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ABSTRACT

A great deal of research effort has been undertaken to find an effective solution to
the problem of acid mine drainage. Indeed, South African legislation requires mining
companies to respect environmental regulations by minimising water intake from
local municipalities and providing a rehabilitation plan. In order for the South African
mining industry to remain competitive, the proposed solutions have to be not only
efficient but also economic. This is the reason for the use of a waste material being
attractive for water treatment and an integrated treatment technology being
developed to treat water to different quality levels. The main objectives of this study
were to deveiop more cost-effective treatment processes specific tc the needs of the
mining industry in southern Africa and to investigate the technical and environmental
feasibility of utilising an aikaline waste product from the local paper industry as
stabilising agent for acid mine residues.

All the research and development work was carried out on laboratory and pilot scale
plants. Five papers, with the present author as principal contributor, will form the
basis of this thesis, of which one has been published and four are being peer-
reviewed, presented at international conferences (locally and overseas) and
published in the proceedings of the various conferences. Another five papers, with
the author as co-author, have also been presented at internationai conferences and
are being published in the proceedings of these conferences, and are included in this
thesis.

The results of the laboratory and pilot scale studies have been incorporated into the

design and implementation of the following full-scale plants:

e Alimestone handling and dosing system to supply slurried limestone of constant
density to the neutralisation plant was constructed and commissioned during
2001 at Navigation Section of Landau Coliiery, Withank

¢ A limestone handling and dosing system, including a fluidised-bed limestone
neutralisation plant, was constructed and commissioned during 2001, at Ticor,
Empangeni

e An iron(ll)-oxidation and fluidised-bed limestone neutralisation plant was
constructed and commissioned during 2002 at BCL, Selebi-Phikwe, Botswana




A limestone handling and dosing system, to supply slummied limestone of constant
density to the neutralisation plant, was constructed and commissioned during
2003, at Kromdraai Colliery, Witbank

An iron{ll}-oxidation and fluidised-bed limestone neutralisation plant was
constructed and commissioned during 2004, at the Navigation Section of Landau
Colliery, Witbank

These plants consist of specific units (stages) of the completely integrated process,
developed by the CSIR:Environmentek over the past four years. These stages are:

Heating unit: Production of CaO (quick lime) and CO,-gas from bumed coal and
precipitated CaCQO; (limestone)

Limestone neutralisation and partial suiphate removal to a level of 1 900 mg/¢
Ca(OH), (hydrated lime) stage: CaO contacted with the acid water to produce
Ca(OH),

Lime treatment stage: Partial sulphate removal as CaSQO, (gypsum) to below
1 200 myg/¢, and full removal of magnesium and cther metals

pH adjustment stage: CO, from the heating unit applied to reduce the pH to 8.6
whiie CaCO; precipitates

Barium sulphide treatment or biological suiphate removal treatment: Removal of
sulphate to below 200 mg//¢

Production (regeneration) of barium sulphide: Heating barium sulphate from the
above stage

Stripping of H,S either from the barium sulphide or the biological sulphate
removal processes. H,S is contacted with Fe(lll)-rich water for elementai sulphur
production.




UITTREKSEL

‘n Uitgebreide navorsingsondersoek is geloods om ‘n effekliewe manier van
waterbehandeling te vind vir suur mynwater en probleme wat daarmee gepaardgaan.
Suid-Afrikaanse wetgewing vereis dat myne die omgewing met versigting hanteer
deurdat die aankoop van water vanaf die munisipaliteit beperk word tot ‘'n minimum
en ‘n rehabilitasieprogram in plek moet wees. Vir die Suid-Afrikaanse mynbou-
industrie, om  koste-effektief en kompeterend te wees, moet die
behandelingsprosesse effektief en ekonomies wees. Daarom is die gebruik van ‘n
afvalproduk as alternatief tot alkaliese medium, so ‘n aantreklike opsie en het gelei
tot die ontwikkeling van ‘n geintegreerde behandelingstegnologie. Hierdie tegnologie
behels die behandeling van swak kwaliteit water, afkomstig vanaf myne, tot
spesifieke viakke, afhangend van wat die eindbestemming van hierdie water is. Die
hoofdoel van hierdie proefskrif was om ‘n meer koste-effektiewe manier van
waterbehandeling te ontwikkel wat voldoen aan die behoeftes van die mynbou-
industrie in Suid-Afrika. Ook is daar intensief gekyk na die tegniese en
omgewingsvatbaarheid van die gebruik van kalksteen, ‘n afval produk vanaf die
plaaslike papierindustﬁe, as alkaliese medium tot neutralisering van suur

mynuitvioeisels.

Alle navorsingswerk en ontwikkeling is gedoen in ‘n laboratorium en loodskaalaanleg.
In die hoedanigheid as hoofouteur, is vyf artikels gelewer, waarvan een gepubliseer
is. Die ander vier artikels is geproeflees en aangebied op internasionale
konferensies, piaaslik sowel as oorsee, asook gepubliseer in die verrigtinge van die
onderskeie konferensies. Hierdie vyf artikels vorm die basis van die proefskrif terwyl
‘n verdere vyf ander artikels, waarby die skrywer as mede-outeur opgetree het, as
aanvullende materiaal aangebied word.

Die resultate van die laboratorium- en loodskaalaanteg studies het gelei tot die

ontwerp, oprigting en inwerkstelling van die volgende volskaal aanlegte:

« Kalksteen behandelings- en doseringsisteern om vioeibare kalksteen met
konstante digtheid te lewer aan neutraliseringsaanleg — opgerig en inwerking
gestel gedurende 2001 te Navigation seksie van Landau Colliery, Witbank

o Kalksteen behandelings- en doseringsisteem en gefiuidiseerde bed kalksteen
neutraliseringsaanleg — opgerig en inwerking gestel gedurende 2001 te Ticor,
Empangeni




Yster{ll)-oksidasie and gefluidiseerde bed kalksteen neutraliserings aanleg —
opgerig en inwerking gestel gedurende 2002 te BCL, Selebi-Phikwe, Botswana
Kalksteen behandelings- en doseringsisteem om vioeibare kalksteen met
konstante digtheid te lewer aan neutraliseringsaanleg — opgerig en inwerking
gestel gedurende 2003 te Kromdraai Colliery, Witbank

Yster(ll)-oksidasie and gefluidiseerde bed kalksteen neutraliserings aanleg -
opgerig en inwerking gestel gedurende 2004 te Navigation seksie van Landau
Colliery, Witbank

Bogenoemde aanlegte bestaan uit een of meer van die volgende stadiums van die

geintegreerde proses soos ontwikkel oor die afgelope vier jaar deur die WNNR:

Verhittingseenheid — produksie van CaO en CO-gas deur steenkool verbranding,
CaCQO, presipitasie

Kalksteen neutralisasie en gedeeltelike sulfaatverwydering (tot 1 900 mg/¢)
Ca(OH), stadium — CaO word gekontak met suur water om Ca(OH), te produseer
Kalkbehandelingstadium — gedeeltelike sulfaatverwydering as CaSO, (gips) tot
1 200 mg/¢, volledige verwydering van magnesium en ander metale

pH verstelling na neutraal - CO, afkomstig vanaf verhittingseenheid verlaag die
pH tot 8.6 terwyl CaCQ; presipiteer

Barium sulfied behandelingstadium of Biologiese sulfaatverwydering — sulfaat
word verwyder tot 200 mg/¢ en laer

Produksie van barium sulfied - verhit barium sulifaat vanuit bogenoemde stadium
Stroping van H,S vanaf die barium sulfied proses of die biologiese sulfaat
verwyderingsproses. H,S word dan in kontak met Fe(lll) ryke water vir swawel
produksie gebring




PREFACE

Increasing exploitation of the natural water resources in southem Africa will
necessitate widespread exploitation of non-conventional sources, such as municipal
and industrial wastewater. The direct use of wastewater, as well as being an
economically attractive option of utilising supplies, represents prevention of poliution
and eutrophication and exploits a guaranteed source of supply which can be tailored
to meet specific requirements. The advanced treatment options described in this
thesis may be utilised to further these objectives.

This thesis reports the results of research conducted at the Council for Scientific and
Industrial Research, in the Division for Water, Environment and Forestry Technology
(CSIR: Environmentek), situated in Pretoria, on newly developed water treatment
technologies during the past four years. The author was personally involved in the
research and development of these technologies and processes as well as in the
construction and running of laboratory and pilot scale units and the commissioning of
full scale plants. The purpose of this thesis is to present basic principles and general
process guidelines based on operational experience with the various processes
employed for the production of re-usable water from mining effluents, resulting from
coal mines and the mining of heavy minerals.

Numerous full scale plants, based on specific stages of the developed technology,
have been designed by Wates, Meiring & Bamard and constructed by Thuthuka
Project Management, both of which are industrial partners of the CSIR. These plants
were operated by the CSIR under the supervision of the author as process engineer
for a period of 12 — 24 months in order to optimise the processes. He aiso provided
on-site training to mine operators in order to ensure efficient running and
understanding of the technology. These full scale, operational plants are listed in the
Abstract of this thesis.




GLOSSARY

Acid mine drainage:

Fluidised-bed reactor:

Limestone:
Slaked lime:
SRB

Unslaked lime:

Acid water that is rich in iron and is produced when
pyrites (Fe,S) is oxidised in water due to the presence
of air and iron oxidising bacteria

A column type reactor packed with solid matenal (e.g.
limestone). A gas is moved through the reactor at a
high enough rate to expand the volume inside the
reactor

Ore containing primarily CaCO;

Ca(OH),

Sulphate Reducing Bactena

Ca0
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CHAPTER 1: LITERATURE OVERVIEW

The generation of acid mine drainage (AMD), from working or abandoned mines, and
its discharge into the surrounding environment is a cause of serious environmental
pollution. At present, AMD is becoming a problem as increasing numbers of mines
are facing closure, which will finally lead to the shutting down of whole coalfields.
Pumps, which currently keep these mines dry, are removed and consequently the
groundwater returns to its pre-mining levels leading to AMD. The treatment, or the
prevention, of such poliution by current means is costly and the legal requirement to
treat it is also likely to become a more pressing requirement.

The problem with treatment is that the available technologies for dealing in an
environmentally friendly way with AMD. Until recently, the standard practice was to
treat AMD with lime. This produces a ferruginous (iron bearing) waste material which
is often too variable in quality to represent a useful source of ochre. Such waste has
to be disposed of in a tailings dam if possible or to landfill. The many technologies
proposed for treatment of mine drainage are usually expensive and complex. Liming
is also not sustainable because of the requirement for lime and the need for disposal
space. This research looked into the feasibility of replacing lime treatment of AMD
with other technologies which, not only offer a more sustainable solution, but also
cost effective answers to water issues that may become major problems. Without this
industry accepting responsibility and realising the extent of the pollution by mine
water, detrimental effects on the environment and its water resources will result,
especially in a semi-arid country like South Africa.

In this section, an in-depth overview is given of the available literature on specifically
coal mining. The history of coal and the geochemistry of coal mine drainage in
Southemn Africa will be discssed. The mining of heavy minerals in South Africa also
adds to the list of many poliuters of ground water resources on which one paper will
focus. A neighbouring country of South Africa, Botswana, also very arid in climate,
produces acid water, resulting from a nickel-copper-cobalt mine, operating as BCL
Limited at Selebi-Phikwe. In general, focus will be on coal mining, which is one of
South Africa’s biggest role players in the mining industry. Overall, the focus will be
on the origin and background of these different mining operations: how they
contribute to water pollution and how their adverse impact on the environment can be
mitigated, assisted and guided from a legislation point of view. The responsibility for
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treating AMD is a crucial issue. As it was not foreseen, when the pumping of water in
mines began, that there would be a problem of AMD, there were no funds set aside
to meet the considerable financial implications. When mining started, there was also
little or no concern about potential environmental problems that might result from
such industrial activity.

AMD events are more pemicious than, for example incidents involving nitrate or oil,
because the pollutant is not broken down in the environment. Whilst nitrates may be
utilised by aquatic organisms and oil may eventually be broken down to carbon
dioxide and water, metal pollutants will remain in the environment in one form or
another. Metals may be concentrated or dispersed in the environment and without
treatment, there will be no control over where these concentrated or dispersed
metais will deposit. In the meantime there will be an extended period in which the
local environment will suffer the effects of the pollution.

However, AMD is not a new problem. The mining industry in South Africa is therefore
under pressure to find solutions for the seriously degradation of the aquatic habitat
and quality of water supplies for which they are responsible. Academic and industrial
partnerships have investigated a range of mine water treatment technologies to
assist in water treatment and remediation. There is currently no consensus on what
is the ideal solution, and it may be that each AMD case will require its own treatment
solution.

1.1 MINING OF HEAVY MINERALS

Although not as prominent and well-known as the mining of coal, gold and diamonds
in South Africa, Ticor Limited (TOR) is involved in the mining, processing and
smelting of mineral sands. TOR in South Africa is a heavy minerals sand mining and
processing operation, near Richards Bay (http://au.biz.yahoo.com/p/titor.ax.html).
The operation is based on three alluvial, high grade, placer, mineral sand deposits,
namely Hillendale, Fairbreeze and Gravelotte, with reserves of 16 million tonnes of
valuabie heavy minerals. These deposits yield ilmenite, zircon, rutile and leucoxene
which are primarily sources of titanium dioxide feedstock for the paint, paper and
plastic’s industries. The company produces about 200 000 tonnes of chloride grade
and about 50 000 tonnes of sulphateable feedstock per year and will manage about
11% of the world's titanium feedstock supply. Approximately 250 000 tonnes of
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titania slag and 140 000 tonnes of pig iron are aiso produced
(http://au.biz.yahoo.com/pitftor.ax.html).

In the mining and processing operations where these minerals, high in pyrites and
low in calcite/dolomite are processed, acid is generated which requires neutralisation
in the processing plant where acid is leached into the wash water. This water needs
to be treated to a quality suitable for re-use in the metallurgical process, or to a
higher quality rendering it suitable for discharge into the Empangeni sewage system,
200 km north of Durban, Kwazulu-Natat. For re-use the water should be neutral and
under-saturated with respect to gypsum. For discharge into the sewage system the

suiphate concentration should be less than 500 mg/¢ (as SO,). Acid mine water is
generally neutralised with lime. Disadvantages associated with lime are the costs and
maintenance of the slaking equipment as well as hazards, associated with handling.
The cost of powdered limestone (CaCO,) in South Africa, a by-product from the
paper industry, is 60% lower than conventional lime. Lime has been successfully
replaced by limestone as neutralising agent while no compromises have been made
on the quality of the discharge water or that of the final products.

The legislative requirements govemning effluents resulting from industries are set out
in the Water Act (Act 36 of 1998) which is discussed later in this introductory review.

1.2  NICKEL-COPPER-COBALT MINING

Botswana's rapid economic growth, which began in the 1970’s, continued into 1997.
Much of the growth is attributed to the country’s successful program of minerai
exploration and development. The mining sector, mostly on the strength of diamonds,
accounted for about 33% of the gross domestic product. Nickel and copper aiso
played significant roles in the national economy. BCL Limited is operating nickel-
copper-cobalt mines and a smelter at Selebi-Phikwe, about 350km northeast of the
capital, Gabarone, and processes 450t/day of ore (Van Tonder ef al., 2000)

At BCL, Mine waste discard, that contains pyrites, is produced during mining
operations and poses problems of acid leachate. This leachate contains high
concentrations of acid, sulphate and metals. The operations consist of underground
mining, concentration of the copper and nickel components of the ore by means of
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flotation, and smelting of the concentrate to produce copper and nickel. The main
flows of water into the underground workings include cooling water (with high NaCl
content from the ice plant), groundwater (fissure water) and water recycled with the
coarse waste backfill. These streams are currently mixed and retumed to surface
where the combined stream of 350 m®h water is neutralised (Van Tonder et al,
2000).

Central to the water network is the Mill Return Water Sump (MRWS). The used-water
streams are recycled to the MRWS, from where the concentrator circuit is supplied
with water. Lime is used to adjust the pH of the return water to 8.5 in the MRWS.
This water is used in the concentrator circuit as transport medium and to facifitate
separation. The pH of the water is the main guality consideration for the concentrator
as high salinity levels do not pose a problem. In the copper-nickel concentration
processing plant, solid waste material containing 5% pyrite is produced. The coarse
fraction of the solid waste material is discarded underground as backfili, while the fine
waste is discharged onto a tailings waste dump. These wastes give rise to acidic
leachate due to pyrite oxidation. Lime is used to neutralise 350 m*h of underground
mine water (with an acidity of 235 mg/t as CaCQ;) and 60 m®h of tailings dump
seepage (with an acidity of 5000 mg/t as CaCQO;). Excess water is used for the
cooling and granulation circuit in the smelter. The smelter intake water chloride
concentration should be limited to 5 mg/f to prevent pitting corrosion in the smelter
cooling jackets. For this purpose surface water is piped from a local dam (Van
Tonder et al., 2000).

BCL currently experiences the following water-related problems:

. Neutralised water is discharged into a public stream at a rate of 300 m*h. The
effluent quality does not meet the permitted level of 500 mg/t sulphate.

. The neutralisation cost is high due to the use of imported lime.

° Excessive acid seepage has resulted in deterioration of the land area

adjacent to the tailings dump.
. The water intake of 300 - 400 m*/h is expensive.

A modelling exercise was carried out during 1999 to audit and simulate the water
network of BCL with the aim to identify the optimum water management strategy
(Van Tonder, et al, 2000). It was found that discard leachate could be neutralised
with limestone to minimise chemical cost. It should be treated, before being mixed
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with less polluted streams, to achieve maximum sulphate removal through gypsum
crystallisation and precipitation. The latter will result in reduced gypsum scaling in

the metallurgical plant.

1.3 COAL MINING

1.3.1 Introduction to coal

Coal has been described and classified by many scientists. Grainger ef al. (1981)
delineated coal as an organic sedimentary rock, formed by the action of temperature
and pressure on plant debris. Coal is a complex mixture of organic matter consisting
of mainly carbon, hydrogen and oxygen, together with some small amounts of
nitrogen, sulphur and trace elements.

Sanders (1996) referred to coal as a generic term which belongs to a family of solid
fossil fuels with a wide range of physical and chemical compositions. Coal is actually
a heterogeneous rock composed of different kinds of organic matter which vary in
their proportions in different coals. He also noted that no two coals are absolutely
identicai in nature, composition or origin and proposed that “coal is a compact
stratified mass of metamorphosed plants which have, in part, suffered arrested decay
to varying degrees of completeness’.

According to Grainger et al. (1981), the rank of coal can be described as the degree
of metamorphism to which coal has been subjected after burial. It then results in the
transformation of the original peat swamp through the progressive stages of brown
coal (lignite), sub-bituminous, and bituminous coals to anthracite and the meta-
anthracites. The rank is then defined as the level to which coal has reached in this
coalification series (Falcon et. al.,, 1981). Rank also refers to the degree of maturity or
metamorphism or coalification achieved by a coal through the process of time,
temperature, and pressure as a result of depth of bunal or proximity to heat following
peat accumulation. The progressive change from peat into coal passes through a
number of stages, namely:

Peat — Lignite — Bituminous — Semi-anthracite — Anthracite — Graphite (Falcon,
1988).
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1.3.2 Coal formation and composition of coal macerals

Neavel (1981) stated that “Macerals” are organic substances derived from piant
tissues and cell contents that were variably subjected to decay, incorporated into
sedimentary strata, and then altered physically and chemically by natural processes.
Each of the materials recognised as belonging to a specific maceral class has
physical and chemical properties that depend upon its composition in the peat
swamp and the effects of subsequent metamorphic alteration. For applications in
coal utilisation it is often sufficient to group the macerals together as vitrinite, exinite
(or liptinite) and inertinite (Grainger ef al., 1981). In South African coals, a fourth
maceral group has been identified, i.e. semifusinite. By means of optical
examination, the different macerals in coal can be distinguished. Macerals may be
differentiated from one another on the basis of morphology, relief, size, shape,
colour, reflectance and, origin in some cases (Falcon et al., 1986).

13.3 Mineral matter

Tabie 2 lists the most abundant and common mineral groups found in South African
coals, namely: clays, carbonates, sulphides, quartz and glauconite (Falcon &
Snyman, 1986).
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Table 2 Distribution of the common minerals in South African coals (Falcon &
Snyman, 1986)
::::;: Minerals Chemical Formula
Clay minerals | Kaolinite Al:Si>05(0H),
lllite (K, H)AI(Si,Al)4044(OH).
Montmorillonite (2 Ca,Na)q 7(Al,Mg,Fe)(Si,Al)e0x(OH),.nHO
Carbonates Calcite CaCO;
Dolomite (Ca,Mg)(CO;).
Aragonite CaCO3 (orthorhombic)
Siderite FeCO;
Sulphides Pyrite FeS;
Marcasite FeS,
Oxides Haematite Fe,O;
Silicates Quartz SiO;

Mineral particles are evident in coal sections and form a major portion of the ash
(Grainger et al,, 1981). Falcon et al. (1986) stated that the forms in which minerals
occur in coal fall into two major categories: one of which includes the intrinsic
inorganic matter which was present in the original living plant tissue; a second, which
includes the extrinsic or induced forms of mineral matter. Intrinsic inorganic matter is
trapped in coal in the form of sub-microscopic mineral grains and as organc-metallic
complexes. The extrinsic mineral may be primary or syngenetic, and arises from the
accumulation by means of wind and water or precipitation in situ (Falcon et al,
1986).

According to Stach et al. (1982), the inorganic matter in coal can be classified into

three groups:

e Inorganic matter from the original plants;

» |norganic — organic complexes and minerals which formed during the first stage
of the coalification process; or which were introduced by water or wind into the
coal deposits as they were forming;

e Minerals deposited during the second phase of the coalification of the coal, by
ascending or descending solutions in cracks.
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Coal has a significant inorganic material content, varying from less than 3-4%(m/m})
to more than 40%(m/m). There is general agreement in the literature that clays,
sulphides, carbonates and quartz are the most common minerals in coals (Alpern
et al., 1984).

1.3.4 Coal mining and the environment

By its very nature and scale, mining makes a marked and visual impact on the
environment. Mining is, moreover, implicated as a significant contributor to water
pollution, the prime reason being that most of South Africa's geological formations,
which are mined, contain pyrites which oxidise to form sulphuric acid when exposed
to air and water. The scarcity of water in South Africa is exacerbated by pollution of
the surface- and ground- water resources. Typical pollutants of the aquatic
environment include industrial effluents and acid mine drainage.

