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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/1 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.
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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) u 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/1), therefore,
about 2 million tons of mineral salts are discharged
annually into water bodies and rivers;

- pollution with suspended solids (90-110 mg/1),
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
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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.

www.vestnik.magtu.ru

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:
nK —H* + Me"" — nK —Me"" + nH"
for anion exchange resins:

nA—OH  +A4An" — nd—An"" +OH ~

Thus, by means of ion exchange, technogenic
waste water is cleaned from heavy metal ions
(Zn**,Cr** ,Hg**,Ni**,Cu*"), including alkaline
earth metal ions (Mg>*,Ca®"), ammonia salts and
anions (CI",S0; ,CNS™,CNetc.) .

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 BaCl,, BaCOj; are used to
reduce sulfates concentration in technogenic waste
waters up to 100 mg/L [13, 40, 53]. Barium hydrox-
ide Ba(OH); [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/dm’ can be re-
duced with 0.54 g Ba(OH)..

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)3; 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):

3Ca0 x ALO; x yCaSO, x xH ,0,

20dey=1+3, x=12+32

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/I to 250 mg/1 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 m® 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 ( Ca, 41, (S0,),(0H),, -26H,0 ),
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 m® of water with an initial sulfate
concentration of 800 mg/l was recycled, further re-
duced to values of less than 200 mg/1. [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/1.

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/1.

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.

Lime Al(OH); CO,

Technogenic l l l Technogenic
waste treated
water Metal Gypsum Ettringite Carbonizafi water

hydroxides  [~| precipitation precipitation [ »] -arcomzation
precipitation ¢
CaCO;
Reagent L > G
; sum
Metal Gypsum regeneration yp

Hydroxides

Sulfuric

acid
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
Options
P Reagent options
arameter -
Reverse osmo- | pyration Limestone/ Reagents OE Bioreactor
sis Lime BaS 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/per10’m’/day £0.46M|37.8/£0.14 M |[11,5/£0.13 M| 10,2 |£0.25M|19.8 102 |£0.18 M| 14.3
Operating cost, £0.49 [403| £0.15 [11.9 £0.13 | 102 | £027 [21.4 50 | £02 | 158
RUB/m
 trace metal - utilization of |_ sulfate re- trace metal re-
drinking water |drinking water . H,S and CO>; covery;
Advantages . . removal; . moval up to .
quality quality - very chea - recycling of 100 ma/l: recycling of H,S
Ty P expensive BaS gt and CO;;
- scaling prob- |- scaling prob-
lems; lems; - limited sulfate |- little trace - cost of C +
. - short mem- |- production of |removal; metal removal;|- production of |energy source;
Disadvantages . . . .
brane life sludges - production of |- production of|sludges - production of
- production of |- limited sul- |sludges sludges sludges
sludges fate removal
Not suitable = Sh'ldge recy-
- sludgerecy- |- sludge recy- |- sludge recy- |cling;
Improvements for large water |- . . . ’ .
cling cling cling -specific design
volumes ;
required
. proved that most of them are not suitable for
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/dm” 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

wastewater disposal of mining enterprises. Electro-
filtration methods are considered to be more attrac-
tive to treat technogenic waste waters up to
1000 m*/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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Annomauusn

TexHOreHHbIe CTOYHBIE BOJbI 60TaTLI HMOHAMH U Cym,c[)a—
TaMHU TSDKENBIX METAJUIOB, SBISIOTCS OOBIYHBIM SIBIICHH-
€M, CBSI3aHHBIM C OKHCJICHHEM CyIb()Ha0B JOOBITHIX
PYIHBIX Tell U 00pabOTaHHBIX OTX0HOB. OKHCICHHBIC

28

MPOAYKTBI IIONAJIAI0T B BOJHBII OPraHU3M, BIMSIOLIMIT HA
Ka4eCTBO BOJBI 3a CHET YBCIIHMYCHHUSA COACPIKaHUA METaJl-
JIOB, KOHIIGHTPAIM PACTBOPCHHBIX CONCH M CHIKEHHS
MoTeHnuana Bojgopoja. BosgeiictBue cymbdarta Ha
OKpY>KalollyI0 Cpely HUKE, YEM PACTBOPEHHBIE METAIIbI

