal ions, forming insoluble sulfide 
salts [15, 26, 29, 35, 45, 51]. 

This process requires a bioreactor [16, 17, 18], 
with maintaining correct conditions to sustain bacte-
rial activity. To improve the efficiency of treatment, 
it is necessary to strictly control the flow rate of 
cleaned technogenic waste water. 

Dill et al. investigated the practical application 
of bioreactors in the current production. As a result, 
it was found that the content of sulfate ions de-
creased from 3000 mg/l to 250 mg/l for 70 h [16]. 

The advantages of the biotechnological method 
are:  1.  the  process  does  not  require  reagents  for  its  
implementation; 2. reducing the concentration of 
heavy  metal  ions  and  sulfates  up  to  the  MPC  re-
quirements.  

The disadvantages of biological treatment are: 
1. duration; 2. complexity of hardware design; 3. 
control for  the temperature and flow rate of cleaned 
technogenic waste water, as well as the addition of 
reducing substances. 

Evaluation of treatment options  
for sulfate removal 

The criteria for implementation one of the sulfate 
removal options depend on the ability of the technol-
ogy to remove sufficient sulfates in a given time, the 
effectiveness and economic parameters of technogen-
ic waste water treatment from polluting ions, dis-
charge of the treated water meets the water quality 
standards of water bodies of fishery importance. 

Table  1 presents data on the economic evalua-
tion of capital and operating costs for the treatment 
of 1000 m3 of technogenic waste waters per day. It 
is established that the use of reverse osmosis is 
characterized by the highest operating costs for wa-
ter cleaning in comparison with reagent methods. 
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In conclusion, it should be noted that currently 
the most popular are reagent-free methods, namely 
membrane and ion exchange technologies. Howev-
er, the use of these methods to clean large volumes 
of technogenic waste waters is constrained by tech-
nical and economic indicators: high capital and op-
erating costs and not fully solved environmental 
problems associated with waste disposal. 

Based on the fact that, at present, almost all min-
ing and processing enterprises use the traditional 
and economical method of cleaning (liming) with an 
increase in pH of  water  to  9-11,  the reagent  sulfate  
removal technology is suitable by deposition in the 
ettringite composition ( 6 2 4 3 12 2( ) ( ) 26Ca Al SO OH H O× ), 
proposed in 1999 by J. R. Smith and the SAVMIN 
process [50] (Fig. 1). 

The process involves three successive stages: at 
the first stage heavy metal ions removal in the form 
of hydroxides by adding lime to pH 12. At the sec-
ond stage the removal of gypsum by fractional crys-
tallization and the addition of aluminum hydroxide 
to form insoluble ettringite. At the final stage, to 
reduce the pH, carbon dioxide is added and pure 
calcium carbonate is precipitated. The ettringite may 
be further disposed or dissolved in the sulfuric acid 
for the regeneration of aluminum hydroxide. The 
technology was successfully tested in South Africa, 
during which 500 m3 of water with an initial sulfate 
concentration of 800 mg/l was recycled, further re-
duced to values of less than 200 mg/l. [3] 

Despite the attractiveness of the technology, to-
day its use is not economically justified. Conse-
quently, it is important to adapt the technology for 
mining enterprises. 

Attempt at such adaptation was made by "Ev-
roSintez" Ltd in the enterprise of "Mednogorsky 
copper-sulfur combine"Ltd located in the Orenburg 
region, the treatment technology of technogenic 
waste waters, suggests in our opinion the following 
steps. 

At the first step, the retention of the liming 
stage, which consists in simultaneously and effec-
tively reducing the content of heavy metal ions and 
sulfate ions. The content of sulfate ions after first 
stage varies between 1,300 and 1,100 mg/l. 

In the second stage, wastewater is treated to ob-
tain a stable high-sulfate containing form of ettring-
ite suitable for use in the construction industry. 

One of the limiting factors in the stable type of 
ettringite formation is the hydrogen index mainte-
nance at the level of 12.5 units during the entire 
process of deep sulfate removal to values less than 
100 mg/l. 

Future research will include the calculation of 
the thermodynamic conditions for the ettringite for-
mation with high and low sulfate content; determi-
nation the stability limits of the various ettringite 
forms; the thermodynamic calculations of the for-
mation ettringite compounds containing various an-
ions and the kinetics of ettringite formation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The SAVMIN-process 
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Table 1 
Comparative analysis of existing sulfate removal options for technogenic waste waters  

and with reagents of “Evrosintez” Ltd 

Parameter 

Options 

Reverse osmo-
sis Filtration 

Reagent options 

Bioreactor Limestone/ 
Lime BaS 

Reagents of 
“Evrosintez” 