Mine water in the Upper Olifants River Catchment in Mpumalanga (upstream of
Loskop Dam) is at times discharged into local streams, resulting in local acidification
and regional salination of surface water resources. Pollution of surface water can be
prevented by collecting and treating mine water to a quality where it can be re-used
without restriction (Cleanwater 2020 Initiative). Although mine water in the Olifants
River Catchment currently amounts to only 4,6% of the total water usage, it
contributes 78,4% of the suiphate load.

Mine water in the catchments of the Witbank Dam and Middelburg Dam is rich in
calcium, magnesium, sulphate and acid pH. This is due to oxidation of pyrites to
sulphuric acid in the mined coal and coal waste, followed by neutralisation with
dolomite that is also present in the mined coal.

1.3.5 Origin of acid mine drainage

Coal mine drainage, also known as acid mine drainage (AMD) or acid rock drainage
(ARD), is a natural consequence of mining activity where the excavation of mineral
deposits (metal bearing or coal), below the natural ground level, exposes sulphur
containing compounds to oxygen and water. Recently, it has become possible to
mine ores substantially below the groundwater level which can cause surface waters
to run over exposed ore seams and elicit similar chemical mechanisms and acid
formation (Maree et al. (1997)).
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Many have given definitions of what they understand under the term "AMD". AMD
can be described as drainage resulting from, or caused by, surface mining, deep
mining or coal refuse piles that are typically highly acidic with elevated levels of
dissolved metals. The formation of AMD is primarily a function of the geology,
hydrology and mining technology employed for a specific mine site. AMD is formed
by a series of complex geochemical and microbial reactions that occur when water
comes into contact with pyrite, amongst other iron disulphide minerals, in coals,
refuse or the overburden of a mining operation. The resulting water is usually high in
acidity and dissolved metals. The metals remain in solution until the pH rises to a

level where precipitation occurs.

When mining began, it was only possible to mine those ores that were at or above
ground level. As technology and mining engineering improved, it became possible to
excavate horizontal shafts, adits, leading away from the mine to drain groundwater
into local low lying river valleys and provide access to lower levels. It later became
possible to pump water from deep mines, artificially lowering the groundwater levei in
the vicinity. When pumping ceases, groundwater floods the mine and will eventually
approach the original groundwater level and may cause environmental problems. As
the water rises it will eventually reach the levels where adits were buiit to drain the

mine water into river valleys (Kuyucak, 1998).

Oxidation reactions, often biologically mediated, take place which affect the sulphur
compounds that often occur in coal seams. Whilst a mine remains dry these sulphur
compounds normally generate sulphates in solid form. The metals occurring in these
minerals are often incorporated into these salts. When water flows through the mine,
they dissolve and this acidic, metal-containing mixture comprises the initial AMD
discharge. AMD is a problem because the vast majority of natural life only viable at a
neutral or near neutral pH, i.e. 7. The drainage acidifies local watercourses and either
kills or stunts the growth of river biota. Effects are even more pronounced on
vertebrate life such as fish than on the piant and unicellular life (Maree et al., 1997).

Metals contained in drainage are also of concern, particularly iron. Its presence in the
water is a problem, due more to its physical properties than its toxic effects. Iron may
be found in two forms, ferrous and ferric. When AMD is generated it wiil generaily be
in the ferrous form, but is changed in the presence of oxygen to ferric iron (Fe*)
when it forms semi-solid particles, which are bright orange. Very small concentrations
in water are capable of generating large volumes of ferric precipitates which cover
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the surfaces of land and streams close to the point of discharge. This effectively
smothers the environment, prevents life from flourishing, and coats the gilis of
vertebrate lifeforms such as fish and causes fatalittes. The metal is, however, not
inherently toxic. Not all mine drainage is acidic. Some are close to neutral but the
presence of ferric iron leads to the possibility of precipitation and causes

environmental probiems as outlined earlier.

1.3.6 Geochemistry of acid mine drainage

The geochemistry of AMD has been the subject of numerous investigations with
Rose & Cravotta (1998) being a general reference on the subject. The composition of
coal mine drainage ranges widely, from acidic to alkaline and with typical elevated
concentrations of sulphate (SOy), iron (Fe), manganese (Mn) and aluminium (Al) as
well as common elements such as calcium, sodium, potassium and magnesium. With
fewer intermediate or extreme values, the pH most commonly ranges either between
3-4.5 or 6-7. A key parameter is the acidity, which can be commoniy described as the
amount of base required to neutralise the solution. In coal mine drainage, major
contributors to acidity are ferrous and ferric Fe, Al and Mn as well as free hydrogen

ions.

When pyrite is oxidised, it releases dissolved Fe”*, SO, and H* and is known as
AMD. This process is followed by the further oxidation of Fe®* to Fe®* and the
precipitation of the iron as a hydroxide (“yellow boy") or similar substances,
producing more H'. Neutral mine drainage with high SO,”, and possibly elevated Fe
and Mn, forms with the neutralisation of acidic solutions by limestone or similar
materials. If appreciable Fe or Mn is present, these neutral solutions can become
acid on oxidation and result in the precipitation of the Fe and Mn.

The rate and extent of AMD formation in surface coal mines are controlled by a
number of factors. An increase in acidity of the drainage tends to be the result of
more abundant pyrite in the overburden as well as decreasing particle size of the
pyrite. Furthermore, acid formation is accelerated by iron-oxidising bacteria and low
pH values. The presence of limestone or another neutraliser has an adverse effect
on the rate of acid formation. The limiting factor in acid formation is the access to air
which contains the oxygen needed for pyrite oxidation. Both access to air and pyrite
surface exposure are promoted by crushing of the pyrite-bearing rock. The oxygen
can gain access either by molecular diffusion through the air-filled pore space in the
spoil, or by air flow which is driven through the pore space by temperature or
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pressure gradients. The complexity of these interactions and other factors results in
the forecast and remediation of AMD to be site specific.

Serious degradation of the aquatic habitat and the quality of water suppiies, owing to
the toxicity, corrosion, incrustation and other effects from dissolved constituents, can
be ascribed to coal mine drainage, which can be either acidic or alkaline. AMD is a
resuit of interactions of certain sulfide minerals with oxygen, water and bacteria, as
illustrated in Figure 3. Steps (a) to {d) correspond with reactions 2-5, respectively.
Steps (d’) and (d") represent the formation of iron-sulphate minerals (sources of
acidity, ferric ions and sulphate).

According to Davis (1981) and Hawkins (1984), the iron disulphide minerals pyrite
(FeS;) and, less commonly, marcasite (FeS,), are the principle sulphide bearing
minerals in bituminous coal. Upon oxidation, acidic solutions can also be generated
from pyrrhotite (FeS), arsenopyrite (FeAsS), chalcopyrite (CuFeS,) and other
sulphide minerals containing Fe, Cu, As, Sb, Bi, Se and Mo. These minerals are,
however, uncommon in coal beds.

The stoichiometric reaction that best describes the oxidation of pyrite is commonly
given as:

FeS; + 3.75 O, + 3.5 H,0O = Fe(OH); + 2 SO,> + 4 H' + heat [1]

22



a " .
FeS,+ 0, + HQC; —)> Fe®* + S0,> +H'

+0; (b) (c) +FeS;

*re'Fe"-S0O, salts” « Fe* - “Fe" oxyhydroxides”

(d,d) (d)

Overall reaction: FeS; + 3.75 O, + 3.5 H,0 — Fe(OH); + 2SO0, + 4 H" + heat  [1]

Steps:

(a) FeS, +350, + H,0 » Fe* + 280,27+ 2 H*

(b) Fe* + 0.25 0, + H" - Fe* + 0.5 H,0O

(c) FeS, 14 Fe* 8 H,0 —» 15 Fe** 280>+ 16 H'

(d) Fe* + 3 H,O - Fe(OH); (s) + 3 H*

(d') 2 Fe* + Fe?* + 4 SO,% + 14 H;0 - Fe'Fe"'(S0,)4+14H,0
(d) 3 Fe* + K* + 2 SO, + 6 H,0 - KFes"(S0,)(OH)s + 6 H*

Figure 3 A model for the oxidation of pyrite. (Modified from Stumm & Morgan,
1981 by Rose & Cravotta, 1998)

The oxidation of sulphur and iron (Figure 3, reactions a and b respectively) by
gaseous or dissolved O,, can be mediated by various species of sulphur- and iron-
oxidising bacteria (Thiobacillus spp.). According to others {Temple & Delchamps,
1953; Kleinman et al. 1981; Ehrlich, 1990), these bacteria produce enzymes which
cataiyse the oxidation reactions and use the energy released to transform inorganic
carbon into cellular matter.

In reaction (c), (Figure 3) dissolved ferric iron (Fe**) from reaction (b) is the oxidising
agent for pyrite and finally, part of the Fe precipitates as Fe(OH), (Figure 3, reaction
d).

Intuitively, pH best indicates the severity of AMD. However, acidity or totai alkalinity
of a solution probably outcompete this inclination. Acidity is the basic requirement of
a solution in order to be neutralised and inciudes the requirement to neutralise acid
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generated by Fe-, Al- and Mn-hydrolysis. This is illustrated by reactions (b) and (d) in
Figure 3 and the following two reactions:

AP + 3 H,0 > A{OH); + 3 H’ [2]
MnZ* + 0.5 O, + H,O - MnO, + 2 H' (3]

According to work done by Ott (1986), Fe*, Fe**, Mn”, AP and H' are the main
components of acidity in mine drainage from coal mines. Payne & Yates (1970)
found that other species that precipitate as hydroxides or oxides, including Mg®,
H,CO,; and H,S, can also contribute to acidity. Many methods express acidity as
milligrams of CaCQ; per litre of solution, based on the following relationship:

2 H* + CaCO; —» Ca® + CO, + H,0 [4]

From reaction [4], 2 moles (2.0g) of H" are neutralised by 1 mole (100.1g) of CaCOs.

14 CONVENTIONAL TREATMENT OPTIONS FOR ACID MINE DRAINAGE
AND ACIDIC SOLUTIONS

The use of lime to neutralise AMD and precipitate metals (active treatment system) is
considered, in the context of this thesis, as the standard against which other methods
are compared as it has been the conventional treatment choice for many years. Lime
treatment is simple and robust, and the benefits and drawbacks are well known
owing to long established usage. It does, however, present several environmental
problems. The material produced after treatment with the lime is metal rich and
usually contains a significant amount of water. The presence of metals means that it
will often require special waste disposal facilities that add to the costs of disposal.
The water content increases the volume and mass of the waste which means that
money is wastefully being spent to dispose of water, both in transport and landfill
fees. The general methods to reduce the water content are often labour or energy
intensive that alse increases costs and, moreover, are often unabie to keep pace with
the flow of material from the treatment system. Alternatives must provide some
advantage over the lime treatment either in the use of materiails, the disposal of
waste, or the production of usable materials. These questions are addressed in the
research described in this thesis.
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In conventional lime neutralisation processes, acid is neutralised and metals and
sulphate are precipitated in the form of metal hydroxides and gypsum (CaSQ,),
respectively, as shown in Equation [5]. The mixture of precipitates is referred to as

“sludge”.
Ca(OH), + Me*'/Me*" + H;SO, & Me(OH)./Me(OH); + CaSO, + H,O [5]

Air is frequently used to oxidise the ferrous to ferric iron during precipitation to obtain
sludges that are more chemically stable (MEND Report, 1994, Kuyucak, 1998). The
sludge produced, is allowed to settle in ponds or clarifiersithickeners. The settled
sludge is disposed of in specifically designed ponds for storage in perpetuity.

Depending on site factors, lime neutralisation facilities range from the simple addition
of lime to the tailings pipelines to facilities, and sludge dewatering equipment. The
water strength (solid concentration) and the sophistication of the treatment process
have been found by many to affect the sludge solids content. As a result, sludge
densities may vary from 1 to 30% solids. The process parameters are set to obtain
denser, less wvoluminous sludge. Major process parameters affecting sludge
characteristics include: the rate of neutralisation; rate of oxidation; Fe?" to Fe* ratio;
concentration of ions; ageing; recycle of settled sludge; temperature; and crystal
formation (Kuyucak & Sheremata, 1995, Zinck & Griffith, 2000, Kuyucak et al., 1999).

1.5 ALTERNATIVE NEUTRALISERS
Under controlled conditions, limestone, in contrast to lime, can remove acidity and
precipitate metals (e.g. Al, Cu and Fe®") producing higher density sludges. CO, gasis
released as CaCQ; (s) dissociates in AMD as illustrated in equations 6 and 7.

CaCO; + H2304 g CaSO4 + H,O + CO; [6]

CaCO; + Fex(S0,); + 3H,0 « 3CaS0O, + 2Fe(OH); + 3CO, 7]
CO; forms carbonate ions which act as a buffer system and sets an upper limit on the

pH (maximum pH 6.5) and also affects the rate and amount of lime consumption. The
precipitates may settle very slowly because of their small particle size. Removal of a
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broad range of metals and ferrous iron cannot be achieved since they require higher
pH levels than 6.5. A combined-limestone/lime process is suggested for removal of a

wide range of metal ions.

Magnesium hydroxide (Mg(OH),) usage can result in a lower volume of metal
hydroxide sludge when it is properly applied due to the higher solubility of MgSO,
than CaSQ,. Mg(OH), can also remove metals through surface adsorption. However,
Mg(OH), prevents the pH from exceeding 9. Depending on the pH requirements, it
can be used in conjunction with lime.

Limestone and other materials that produce alkalinity can affect the generation of
AMD in two ways. If water contacting pyritic materials is alkaline, or if alkaline
conditions can be maintained in the pyritic material, the acid-generating reactions
may be inhibited so that little or no AMD forms. Alternatively, once AMD has formed,
its interaction with alkaline materials may neutralise the acidity and promote the
removal of Fe, Al and other metals. Hence, water with high SO,* and low Fe may be
indicative of earlier AMD generation.

The carbonate mineral, limestone (CaCO,), is the main mineral providing alkalinity for
the process to be described. Carbonate minerals may occur as layers of limestone in

the overburden above coal, as cement in sandstone or shale, or as smali veins
cutting the rock. The initial reaction with an acid solution is:

CaCO; + 2 H" - Ca* + H,CO, (8]

If a gas phase is present, the H,CO; may partly decompose and exsolve into the gas
phase, i.e.:

H2C03 o C02 + Hzo [9]

Upon further neutralisation of AMD with carbonate to pH values of greater than 6.3,
the product is bicarbonate (HCO*):

CaCOs; + H" - Ca® + HCOy [10]
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When it is necessary to lower the pH to between 6.5 - 8.5 in the final effluent,
following treatment to a much higher pH, the pH is adjusted to the desired level with

CO..

1.6 FURTHER TREATMENT

Treatment technologies are commonly categorised as either passive or active. The
main purpose of both types is to lower total acidity, raise pH and lower toxic metal
and sulphate concentrations. Passive treatment approaches are economically
attractive, but have some significant limitations. They are best suited to waters with
low acidity (<800 mg/¢), low flow rates (<50 f/sec) and, therefore, low acid loads,
where the key outcome is near neutral pH. Passive systems cannot handle acid
loads in excess of 100-150 kg of CaCO, per day. When specific metal removal
targets need to be achieved, as opposed to simple neutralisation, most passive
treatment technologies are unsuitable.

Although not limited by tight operational parameters, as in the case of passive
systems, the unlimited chemical flexibility of active systems comes at a price, which
proves to be one of the biggest challenges in the field of water treatment. Active
treatment systems can be engineered to accommodate essentially any pH, flow rate
and daily acid load. Economic considerations (i.e. capital and ongoing operational
cost) piay a big role in determining the viability of active treatment systems.

A broad range of active treatment approaches is available for dealing with AMD.
Physical, chemical and biological approaches include one or more of the following:

o pH control or precipitation

e Electrochemical oxidation

e Biological mediation/redox (sulphate reduction)

e Coagulation/Fiocculation

e Crystallisation

pH control/precipitation with inorganic alkaline amendments is the most common
and cost effective form of general purpose AMD treatment. A large variety of natural,
manufactured or by-product alkaline reagents, are available, with their use generally
dictated by availability and cost. Alkaline reagents treat AMD by increasing the pH
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and promoting the precipitation of heavy metals, generally as hydroxide complexes.
The successful implementation and sustainability of ‘pH control’ active treatment
systems requires the selection of a reagent appropriate for the treatment task and an
efficient mixing and dispensing mechanism. Conventional alkaline reagents that are
readily available in South Africa to treat AMD include hydrated lime and the
carbonate mineral, limestone out of a list of reagents. Although the capital and
operating costs of such systems are relatively high, they employ well established
technology and are highly reliable. A key limitation of fixed plant systems is the need
to deliver affected water, regardless of the number of discrete AMD sources. Mixing
and dosing systems employing the CSIR’s technology (Limestone Handling and
Dosing System) provides the reagent dispensing capacity of a large fixed plant
system. The Integrated Limestone/Lime Treatment Technology was developed in
response to the problems that passive treatment systems face in using limestone
efficiently. Together with this treatment technology, the Limestone Handling and
Dosing System has been developed to replace the conventional storage of the alkali
in a hopper and automatic feeding with a screw-feeder.

The Limestone Handling and Dosing System, which is the first technology of its kind
to be built on full scale, can be designed to accommodate any load capacity. It
consists of the following items:

¢ A concrete slab with a slope of 7° onto which the CaCO; powder is dumped
and stored. The CaCO; powder is slurried with a water jet and collected in a
slurry tank through gravity flow

¢ A slurry tank with stirrer which acts as a mixing chamber for the acid water
and CaCO;

* A ball valve in the slumry tank to maintain the water at a specific level in the
tank by dosing tap or clarified water.

e A CaCOs;- recycle slurry pump that withdraws some of the slurried CaCO, of
higher density from the slurry tank or clear water through a water jet, passing
through a density meter onto the CaCO; dump to keep slurried the CaCO;
concentration constant. The slurried CaCO, is returned by gravity via the
sloped concrete slab back to the slurry tank. The slurried CaCO;
concentration is controlled by the density meter which activates/stops the
recycle pump at pre-set low/high values, respectively.

» A transfer pump to feed slurried CaCO; from the limestone make-up tank.

28



The system provides the benefit of using environmentally benign, very low cost
limestone aggregate that is locally available as a waste product from the paper
industry. As the carbonate dissolves and neutralises the AMD, CO, builds up in the
reactor and can be recirculated. Key benefits of systems in which lime is partially
replaced by limestone, include the generation of high levels of alkalinity, partial

sulphate removal and efficient use of low cost limestone.

Electrochemical oxidation uses electrical techniques to oxidise Fe? to Fe® in AMD
while generating hydrogen (H,) electrolytically to be utilised as energy later on in the
treatment of AMD by means of the Biological Sulphate Removal Process.

Biological mediation/redox (sulphate reduction) — Microbial Reactor Systems
(MRS) are fully engineered and process controlled systems for hamessing chemical
and biological processes to further remove sulphates in AMD to below 200 mg/¢. This
process follows directly after the AMD has been fully neutralised and sulphates
removed to below the saturation level of gypsum, i.e. 1 200 mg/¢, by means of the
Integrated Limestone/Lime Treatment Technology. These systems consist of a
sulphate reducing bioreactor and H,S scrubbing process for sulphur recovery. The
successful performance of MRS is reliant on the continued growth of sulphate
reducing bacteria (SRB), which require temperatures between 25 - 35°C.

Coagulation/Flocculation - Following neutralisation and partial sulphate removai
with limestone and lime, fine particles (precipitates) in suspension need to be
aggregated to improve solidfliquid separation or sedimentation in clarifiers.
Coagulation is a specific type of aggregation, which leads to the formation of
compact aggregates, called flocs. The addition of coagulants, such as inorganic A**
or Fe* salts or organic ‘polymers’, help to electrically neutralise or destabilise
electronegative colloids and bridge the neutral particles. Important parameters are
the type of polymer and external stirring.

Crystallisation — the Integrated Limestone/Lime Treatment Technology and BaS
Treatment Technology offer new methods for lowering soluble sulphate
concentrations in water that has already been subjected to lime treatment. It is

possible to lower sulphate concentrations to below 200 mg/¢/ using these
approaches.

29



1.7 NOVEL INTEGRATED TECHNOLOGY FOR TREATMENT OF ACID
MINE DRAINAGE AND EFFLUENTS

Both the environmental aspects and the economics of metal and coal mining
operations worldwide are being affected by AMD. The latter can have significant
impacts on the economics of a mining operation. This is due to the corrosive effects
of acid water on the mine infrastructure, the limitations it places on water reuse and
discharge and the expense incurred implementing effective closure options. While
AMD minimisation and control must remain the focus of mine-site water management
strategies, when acid generation is unavoidable, appropriate passive or active
treatment technologies need to be implemented. As mentioned earlier, passive
treatment systems are economically attractive but have some significant limitations.
They are best suited to treating low flow rates and therefore low acidity.

Newly developed technology resulted in active treatment systems that can
accommodate any flow rate, pH and acid ioad and are not limited by operational
parameters. Because every mine site is unique as are its water issues, these newly
developed systems can be designed and engineered to cost effectively deliver the
required water quality of such a site. The cost effectiveness is achieved by designing
the system in such a way that the treated water can either be reused in the piant,
thus decreasing the amount of water purchased, or the water can be utilised for
irmigation purposes or even discharged into a water course.

An integrated process (active treatment system), consisting of various treatment
stages has been developed by CSIR: Environmentek in an effort to solve the current
AMD situation and other acid water related issues, especially in the mining industry.
Depending on the specific requirements, i.e. to what level of quality the mine needs
to treat its water and the water quality and flowrate that require treatment, this
process can be adapted by omitting some of the stages. It offers huge cost benefits
compared with existing processes, for example, over the conventional way of
neutralising acid water with lime, sodium hydroxide or sodium carbonate. These
chemicals have the disadvantage that they require accurate dosing to prevent under-
or over-dosage, which result in pH fluctuations. When pumped through pipelines of a
mine water system, corrosion (low pH) or scale formation (high pH) will result which
can adversely affect the whole system, necessitating shut-down for maintenance

repair.
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The use of limestone as neutralising agent has the following benefits:

Direct chemical cost savings, utilising limestone, a waste product from local paper
industry

No pH-control required, as limestone dissolution occurs mainly at below pH 7
Limestone is easy to handle and store as it contains 15% moisture which
eliminates dust probiems

Limestone is non-hazardous and environmentally friendly

The completely integrated process has been recently developed and consists of the

following stages, illustrated in Figure 4:

Heating unit for the production of CaQ (quicklime) and CO, from burned coal and
CaCO; (limestone) precipitation.