BecmHuk MI'TY um. .M. Hocoea. 2018. T.16. Ne4




Methods of sulfate removal from mining waste waters: overview
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WM KUCIOTHOCTb, U KOHTPOJIb HAJ CYIb(haTOM MOIYdUI
Maji0 BHAMAHHS BO MHOTHX PEryJIHDPYIOMMX IOPUCIUK-
msix. Cietyer OTMETHTB, YTO JIUTEPaTypa Mo yAAJICHUIO
cyn1b(aToB U3 TEXHOTCHHBIX CTOYHBIX BOJ CPABHUTEIBHO
HeOOoJIbIIas, XOTA MCIONBb3YeTCs H pa3paboTaHO He-
CKOJIBKO TEXHOJIOTHI{ JUIsi CHIDKEHHS KOHILIEHTpAIHii pac-
TBOPCHHBIX HOHOB, BKJIIOYas CyIb(aThl. YPOBHH KOH-
TpOJIst CyNb(aTOB OCHOBaHBI Ha TPEOOBAHMSX TPENETEHO
nonycTuMbIx  KoHueHntpaumii  (ITJK) npubmusurensHo
100 MI/1 1y1si HPOMBICIIOBBIX BOJOEMOB M PEKOMEHAlUii
10 BTOPHYHOH NHUTHEBOI Boxe mnpudnmsuTensHo 500
Mr/n. Mertonpl ynaneHus cynb(})aToB H3 TEXHOI€HHBIX
CTOYHBIX BOJ IIOAPA3IEIAIOTCA HA J(BA TUIA: yJalCHHE
4yepe3 MOoNyHpPOHHIIAeMOe MeMOpaHHOe pa3JieieHue; yaa-
JICHHE ITyTeM OCaXKJCHHUs COIM IIOCPEICTBOM HOHHOTO
oOMeHa; IPOHHIAEMbIl PEaKTHBHBIH OGapbep; OUOIOTH-
YeCKOe BOCCTAHOBJICHHE WM 00pa30BaHHE HEpacTBOPHU-
MOTO MHHEpAIBbHOro ocajka. B cratee mpescraBieH 00-

30p OCHOBHBIX BapUAHTOB yJaJeHUs Cy.1b(aToB st TeX-
HOTGHHBIX CTOYHBIX BOJ, SKOHOMHYECKOE M TeXHHYECKOEe
CpaBHEHHE JOCTYNHBIX TexHonmorui. Ha ocHoBe mpone-
MOHCTPHPOBAHHOTO CPAaBHCHUS M SKOHOMHYECKUX BBITOJ]
HanbosIee IMEPCICKTUBHBIMU HA CETOJHSLIHUI JCHb SIB-
JISIIOTCSI OMOJIOTUYECKUH W PEareHTHbIC TEXHOJIOTUH. Dd-
(hekTHBHBIM BapHAHTOM HEIOPOrOi M MPEABAPUTEIbHOM
obpabotkn s cynbgara siBusiercss 0OpabOTKa HU3BECTH
TIPH YCIOBUH, YTO KOHIEHTpALHs Cynb(aTa MpeBBIIIAET
2000 mr/n. Haubornee moaxosmmii BapuaHT s yajie-
HUg cynbara Oyaer ompenensThes Crenu(UISCKUMU
JUISL KOHKPETHOTO YJacTKa YCIOBUSIMH Ul KOHKPETHOI
oreparuu 100bI4H.

Kniouegvle c106a: METOb! OYNCTKH, KUCIIBIC PYHUYHbIC
BOJIBI, CYNb()aT-HOHBI, OOpAaTHBI OCMOC, PEareHTHLIN
CI10c00, HOHHBIH 00MEH, OGHOOYHCTKA.
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