Ltd 

Pretreatment Yes Yes No No No Yes 

Feed water sulfate 
limits Any Any Any Any Any Any 

Sulfate removal, % > 99 > 95 50 > 98 > 99 > 90 

Brine production Yes Yes No No No No 

Sludge production low moderate-high Low-moderate Low-moderate moderate-high Low-moderate 

Monitoring Low-moderate moderate-high moderate-high high moderate-high moderate-high 

Maintenance high high low low moderate moderate 
Capital cost, 
RUB/per103m3/day £ 0.46 M 37.8 £ 0.14 M 11,5 £ 0.13 M 10,2 £ 0.25 M 19.8  10,2 £ 0.18 M 14.3 

Operating cost, 
RUB/m2 £0.49 40.3 £0.15 11.9 £0.13 10.2 £0.27 21.4  50 £0.2 15.8 

Advantages drinking water 
quality 

drinking water 
quality 

- trace metal 
removal; 
- very cheap 

- utilization of 
H2S and CO2; 
- recycling of 
expensive BaS 

- sulfate re-
moval up to 
100 mg/l; 

trace metal re-
covery; 
recycling of H2S 
and CO2; 

Disadvantages 

- scaling prob-
lems; 
- short mem-
brane life 
- production of 
sludges 

- scaling prob-
lems; 
- production of 
sludges 
- limited sul-
fate removal 

- limited sulfate 
removal; 
- production of 
sludges 

- little trace 
metal removal; 
- production of 
sludges 

- production of 
sludges 

- cost of C + 
energy source; 
- production of 
sludges 

Improvements 
Not suitable 
for large water 
volumes 

- - sludge recy-
cling 

- sludge recy-
cling 

- sludge recy-
cling 

- - sludge recy-
cling; 
-specific design 
required 

 

Conclusions 
Sulfate removal from technogenic wastewaters 

is considered to be of secondary importance com-
pared to removal of metals and acidity. As such, it is 
worth noting that methods for sulfate removal up to 
100 mg/dm3 have not yet been implemented in in-
dustrial practice, because of technical and economic 
acceptability. 

Various options for sulfate removal were com-
pared in economic and technical aspects. The pre-
sented comparison of sulfate removal options 

proved that most of them are not suitable for 
wastewater disposal of mining enterprises. Electro-
filtration methods are considered to be more attrac-
tive to treat technogenic waste waters up to 
1000 m3/day for economic reasons. However, rea-
gent methods are more realistic for implementation 
because of the presence of capacitive structures at 
mining enterprises for collection and accumulation 
of huge water volumes. Nevertheless, some limita-
tions of reagent methods are worth noting, i.e. rela-
tively inexpensive technical reagents and optimiza-
tion of the process kinetic. 
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Аннотация 
Техногенные сточные воды богаты ионами и сульфа-
тами тяжелых металлов, являются обычным явлени-
ем, связанным с окислением сульфидов добытых 
рудных тел и обработанных отходов. Окисленные 

продукты попадают в водный организм, влияющий на 
качество воды за счет увеличения содержания метал-
лов, концентрации растворенных солей и снижения 
потенциала водорода. Воздействие сульфата на 
окружающую среду ниже, чем растворенные металлы 
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или кислотность, и контроль над сульфатом получил 
мало внимания во многих регулирующих юрисдик-
циях. Следует отметить, что литература по удалению 
сульфатов из техногенных сточных вод сравнительно 
небольшая, хотя используется и разработано не-
сколько технологий для снижения концентраций рас-
творенных ионов, включая сульфаты. Уровни кон-
троля сульфатов основаны  на требованиях предельно 
допустимых концентраций (ПДК) приблизительно 
100 мг/л для промысловых водоемов и рекомендаций 
по вторичной питьевой воде приблизительно 500 
мг/л. Методы удаления сульфатов из техногенных 
сточных вод подразделяются на два типа: удаление 
через полупроницаемое мембранное разделение; уда-
ление путем осаждения соли посредством ионного 
обмена; проницаемый реактивный барьер; биологи-
ческое восстановление или образование нераствори-
мого минерального осадка. В статье представлен об-

зор основных вариантов удаления сульфатов для тех-
ногенных сточных вод, экономическое и техническое 
сравнение доступных технологий. На основе проде-
монстрированного сравнения и экономических выгод 
наиболее перспективными на сегодняшний день яв-
ляются биологический и реагентные технологии. Эф-
фективным вариантом недорогой и предварительной 
обработки для сульфата является обработка извести 
при условии, что концентрация сульфата превышает 
2000 мг/л. Наиболее подходящий вариант для удале-
ния сульфата будет определяться специфическими 
для конкретного участка условиями для конкретной 
операции добычи. 

Ключевые слова: методы очистки, кислые рудничные 
воды, сульфат-ионы, обратный осмос, реагентный 
способ, ионный обмен, биоочистка. 
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