Limestone neutralisation and partial sulphate removal to 1 900 mg/¢

Ca(OH), (hydrated lime) stage, where CaQ is contacted with acid water to
produce Ca(OH)..

Lime treatment, to partially remove the sulphates as CaS0, (gypsum) to below
1 200 mg/¢ and full removal of magnesium and other metals.

pH adjustment stage where the CO; from the heating unit is applied to reduce the
pH to 8.6 while CaCO; precipitates.

Two options: Removal of sulphate to below 200 mg/¢ as barium sulphate by
means of barium suiphide treatment, or biological sulphate removal.
Regeneration of barium sulphide for reuse by heafing the barium sulphate
produced from the preceding stage.

Stripping of H.S, either from the barium sulphide process or the biological
sulphate removal process, to be contacted with Fe(lll) rich water for elemental
sulphur production.
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Flow AMD: 200m’h

Ac: 1 g/t (200kgmr as CaCO3) CaCOs (200 kg/h)
0.2 g/t Mg

1.8 g/t S0, ‘

Acid feed water Fe(lH) rich water

Electrotyfic Fe(lf) oxidation Limestone neutralisation
co,
Ca0 {55 kg/h) +
CaCOs (B0kgh)
so0'c
Coal .}
| Air Lime treatment Gypsum Mg(OH),  CO» treatment
1120 knmy (200 kg/h) CaCOs (60 kg
l H, (20 k) c(somi) B“‘s(‘“‘""“’ml* ----- “—
Cas solution
1100°C Ba$
Electrolytic H»
aeneration
Biological treatment BaS0, (480 kgh)
Stripped CO: + H;S
Treated water CaC0, solution Ca(HCO:), solution
<+ -+
0 mg/z Mg
300 mg/t SO,
[ o
Stripped CO, + H:S
—> -
Treabod water
0 mg/t Mg
300 mg/t SO, l
Efemental Sulphur
Figure 4 Process flow diagram of the compietely integrated process for

neutralisation and removal of acidity, sulphate and metals from AMD

in the completely integrated process, limestone is economically utilised to completely
neutralise AMD and acid process water. The sulphate concentrations in these waters
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are lowered to 1 900 mg/¢. With the addition of lime at this stage, the sulphate
concentration is further reduced to below the saturation level of gypsum, i.e. 1200
mg/¢. Metals are now also being fully removed from the water. CO,, generated during
the limestone roasting stage, is then used to adjust the pH to 8.5 and to achieve
CaCoO; crystallisation, which can be recycled to the limestone roasting stage.

Either the biological sulphate removal stage or the BaS treatment stage can now be
applied to achieve removal of sulphates to below 200 mg/¢, i.e. the recommended
sulphate level for discharge water. H.S gas, generated during both of these stages
as a by-product, is stripped and contacted with Fe(lll) rich water to produce
elemental sulphur which is a valuable product. The Fe(lll) rich water results from the
Fe(ll) oxidation stage prior to limestone neutralisation which is inevitable as acid will
start forming without oxidation of Fa(ll}.

The Biological Sulphate Removal Process is an anaerobic treatment in which a
reducing environment is produced and the proliferation of sulphate reducing bacteria
(SRB) is encouraged. (Although this thesis contains a paper on biological
treatment, it only focuses on chemical treatment technologies. See Appendix A
for Paper 9 on, “The Sustainability of Biologically Treated Nickel/Copper Mine
Effluent Suitable for Irrigation’’) These bacteria use sulphate in their metabolism,
producing hydrogen sulphide which combines with metals such as copper, cadmium
and zinc to form insoluble sulphides. Another product of SRB metabolism is the
production of alkalinity, thereby raising the pH of the mine water. Naturally, these
bacteria utilise sugar and ethanol as carbon source which is economically unfeasible.
Electrolytically generated hydrogen has been successfully implemented as substitute
for sugar and ethanol as energy source. Hydrogen is electrolytically generated on-
site by means of stainless steel (type 316) electrodes in KOH (3%) as the electrolyte.
An asbhestos sheet of 3mm thickness serves as diaphragm between anodes and
cathodes in the electrolytic cell as both hydrogen and oxygen are generated.

In the Ba$S treatment stage, suiphates are removed from the water as BaSO, which is
converted back to BaS for re-use. This conversion is achieved by heating the BaSO,

to a specific temperature.

The final, unsolicited waste product after either of these two stages is hydrogen
sulphide gas (H,S), which is stripped and contacted with a small part of the Fe(lll)
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rich water, resulting from the Fe(ll) oxidation stage, that yields pure, elemental

suiphur.

1.8 LEAGAL REQUIREMENTS

The treatment processes that are widely applied mainly to acid water, have one goal
in mind: to comply with legislative requirements before discharge to the receiving
water body. The legislative requirements imposed on industrial effluent derive
primarily from the National Water Act (Act 36 of 1908), as laid down by the
Department of Water Affairs & Forestry in consultation with the SABS and as
published in the Govemment Gazette. The Act states that the ultimate aims of water
resource management are to achieve the sustainable use of water for the benefit of
all users and to recognise that the protection of the quality of water is necessary to
ensure sustainability of the nation’'s water resources in the interests of all water
users. In this Act it is required that any person who uses water for industrial purposes
shall purify or otherwise treat such water in accordance with requirements prescribed
in the Government Gazette. Before a permit for discharge of water is granted, all
efforts should be made to ensure effective utilisation of the water through recycling or
alternative applications. One specific alternative would be to pass the water on to a
responsible local authority who then can treat it for use. Certain criteria are
prescribed to be met before discharge water is accepted by such an authority.

In Chapter 4 of the National Water Act (Government Gazette (Parliament of the
republic of South Africa), 1998), the use and discharge of water are dealt with in
detail in order to down the basis for regulation. Water use is defined broadly, and
includes pumping and storing water, activities which reduce stream flow, waste
discharges and disposals, controlled activities which impact detrimentally on a water
resource, removing underground water for certain purposes, and recreational use of
water. In general, a water use must be licensed under a general authorisation and
before any permit for discharge is granted, all efforts should be made to ensure
optimum use of water through recycling or alternative processes. The Department of
Water Affairs & Forestry uses a so-called Waste Load Allocation to lay down
allowable discharge parameters from some major industries. In theory, a Waste Load
Allocation is the amount of tolerable discharge to a water body whilst monitoring the
water quality at a usable leve! for the designated users.



CHAPTER2: PAPERS1-8

21 INTRODUCTION TO PAPERS

This thesis describes research and development work conducted on laboratory and
pilot scale plants, situated at numerous mines across South Africa and one in
Botswana. The results have been utilised in the design of full scale plants at some of
these sites of which a few have already been constructed and commissioned. Others

are in the design process and being finalised.

Eight of the nine papers, which comprise this thesis, were arranged in chronological
order to conform to the requirements of the University of the North-West
(Potchefstroom Campus) for the degree of Philosophiae Doctor. It is required that
“the work should clearly demonstrate advanced original research and/or creative
work which must also constitute a real and major advance to the technology of
engineering science or practice”. All of the papers have been presented at local or

international scientific conferences are fully referenced in this chapter.

Papers 1 to 3 descnbe the development of the fluidised-bed limestone neutralisation
process during laboratory and pilot scale studies. It was also demonstrated that
iron(il} needs to be oxidised to iron{lll} upstream of the limestone neutralisation stage
as direct treatment of iron(ll)-rich water results in scaling of the limestone particles
with gypsum and ferric hydroxide.

Paper 4 describes an innovative and cost-effective way of generating hydrogen to be
utilised as an energy source for SRB in an anaerobic biological treatment process.
Hydrogen was generated on-site which eliminates the need for purchasing it from a
local supplier and resulting in the process not being cost-effective. To date, sugar
and ethanol were utilised as energy source for these bacteria. Paper 9, which
describes the biological process, has been placed under Appendix A, as the other
eight papers describe research that is chemically based.

Paper 5 compares the chemical neutralisation and partial sulphate removal from
AMD, to the biological process that has the same aim.

Paper 6 presents practical information on the implementation of a full scale limestone
neutralisation process which replaces the existing method of neutralising AMD with
lime. The process has been successfuily implemented at a mine site in South Africa
and has been in continuous operation for almost two years to date.
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Paper 7 describes an alternative process for removing sulphates from AMD to below
200 mg/¢ by means of chemicat treatment, i.e. initially the AMD is neutralised with
lime resulting in the removal of sulphates to below 1 200 mg/¢. The sulphates are

then further removed to a lower level of < 200 mg/¢.

Paper 8 proves that hydrogen, generated electrolytically {Paper 4), is the most cost-
effective energy source for SRB. It also addresses other issues like energy utilisation
efficiency of feed water with hot gas, rate of sulphate removal by SRB and the effect

_of biologically related issues.

Paper 9 was included in this thesis for completeness. The paper addresses the
treatment of effluent from a copper mine and is included in Appendix A. Papers 1 -8
involve the chemical treatment of mine effluent and the utilisation of AMD as a
medium for generating hydrogen as a useful by-product and energy source for SRB,
while Paper 9 concentrates on the biological treatment of mine effluent.



PAPER 1: Geldenhuys,A.J., Maree, J.P., De Beer, M. and Hlabela, P. 2003. An
integrated limestone/lime process for partial sulphate removal, J.S.A. Inst.Mining
Metallurg., 103(6), 345 — 353.

In the investigation of lime being largely replaced with limestone in order to achieve

neutralisation and partial removal of sulphates from acid mine water, discharged by a

coal mine near Witbank in Mpumalanga, the main cbjectives were:

v To determine the effect of limestone on the chemical composition of the coal
processing water before and after treatment

v To determine the effect of various parameters on the rate of gypsum and CaCO;
precipitation

¥ To determine the characteristics of the gypsum and CaCO; sludge produced

The following findings resulted from the investigation:
¥" Acid mine water can be neutralised effectively from a pH of 2.1 to 7.7 and the

sulphate concentration being lowered from 3 000 mg/¢ to 1 900 mg/¢

v With lime treatment, as a follow-up stage to limestone neutralisation, the sulphate
concentration was further reduced by means of gypsum crystallisation to below
the original target of 1 200 mg/¢, i.e. 1 100 mg/¢

v With lime treatment, pH values of 12 and higher were reached and magnesium
was fully removed by gypsum crystallisation.

¥ To lower the high pH, CO, sparging resulted in CaCQO, precipitation was recycled
to the limestone neutralisation stage and utilised as additional alkali

¥ For design purposes, a contact time of 1 hour was needed for the neutralisation
stage with limestone and 2 hours for the gypsum crystallisation stage. The
surface areas of the limestone and lime played a major role in the rate of
neutralisation and crystallisation

¥ When replacing lime with limestone for neutralisation purposes and partial
sulphate removal, an alkali cost saving of up to 62% could be achieved. Lime was
only added to lower the sulphate concentration to below the saturation level of
gypsum, i.e. 1 500 mg/¢, to ensure complete removal of sodium and magnesium
thereby preventing scaling of pipelines

Paper 1 was peer-reviewed and published in The Joumnal of the South African

Institute of Mining and Metallurgy

Paper 1 was also presented as a poster by J P Maree at the Hard Rock Mining 2002

Conference, Westminister, Colorado, USA (See Poster 1, Appendix A).
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Synopsis

This paper will focms om two topics, aamely (1} an innovative
process for the neutralization and partial sniphate remcoval of acid
streams produced dwcing cozl mining and processing and (2)
optimization of this integrated newtralization process by adding
small amounts of synthetic organic polymess.

The integrated dme and Smestone process has been developed
to nentralize acid mine water and to remove sulphate (to less than
1 200 mg/l), magnesium and metals. Limestone and lime treatment
is the most cost-effective technology for neutralization and partial
sulphate removal of acidic/suiphate-rich water to sulphate levels of
less than 1 500 mg/! due to precipitation of magnesiws and
removal of the associated solphate fraction (through gypsum
crysiaiization). Nentralized mine water of this quality may be
suitable for ’

The process consists of the following stages:

1. Limestone (CaCO3) acutralivation to raise the pH to 7 and

CO-production.

2. Lime (Ca{OH)3) treatment to pH 12 for Mg(OH); precipi-

tation and gypsum (CaS042H;0) crysialiization.

3. pH adjwstment with CO; recovered from stage 1 and CaC0s

precipitation.

Reteation times of 1 howr, 4 howrs and 3 a hour were
required by stages 1, 2, and 3 respectively. The sxiphate level was
reduced to 1 094 mg/l which is less than the ociginal aim of 1 200
mg/l. Chemical costs assoclated with newtraBzation, usiog
limestone jnstead of kme, are reduced by 69% in the jntegrated
Timestone/lime prooess.

The overflow water from the clarifier of each of the shove
stages gencrally contains a wide variety of colloidal imspurities that
may canse the water to appear tibid or may inpart colowr. This
resuits in very slow shudge settling rates that cawse ovesfiow water
with a liigh dégree of turbidity and colowr. Théxe ar¢ i sumber of
successive or simwitancons stages involved in the sgylomeration of
particles.

To get optimmm neutralisation of the acid water and partial
sulphate removal 1o below the satwration level of gypsum {Le. 1 500
mg/l), maximwm shudge recovery is needed. The higher the concea-
tration of seed crysials, the larger the surface area. Therefore,
effective removal of suspended and colioldal matter from the
overflow of each stage is required and can be achieved by
coagulation and flocculation. The polymes PACS and 3095 were
effectively used as congulant and flocoulant respectively. The
addition of these polymers resalted in a clear overflow in each of
the above siages with a very low turbidity.

The Journal of The South Afican instiuie of Mining and Motalurgy

An integrated limestone/lime process
for partial sulphate removal

by A.J. Geldenhuys, J.P. Maree, M. de Beer, and P. Hlabela*

Introduction

By its very nature and scale, mining makes a
marked and visual impact on the environment.
Mining is, however, implicated as a significant
contributor to water poliution, the prime
reason being that most of our geological
formations that are mined conain pyrites,
which oxidize to form sulphuric acid when
exposed to air and water, The scarcity of water
in South Africa is exacerbated by pollution of
the surface and groundwater resources.
Typiai polhutants of the aquatic environment

Mine water in the Upper Olifants River
Catchment in Mpurnsalanga (upstream of
Loskop Dam) is at times discharged into local
streams, resulting in local acidification and
regional salination of surface water resources.
Pollution of surface water can be prevented by
collecting and treating mire water to a quality
where it oould be re-used without restriction
(Cleanwater 2020 Initiative). Although mine
water in the Olifants River Catchment currenily
amounts to only 4.6% of the total water usage,
it contributes 78.4% of the sulphate load.

Mine water in the catwchment of the
Withank Dam and Middelburg Dam are rich in
cakium, magnesinm, sulphate and acid pH.
This is due to oxidation of pyrites in the coal
ore and coal waste to salphuric acid Equation
[1]. followed by neutralization with dolomite.
which is also present in the coat ore. When the
pH s below 5.5, water can be toxic to plant
and fish life and comosive to pipelines and
equipment.

2FeSy + 70z + TR0 — 2Fe(OHYy + 4H:50,  [1]

Sulphate needs o be removed from
effluents for the following reasons:

* CSIR, Division of Water, Exvirorement and Forestry
Technology, Pretoria.
© The South Afvican Instinste of Mining and
, 2003, SA ISSN 0038-223X/3.00 +
0.00. Paper received May 2002; revised paper
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An integrated limestone/lime process for partial sulphate removal

» Prevention of salination of surface water—discharge
recommended concentration <500 mg/l.

» Prevention of scaling—when no Na or Mg is present,
the saturation level = 1 500 mg/ 504

» Biocorrosion

» Acid comosion—when acid water is neutralized with
lirse, scaling of the equipment by the unstable water is
peoduced, and matfunctinning of dosing equipment and
settling of particles in pipelines and valves oocur. The
Tatter often canses blockages, which may result in
under-dosage, which in tum may lead to acid
OCOITOSION.

Typical sulphate removal processes are the biological
sulphate removal process, RO and FDR. The integrated
limestone/lime treatment process can be used for nenival-
tzation of acid water and partial sulphate removai 1o below
the saturation level of gypsum, i.e. 1 200 mg//. The benefits
of this process ure:

» Limestone treatment is the most cost-effective
treatment for nentralization of acid watet, and partial
sulphate removal 1o levels of 2000 mg/l can be
achieved

» With high ime treatment (pH >11), sulphate can be
reduced forther to 1 200 mg/ through gypsum crystal-

» Scaling and corrosion problems are reduced during re-
use of the waler in the mines

» Discharge water needs to meet certain quality

N n fance with envi i
'l“.m; cments

Earlier investigations!-3 showed that acid mine water can
be neutralized effectively by limestone. Maree et af 4 also
found that the sulphate concentration in acid mine water can
be reduced from 15 000 to 2 000 mg/! through limestone
neuiralization.

Limestone and lime treatment of ackd water were
effectively introduced to the water redamation field as the
Navigation Colliery near Withank Considerable attention has
been paid to the datification of the treated water in order to
remove small partides by combining them into lacger
aggregates by coagulation and Booculation. These partides
are mainly of chemical origin as imestone and lime are
added to the system, which results in the production of
Mg{OH}a, CaS04. 2H,0 and CaCOs.

The process of destroying the stabilizing forces and
cansing aggregation of day colloids is neferred to as chemsial
coggutation (Benefield et @15}, Tt can also be referred 1o as
the addition of a chemical to water or sewage 50 25 t
precipitate, usually, a metal hydraxide that caeches and so
removes from the water most of the tiny suspended particles.
The chemical lessens the surface charge of the
matter, unlike Aoccutation. Flocculation can be considered the
aggiomeration of destabilized particles into microfioc, md later
into bulky floccules which when settled can be calied loc.
Floccuiation can be promoted by geotle stirring (mechanical
flocculation) or by adding chemicals (feccalants).

Synthetic organic polymers such as PAC6 and Type 3095
cati be used effectively as coagulants and floocalants. These
polymers are long-chaia molecules comprised of many
mongciners. Polymers typically have a helical molecular
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steucture comprised of carbon chains wich ionizing grovps
attached. When the groups are lonized in solution, an
electrical repudsion &5 creased, which causes the polymer to
assume the shape of an exsended rod. As the jonized groups
become attached to cofloidal partides the charges are
neutralized and the polymer starts to ool and form a dense
floc with Rrvorable settiing properties.

The associated environmental impact is a growing
concern rekased to water and effiuent treatment. The
shadges which result from the peocess and which are not
recyded back to the respective stages of treatment, are inert
and do not contal any wodc metals. These sludges are
thevefore sent through a filter press to produce a ‘cake’ that
can be discharged. Waste shudge withdrawn from the bottom
of the reactor can contain hetween 0 and 30% CaC0;3 (m/m
dry basis), depending on the limestone excess thai is applied.
If the shadge contains 2 significant amount of CaCO;, ¥ might
be cost effiective to combine the waste sludge with acid feed
water prior to discharge in order to achieve maximum
wtilization of the Ca00s.

The main objectives of this investigation, where
Timestone instead of only lime: is used ko neutralize and
remove selphates partially from acd mine water, weee:

» To determine the chemical composition of the coal-
processing water before and after treatment

» To determine the effect of various parameters on the
rate of gypsum and CaC0; crystaliization

» To determine the studge characteristics of the gypsum
and CaC0y prodoced

» 'To determine the effect of the polymers (s
coagulantMocrnlant) on the chemical conposition of
the coal-processing water before and after treatment in
ali stages of the trealmeni process (settling rate of
shudge and darity of overflow water)

» To detcrmine the optimum dosage of coagulant/
floocutant for each stage of the treatment process
{concentration).

Materials and methods

Feed Wator

A synihetic sofution (diuted sulphuric acid), similar to
leachate from a waste coal dump, was used as feed water for
batch studies in beakers. The solution contained 3 g// acidity
{as HzS04) and 160 mg/! Mg. For batch or contimious
studies on a pilot scale, acid mine water was vsed for
treatment in afl stages (limestone, lime and 00 treatment) of
the process (see Table I for chemical composition of the feed
water),

Tabie |

Chemical composition of acid mine waler fed to
the imestone/lime trestment process

Parameter oM [SOG( Cu | My | Mo | Mn | CF [ARkuiivity
ngli| mgll | mgli | wglT gt | sagll | mglll Mgl
Acid fead water | 2.10(|3000| 420 | 160 | 41 | 17 | 16 ; 3000

The Joura! of The South Alican instiute of Mning and Motehugy
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Feodstock

Waste powder fimestone (CaC0y) from paper industries was
used n the limestone neutralization stage of the process. For
ﬂ:egypwmuys(alﬂmang:.nnshkedm(m(ml)g)
was used, The limestone was analysed for its calcium,
magnesium and alkalinity content. Calcium and magnesinm
were determined with EDTA, white the alkalinity content was
determined by dissolving it in a stoichiometrically excessive
amount of hydrochloric acid. This excess amount of
hydrochloric acid was titrated with sodium hydroxide (see
Tables 1 and M for chemical composition of powder lime and
fimestone respectively).
Ihepdymsmnwuemdasmlhntandﬂomhnt
respectively are PACS, which is poly-
chiloride with 2 specific gravity of 1.3 (only available as
sobation) and Type 3095 (granules), poly-acrylamide which
is a co-polymer of acrylamide and acylic add with a
molecular weight of about 15 000 000 g/fmale. These
chemicals were supplied by Moatan Chemicals, Germiston.
The coagulant was used as received, while a stock solution of
2.5 g of Type 3095 flocculant per litre distilled waker was
made up on a weekly basis. For dissolving the flocculant in
distifled water, a smadl amount of methanol was first added
10 the granules to assure effective granular dissolution.

Baitch studiies in beakers and batch and continuous
studies on pillot scale

Neutralization shak

Batch studies (no feed water) were conducted in 1/ beakers
at amospheric pressure to study the kinetics of acid water
neviralization with limestone and lime. Samples were taken
regularly and analysed for pH, calcium, magnesium,
sulphate, alkalinity and MLSS (mixed liquid suspended
solids). The same variables as for batch studies were
measured during continuous studies (constant feed water)
for different hydranlic retention tmes.

Tabio ¥
Chemical compoaition of powder ime (CafOH),)
Buk | Avallable| Avallsbi | Tolal | MgO [MeOs+| 80y | Acd

density | CalOHl;| CaD | CaO |nax%}| FaeD; ; fmax’yiinsckubles
SO | i) | i) | pmint) Jmax) o)

560 o4 n T2 1 a3 05 1

Particle sire: fine powdsr, 100% passing 90 mécron

o702 | 387 |35408 | 568 | 11a7 | 04 24

Percantages based on dried basis

The Joumet of The Scuth Aficen sttt of Mining and Molalrgy
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Batch studies were conducied in the faboratory in 1/
wolumetric cylinders ai atmospheric pressuze and ambient
temperaturé to siudy the effidency of the two polymers,
PACG and 3095 as coagulant and Rooculant respectively. The
polymers were added separately to the effluents of these
three stages as follows:

Primary efftuent

(limestone nevtralization): 3095 — fiocculant
Secondary efffuent {lime treatment for

gypsum ): 3095 -» flocoulant
Tertiary effluent

{CO;, treatment for CaCO; predipitation): PAC6 — coagulant
3095 — flooculant

Each efftuent was stirred at a medinm stirring rate for 1
minute, wheresfier increasing amounts of polymer were
injected ineo the solution (efftuent). For the twertiary efftuent,
an additional stimring of 1 minute between the coagulant and
floccutant addition was allowed. These tests enabie quantifi-
cation of the influence of the mentioned polymers as effective
coagplantsfocculants by means of polymer concentration,
seuling rate and darity. Based on the studies conducted in
the laboratory, the optimum amount of polymer was used in
each consecutive step of the process at pilot plant scaje o
demonstrate the effective settling of the various shidges and
clear overflow water on a larper scale. These cylindrical tests
shorld be used only for the evaluation of the operation,
chemical dosage and removal of contaminands. They are not
valid for evaluating the size of the clarifier or to simulate a
reactor-clarifier, but serve merely as guidelines.
Equipment s procedure
A mohbile pilot plant at Navigation Coal Mine near Witbank,
with a capacity of 10m3/day was used for on-site treatment
of the mine water. A CaCOs-handling and dosing System (see
Figure 1} was designed and for treating the add
mine water in the first stage of the process at the pilot plant
{see Figure 2),

Limestone neutrakzation using a CaCOg-handiing and

dosirng systom {Figawe 1)

The Cal0;-handling and desing system, which is the first

of its kind to be built on full scale, has a capaciyy
of 10 Miday and consists of the following items:

» A ooncrete siab with a slope of 7° ento which the
CaC0s powder is dumped and stored. The CaCO;
powder is slurried with a water jet and collected in a

» A stury tank with stirrer, which acts as a mixing
chamber for the acid water and Cat05 as well as
recovery of (0; gas.

»  Aball valve in the shirry tank to maintain the water
levdataspedﬂchdglnhydoshgmpordanﬁed

» C&D;reqchﬂnnypnnp,whﬂlwnhd[mmof
the sturried CaCOs of higher density from the shurry
tank or clear water through a waer jet onto the CaCO;
dump to keep the CaCOy concentration at a constant
leved. The slurried CaC0; is resurned by gravity via the
sloped concrete stab back ko the shury tank. The CaCO;
concentration fs controlled by the load cells underneath
the sfurry tank, which activate/stop the recyde pump at
peeset low/high values.

JULY/ALIGLST 2003 31 4
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Figure 1—Schemalic lhmtraiion of CuCOy-hendiing and dosing systers
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» A transfer purap, feeding shurried CaCQ; into the
limestone make-up tank.

Stage 1: Limestone neudrakzation

Acid feed water from the plant and sturied limestone from

the CaC0;-handling and dosing system were pumped into a

reactor onto which a stirrer was fixed. The oveflow from the

reacior went into a darifier from where studge was recyded
back to the reactor.

Stage 2: Gypsum crystalisation

Lime (Ca(OH);) was fed to a second reactor, containing the
neatralized water of the neutralization stage from the first
reactor. Fine particles that washed omt from the reactor, were
allow to settle in a clarifier and were returned to the reactor
via & recycle pump.

Stage 3: COx-dosing system

During this stage, CO; recovered from the limestone newrali-
sation stage was bubbled through the treated water of the
gypsum crystallization stage. The CaCOs that precipitated
during this stage was recycied to the first stage where
limestone was used for nentralization of the acid water.

In all chree stages, the polymex(s) was added to the
effluent in the overflow between the reactor and darifier for
rapid mixing to disperse the polymet{s) homogeneously and
to enabe good contact between the efftuent and polymer(s).
In each darifier, slow speed agitation was provided by
recycling a part of the shiige back 1o its reactor by means of
a variable speed purnp to enable the growth of the aggregates
into voluminous flocs by collision and entrapment of the
suspended magter.

Figuwe 2—Schemalic lustration of the Rmestone neutraltzafion-,
wmmWMmmm

| | JULV/AUGUST 2003

Programme

Neutralization siudies

Batch studies on gypsum crystalization and CoC03 aystal-

zati

The following parameters were varied {o evaluate and

optimize the rate of gypsum aystallization:

> Seuiing rate of sludge (200, 100, 75, 50, 30, 20 and
10%)

» Over-saturation conceniration

Continuous studies on gypsum qystallization and Ca(0s
crystaliization

The quality of the water from the gypsum aystallization
stage was stidied on a continnous basis at various hydraulic
Tetention times (HRT), varying between 0.2 and 3.5 hours.

Sludge seftling studies
Batch studies on coggulation/Tlocodation
The concentration of polymer added was varied to evaluate

and opiimize the efficiency of the pofymers as coagulant/
flocculant by measuring the darity and settling rate of each
trial.

Contirmos stidies on coqguiation/floccudation

The quaiity of the water before and after treatment for the
various stages of the peocess was studied at the pilot plant on
a continuous basis at different hydraalic retention times.
Anaglysis

Sampies were oollected regulady and filered through
Whaman No. 1 filter paper. Determinations of pH and
sulphate were carried out manually according to procedures
described in Standard Methodsé. Calcium and magnesium
were recorded with the ICP method for metals. Alkalinity was
determined by titrating with sodium hydroxide to pH 7.0.
Clarity was detevmined with a spectrophotometer, measured
in NTU (Nephelometric Turbidity Unit).

Results and discussion

Waler qgualily

the chemical composition of the acid mine feed waser and the
water qualities after each of the three stages of treatment are
listed in ‘Table IV.

From Table IV, it can be noted that limestone (CaC0s) can
be used effectively in the integrated process for neutral-
ization of acid water (HRT = 1 hour). When discard leachate
was treated with imestone, the pH of the water was raised
from 2.10 to 7.68 in the newtralization reactor. A decrease of
96.6% in the acidity of the water after limestone neutral-
ization is a result of the Following reaction:

CaC0y + HpS04 — €a504.2H20.2H;0 + €0; + Hx0 2]

When the water is under-saturated to gypsum
{Ca50,.2H,0), aidity removal 1s achieved at a high rate.
Once the water is saturated to gypsum, funther dissolution of
CaC0; is limited by the rate at which gypsum crystalBizes out
of solwtion.

The Joumal of The South Aliicen institite of Miing and Mobalurgy
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Tabde IV
Water quaiities of feed water and treated water of each of the three stages of treastment
Paramatar Acid teed Limestore Focculefion | Gypeww crystalizstion | Flocculriion CaC0y precipitetion | Goagulation +
walet neuicalization through me trassent through CO; wealment |  Focculation
oH 210 720 788 1nn 1228 .46 8.50
SO (mg/n 3000 1890 1800 1100 1084 1159 1219
Aleginity g/ | -3000 108 190 860 S0 7 50
Caimg 420 638 636 994 a9 530 542
Mg tmo/) 160.00 147.00 147.00 B22 0.00 2.88 s
Al g/ 556.00 030 0% 0.00 0.00 o4 131
Na (mg/ 41.00 48,40 40.00 45.50 .00 4530 45,80
Mn g/ 17.00 1802 13.00 0.00 oo 0.00 ©.o1
]
The stability of the treated water with respect to calcium "o
carbonate is determined by the pil, cakium and alkalinity -
values of the treated water_ The alkalinity of the treated ] !
water was 100 mg/l (as CaC0s) owing to the escape of 00, | Raad
from the solution and can be ascribed to the following 208 e o —
reaction: Y * '.i .“ A\ A J.:" b A
Vs A hd i * ;
Hy003 ~ 1H0+00; 31 om0 s -
This is a benefit as the increased tuffer capacity o
contributes to stabilizing the pH of the water (Table IV). o

Sulphate was reduced from 3 000 & 1 900 mg/! after neutral-
ization with limestone. The cakcium concentration increased
during treatment from 420 to 636 mg/fl. Only partiat
manganese removal (17 (o 13 mg/)) was achieved, which can
be expecred if the pH is not raised o vatues higher than 7.8.
Manganese removal is only achieved at pH 9.5.

The relationship hetween pH in the gypsum crysial-
lization reactor and the sulphate in solution is evident from
Table TV and Figures 3a and b in which the temporal
behaviour of pit and S04 are {llustrated over a period of 28
days. It can be further concluded that sulphates in the neutral
waer can be reduced effectively with time treatment during
gypsum crystallization to levels below the otiginal aim of
1200 mg/l $04%, Le. 300 mg/! bedow the saturation level of
gypsora {1 500 mg/l), by raising the pH to 12.26 (HRT =
2.72 hours). Because of the removal of sulphates to this low
level, no scaling of pipelines in the plant whexe the treated
watet is re-used, will occur as the treated water is well below
the saturasion level of gypsum. The water is also suitable for
frrigation as 1 200 mg/ is a typical limit for such practice.
Improved sulphase removal is achieved when magnesiom is
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Figure 3—Lavain of pH and 504" of the neutraliznd water during
gypeumn ceysialivation wilh ime over a pariod of 38 deys st HRT of
272 hows

remmoved at the high pH level of 12.26 after lime treatment.
The magnesium concentration at pH 7.68 was 140 mg/! while
at pH 12,26, the magnesium content dropped 10 zero, due to
magnesium hydroxile precipitation. The calcium concen-

tration increased from 636 to 829 mg/f due to the dissolution
of lime (Ca(OH).}. This phenomenon can be explained by the
foBlowing reaction:

Mg30, + Ca{OH)2 - Mg(OH), + C350,.2H,0 (]

Rate of gypsum crystaliization and CaCO5
precipitation

soluble Ca(OH); resulting in & 96.6% decrease in acidity and
an increase in pH and Ca concentration in the bulk water.

Ik has been shown by Maree er al 4 that the above-
mentioned increase in dissolved Ca concentration can result
in super-saturation with respect to gypsum and concomitant
precipitation with sufficient reaction time. The level to which
sm"wmm“dmmmwmmwm
of gypsum, which is a function of the Ca and 50, concen-
trations as well as the ionic strength of the solution.

Maximam sulphate removal can be achieved during alkali
treatment by raising the pH to 12 and higher for magnesium
precipitation and removal of suiphate associated with
magnesium by means of gypsum crystaliization. During
gypsum crystallization, the gypsum concentration was found

The Journat of The South ARICan instiuio of Mining and Moialurgy

to have a major influence on the rate of sulphate removal.
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This phenomenon, which is flustrated in Table V and Figure
4, concurs with the findings of Maree et a4, who stated that
the rate of crystailization is influenced by the concenttration
of gypsum seed arystals.

The rate of nentralization takes place in two siages, a fast
first phase and a stow second phase. The first phase ks
associaed with the neutralization of pure Hz504
Clayton et af.7 propased the following equation:

-ddt = KSCah 51

whese —dc/dt is the reaction rate, X the rate constant per
wunit snsface area, S the total available surface area of CaC0;
and Gz the concentration of HyS04.

It can therefore be conduded that the rate of gypsum
aystallization is directly proportional to the surface area of
the gypsum, which Is fiiustrated in the following equation:

d[CaS04. ZHy0)/dt = MCaS04 2H0](SHC-Co)2 i
where d[CaS04.2H;0]/dt represents the mte of arystalli-
sation, k the reaciion rare constarit, [CaS0..2H20)(S) the
swface area of the seed crystals, Cthe initial concentration of
calcium suiphate in. solution and G the saturated concen-
tration of caldum sulphate in solution.

Figure 5 is an (ustration of the removal of sulphates .
through gypsum cryswllization from the nesiralized water, if
sufficient time is provided, compared to that of the limestone
neutralization process. It is evident from the decrease of the
sulphate content of the water that about 2 howrs are required
to reduce the suiphates in the water to 1 100 me// during the
gypsum crystallization stage with Hime treatment.

‘Water, which is under-sainrated with respect to gypsum,
can be produced by adjusting the pH with C0; from the high
levels of 12 and higher to 2 level where CaC0; has a low
solubility. Figure 6 shows the relationship between pH and
Ca concentrations in solution. It can be seen that calcium was
reduced from 1 100 mg// at pH 13.30 to 487 mg// at pH 8.80
due 1o Cal0s arysiallization.
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Table V

Water qualiies of feed water and treated water of
each of the thwoe stages of treatment

Siudge concentration ig/§ 1 10 5 200

Reaction rate /). day) 3j02 | 5270 | 10253 | 125.76

B
e R

Shufige cane = S0gl Skuige senc.= 20yl

Agure 4+—ENect of shadge concesiralion on rate of grpeum orysial-
\ization st pH 12

| -] JULY/AUGLIST 2008

Figure 5—Relslionship betweon pH and Ca concaniralion

The fact that C0, bubbling into the teated water of the
gypsum crystallization stage resuked in an immediate
decrease in pH and that it needed a very short retention time,
makes it almost irapossible to determine the effect of various
parameters on the rate of Cal0s predpitation. The pH of the
water was adfusted to 8.50 after CO;-bubbling and the
calcium concentration decreased from 829 to 487 mg/l as

According 0 Loewenthal and Maraiss, the saturation,
unhder-saturation and super-saturation states of CaCOy are
theoretically identified by the activity product of Ca?+ and
C032- species that is compared with the soluhility product
constant ke, for CaC0s. Above the solubility product, CaCO;5
will precipitate out of the water and if below the solubility
product, Ca00; will dissolve. The rate of precipitation or
dissolution is described by the following equation:

s pau=xsf ”)"'(003")“—1{..“}2 g

where k is the precipitation rate constant, 5 the surface area
of CaC0Oy growth/dissolution sites and {} the activity in
moles/. Adlen® further stated that this equation can be
deseribed as practical for the design of softening plants. The
rate of precipitation depends on k, S and the term in brackets.
Although k s affected to an unknown extent by crystal

aysals. By controlling S and the degree of super-saturation
{ternt in brackets), the rate of precipitation or dissolution of
€aC0y can be determined.
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Table VI
Suspended soiids content of the gypsum Skudge at |
* after 2¢ hours |
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Conditions: HAT i crystalimation reector: 2. 72 hours

Siudge charactoristics

The suspended solids content and setiling rate of the gypsum
shudge afier 24 hours seuling time are shown in Tabie VI at
different dilutions.

For the gypsum sludge, the setding rate Increased from
0.101 to 2.483 mv/h as the dilution decreased from 200 to
10%. A low sludge setiling rate (0.101 mvh) would therefore
be expecied in ¢ gypsum aystailization reactor where the
sludge solids content is high (26 500 mg/A, while a high
sludge settling rate (2.483 m/h) can be expected in the
sludpe separation stage where the solids content is fow
(1 110 mg/!). The sludge concentration can be controlled by
withdrawing sludge from the bottom of the reactor in which
the solids content would be at a maximum.

As mentioned earlier, the CaC0; sludge, produced
through €0, bubbling of the treated water of the gypsum
crystallization stage, had a wide variety of partide sizes
which made it almost impossible to determine settling rares.
These results are supported by the conclusions made by
Poruius® in which he stated that individual pantide behaviour
is influenced or hindered by the presence of other partides
and that the flow characteristics of the bulk suspension can
be affected. With inaeased particke concentration, the free
area between particles is reduced, causing greater

————— VR

Photograph +—Bfect of verious concenirations of flocculant 3095 on
satiling raie of siudge trom stege 1—Llire 0 min

he Al of The South Alican bstitule of Mineng asa MoiaRary

e e ————

interparticle fluid velocitics and alteration of flow patterns
around particles. Consequently, the setiling velocity of a
suspension is generally less than that of a discrete partide.
When the size, shape or density of pantides in a suspension
is not uniform, individual particles will have different seitling
velodities and smaller particies tend to be dragged down by
the motion of larger particles.

Effect of polymers for seltling reasons on chemical
composition of treated water

To optimize the process, setiling of the varions studges in the
three stages was improved by the addition of the polymers
PACG and 3095 as coagniant and flocculaat respectively to
the efflueris. The addidon of limestone, lime, COz and
polymeric substances to the secondary effluents in the
various pH ranges had the following offects on its inoeganic
composition, as Mlustrated in Table V1.

The presence of Al jons in the various secondary
efftuenis played 2n importans role in the achievemeni of
optimum dlarification during limestore, lime and CC»
treatment. This is due to the formation of gelatinous Al-
precipitated compounds thar ks Tlustraed in the decrease of
Al concentrarion, from 556 mg/l o zero, in each of the three
stages of the process. It can therefore be concluded that the
Al content in the polymers used as coagulant or flocculant
did not affect the final quality of the treated water. Al precip-
itated in the same way as Fe and Mn and can be treated as
fo inert sladge. Metal rydroxides are inert and therefore do
not oxidize like metal sulphides under standard conditions to
form H,S0, and metals in solution.

Optimum dosage of polymeric additions for improved
seitiing of skadges

¥ is known that particles in the relaively dihate solutions did
not act as discrete panticles but coalesced during sedimen-
taiion (Mercalf and Eddy19). As coalescence or flocculation
cecurs, the mass of the particle increases and it settles Faster.
The extent to which floocutation eccurs depends on the
opportunity for contact, which varies with a number of
variables. One of these variables is the concentration of 1he
particles.

Phot h 2—Efect of

concewiraiions of Socculant 3096 on
mmummwhmmm
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P
- Effect of polymer concentration on the settiing rate
of the shudges produce in the three consecutive

stages of the treatment provess (inchuding polymer
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A number of experiments was conducted al various
polymer concentrations and the rate of setling of the shadges
as well as darity of the reated water were studied.

1 andd 2 Mlustrale these actions. These results
(including cost estimares) are also Hsted in Table V1L,

The contacting particles tended o settie a5 a zone,
maintaining the same relative position with respect 1o each
other. As the particles in this region settled, a refatively dear
layer of water was produced above the particies in the
settling region. In the case of stages 1 and 2, am identifialile
intexface developed between the more or less dear upper
region and the hindered serling region. The rate of setfling
in the hindered senfing region is n Fendion of the concen-
tration of solids and their chamctevistics. As settling
continued, a compressed layer of partides began to form on
the bottom of each cylinder in the compression seitling
region. The particles in this region apparently formed a
structure in wiich there is dose physical contact between the
particles. As the compression layer formed, regions.
containing successively lower concentrations of solids than
those in the compression region extend upward in the
oylinder. In the case of stage 3, such a small concentration of
shudge was formed and senling of the studge with an
addirion of 2 coagutant and Aovadant was obtained within &
few seconds.

ireficient coagulation/focculation resulted from an
overdose of polymer 10 the system or from intense or
prolonged agitation. If exvessive polymer is aidded. the
sepments may saturaee the surfaces of colloidal partides so
that e sites are available for the formation of polymer
bridges. This can restabilize the particles wid may or may not
be aocompanied bry charge reversal, A very narrow optinum

n <

#OFRALALEILET Y Yal

'

exigts for the palymer and overdosing or underdosing will

result In resabilization of the odlioids. Intense or profonged
mixing may destroy previonsly formed bridges and lead to
resiabilization.

An inverse relationship exists between the optimum
polymes dosage and the concentration of colloids m be
remeved. This can be explained as Fnllows: at kow colloid
concenkrations 2 large excess of polymer is required 1o
produce a large amotnt of precipitase that will enmesh the
relatively few colloidal particles as it setiles. At high colloid
conceniations, coagulation/floccubition will eecur ax a lower
chemical dosage because the colloids serve as nucled o

Depending ou the sertfing rate of the studge, the darity of
the overflow water and the cost of pelymer added for
sufficient sudgy seuhiug, the optisum concentration of
polymer can be determined. Dosages of ondy 050w 1.0 mg/{
are needed for effective seeting of the studge in dhe first
siage of the process with @ senling rate of 5.04 (o 5.57 m/h,
In the second stage of the process oaly .75 to 1.25 mg#l of
the polymer is needed so achieve a settfing rate of 1.635 to
2.58 m/h. For the third stage, the addition of a ooagulant
first, Fodlowed by a Roerulant, necessary to achieve good
settling of the very fine CaCOs shidge. Only 0.005 mid! of the
coaglant PACS and 0.4 mg/! of flocculant 3095 were needed
for effective shulge setiling. A specific combination of
coagilant:flocculant exises and from there the above
optinm amount of this specific combination had been

experimentally determined.
Econarmic feasihiily

Neutralization and sulphate removal from water to a level
where the water quality is suiable for re-use in the process.
For irrigation purposes or for discharge into e seworage
network, can be achieved with imestone (Ca€0;) and slaked
lime {Ca(OH)z}. For re-use in some areas of the plant, (reated
water may need o be under-saturated with respect to
gypsum 10 prevent gypsum scaling of equipment, Due to the
removal of nugnesium. sulphate associated with magnesium
and the sohubility product of gypsum, which aliows Jower
sulphate concenirations at higher calcium coicentrations in
sotution, sulphate can be removed 1o lower levels with lime
{pEt is raised to 12.26) than with limestone (pH is raised to
7.68). Therefore, maximum benefits can be achievad by
combining Hmestene neutralization with Hme treatrnent for
neutralizing the water, for complete wagnesiam removal and
for suiphatz removal to less than 1 200 mg/l.

The bulk of the sofution tan be nentralized with
limestone (which is much cheaper than lime), followed by
lime treatment for metal removal as well as partial sulphaie
removal. Further ireatment of the high pH water with COn
{which is generated dusing limestere peytralization and
gypsum ciystallization) will not anly adjust the pH of the
‘water to neviral levels b CaC0; of high quality can aiso be
produced and then recycied o the iimestone neutralization
stage.

A comparison between the eost associated with
neutralizing 1 g/ acidity by using limestone anid lime, is
ilhustrated in Table VAR It can be noted that acid water can be
neutralized 63% more cheaply, using mestone instead of lime.

Bt enrcag Rl v w P il o kM o f e, 25T MR VA
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‘The cost for temoving of sulphate to a certain level by
means of limestone and lime is listed in
Table IX.

It can be noted from Table VIl that the addition of
polymess o the effluents of the various stages of the process,
to ensure fast enough settting of the siudges, is ineviiable.
Because of the higher settling rates through the usage of
coagulants/flooculants, big savings will be made on capital
cost, as mich smafler clarifiers are needed. The quatity of the
treated water was also greatly improved in terms of darity,
Clarity improvement of 63, 32 and 99% can be achieved for
the overflow water of the secondary seuling sludges in the
process by the addition of very small quantities of polymeric
substances to the sludges. Settling of these siudges was
improved by 74, 90 and t00% in the three consecutive stages
of the process,

Conciusions

» Acid water can be neutralized effectively with
imestone instead of lime. In addition, sulphate is
removed to 1 900 mg// {as SOy)

»  Alter limestone neutralization, the sulphate content of
the weated water can be further reduced to less than
the original aim of 1 200 mg// by means of lime
treatment to a pH level of 12 and higher. When pH
values of 12 and higher are reached, gypsum crystal-
lization will take place and magnesium will be fully
removed from the water

» The CO; produced during the limestone neutralization
stage can be used to reduce the high pH of the treated
water after gypsum crystallization, The CaC0, formed
during this stage is recyded 1o the limestone nentral-
ization stage for re-us

» The contact time required between limestone and lime
and the water depends on the surface area of the
limestone and the lime. For design purposes, a contact

ihe sl of Fhe South Abican hsituie of Mining and Molakegy

time of 1 honr is needed for nevtralization of acid
water with limestone and 2 hours for maximum
sulphate removal with lime treatment

» Depending on the required level of sulphate removal,
cost savings of up to 61.5% can be achieved by the
integrated limestone/Time process, compared to the
well-known lime neutralization process that is
commonly used by acid water treatment plants

» Due (o the very low concentration of Al in the treated
water of the process afier each stage of treatment, it
can be concluded that the polymers used for
coagulation/flocariation had no effect on the chemical
composition of the treated water after limestone and
lime treatment for neniralization and partial sulphate
removal

»  Acontact time of | minute between polymer addition
for coagutation/flooculation reasons was found to be
sufficient for effective settling of the secondary
effluents of the three consecutive stages in the process.

» The senfing rates of the secondary sludges in the
process were increased by 74.2, 91.9 and 100%
respectively for the three stages by the addition of
PAC6 as coagulant to the third stage and 3095 as
focculant to all three stages of the process. Because of
higher setding rates, the darity of the efftuents was
also improved greatly.

» Depending on the required level of sludge sewling and
effluent darity of the reated water after each stage in
the process, large cost savings car: be achieved by the
addition of a specific amount of polymer to each of the
stages.
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PAPER 2: Geldenhuys, A.J. & Maree, J.P. Synthetic organic polymers (PAC6 and
3095) as coagulantsfflocculants for optimisation of an integrated limestone/lime
neutralisation process for partial sulphate removal, Proceedings 5" Annual Industrial
Water Management and Treatment Symposium, 15—-16 May 2002, Johannesburg, South

Africa.

This investigation arose from a need to improve the poor settling rates of gypsum- and
CaCO;-sludge in the combined limestone/lime process. These settling rates were very
slow and caused the overflow water from each stage to have a high degree of turbidity
and colour. The effectiveness in terms of cost and water overflow quality, using two
polymeric substances to improve settling of the sludges, was extensively investigated in
order to formulate design criteria for settling tanks (clarifiers) in full scale neutralisation

and sulphate removal plants.

The main objectives were:
v" To determine the effect the polymers had on the chemical composition of the water,
before and after treatment
v To determine the optimum dosage of polymer and contact time between polymer and
sludge for each stage in the combined limestone/lime process
v To evaluate the economic efficiency of the polymeric substances
v To produce design criteria for settling tanks in each of the three stages of the

combined fimestone/lime process

Type 3095 flocculant, which is poly-acrylamide in granule form, was effectively utilised to
serve as flocculant after both the lime treatment stage (gypsum crystallisation) and the
CO, treatment stage (CaCO; precipitation). The CaCO; sludge, resulting after CO,
treatment in the third stage of the process, requires the use of a coagulant prior to the
flocculant to enable the growth of aggregates into sizeable flocs. PAC6, which is a poly-
(aluminium-hydroxy) chloride and only available in solution, was successfully introduced
to the process as coagulant. The gypsum sludge, resulting from the first stage of the
process (limestone neutralisation), did not need any polymeric addition for improvement
of sludge settling, although the suitability of PAC6 as flocculant was evaluated at this
stage and presented in this paper.
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For design purposes, the results are such that the required settling rates of the various
sludges, the essential clarity of the overflow water, and the cost of the amount of additive
are listed. From these results, a full scale limestone neutralisation and iron(ll)-oxidation
plant has been designed, constructed and commissioned in January 2004 to treat toe-

seep from a coal discard dump near Witbank.

Paper 2 was presented orally by A J Geldenhuys at the 5" Annual Industrial Water

Management and Treatment Symposium
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SYNTHETIC ORGANIC POLYMERS (PAC6 AND 3095) AS
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FOR PARTIAL SULPHATE REMOVAL " -
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KEYWORDS: Limestone neutralisation, gypsum crystallisation, CaCO; precipitation, acidic effluents,

partial sulphate removal
ABSTRACT

Limestone and lime treatment is the most cost-effective technology for neutralisation and partial sulphate
removal of acidic/sulphate-rich water to sulphate levels of less than 1 200 mg/€ due to precipitation of
magnesium and removal of the associated sulphate fraction (through gypsum crystallisation). Neutralised
mine water of this quality may be suitable for irrigation or re-use in mine applications. The overflow water
from the clarifier of each of the above stages generally contains a wide variety of colloidal impurities that
may cause the water to appear turbid or may impart colour. This results in very slow sludge settling rates that

causes overflow water with a high degree of turbidity and colour.
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There are a number of successive or simultaneous stages involved in the agglomoration of particles. This
paper describes the use of two of these stages in an innovative process for the neutralisation and partial
sulphate removal of acid streams produced during coal mining and processing. In this process, the integrated
lime and limestone has been developed to treat water for removal of magnesium, metals and sulphate (to less

than 1 200 mg/f ). The process consists of the following stages:
1. Limestone (CaCO;) neutralisation to raise the pH to 7 and CO;-production.

2. Lime (Ca(OH);) treatment to pH 12 for Mg(OH), precipitation and gypsum (CaSO,)

crystallisation.

3 pH adjustment with CO; recovered from Stage 1 to enable CaCQ; precipitation for re-use in

Stage 1.

In an earlier study it was found that the rate of gypsum crystallisation is directly proportional to the surface
area of the gypsum. To get optimum neutralisation of the acid water and partial sulpate removal to below the
saturation level of gypsum (i.e. 1 200mg/f), maximum siudge recovery is needed. The higher the
concentration of seed crystals the larger the surface area. Therefore, effective removal of suspended and
colloidal matter from the overflow of each stage are required and can be achieved by coagulation and
flocculation. The polymers, PACG and 3095 were effectively used as coagulant and flocculant respectively.
The addition of these polymers resulted in a clear overeflow in each of the above stages with a very low

turbidity.

1 INTRODUCTION

Lime clarification is applied throughout the world in water treatment. Its most extensive use is in the
purification of surface waters for domestic and industrial use. Limestone and lime clarification were
effectively introduced to the water reclamation field at the Navigation Colliery near Witbank. The integrated
limestone/lime treatment process (Figure 1) comprises three consecutive stages which may be carried out

seperately in different pieces of equipment (reactors, clarifiers, and coagulant/flocculant mixing tanks).
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Reactor Clarifier Coagulation: Flocculation: Overflow Sludge
PAC6 3095 recycling
Figure 1: Block diagram of integrated limestone/lime treatment process

The clarification system at the Navigation treatment plant consists of the following items:

1. A limestone reactor for mixing the limestone and acid feedwater thoroughly during limestone
neutralisation, and has a retention time of 1 hour. A flocculant storage- and feed tank for dosing
flocculant: 3095 into the overflow from the reactor to a clarifier. In the clarifier, the clarified
effluent is seperated from the sludge. The sludge produced in the clarifier is recirculated to the
reactor by means of a variable speed peristaltic pump. The sludge density is controlled by the
recirculation and draw-off rates.

2. A lime reactor, in which the neutralised water from Stage 1 (limestone neutralisation) is thoroughly
mixed with lime (retention time: 2.72 hours) to achieve Mg(OH), precipitation and gypsum
(CaSO0,) crystallisation. A flocculant storage- and feed tank for dosing flocculant: 3095 into the

overflow from the reactor to a second clarifier. For handling the sludge and clarified effluent of
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the lime treatment stage as well as the next stage (CO, treatment), the same applies as for limestone
neutralisation.

3. A mixed reactor for pH adjustment by decrease the pH of the treated water resulting from Stage 2 to

enable CaCO; precipitation for re-use in Stage 1. A retention time of 30 minutes was used. A

coagulant and flocculant storage- and feed tank for dosing coagulant: PAC6 and flocculant: 3095

in serie into the overflow from the reactor to a third clarifier.

Considerable attention has come to be directed at the removal of small particles by combining them into
larger aggregates by coagulation and flocculation. These particles are mainly of chemical origin as limestone

and lime are added to the system which result in the production of Mg(OH),, CaSO, and CaCO,.

Water contains many compounds, which can be classified into three categories:

e  Suspended solids — These products may be mineral in origin (sand, silt, clays, etc.) or organic
(products resulting from the decomposition of plant or animal matter, humic or fulvic acids, for
example). Added to these compounds are microorganisms such as bacteria, plankton, algae and
viruses. These substances, in particular, are responsible for turbidity and colour.

o Colloidal particles (less than | micron) — These are suspended solids of the same origin as the above
but of smaller size and with a settling rate that is extremely slow. They are also responsible for
turbidity and colour.

e Dissolved substances (less than several nanometres) — These are usually cations or anions. Part of

the organic matter is also dissolved. Gases are also present (O;, CO,, H,S, etc.).

Colloidal particles that cause colour and turbidity are difficult to separate from water because the particles
will not settle by gravity and are so smali that they pass through the pores of most common filtration media.
To be removed, the individual colloids must aggregate and grow in size. Aggregation is not only by the small
size of the particles but more importantly by the fact that physical and electrical forces keep the particles
separated from each other and prevent the collisions that would be necessary for aggregation to occur. Thus
colloids are particles that cannot settle naturally and for which surface area factors are most important. These

factors determine the stability of colloidal suspensions. In fact, colloids are subject to two major forces:

52



¥ Van der Waals attraction, which relates to the structure and form of colloids as well as to the type of
medium,
v The electrostatic repulsive force, which relates to the surface cﬁarges of the colloids.
In order to destabilise the suspension, it is necessary to overcome the energy barrier. To accomplish this and,
thereby, promote the agglomoration of colloids, it is neceassary to reduce the electrostatic forces. This

destabilisation is brought about by coagulation (Benefield et al.').

Chemical agents can be used to promote colloid aggregation by destroying the forces that stabilise colloidal
particles. Mechanisms responsible for destabilisation of inorganic clay colloids have been identified through
extensive research studies and are well understood. The process of destroying the slabilising forces and
causing aggregation of clay colloids is referred to as chemical coagulation (Benefield et al"y. It can also be
referred to as the destabilization of colloidal particles brought about by the addition of a chemical reagent
known as a flocculant. Flocculation can be adressed as the agglomeration of destabilized particles into
microfloc, and later into bulky floccules which can be settled called floc. The introduction of another

reagent, catled a flocculant may promote the formation of the floc.

According to Pontius?, the process of coaggulation as practised in water treatment can be considered as three
separate and sequential stages: coagulant formation, particle destabilisation, and interparticle collisions.
Coagulant formation and particle destabilization occur in rapid-mixing tanks; interparticle collistons occur
predominantly in flocculation tanks. The major factors affecting the coagulation/flocculation processes in
diverse ways are: (1) éoagulant/ﬂocculant dosage; (2) pH; (3) colloid concentration, often measured by

turbidity; (4) anions or cations in solution; and (5) mixing effects.

Synthetic organic polymers can be effective as coagulants. These polymers are long-chain molecules
comprised of many monomers. Polymers typically have a helical molecular structure comprised of carbon
chains with ionising groups attached. When the groups are ionised in solution, an electrical repulsion is
created which causes the polymer to assume the shape of an extended rod. As the ionised groups become
attached to colloidal particles the charges are neutralized and the polymer starts to coil and form a dense floc

with favourable settling properties.
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The main objectives of this investigation were:

e To determine the effect of the polymers on the chemical composition of the water before and afier
treatment

® To determine the optimum dosage of coagulant/flocculant for each stage of the treatment process
{concentration}

® To determine the efficiency of the polymers (as coagulant/flocculant) on the chemical composition
of the coal processing water before and after treatment in all stages of the treatment process (settling
rate of sludge and clarity of overflow water)

® To determine the economic feasibility of the polymers used as coagulant/flocculant

2 MATERIALS AND METHODS

21 Feed Water

Acidic leachate from a waste coal dump, was used as feed water for barch studies on laboratory scale in

beakers and continuous studies on pilot plant scale. The relevant chemical composition of this leachate is

listed in Table 1.

Table I. Chemical composition of acidic mine leachate as feedwater

Parameter Acid feed water
pH 2.10

SO/ (mg/t ) 3 000
Ca(mg/t) 420

Mg (mg/t ) 160

Na (mg/L ) 41

Mn (mg/f ) 17

CI' (mg/£ ) 16

Acidity (mg/¢ )

3000




2.2 Feedstock

Waste powder limestone (CaCO;) from paper industries was used in the limestone neutralisation stage of the
process. For the gypsum crystallisation stage, unslaked lime (Ca(OH),) was used. The limestone was
analysed for its calcium, magnesium and alkalinity content. Calcium and magnesium were determined with
EDTA, while the alkalinity content was determined by dissolving it in a stoichiometrically excessive amount
of hydrochloric acid. This excess amount of hydrochloric acid was titrated with sodium hydroxide (see

Tables II & III for chemical composition of powder lime and limestone respectively).

Table I1. Chemical composition of powder lime (Ca(OH),)

Bulk Available Available Total Ca® MgO AlLO; +  SiO; Acid
density Ca(OH), CaO (min%o} (max%) Fe 04 (max%) insolubies
(kg/m’) (min %) {min %) (max%) (max%)
560 94 71 72 1 03 0.5 1

Particle size: Fine powder, 100% passing 90 micron

Table 11 Chemical composition of powder limestone {CaC0O5)

CaCOs Ca(OH), Ca Mg Na K Moisture
(%) (%) (mg/t ) (mg/t ) (mg/t ) (mg/t ) (%)
97.02 3.87 354.08 5.66 11.17 0.43 24

Percentages based on dried basis

The polymers that were used as coagulant and flocculant respectively are PAC6, which is Poly-aluminium-
hydroxy chloride with a specific gravity of 1.3 (only available as solution) and 3095 (granules), Poly-
acrylamide which is a co-polymer of acrylamide and acylic acid with a molecular weight of about 15 000
000 g/mole. These chemicals were supplied by Montan Chemicals, Germiston. The coagulant was used as
received while a stock solution of 2.5g of 3095 flocculant per litre distilled water was made up on a weekly
basis. For dissolving the flocculant in distilled water, a small amount of methanol was first added to the

granules to assure effective granular dissolution.
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2.3 Batch studies and continnous studies

Batch studies were conducted in the laboratory in 1 volumetric cylinders at atmospheric pressure and
ambient temperature to study the efficiency of the two polymers, PAC6 and 3095 as coagulant and flocculant
respectively. These polymers were used to enhance settling of the various sludges produced in the three
consecutive stages of the limestone/lime treatment process (Figure 1). The polymers were added separately

to the effluents of these three stages as follows:

Primary effluent (limestone neutralisation): 3095 - flocculant
Secondary effluent (lime treatment for gypsum crystaliisation): 309 — flocculant
Tertiary effluent (CO;, treatment for CaCO; precipitation): PACO — coagulant

3095 — flocculant

Each effluent was stirred at a medium stirring rate for lminute whereafter increasing amounts of polymer
were injected into the solution (effluent). To assure thorough mixing of the polymer and solution, it was
further stirred for 1 minute at the same rate. For the tertiary eflluent, an additional stirring of 1 minute
between the coagulant and flocculant addition was allowed. At various time intervals, the interface of the
settling region was marked and 30mf{ samples were withdrawn from the the top part of each cylinder
(representing overflow) and analysed for turbidity until a settling time of 30 minutes have been reached.
These measurements enable quantification of the influence of the mentioned polymers as effective
coagulants/flocculants by means of polymer concentration, settling rate and clarity. Cylindrical tests should
be used only for the evaluation of the operation, chemical dosage and removal of contaminants. It is not valid

for evaluating the size of the clarifier or to simulate a reactor-clarifier but serves merely as guidelines.

Based on the studies conducted in the laboratory, the optimum amount of polymer was used in each

consecutive step of the process at pilot plant scale to demonstrate the effective settling of the various sludges

and clear overflow water on larger scale.
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24 Equipment and procedure

A mobile pilot plant at Navigation Coal Mine near Witbank, with a capacity of 10m’/day was used for on-
site treatment of the acid mine water. The design and operational parameters for the mobile plant are

summarised in Figure 1 and Table IV.

Table IV. Design parameters for the three consecutive stages of the treatment process as illustrated in
Figure 1

Parameter Limestone Limestone Lime Lime CO; CO,

reactor clarifier reactor clarifier reactor clarifter

Diameter (m) * * 1220 1.220 0.600 1.220

Base area (m’) * * 1.169 1.169 0.283 1.169

Height (m) * * 0.850 2.100 0.800 2.100

Volume (m®) * * 0.994 2.821 0.226 2.821

Hydraulic retention 1 - 2.72 - 0.5 -

time (HRT, hours)

* Full scale plant in operation

In all three stages, the polymer(s) was added to the effluent in the overflow between the reactor and clarifier
for rapid mixing to disperse the polymer(s) homogeneously for enabling good contact between the effluent
and polymer(s). In each clarifier, slow speed agitation was provided by recycling a part of the sludge back to
its reactor by means of a variable speed pump to enable the growth of the aggregates into voluminous flocs
by collision and entrapment of the suspended matter. Another reason for recycling a partial of separated
solids (the sludge) is to provide nuclei for better coagulation and flocculation. The rest of the sludge is
disposed of.

2.5 Programme

2.5.1  Batch studies on coagulation/flocculation

The concentration of polymer added was varied to evaluate and optimise the efficiency of the polymers as

coagulant/flocculant by measuring the clarity and settling rate of each trial.
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2.5.2  Continuous studies on cogulation/flocculation
The quality of the water before and after treatment for the various stages of the process were studied at the

pilot plant on a continuous basis at the hydraulic retention times listed in Table 4.

2.6 Analyvtical

The samples were collected regularly and filtered through Whatman No 1 filter paper. Determinations of pH
and sulphate were carried out manually according to procedures described in Standard Methods (APHA?).
Calcium and magnesium were recorded with the ICP Method for metails. Alkalinity was determined by
titrating with sodium hydroxide to pH 7.0. Clarity was determined with a spectrophotometer, measured in
NTU (Nephelometric Turbidity Unit). The measurement of turbidity is based on comparison of the intensity
of light scattered by a sample as compared to the light scattered by a reference suspension under the same

conditions.

3 RESULTS AND DISCUSSION

31 Water quality

The chemical composition of the acid mine feed water and the water qualities after each of the three stages of

treatment are listed in Table V (samples were taken in each reactor and after each polymer addition)
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Table V. Water qualities of feed water and treated water of each of the three consecutive stages of

the limestone/lime treatment process (see key notes in Figure 1)
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pH 21 6.2 6.47 11.71 11.72 9.46 85
SO~ (mg/t) 14200 8 800 6200 2200 2600 2 800 2400
Alkalinity
(mg/t) -12 000 -3 200 -71.6 1 460 1840 120 100
Ca (mg/t) 434 538 537 994 1330 630 626
Mg (mg/t) 301 317 316 0.224 0.229 478 5.57
Al (mg/£) 556 10.1 0.385 0 0 0.074 1.11
Na (mg/€) 228 86.4 919 85.6 91.4 85.3 113
Fe(Il) (mg/t) 4356 4356 4356 58 58 58 58
Ferom
(mg/L) 3 060 3280 2630 0.394 0.036 0.276 0.989

To optimise the process, settling of the various sludges in the three stages were improved by the addition of
the polymers PAC6 and 3095 as coagulant and flocculant respectively to the effluents. The addition of
limestone, lime, CO, and polymeric substances to the secondary effluents in the various pH ranges had the

following effects on its inorganic composition, as illustrated in Table V:

a) Limestone (CaCOs;) can be used effectively in the integrated process for neutralisation of acid
water. When discard leachate was treated with limestone, the pH of the water was raised from 2.71
to 6.20 in the neutralisation reactor. To achieve further reduction of sulphate to the level of 2
200mg/t , lime was added to the neutralised effluent. The pH and Ca content increased to 11.71 and

994 mg/t respectively, due to gypsum crystailisation in the second stage of the process. The high
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pH of 11.71 after lime addition to the water was corrected by bubbling CO, through the treated water until a
pH of 8.50 had been reached.

b) The acidity of the water after limestone neutralisation was initially increased owing to the addition
of hydroxide ions, but was subsequently reduced by the precipitation of carbonate as CaCO, and
hydroxide as Mg(OH),. The Mg concentration was not affected by the addition of lime per se, but
was reduced as a result of the precipitation of Mg(OH); at pH levels of >10.8.

¢} The presence of Al ions in the various secondary effluents played an important role in the
achievement of optimum clarification during limestone-, lime- and CO»-treatment. This is due to the
formation of gelatinous Al-precipitated compounds that is illustrated in the decrease of Al
concentration, from 556 mg/f to zero, in each of the three stages of the process. It can therefore be
concluded that the Al content in the polymers used as coagulant or flocculant did not affect the final

quality of the treated water.
3.2 Optimum polymer dosage

It is known that particles in the relatively dilute solutions did not act as discrete particles but coalesced
during sedimentation (Metcalf & Eddy*) . As coalescence or flocculation occurs, the mass of the particle
increases and it settles faster. The extent to which flocculation occurs is dependent on the opportunity for
contact, which varies with a number of variables. One of these variables are the concentration of the
particles. The settling rates for various concentrations of particles {polymer) which were added to the three

consecutive stages of the process individually, are photographic illustrated in Tables VI, VII and VIIL
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Table VL. Photographic illustration of the settling of the sludge in the limestone neutralisation stage
(stage 1) of the limestone/lime treatment process with increasing concentration of polymer

3095 as flocculant (including values for clarity and cost)

1T} I 2 W L1 i

Settling time: 0 minutes — directly afier flocculant dosage

C:0.125 o D250 C:0.500 C: 1.000 C:1.250 C: 1.500
T: out of spec. | T:outofspec. | T:outofspec. | T:outofspec. | T:outofspec. | T:outof spec.
SR: 4.620 SR: 5.100 SR: 5.040 SR: 5.370 SR: 5.790 SR: 5.910
R: 0.275 R: 0.550 R: 1.100 R:2.200 R: 2.750 R:3.300
3uma 1] ar 4 - il £
25 mlt T L e 1 L5m=f
L J . ¥

Polymer: 3095 as flocculant
Settling time: 1 minute after flocculant dosage

T R

T: 862

| T: 357

| T:319

& ]

' :.ru.r-.'*"

L SR

_-I a5 -J.l"f ._::-'

Polymer: 3095 as flocculant

Settling time: 10 minutes after flocculant dosage
T: 163 | T: 110 | T: 154 | T: 111 | T:173 | T:237
C — Polymer (3095) concentration (mg/{) R - Cost (c/m’)

T - Turbidity (NTU)

SR - Settling rate (m/h)
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Table VII. Photographic illustration of the settling of the sludge in the lime treatment stage (stage 2)
of the limestone/lime treatment process with increasing concentration of polymer 3095 as flocculant

(including values for clarity and cost)

Polymer: 3095 as flocculant
Settling time: 0 minutes — directly after flocculant dosage
C:0.250 C:0.500 C:0.750 C:1.250 C: 1.750 C:2.000
T:out of spec. | T:outofspec. | T:outofspec. | T:outofspec. | T:outofspec. | T: out of spec.
SR: 0.672 SR: 0.840 SR: 1.635 SR: 2.580 SR: 3.440 SR: 5.610
R: 0.550 R: 1.100 R: 1.650 R:2.750 R: 3.850 R:4.400

Polymer: 3095 as flocculant
Settling time: | minute after flocculant

T: out of spec. | T: 3308 | T:276 I T77 | T:22.6 I T 115

S 6

9,53!

Polymer: 3095 as flocculant

Settling time: 10 minutes afier flocculant dosage
T: 10.6 | T:37.8 | T:18.5 [ T:10.7 [ T:10.5 | T:7.86
C — Polymer (3095) concentration (mg/t) R - Cost (c/m’)
T - Turbidity (NTU) SR - Settling rate (m/h)
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Table VIII

Photographic illustration of the settling of the sludge in the CO, treatment stage (stage 3)

of the limestone/lime treatment proce ss with increasing concentration of polymers PAC6 and 3095 as

coagulant/flocculant respectively (including values for clarity and cost)

Polymer: PAC6 as coaguaint and 3095 as flocculant
Settling time: 0 minutes — directly after coagulant/flocculant d

C: 0.400 C: 0.500 C: 0.625 C: 1.000 1250 C: 1.500
T: 1891 T: 1891 T: 1891 T: 1891 T: 1891 T: 1391
SR: 19.980 SR: 20.040 SR: 20.100 SR: 22.080 SR: 20.340 SR: 20.160
R: 4.130 R: 4.350 R: 4.625 R: 5.450 R: 6.000 R: 6.550

3

M

P
Polymer: PACS as coagulant and 3095 as flocculant
Settling time: 1 minute after coagulant/flocculant

T: 3.83 [ T:1.16 [ T:0.122 | T:0.105 [ T: 0.099 [ T:0.115

0.005 mt/t PAC6 as coagulant was added and stirred for 1 minute before 3095 was added

C — Polymer (3095) concentration (mg/t)

T - Turbidity (NTU)

SR - Settling rate (m/h)

R - Cost (c/m’)

The photo’s listed in Tables VI, VII and VIII, are an illustration of the liquid’s tendency to move up through
the interstices of the contacting particles. As a result, the contacting particles tended to settle as a zone (or
‘blanket’), maintaining the same relative position with respect to each other. As the particles in this region

settled, a relatively clear layer of water was produced above the particles in the settling region. In the case of

stages 1 and 2, an identifiable interface developed between the more or less clear upper region and the
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hindered settling region, as illustrated in Tables VI and VII. The rate of settling in the hindered-settling
region is a function of the concentration of solids and their characteristics. As settling continued. a
compressed layer of particles began to form on the bottom of each cylinder in the compression-settling
region. The particles in this region apparently formed a structure in which there is close physical contact
between the particles. As the compression layer formed, regions containing successively lower
concentrations of solids than those in the compression region extend upward in the cylinder. In the case of
stage 3, such a small concentration of sludge was formed and settling of the sludge with an addition of a

coagulant and flocculant was obtained within a few seconds.

Inefficient coagulation/floccualtion resulted from an overdose of polymer to the system or from intense or
prolonged agitation. If excessive polymer is added, the segments may saturate the surfaces of colloidal
parfticles so that no sites are available for the formation of polymer bridges. This can restabilise the particles
and may or may not be accompanied by charge reversal. A very narrow optimum exists for the polymer and
overdosing or underdosing will result in restabilisation of the colloids. Intense or prolonged mixing may

destroy previously formed bridges and lead to restabilisation.

An inverse relationship exists between the optimum polymer dosage and the concentration of colloids to be
removed. This can be explained as follows: at low colloid concentrations a large excess of polymer is
required to produce a large amount of precipitate that will enmesh the relatively few colloidal particles as it
settles. At high colloid concentrations, coagulation/flocculation will occur at a lower chemical dosage

because the colloids serve as nuclei to enhance precipitate formation.

Depending on the settling rate of the sludge, the clarity of the overflow water and the cost of polymer added
for sufficient sludge settling, the optimum concentration of polymer can be determined. Dosages of only 0.50
to 1.0 mg/l are needed for effective settling of the sludge in the first stage of the process with a settling rate
of 5.04 to 5.37 m/h. Nearly 33% of the sludge had already been settled after 1 minute of polymer dosage. In
the second stage of the process only 0.75 to 1.25 mg/( of the polymer are needed to achieve a settling rate of
1.635 to 2.58 m/h. For the third stage, the addition of a coagulant first, followed by a flocculant are necessary

to achieve good settling of the very fine CaCOs sludge. Only 0.005 m{/{ of the coagulant PAC6 and 0.4
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mg/t of flocculant 3095 were needed for effective sludge settling. A specific combination of
coagulant:flocculant exists and from there the above optimum amount of this specific combination had been
experimentally determined. For design purposes, the photographic illustrations and values for the above

variables are listed in Tables VI, VII and VIII for the three consecutive stages of the process.

33 Polymer efficiency

The efficiency of the polymers used in each of the three consecutive stages is directly related to the settling
rate of the sludge and the clarity of the overflow water. The effect of polymer concentration on sludge

settling rate and clarity of the overflow water of the three stages are illustrated in Figures 2, 3 and 4.
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Figure 2: [lustration of the effect of polymer concentration on clarity of the overflow water (a) and

sludge settling rate (b) for stage 1

65



TIEL

Turbidity (NTU)
Settling rate (m/h)

NETEL

125

a) Polpicommntaion gl b) Polymer concentration (mg/a 2
Figure 3: Illustration of the effect of polymer concentration on clarity of the overflow water (a) and
sludge settling rate (b) for stage 2
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Figure 4: Illustration of the effect of polymer concentration on clarity of the overflow water (a) and

sludge settling rate (b) for stage 3

The turbidity of the clarified effluents are a parameter that are very sensitive to the mode of operation of the
limestone-, lime- and CO,-treatment units (i.e. chemicals used, overflow rate and retention time and sludge

recirculation rate) and can be manipulated by the use of suitable coagulant or flocculant aids.

A reasonable relationship exists between turbidity and suspended solids for the settled secondary effluents

from this process. From Figures 2, 3 and 4, it can be noted that:
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. With increasing polymer concentration, the color of the overflow water from the settled secondary
effluent in the first and second stage of the process, changed sequentially from dark brown to
transparent. For the third stage of the process. the very fine CaCQO; particles settled immediately
after polymer addition and the overflow water had an almost perfect clarity of 3.83 NTU (turbidity)
within 1 minute’s time.

e For stages I and 3, the settling rate of the sludges remained fairly constant with increasing polymer
concentration. For stage 3, a linear increase in settling rate resulted from increasing polymer

concentration.

34 Economic feasibility

Neutralisation and sulphate removal from water to a level where the water quality is suitable for re-use in the
process or discharge into the sewerage network, can be achieved with limestone (CaCQO;) and slaked lime
(Ca(OH),). It can be noted from Table IX that the addition of polymers to the effluents of the various stages

of the process, to ensure fast enough settling of the sludges, are inevitable.
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Table IX. Effect of polymer concentration on the settling rate of the sludges produced

in the three consecutive stages of the treatment process

Stage 1: Limestone neutralisation

Polymer 0.000 0.125 0.250 0.500 1.000 1.250 1.500
concentration

(mg/t)

Settling rate 1.30 4.62 5.10 5.04 5.37 5.19 591
(m/h)

Cost (c/m’) 0.00 028 0.55 1.10 220 275 330
Stage 2: Gypsum crystallisation with high lime treatment

Polymer 0.000 0.250 0.500 0.750 1.250 1.750 2.000
concentration

(mg/£)

Settling rate 0.21 0.67 0.84 .64 258 344 5.61
(m/h)

Cost (c/m’) 0.00 0.55 1.10 1.65 275 3.85 4.40
Stage 3: CaCO, precipitation with CO; treatment

Polymer 0.000 0.400 0.500 0.625 1.000 1.250 1.500
concentration

(mg/t)

Settling rate 0.00 19.938 20.04 20.10 22.08 20.34 20.16
(m/h)

Cost (¢/m") 0.00 4.13 435 4.63 5.45 6.00 6.55

‘The limestone/lime neutralisation process will be overall more cost effective, because of the higher settling

rates that will not only save on capital cost, as much smaller clarifiers are needed for shudge settling, but will

also produce overflow waters from secondary effluents of a much higher quality in terms of clarity. Clarity

improvement of 63, 92 and 99% can be achieved respectively for the overflow water of the secondary

settling sludges in the process by the addition of very small quantities of polymeric substances to the sludges

(see Tables VI, VII and VIII). Settling of these sludges were improved by 74, 90 and 100% in the three

consecutive stages of the process (see Table IX).
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CONCLUSIONS

Due to the very low concentration of Al in the treated water of the process after each stage of
treatment, it can be concluded that the polymers used for coagulation/flocculation had no effect on
the chemical composition of the treated water after limestone and lime treatment for neutralisation
and partial sulphate removal.

A contact time of 1 minute between polymer addition for coagulation/flocculation reasons was
found to be sufficient for effective settling of the secondary effluents of the three consecutive stages
in the process.

The settling rates of the secondary sludges in the process were increased by 74.2, 91.9 and 100%
respectively for the three stages by the addition of PACS as coagulant to the third stage and 3095 as
flocculant to all three stages of the process.

Clarity of the secondary effluents were improved by almost 100% for all three stages of the process,
as the water clarity before polymer addition for the various stages were >99 999,

Depending on the required level of sludge settling and effluent clarity of the treated water after each
stage in the process, large capital cost savings can be achieved by the addition of a specific amount

of flocculant to the first two stages and a coagulant and flocculant to the third stage of the process.
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Ticor SA produces zircon, rutile and ilmenite from mining sand dunes on the Natal coast.
The plant produces 85 m¥h of acid water that needs to be treated for re-use in the
metallurgical process leaching circuits. A portion of the process water has to be blended
with the Empangeni sewage system (discharge water) to prevent build-up of soluble ions.

The stream is required to have a sulphate content of less than 2 200 mg/#.

Initially, during 2001, a combined limestone/time treatment plant was designed,
constructed and commissioned to treat acid water, resulting from the process. It
comprised a primary neutralisation stage utilising limestone and a secondary
neutralisation stage employing lime. With this combined process, the sulphate
concentration in the water was lowered to 1 150 mg/¢. During an attempt to optimise the
process and further save on alkali cost, the lime treatment stage was abandoned and only
limestone utilised to neutralise the acid water (pH 6.5) and lower the sulphate
concentration from 5 100 mg// to 2 200 mg// to comply with the above mentioned

minimum requirements from the local municipality.

During this investigation, the following findings were made:

v" Aeration of the acid water after the primary neutralisation stage resulted in CO,
removal. Consequently lime was completely replaced by limestone for neutralisation
of the acid water resulting from the process

v' Suiphate concentration in the acid water was lowered from 5 100 mg/¢ to 2 200 mg/¢
to render the water acceptable for re-use in the plant or for discharge into the local
sewerage system

v The quality of the treated water could be controlled and any build-up of ions in the
water avoided

v" Savings of R1M per annum were achieved by replacing lime with limestone

v' Paper has been presented as a poster by A J Geldenhuys at the 6™ International
Conference on Acid Rock Drainage. (See Poster 2 in Appendix A).
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Neutralisation and Partial Sulfate Removal of Acid Leachate in a
Heavy Minerals Processing Plant With Limestone and Lime

A J Geldenhuys', J P Maree', G Strobos', N Smit? and B Buthelezi®

ABSTRACT

In mining a.nd prmcssmg operahorns where mlmls, lngh in pyrite and

low in cal ite are p d. acid is g , which needs to

be neutralised. Ticor at Empmgem in South Africa (SA) produces rutile

(TiO3), leucoxene (TiO7 plus iron compounds), titanium (Ti), zircon (Zi)

and ilmenite (TiOz plus iron compounds). Neutralisation is required in

the processing plant where acid is leached into the wash water. This
water needs to be treated to a quality suitable for re-use in the
metallurgical process or to a higher quality to make it suitable for
discharge into the Empangeni sewage system (SA). For re-use the water
needs to be neutral and under-saturated with respect to gypsum while for

harge into the ge system the sulfate concentration needs to be
reduced to less than 500 mg/L (as SO4). Acid mine water is generally
neutralised with lime. Disadvantages associated with lime are the costs
and maintenance of the slaking equipment as well as hazards, associated
with handling of the alkali. The cost of powdered limestone {CaCOj3) in

South Africa, a by-product, is 50 - 60 per cent cheaper than lime.

A technology has been developed where limestone is used for
neutralisation of acid mine water instead of lime. This development
includes:

e Limestone handling and dosing system. A novel, robust system
has been developed where waste CaCO;3 from the paper industry is
slurried to a constant density. A full-scale plant was construcied o
evaluate its performance (Figure 4). The dosing system consists of
an inclined slab onto which the limestone is stored and from where it
is slurried into a make-up tank. The density of the slurry in the
make-up tank is controlled via a loadcel] that measures the weight of
the tank (operated al constant volume) and activates/deactivates the
spray of the recycle slurry onto the slab.

o Integrated limestone neutralisation/lime treatment process. In
this process powdered CaCOs is used for neutralisation and partial
sulfate removal of acid leached from the coal washing plant. The
sulfate concentration can be further reduced to below the saturation
level of gypsum (ie 1200 mg/L) through gypsum crystallisation
means of lime treatment, resulting in metal precipitation (eg Fe'™
and AP,

e  CO;-treatment for CaCO; precipitation. The pH of the lime
medwamrmnbesd]ustadwpﬂlevelsofSSmdlwusmg
CO3. The COy, gen d during li neutr: {Equation
2), can be captured and used in this stage of the process.

The first two stages (limestonc- and lime neutralisation) of this
technology have been implemented on full-scale at Ticor to treat the
effluent of the process. The constructed plant is 80 m*/hr and differs from
coal processing plants by way of not containing Fe(II) and Fe(III) in the
water. The COs-treatment stage (Stage 3) will soon be implemented at
IHM as part of a program to optimise the technology for maximum
benefits.

PAPER SUMMARY
The limestone handling and dosing system (sec Figure 1), which
is the first technology of its kind, was built on full-scale and has
a capacity of 10 M#/day. It consists of the following units:
e Concrete slab with a slope of seven degrees onto which the

CaCO; powder is dumped and stored. The CaCO; powder is
sharried with a water jet and collected in a slurry tank

through gravity flow.

1. CSIR, Water, Environment and Forestry Technology, PO Box 395,
Pretoria 0001, South Africa.

2. Ticor, PO Box 20010, Empangeni 3880, South Africa.
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e Slurry tank with stirrer which acts as a mixing chamber for
the acid water and CaCO, as well as recovery of CO,- gas.

e Ball valve in the slurry tank to maintain the water level at a
specific height in the tank by dosing tap or clarified water.

® CaCOj-recycle slurry pump which withdraws some of the
slurried CaCO; of higher density from the slurry tank or
clear water through a water jet onto the CaCO; dump to keep
the CaCO, concentration at a constant level. The slurried
CaCO, is returned by gravity via the sloped concrete slab
back to the shury tank. The CaCO; concentration is
controlled by a density meter, developed by Environmentek,
CSIR (SA). The density meter measures the mass of a fixed
slurry volume on a continuous basis by means of a loadcell.

© Transfer pump, feeding slurried CaCO; into the limestone
make-up tank.

FiG 1 - Limestone handling and dosing system.

The neutralisation plant consists of the following stages
(Figures 1 and 2):

¢ limestone neutralisation;

e lime treatment and gypsum crystallisation;
e filter press; and

e CO,-treatment for CaCO;-precipitation.

In the neutralisation process (Figure 4), effluent from the Hot
Acid Leach Plant (HAL) is fed to the CaCO;-neutralisation stage
(Cl) from where the water flow by gravity to the lime
treatment/gypsum crystallisation stage (C2). The overflow of C2
is running via a surge tank to the filter press, which is fed on a
batch basis. The effluent of the filter press is discharged into a
second surge tank from where water is pumped to the
COy-treatment stage (C3). Powdered CaCO; and slaked lime are
fed via ring-lines to C1 and C2 respectively to control the pH at
five in Cl and between nine and 12 in C2. The CaCO,
concentration in the ring-line is kept at 10 g CaCO,/100 ml
slurry by controlling its density. The relationship between
CaCO,-concentration and density is given by Equation 1. The
plant has been designed for the CO,, produced in Cl, to be

Caims, QLD, 12 - 18 July 2003 1023
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FIG 2 - Photo of CaCOj -neutralisation (right column, C1) and lime
treatment/gypsum crystallisation (left colurmn, C2) stages.

FIG 3 - Photo of CO, -treatment stage (C3).

1024
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transported with a compressor to C3 for adjusting the pH to 8.5
or lower. CaCOj that is produced during this stage can then be
recycled back to the neutralisation stage (C1) in the process.

CaCO; - concentration (kg/L) = —10.34X? + 99.30X - 88.88 (1)

where:
X  =density in kg/L.

PER e T
b

Lime t co,

HAL Plant L
neutratisation

FIG 4 - Process flow diagram of combined limestone/lime
neutralisalion process.

DISCUSSION OF RESULTS ON FULL-SCALE
PLANT

The quality of the acid feed water and after cach stage of
treatment is listed in Table 1.

TABLE 1
Water qualities of the acid feed water and treated water after each
treatment stage.
Parameter ]—Aud&ulwlur Limestone Lime
1.95 6.03 12.10
SOf(mgn) | 4 | 25 | 145
Acidity (mg/L) 5350 - A
Allalinity (mg/L) | . B S

From Table 1, it is evident that limestone (CaCO;) can be used
effectively in the integrated process for neutralisation of acid
water (HRT = one hour). The pH of the water was raised from
1.95 1o 6.03 in the neutralisation reactor and is given by the
following equation:

CaCO, + H,50, — CaS0,.2H,0+ CO, + H,0 @

The stability of the treated water with respect to calcium
carbonate is determined by the pH, calcium and alkalinity values
of the treated water. The alkalinity of the treated water was
50 mg/R (as CaCO,) owing to the escape of CO, from the
solution, which can be ascribed to the following reaction:

H,CO; — H,0 +CO, 3)

The sulfate concentration in the water has been decreased from
4270 to 2353 mg/L through limestone addition, which is
illustrated by Equation 2. After limc treatment the sulfate
concentration of the neutralised water has further been reduced to
1145 mg/L. Because of lime addition, the alkalinity of the water
has been increased to 940 mg/L at a high pH of 12.10. The plant

6th ICARD
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is in the process of being optimised by adjusting the high pH
water to nevtral levels by means of CO-bubbling. The CO, that
has being generated during the limestone neutralisation stage can
be captored and used in this last stage of the process to adjust the
pH. The optimisstion pmt of this tochnology has besn
demonstrated on [sboostory and on pilot scale by Geldentmys,
Maree, De Beer and Hiabels (2001).

CONCLUDING REMARKS
The following findings were made:
Limestone handiing and dosing system
s Limestons csn be sharied to a constant density {or
concentration) with the limestone handling and dosing system.
s  The operatdon of the limestone handling and dosing system is
simple and requires little maintenance.
Neulralisation of acid leachate from the waste
dump and In the coal processing plant

e The water quality Emproved significantly: the pH incressed
from 1.95 w0 12.10; the acidity of 5350 mg/L. was replaced
with an alkalinity of 940 mg/L (ss CaCOy); the slfexc
m.:mmwmmommlmm(n
50.%).

* Lime was compleicly replaced by powdered limestone for
nettnelising the acid niinc water.

¥
g

CiCO;—puﬁﬂelodydisaolﬁwhenmdBleldndmmﬂie
water. The suspended CaCOj-concontration in the coal
processing  plant circult exceeded 500 mp/l. The fine

thickening stage.
CaCO, instead of it being discharged with the waste coal.
*  The alkali cost i reduced by 55 per cent for ncutralisation of
the acid leachate,
Suifste removat from neutralised water through
gypeum crystaliisation

» The sulfste concentration in the noulralised water has been
reduced o below the saturation lewel of gypsum (ic 1200
mg/L)

(>12) to pH vahacs of 8.50 and below. In order to do so, CO,,
genersied doring the limestone neutralisation stage, can be
used,
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PAPER 4: Geldenhuys, A.J., Maree, J.P., Fourie, W.J., Bladergroen, B.J. and Tiati,
M. Acid mine drainage treated electrolytically for recovery of hydrogen, iron(ll} oxidation
and sulphur production, Proceedings 8" international Congress on Mine Water and the
Environment, 19-22 QOctober 2003, Johannesburg, South Africa.

Previously, sugar and ethanol were utilised as energy and carbon sources for sulphate
reducing bacteria in the Biological Sulphate Removal Technology, developed by CSIR:
Environmentek. With recent increases in the price of ethanol its use was no longer cost-

effective and work was initiated aimed at finding an alternative energy source.

Hydrogen was successfully used in the Biological Sulphate Removal Technology as
replacement for ethanol and to act as an energy source. The cost of hydrogen purchased
in bulk amounts to ca.R25.00/kg while it can be generated electrolytically at a cost of
R3.89/kg. This can be achieved by passing an electric current through a series of
stainless steel electrodes (type 316), placed in a solution of 3% m/m KOH as electrolyte.
The alkaline solution can be replaced by an acidic solution, i.e. acid mine water, resulting
in Hp costing R9.55/kg. Although the cost of generating hydrogen from an acidic solution
is significantly higher than from 3% KOH, it can still be done at 38% of the cost of

purchasing hydrogen.

The main advantage of generating hydrogen electrolytically, using an acidic medium, is
that the oxidation of iron{ll} to iron(lll) take place in the acid mine water. This is a
prerequisite for neutralisation of acid water, containing a high concentration of iron(ll), in
order to minimise alkali usage. If iron(ll} in the water is not oxidised, it will form acid

further downstream when passing through the process unchanged.

After acid mine water is treated biclogically to remove the sulphates in the water to below
200 mg/¢, unwanted and toxic hydrogen sulphide gas is produced as a waste product. By
contacting this waste gas stream with a part of the iron(lll)-rich stream after electrolytic

oxidation, elemental sulphur, a valuable end-product, will be produced.
This paper was peer-reviewed and presented orally by A J Geldenhuys at the 8"

International Congress on Mine Water and the Environment (see Appendix B for

confirmation on peer-reviewal and editing of the paper by the conference planner for the
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IMWA Conference, Mrs Van Niekerk). The paper was also been submitted for publication

in Water SA (see Appendix B for confirmation)
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Acid mine drainage treated electrolytically for
recovery of hydrogen, iron(ll) oxidation and
sulphur production
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ABSTRACT

Suiphate rich waters such as acid mine drainage {(AMD) contribute directly to the
minerafisation and degradation of receiving waters, which pose a serious environmental
threat. Several sulphate removal technologies are in place, amongst which the biological
sulphate removal technology. For the treatment of these efffuents, expensive organic material
{e.g. ethanol or sugar) is used as the energy source. The use of hydrogen as an energy
source presents a cheaper alternative for sulphate removal. Hydrogern can be generated at the
cathode in an electrolytic cell by treating AMD electrolvtically. While generating hydrogen
electrolytically, other benefits arised, i.e. the oxidationr of iron{ll) to ironflil) at the anode and
the conversion of hydrogen sulphide gas to elemental sulphur.

Slainless Steel (lype 304} plate has been used effectively as electrode material in AMD as
electrolyte for generating hydrogen in a cost effeclive way and at the same time oxidising
fron(li) to ironflli). When relatively large quantities of hydrogen is needed for the sulphate
reducing bacteria (SRBj, nickel (Ni) can be used as electrode material in a KOH (3% mass)
solution as electrofyte.

The reason for iron(ll) to be oxidised ic iron(ll) is that it forms acid downstream when
passing through the process unchanged. Toxicity due lo increased levels of suiphide and un-
ionised hydrogen sulphide will nof only lead to diminished process performance of the SRB
but wilf also become a health and safely hazard.
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1. INTRODUCTION

During industrial effluent treatment, it is often found that pH is the single most important
parameter, as low pH waters (below 5.5) can be toxic to plant and fish life. industrial effluents
(acid mine drainage) rich in sulphate, acid and metals are produced when pyrite is cxidised
due to exposure fo the atmosphere, e.g. in the coal mining industry. Barnes' indicated that
acid is produced biologically when pyrites in coal waste are oxidised, according to the
following reactions:

4FeS; + 7O, + 4H,0 — 4FeS0s + 4H.S0,
4FeS04 + 2H,804 + O; — 2Fe2(S04)s + 2H:0
2FexS04) + 12H,0 — 4Fe{OH); + 6H.50,

4FeS; + 150, + 14H,0 — 4Fe(OH); + 8H,S0; ]

The acid water is formed as a result of bacterial oxidation of pyrites exposed to oxygen and
water after or during the mining process. Thase acid mine waters dissolve high concentrations
of metals and can have pH values as low as 1.6. Therefore, it requires treatment prior to
discharge into public watercourses.

Assessments of poilution in the: Olifants River and its associated surface and geo-
hydrological drainage systems, monitored continuously since 1990, identified sulphate,
amongst other pollutants, as a conseguence of coal mining. Pressure from the legistator is
mounting to demand from polluters to enforce the National Water Act to treat acid mine
drainage and in particular to reduce sulphate concentrations to a level accaptable to water
users. This tendency is sxperienced giobally and is likely to be reflected in a commitment for
continuous improvement that companies with |SO 14001 certification will be required to make.

These low pH effluents, rich in sulphate and metals can be ifreated with the Integrated
Limestone/l.ime Process which was developed by the CSIR. During this treatment, the efluent
can be fully neutralised and sulphates can be reduced fo the saturation level of gypsum, i.e.
1 200 mg/f. Prior to this process, the iron(ll} content in the water should be oxidised to iron(li1)
before neutralisation of the acid water with lEmestone. Oxidation will otherwise occur
downstream of the neutralisation plant with the formation of acid. Oxidation of the iron(ll) aiso
influences the neutralisation rate of AMD greatly, as a Fe{OH), coating is Tormed onto the
imestone particles and prevents its dissolution. Magnesium can also be fully removed from
the effiuent. To further remove sulphates in the effluent to levels lower than 200 mg/¢, the
Biological Sulphate Removal Process, also developed by CSIR, can be by utilised.

During the Biological Sulphate Removal Process, hydrogen sulphide gas is produced as a
by-product that can be completely converied to elemental sulphur. Normally, in bioreactors fed
with an influent containing methanol, sulphite, and sulphate, inhibition may result from high
concentrations of substrates or possible intermediates and products such as acetate and
sulphide. Sulphate reduction results in production of hydrogen sulphide gas (H.S) and needs
to be removed for reasons of health and safety. HzS become becomes progressively more
dangerous as the level of HzS incurs above toxic limits {70 ppm), becoming lethal at 600 ppm.

The two above-mentioned CSIR processes, combined with the electrolytic process and
sulphur production process, as discussed in this paper, are illustrated in Figure 1.

&8
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Figure 1. Schemalic diagram of combined process of all technologies, as developed by CSIR
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The use of hydrogen as energy source in the biclogical sulphate removal technology has
been shown to be successful by several researchers® and it has been shown that sulphate
reducing bacteria has the advantage over methanogenic bacteria when hydrogen is used".
Therefore, an aiternative option to the use of ethanol or sugar as energy source is the
expioitation of the AMD as source of hydrogen for bacterial proliferation. in an earlier attempt
of the C3IR, hydrogen was found to be a good source of energy to sulphate reducing bacteria
for sulphate removal. A removal rate of 4.42 g SO./¢.day was achieved at a reactor pH of 7.5 -
8.

Hydrogen is considered to be an ideal future energy carrier because it is a potential energy
source and pollution free. The benefits of using hydrogen as energy source to the biologicat
process are.

« Hydrogen can be produced electroiytically to be used as energy source for anaercbic
bacteria in a biological sulphate removal process.

e By using hydrogen instead of sugar and ethanc! as energy source to these bactena,
no residual organic material is left in the water that requires post-treatment.

+ Resulted heat in the electrolytic cell can be utllised to raise the temperature tc 30°C
which is the optimum temperature for the anaerabic bacteria.

According to Prigent & Martin®, one of the most promising methods for the production of
hydrogen is water electrolysis. Catalyst-activated (platinum group metal oxide) electrodes can
be used for e.g. water electrolysis in the presence of an aqueous alkaline electrolyte, or more
generally in any electrolysis process operated in aqueous alkaline medium, These electrodes
are more particularly adopted to be used as negative electrodes {cathodes) for hydrogen
release; they can also be used as positive elecitrodes (anodes) for oxygen release.

Various catalytic materials for use as electrolytic cell anodes have been proposed. Stainless
stesl {Ssteel) and nickel plated steel anodes have been most commonly commercially used.
Other anode materials which exclude noble metals have been proposed, but it appears that
such materials do not improve the overall anode performance in terms of overvoltage savings,
material costs and operating life since such prior art anodes have not been accepted to any
significant degree. One reason nicke! and nickel plated steel catalytic materiais have been
most commonly used for the electrolysis of water is because of their relatively low costs.
Cvshinsky ef al® found that these materials are resistant to carrosion in hot coneentrated
caustic solutions and has one of the lowest over voltages among the non-noble metat
materials for the oxygen evolution reaction. :

The purpose of this investigation was to prove that hydrogen can he generated
etectrolytically from AMD to be utilised as an alternative energy source for sulphate reducing
bacteria. The scope included (1) test work on different efectrodefelectrolyte combinations, and
{2) other benefits that arose from the use of eleclrclysis to produce hydrogsen, i.e. iron(i)
oxidation and the conversion of hydrogen sulphide gas to elemental sulphur.

2. MATERIALS AND METHODS

2.1 FEED WATER

The following solutions were tested as efectrolytic solutions for the different electrochemical
systems: KOH (3% and 30% mass) and AMD as acidic effluent. The chemical composition of
the AMD (originated from a Coal Mine near Witbank, Mpumalanga) is listed in Table §. The
KOH was a bank reagent from Saarchem.
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Table {. Chemical composition of acld mine drainage (AMD}

Parameter ‘Acid‘féed water
pH 2.48

S04 (mg/f) L 8150

Acidity (mg/D) 10100
Ca-{mgft) L 434

Mg (mg/f) 301

A (mg/D 556

Na (mg/t) 22.8

2.2 PROGRAMME FOR BATCH STUDIES IN BEAKERS AND CONTINUOUS STUDIES ON
PILOT SCALE

Batch studies were conducted in the lsboratory by using various types of materials as
electrodes, in the form of plate. In each set-up, the electroiytic solution was recycled and
monitored on a 30 minute basis for pH, conductivity, acidity and iron{!l) concentration. The
electric current, potential and flow rate of gas evolving from the electrodes (anode and
cathode) were monitored on the same basis. The weights of the electrodes (anode and
cathode) were determined before and after each experiment. The same variables as for batch
studies were measured during continucus studies. Parameters that were also varied and
tested in order fo evaluate additional benefits that resulted from generating hydrogen
slectroiytically, are current density, pH, iron(ll} concentration, Mn concentration and amount of
sulphur produced.

2.3 EQUIPMENT AND PROCEDURE

A complete celi with plate metal as electrodes and an lonac MA3475 anion selective
membrane (nano-filtration membrane) as diaphragm, were used for laboratory scale testing
{see Figure 2). The membrane was used to separate the electrodas {anode from cathode) to
ensure no contamination of the hydrogen with oxygen, generated at the cathode and anode
respectively. Mild steel (Fe), zink (Zn), nickel (Ni) and stainless steel (Ssteel) were used as
electrode material. For laboratory tests, the electrodes were 1 dm® (10cmx10cm) each while
for the pilat scale plant, the electrodes were scaled up by 30 times (70cro@dOcm). Both the
taboratory and pilot scale cell were constructed of Perspex frames that are boited together and
sealed off with rubber strips and silicon.
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In each set-up for the laboratory studies, the electrolytic solution was 1.5 ktres on bath the
cathode's and anode's side and was recydied through the electrolytic set-up for the duration of
tha experiment.

Six combnations of elecirodes and electrolytes were grouped into three categories
according to their expected oulcome. In order to determine the electrochemical efficiency and
stability of thesa combmations for hydrogen production, they were subjecied to different
analyses. Table |l contains the six different electrolytic combinations that were tested.
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Table # The six dilferont slectrolylic set-ups for lesting

Electrode Feplate Znpiate MNiplate Nt plate Niplate SSieel plate
Eloctrolyte AMD AMD KOH (30%) KOH (3%) AMD AMD
Category A B o]

A constant current was appbed to the electrodes and the resulting potential between the
olectrodes, because of the resistance of the eolectrodes, was measured with 30-minute
intervals between measurements. The variables fisted in secion 2.2 were all measured at
these infervais.

24 ANALYTICAL

Samples were collected every 30 minutes for analysis. A Hewlett Packard power supply
unit (0 - 60 V, 0 - 15 A) was linked to the cell set-up. A conduclivity meter (WTW — LF318)
was used for measuring conductivity while the power supply unit digitaily displayed the electric
current and cell potential. Schiumberger flow meters were used for measuring the amount of
hydrogen and oxygen gas, generated at the cathodes and anodes respectively,

3. RESULTS AND DISCUSSION

3.1 ELECTROCHEMICAL PROPERTIES OF SIX DIFFERENT SYSTEMS

The woit-amperometric results for the six hydrogen production systems, as tested, are listad
in Table lil. The amount of hydrogen gas generated was dstermined on a pure basis (>99%),
based on gas chromatographic results from the SABS where the gas samples were analysed
for hydrogen purity.

Table Hi Vok-amperomestric resulls of hydrogen production versus glectrode consumption

e g =
3 ; «% £ ¢
a3 3 3 5 = ~ gﬂ £ &
§ B ; g Eg 22 §. w & El, E

-] 4 3 g d k]

(51 (11 8 - 08 82 £ 8% uwda =
Fe+AMD A 328 326 5 r 215 4 243 ANONIC
Zn+AMD A 313 313 5 38 2.33 + 353 Anionic
TNH3OKKOH B 1378 1383 5 38 243 N 0.00 Aniionic
*NPI%KOH B 1349 1353 5 8 250 ¥ 0.00 Anionic
NiplatetAMD € 349 349 § 6 400 ¥ 0.00 Aniionic
SseHAMD C 244 245 2 43 1.68 4 0.00 Anionic
SshoAMD C 245 245 1 37 o7 ] 0.00 Anionic

* KOH concentration not yet optimised for maxdmum hydrogen production
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In category A, hydrogen was produced at the cathode while the anode started to dissolve
due to the anodic reaction. The main reactions are given by:

Anode: Fe/iZn — Fe*'/zn®" + 2¢ 2l
Cathode: 2H,O + 28" — Ho +20H [3]

Although hydrogen was generated at a fairty high rate at the cathode by using Fe/Zn
electrodes, the potential became increasingly high due to the decreasing surface area that
resulted in a much higher resistance and electrode inhibition by electrode products. For every
litre of hydrogen produced, 1.13 gram of Fe or 1.52 gram of Zn is needed. The costly effect of
the sacrificial nature of Fe/Zn in AMD will be presented in section 3.4.

In category B, hydrogen was generated at the cathode while oxygen was generated at the

anode. Not only was hydrogen produced at a higher rate and at an almost ten times smaller

potential, but the electrodes were totally unaffected by the KOH used as electrolyte. The
amount of gas production can be increased by increasing the current density. This will,
however result in an increase in production cost as the voltage will also increase. The
reactions at the anode and cathode can be given as:

Ancde: 20H — HO+ %0, + 28 {4]
Cathode: 2H0 + 2¢ — Hp+ 20H [5}

After 72 hours of running the set-up continuously, the diaphragm developed micro-holes as
a result of the caustic nature of the KOH (30%). This phenomenon however abated when &
more diluted solution of KOH (3%) was used.

From the volt-amperometric results in category C, fairly high volumes of hydrogen can be
generated, using AMD as elactrolytic medium. The electrodes (Ni and Stainless Steel) and
membrane were totally unaffected by the AMD that was used as electrolytic medium. 1t has
been proved that the higher the current density, the higher is the amount of gas that is
generated electrolyticalty. This also results in an increase in production cost as a resuit of
higher voltages. The membrane was unaffected by the AMD.

3.2 EXTENT OF IRON({II) OXIDATION

One of the main benefits that resulted from the use of electrolysis in order to generate
hydrogen economically, was the oxidation of iron{li} at the anode in using stainless steel as
electrode material in AMD as electrolytic medium. This means that, while producing hydrogen,
iron(ll) oxidation as a pre-treatment stage to AMD can be applied. The half-cell reactions for
the stainless steel/AMD cell are illustrated by:

Anode 2Fe® — 2Fe™ +2¢ i8]
Cathode 2H0" + 20 — 2Hz + H0O {7}

Figure 3 illustrates the relevant reactions at the anode and cathede. The oxidation of iron(il)
to Fe{lll) can be proved by the transparent, ocher coloured AMD that was transformed to a
dark brown solution. Precipitates that formed from these solutions, onto the ancde, were
anaiysed by means of Mdssbauer spectroscopy. Signatures of B-FeQOH (akaganeite) were
quite distinct in these spectra and appears to have evolved partially to a-FeOOH {goethite).
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“igure 3. lustration of electrolytic set-up: stainless steel electrodes in AMD
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The oxidation of iran(ll} is ilustrated in Figure 4 over a period of 55 minutes.
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Figure 4, kon{li) owidation of AMD using Sieinkess steel sl odes

in the CSIR's integrated limestonafime process for neutralisation and partial sulphate
remaval’, calcium carbonate is used lo precipitate ron and sulphatss. Due to the fact that
won(ll) stays in solution up to a pH of 7, i is benelficial to convert iran{lf} to ron(tll), which wil
precipitate at pH 3. As staled earfier, iron{ll) a%so madily coals the carbonate particles which
slows down the neulralisation reaction significantly. Caicium carbonate can iRt the pH of the
sofution 1o around 6 after which calgum oxide is dosed to increase the pH to above 10. As
calcium carbonate is much cheaper than calcium oxide, the decreasad amount of oxide
needed with regards lo the oxidised on(ll) incurs a cost benefit. From Figure 4 it is clear that
the won(ll) in the water can be oxidised by 50% in 18 minutes” time while it will be fully
oxidised after 53 minutes,

An increase In acidity (B 400 mg# o 11 200 mg/f) resuléd from oxidation of the iron{li) (4
245 mgft iron{ll) to 279 mgl¢ iron{ll}}. During oxidation, the pH also dropped from 3.10 to 2 66,
This drop in pH and increase in acidity can be ascribed to the higher oxidation state of the iron
ion {iron{ll) to iron{4il)). These rasuits are Hustrated in Table IV. '

Tabie IV Electrolyte charrciorbics (siainless stee! in AMD)

Time (hours) pH tron(ll) (mgts) Acldity {mg/t)
0 31 4245 8400
3 297 3665 8800
15 288 2513 8100
18 285 14955 9700
19 279 1899 10.200
20 28 1843 11700
2i 285 1676 11200
22 286 1620 11 000
41 283 614 11 006G
45 282 25 - 11200
85 279 279 11200
66
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The effect of various other parameters on the rate of oxidation, as illustrated in
Figures 5 to 8, have been tested.
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Figure 5. Effect of current density on the rate of iron(il) oxidation
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Figure 6. Effect of pH on the rate of iron(ll) oxidation
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Figure 8. Effect of Mn concentration on the rate of iron(l} oxidation
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From Figures 5 to 7, it is clear that the current density, pH and initial Iron(ll) concentration
had no effect on the rate of oxidation. The Mn concentration in the AMD as electrolytic
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solution, however reached an optimum at 10 g/# of Mn, resulting in the highest oxidation rate
for iron(ll).

3.3 CONVERSION OF HYDROGEN SULPHIDE TO ELEMENTAL SULPHUR

The presence of sulphide, produced as a waste product after the Biological Sulphate
Removal Process, may affect the sulphate reducing bacteria (SRB) in several ways. Because
of its detrimental characteristics, it is forbidden to drain sulphide containing effluents to sewer
pipes or surface waters. Since a number of physicochemical methods require large investment
and operational costs, e.g. high temperatures, high pressures or special chemicals, the
continuing search for more economical methods has led to partly investigating this issue of
purifying H.S.

The oxidation of the iron(ll)-rich effluent (AMD) as a pre-treatment stage prior to
limestone/lime neutralisation, produced an iron(lli)-rich water that can be reduced back to
iron(ll) by contacting it with the waste product, HzS of the biologically stage, as illustrated by
reactions 8 and 9. The result of reactions 6 and 7, combined with reaction 8, proves the
production of sulphur from H2S gas and illustrated in reaction 9.

H.S + 2Fe”™ — S+ 2Fe” +2H' [8]
2Fe® + 2H,0 — 2Fe™ + H, + 20H"
H:S —» S+H; [9]

A major advantage of this new process is that a potentially valuable end-product is
produced without large cost implications. No additional energy, e.g. pressure or temperature,
needs to be applied. The produced iron(ll)-rich water can now be recycled back to the
oxidation stage for re-use in the production of hydrogen. During an experiment, it has been
found that at a specific pH of 2.5, the maximum amount of sulphur can be produced from the
HzS gas, and is illustrated in Photo 1. Table V contains the values for the amount of sulphur,
produced per litre of iron(lll)}-rich water, when contacted with the stripped H.S gas.

Photo 1 Effect of pH on the amount of sulphur produced when contacting iron(iil)-rich water with stripped H;S gas
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Table V Amourt of sulphur, produced per litre of ironglif)-rich waler, when contacted with the siripped H.S gas

pH 1.0 15 20 25 30
Mass S produced (g)  0.014 0.122 0.217 1.565 0.089
3.4 COST ANALYSIS

No mass lost occurmed when stainless steel (Ssteel) electrodes ware used, proving that the
elecirodes are resistant to comosion. With AMD (which is a waste product) served as
electrolyte, the iron content in the AMD served as a reducing agent and therefore limited
amount of oxygen was produced. Stainless steel in AMD as electrolytic medium was found o
be the cheapest way of generating hydrogen eclectrolytically and was therefore used as
benchmark to calculate the cost efficiency of the other possible electrolytic set-ups. The
electrolytic production cost of hydrogen is mainly influenced by the voltage in the electrolytic
cefl which is directly related to the resistance in the cell set-up, and the cost of electricity. The
costing values are listed in Table V1.

Tabie VI Elecirolytic hydrogen production cost

Electrode/Electroivt Cost of H, generated Percentage of H; cost
(Rikg) (Ssteel plate as 100)

Ha bought commerclally 25.00 207

Fe plate f AMD 138.84 1159

Zn plate / AMD 151.94 1268

Ni plate / KOH (30%) 14.57 122

Ni plate / KOH (3%) 22.39 187

Ni plate  AMD (5Amp}) 21.20 177

Ssteel piate / AMD (2Amp)  11.98 100

Ssteel plate / AMD (1Amp)  11.98 100

From the cost analysis, as listed in Table V, it can be noted that iron{li) oxidation is an
excellent benefit added to the electrolytic production of hydrogen. It will however not produce
enough hydrogen as energy source to the sulphate reducing bacteria to remove all the
sulphates in the water that needs to be treated biologically. For example, an AMD stream
containing 4 580 mg/t iron(ll)} and 8 150 mg/t SO, (see Table 1) would only be able to deliver
0.08 moleA of hydrogen which is only enough bacterial energy to reduce 2 000 mg/t SO,>.
The combination of nickel (Ni) electrodes in an electrolytic medium of KOH {30%) will
therefore be an economically altemative way of producing extra hydrogen electrolytically to
remove sulphate concentrations higher than 2 800 mg/t.
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4. CONCLUSIONS

e Hydrogen can be produced electrolytically, 52% cheaper than buying it in bulk
commercially. Stainless steel electrodes in acid mine drainage as electrolytic medium
were found to be the most cost effective way to generate hydrogen electrolytically.
The use of a membrane has the advance that the purity of this hydrogen will be of
such a standard that it can be used as energy source to sulphate reducing bacteria in
a biclogical sulphate removal process.

+ If higher volumes of hydrogen is needed, it can be generated 42% cheaper than
buying it from industry, making use of nickel electrodes in an electrolytic medium of
KOH {30%).

» One major benefit in the generation of hydrogen electrolytically by means of stainless
steel electrodes in AMD was the oxidation of iron{ll) to iron{l}i}. This reaction is
beneficial to the down stream processes as iron(ll) precipitates at a lower pH than
iran(li) and will not form acid further down in the process. During neuiralisation, the
formation of an Fe{OH); layer onto the calcium carbonate particles affects the
dissolution rate of the calcium carbonate negatively which will have a direct effect on
the rate of neutralisation. it is therefore vital to assure oxidation of iron{li) in AMD as
pre-treatment to neutralisation of the effluent by means of limestone and lime.

¢  After the AMD has been trealed biclogically to remove the sulphates to below 200
mg/£, unwanted and toxic H>S gas was produced as waste product. An aiternative way
of treating this gas economically had been developed by contacting the H:S gas with
part of the iron{lH)-rich effluent, resulted from electroivlic oxidation of iron(ll) as pre-
treatment to neutralisation. This resulted in a low cost and uncomplicated conversion
of H2S gas to a valuable end-product, i.e. elemental sulphur,
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PAPER 5: Maree, J.P., De Beer, M., Geldenhuys, A.J., Strobos, G., Greben, H.,
Judels, C and Dreyer, J. Comparison of the combined limestone/lime and combined
limestone/biological sulphate removal process for treatment of acid mine water,
Proceedings 5" Hard Rock Mining Conference: issues Shaping the Industry, 7-9 May
2002, Colorado, USA.

In this paper the Combined Limestone/Lime process to treat acid mine water was
compared to the Combined Limestone/Biological process for the same purpose.

In the Combined Limestone/Lime process, acid water (Berkeley Pit water), containing iron
and aluminium, was neutralised (pH 6) using limestone, followed by lime treatment (pH
12) for complete removal of metals. Sulphates were partially removed through gypsum
crystallisation to less than 1 200 mg/¢ as a result of lime addition. To adjust the high pH of
the water, it was contacted with CO, (generated during limestone treatment stage) to
precipitate CaCQO; that is available for re-use as alkali in the limestone stage. Aeration can
be applied in the limestone stage for iron(ll) to be oxidised to iron{lil) and precipitated as
Fe(OH),. This results in a very stable sludge that cannot form acid because Fe(lll) is in its
highest oxidation state. A disadvantage of this process is the high volume of sludge that

requires disposal.

The same acid water was neutralised with limestone, followed by biological treatment
(SRB}, using either ethanol or hydrogen as energy source, to produce a sulphide-rich
stream. Sulphide is biologically generated from sulphate. This process offers the benefit
that the amount of sludge that is generated is much less than for the Combined
Limestone/Lime process. Sulphate was only removed to 2 500 mg//. The sludge
generated was unstable as it forms acid when exposed to the leading to the oxidation of

sulphide precipitates.

Paper 5 was presented as a poster by J P Maree at the 5" Hard Rock Mining Conference
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COMPARISON OF THE COMBINED LIMESTONE/LIME AND COMBINED
LIMESTONE/BIOLOGICAL SULPHATE REMOVAL PROCESSES FOR
TREATMENT OF ACID MINE WATER

J. P. Maree (prescater), M. de Beer, A. Geldenbuys, G. Strobos, H Greben, C. Judels and J. Dreyer
Environmentek
CSIR, Water, Environment and Forestry Technology
P.0. Box 395, Pretoria, 0001, South Africa
Phone: +27-012-841-2283: Fax: +27-012-841-2506; Email address: jmareef@csir.co.za

Waste ore containing pyrites results in Ieachates of acid water when exposed to the atmosphere and precipitation
(as rain). Acid minc water contains high concentrations of dissolved metals (e.g. iron, aluminium, manganese,
copper and zinc) and sulphate, and can have pH values as low a5 2.0,

The purpose of this investigation was to compare the following two integrated processes for the treatment of acid
mine water (¢.g. Berkeley Pit water): -

# Integrated Limestone/Lime process for partial sulphate removal.  In this process the free acid and acid
associated with iron and aluminium are neutralized with limestone to pH 6, followed by lime treatment to
pH 12 for complete removat of metals (e.g. manganese, zinc, copper and magnesium) and partial removal
of sulphate through gypsum crystallizason to less than 1,200 mgA (as 50.). After sludge separation
(throngh settling or filtration) the pH is adjusted to 8.6 by contacting the lime treated water at pH 12 with
CO;, that is produced in the limestone treatment stage. The CaCQs precipitates ont and is recycled for
neutralization of further acid water.

= Integrated Limestong/Biological suiphate removal process. In this process, hmestone treaiment, as
described above, is followed by biological treatment of a side-stream for sulphide production. The
sulphide-rich side stream is recycled to the CaCO, treatment stage for precipitation of the metals as metal
suiphides. Sulphide is produced from sulphate throngh biological treatment using cither ethanol or
hydrogen as the energy source.

A spreadshect-based, water flow and chomical mass balance model was developed to determine vanous
parameters {chemical composition of the water afier cach treatment stage, chemical consumption, size of various
reactor units, capital and running cost) for the two treatment options. Laboratory studies were also carried out to
determine the chemical composition of the water after various treatment stages and the reaction rates of the slow
chemical reactions (biological sulphate reduction, gypsum crystallization and calcium carbonate crystallization).

The following findings were made from modeling, beaker studies in the laboratory and continmons pilot-scale
studies in the field:

Indegrated Limestone/Lime process:

Sulphate was removed to less than 1,200 mg/ (as SO,) and complete removal of the metals including magnesium
gnd alummium was achieved (Table 1). If acration was applied in the limestone stage, iron(Il) was oxidized to
irordIil) and preciprated as Fe(OH),. In this case a stable shudee was produced and cannot form acid water due to

further oxidation of the mefal. This process produces good quality water. However, lange sludge volumes need to
be disposed of.

Limestone/Biological sulphate removal:

Sulphate was removed to 23500 mg/l by gypsum crystallization and compleic metal removal (Table 1).
Aluminium was precipitated as A{OH); and the other metals as sulphides. Magnesium remained in solution.
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This process offers the benefit that less shudge is produced becanse less suiphate is removed from the water and
becanse metals are precipitated as sulphides and not as hydroxides. The sludge produced, however, is unstable as
sulphide precipitates will oxadize and acid will be generated when exposed to atmosphere.

Table 1. Chemical composition of feed and treated water

Parameter Feed Treated

Limestone/lime treatment Limcstone/

Limestone Lime CO, H;S

ireatment
pH 3.0 6.1 12.0 86 6.1
Suiphate (mg/1 SO,) 8 300 3100 1200 1220 1240
Alkalinity (mg/1 CaCO,) i) 0 1 000 100 102
Calcium (mg/l Ca) 524 316 90 548 557
Magnestum (mg/! Mg) 517 400 0.10 0.10 010
Tron {mg/l Fe) 1110 2.0 0.01 0.01 0.01
Aluminiym (mg/ Al} 304 1002 0.02 0.02 0.02
Copper (mg/ Cu) 213 50 0.005 0.005 0.0035
Zinc (mgAl Zn) 637 400 0.04 004 0.04
Manganese (mg/l Mn) 226 202 0.005 0.005 0.005
Total dissolved solids (mg/1) | 11 696 4473 2700 13828 1859
Temperature ('C) 23 23 23 23 23
129
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PAPER 6: Adlem, C.J.L., Geildenhuys, A.J., Maree, J.P. and Strobos, G.J. Examining
the implementation of limestone neutralisation technology in the mining and industrial
sector to neutralise acid and reduce suiphate pollution, Proceedings 5" Annual Industrial
Water Management and Treatment Symposium, 15—16 May 2002, Johannesburg, South
Africa.

This paper focussed, in a very practical way, on the implementation of a limestone
neutralisation system for AMD, to replace the current lime system that is in place at
various mine sites in South Africa. A new limestone handling and dosing system has been
developed for dosing powdered limestone instead of lime. Dust problems that are part of
the old-fashioned lime treatment technology are avoided when using limestone instead as

it has a content of 15% moisture.

A single stage process, the Integrated Limestone/Lime Treatment Process, for the
simultaneous oxidation of Fe(ll), neutralisation of acid and the crystallisation of gypsum
from the treated effluent, has been developed. Where lime is largely replaced with
powdered limestone. A smali amount of lime is dosed after limestone neutralisation to
ensure sulphate removal to below the saturation level of gypsum, i.e. 1500 mg/¢. The

reactor is a fluidised bed that runs under high suspended solids conditions with air and

acid water being fed to the system.

The limestone-based approach has been shown to effectively compete with {ime

neutralisation in terms of efficiency (utilisation) and effectiveness (rate of reaction). The

benefits are that two aspects of neutraiisation technology are successfully combined:

v Limestone treatment for neutralisation of acid mine water and partial sulphate removal
is cost-effective and generates carbon dioxide, and

v Lime treatment to high pH (>12) reduces sulphate concentrations to below the

saturation level of gypsum

Paper 6 was presented orally by C J L Adlem at the 5" Annual Industrial Water
Management and Treatment Symposium
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INTRODUCTION

The CSIR has developed the biological sulphate removal process (since 1981} and the limestone
process since 1991. Both were developed in response to the acid water problem in South Africa.

The purpose of this document is to describe the implementation of the limestone neutralisation
based technologies in the mining and industrial sector.

Acid water is a problem at many of South Africa’s mines. The water needs treatment, e.g.
neutralisation, before releasing it into the environment. Untreated it pollutes water sources,
threatening aquatic life and safe human consumption. Re-use of these waters is also not possible
without treatment. Most of the ores and coal mined in South Africa contains pyrite. Pyrite
oxidises to form sulphuric acid in the presence of water and air. This reaction is often faster due
to bagcteria that catalyse the oxidation of the Pyrite.

2FeS; + 704 + 2H;0 -2 2FeSOy + 2H,504

The neutralisation technology has reached the stage of full-scale implementation and the biological
sulphate removal technology is currently evaluated for full-scale implementation.

EXTENT OF PROBLEM

To illustrate the kind of problems that need to be addressed by mines with acid water problems
some data from a case study at a Witbank coal mine will be discussed. CSIR have been involved
with the mine for several years and recently implemented the limestone neutralisation process at
the mine.

Column studies carried out on typical coal discard from the mine showed acid was produced
consistently at 1140 g/f/week for 23 weeks (Figure 1). It shows that acid water must be handled
both as a short term and a long term problem. Many mines and associated industries must handle
large velumes of similar water daily.

Looking at a water balance (Table 1) for the coalmine near Witbank one sees the extent of water
quality problems caused by pyrite oxidation. Their water circuit receives 17.3 t/d (as CaCO;) acid
of which 15.6 tons is from the pyrite in the coal. The sulphate received from the pyrite oxidation
process is 16.8 t/d (as SO,). The water with this load needs to be neutralised to protect equipment
pipes etc. as the mine re-uses the water in their circuit. From the neutral water about 4.5¢/d of the
sulphate crystallises in the coal processing plant. Scaling causes an increase in maintenance and
operating costs

One example is the precipitation of gypsum on magnetite particles. A higher fraction of the
magnetite is wasted instead of being recovered due to the loss of magnetic properties.
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Figure 1. Acid Mine Drainage produced by a typical coal discard.
Table 1. A water balance for a typical coal colliery near Witbank
STAGE ACID S50,
t/d CaCQ, t/d SOy
INPUT 17,3 24,1
Inflows 1,7 7.3
Coal 15,6 16,8
Plant 6,0 5.8
Discard 9.6 11,0
OUTPUT 17,3 24,1
Effluents 9.6 16,1
Neutralisation/Crystallisation 7.7 8.0
Neutralisation Plant 1,7 0,2
Coat Processing Plant {CPP) 6,0 4,5
Fines Discard dam 0,0 32

The gypsum saturation index (OSI) (Table 2) shows that neutralisation of acid waters formed by
pyrite oxidation (sulphuric acid) causes over-saturation with regard to gypsum. As this
crystallisation of gypsum is slow it causes scale in the coal processing plant.
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Table 2. The gypsum saturation index for a coal colliery near Witbank Colliery

Place 0S1

Neutralisation plant feed 1.02
Neutralisation plant out 1.07
Coal processing plant 1.47
Thickener overflow 1.23
Fines discard dam 0.99

LIMESTONE NEUTRALISATION TECHNOQLOGIES

In response to these acid water problems and similar problems in the mining and industrial sector
CSIR developed a suvite of technologies. The aims of these developments can be summarised as
follows:

® Reducing scaling of equipment
® Reducing neutralisation cost
® Treating effluent to meet discharge specifications

Technologies developed were:

Limestone handling and dosing system
®  Limestone neutralisation process

Integrated process for Fe(ll)-oxidation, limestone neutralisation and gypsum
crystallisation

Integrated limestone/lime treatment process
Biological sulphate removal process

Lime is currently used to neutralise the acid water. It is a fine powder that effectively and
efficiently neutralises acid at a fast rate as it is relatively soluble (0.15%) (Maree et al, 1992).
Metal hydroxides e.g. iron and aluminium hydroxides precipitate. Sulphate also crystallises as
gypsum to a saturation level of about 2000 mg/f dependent on the presence of other metals and
salts in the water treatment. Slaking equipment is also known for maintenance costs and problems.
The most serious disadvantage of lime is the hazards that operators can be exposed to when
handling the chemical.

Lime is more costly than limestone (2 to 4 times). Smaller sludge volumes are produced with
limestone than lime. However, in contrast with lime, limestone reacts relatively slowly and
inefficiently with acid mine water. Systems developed and implemented before the CSIR process
lead to wastage of unutilised limestone.

A new limestone handling and dosing system for dosing powdered limestone instead of lime has
been developed by CSIR. Handling it, using the new system, the limestone is wetted as part of the
procedure, preventing dust problems often found when handling lime or limestone.

Maree et al (1998) developed a single stage process for the simultaneous oxidation of Fe(Il),
neuiralisation of acid and the crystallisation of gypsum from the effluent treated. The reactor is a
tluidised bed that runs under high suspended solids conditions with air and acid water being fed to
the system. Sulphate is removed (o the saturation levels of gypsum.
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Maree et al {1992) showed that a fluidised bed reactor and its entrenched principles can establish
a limestone based approach that effectively competes with lime neutralisation, in efficiency
(utilisation) and effectiveness (rate of reaction).

The integrated Limestone/Lime Treatment Process, can be used for neutralisation of acid mine
water and partial sulphate removal to below the saturation level of gypsum. The benefits of this

process are that two aspects of neutralisation technology are combined successfully:

e  The cost-effective limestone treatment for neutralisation of acid mine water, and partial
sutphate removal, that produces carbon dioxide, and

e lime treatment to high pH (>12), that can reduce sulphate to below gypsum saturation
levels.

Limestone Handling and Dosing System

The dosing system is an inclined concrete slab and a slurry tank. The limestone used is stored on
the slab. From there, it is washed into the slurry tank with water. A load cell controls the density
of the slurry in the slurry tank. The weight is measured while the tank is kept at a constant
volume. Low and high weight settings activate and deactivates the spray of the recycled slurry
onto the slab (Figure 2). Some optimum operating parameters were found with experimental pilot
scale studies:

e Recycle slurry to make-up water ratio of a minimum of 4:1 (Figure 3),
e  aslurry density of approximately 14% in the slurry tank, and
e the need for nozzles to slurry the limestone e.g. an open ended pipe.

The load cell was found to be an effective control for the density of the slurry in the sturry tank
under continuous operating conditions.

Studies showed that the linear velocity of the water on a 8° slab wouid be encugh to wash off
particles on a smooth concrete surface.
The benefits that this system has in comparison to a lime neutralisation plant set-up is:

No silo for storage required

Reduced use of lime slaker {where applicable)
Reduced alkali cost

CaCQ; safe to handle

No dust

Using this data a full-scale plant was designed and constructed at the Witbank coal colliery.
Within one year from development, the first full-scale plant was constructed last year.
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Figure 3 The influence of feed to recycle ratio

Case study/full-scale implementation at Witbank coal colliery
A full-scale makeup and dosing facility

Limestone was shown to be a viable substitute for lime in the neutralisation of acidic waste water
{Maree et al., 1996). A limestone by-product from the pulp and paper with a particle size of -6 pm
was more reactive than previous limestone products. I aeration was carried out in the same
reactor basin iron oxidation could be achieved simultancously (Maree er al., 1999). It was agreed
by S A Coal Estates (SACE) to substitute lime for limestone at a neutralisation plant that treats 4 to
6 Mi/day of acid water with an average acidity of 450 mg/f as CaCOQ;. A Full-scale limestone
dosing system was designed to dose limestone slurry to a converted neutralisation plant at the

colliery.
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The limestone dosing plant has an inclined concrete slab (14.56 x 10.4 m) with a fall of 5% or
2.8°, a 10 m*> makeup tank in an excavated concrete sump to enable the slurry to decant into the
tank, a 40 m*/hr recycle pump and a 1,5 m’/hr dosing pump. The recycle siream is controlled by
pneumatic valves to be directed either onto the slab or back into the tank. Signals from the load
cell control the valves. A simple ball valve dose make-up water and controls the level of the tank

(Figure 4).

Figure 4 Photo of full scale limestone makeup and dosing plant

A policy of minimal operator intervention is practiced by operating the plant automatically. The
utilisation of the plant is currently being expanded to supply limestone to the coal plant where
about 1 200 to 1 600 m*/hr of water, with an acidity of 500 mg/f as CaCO; have to be neutralised.

Conversion of lime neutralisation plant to an integrated iron(ii) oxidation/Timestone
neutralisation plant

Limestone effectively replaced lime as neutralisation agent for acid mine water.

The lime neutralisation plant that was converted to a limestone neutralisation plant is briefly
described below:

The neutralisation plant consists of three stages, a conditioning tank with a volume of 30 m’ (3.5 x
3.5 x 2.5m), an aeration tank with a volume of 80m’ (5.7 x 5.7 x 2.5m) and a clarifier tank (also
referred to as a turbo circulator). With a floe of 200 m’/hr, the retention time 10 minutes in the
conditioning tank and 25 minutes in the aeration tank.

Limestone, the feed water and the recycled sludge flows to the conditioning tank. The slurry then
overflows into the aeration tank. Here the slury is aerated so that neutralisation and iron(II)
oxidation occurs simultanecusly. If lime dosing is necessary, it is dosed in the overflow of the
aeration box.

In Figure 5 (Strobos et al., 2001) it can be seen that the pH of the feed was raised from 3 to 6.5 in
the treated water during December 2001,
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Figure 5 pH of the feed and treated water

Figure 6 shows the acidity for the feed water and the stages of treatment. As
expected the acidity was removed from about 450 mg/£ to below 50 mg/€.
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Figure 6 Acidity of the feed and treated water

The results show that free acid and acid associated with metals was removed through this
neutralisation process. In contrast lime neutralisation removed less than 25% of the acid
associated with metals. Alominium is also removed from the water, but magnesium and
manganese is not removed.

Financial savings due to the introduction of limestone
The Witbank coal colliery saved about R20 000,00 per month by the replacement of lime with
limestone at their neutralisation plant. Table 3 shows the relevant data for a six month period.

Approximately R120 000,00 was saved due to the introduction of limestone. In contrast to known
science before the development of the CSIR’s limestone process, comparison of before and after
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scenarios show that lime is commonly utilised at an efficiency of 60% and limestone at an
efficiency of 90% at the neutralisation plant.

Table 3 Calculation of cost saving due to usage of limestone for July to December 2002

Parameter Theoretical Current
Unslaked Powder Unslaked Powder
lime Limestone Lime Limestone

Flow rate {m’/d) 4037 4037 4037 4037
Acidity (mg/) 453 453 453 453
[Total acid load (¢/d CaCQ3) 1.8 1.8 1.8 1.8

olecular mass (g) 56 100 56 100
[Utilisation efficiency (%) 60 90 76
IPurity (%) 90 75 90 87
Consumption (t/d) 1.9 2.7 0.16 29
Price (R/t) 550 112.5 550 112.5
Cost {(R/month) 32343 9451 2640 9828
Total alkali cost (R/month) 32343 9451 12468
Saving (R/month}) 22892 19876
Cost ratio (relative to unslaked lime) 100 29 39

Fluidised bed limestone neutralisation process

A high limestone concentration and a small particle size favoured the rate of neutralisation, and the
reactor configuration (fluidised bed) ensured utilisation efficiencies of almost 85% over a particle
size range of 0.3 to 1.7 mm. Powdered limestone of >0.3 mm should be dosed directly to a mixing
tank with the acid feed, to prevent the loss of particles that can wash out of a fluidised bed.
Iron(HI), aluminivm(Ill) and fluoride are effectively removed, while iron(I) retards the
neutralisation process. Sulphate is removed to about 2600 mg/f from a typical acid mine water if
sufficient gypsum crystals are present. PH increases from about 2.2 to 7.0. As the solubility of
limestone reduces to almost nothing at a pH of 7.5, no pH control is necessary for a basic process
using limestone alone,

To solve the potential difficulties in treating water containing iron(Il), a biological iron oxidation
stage has been developed to use with the limestone process where applicabie. Bacterial oxidation
of iron(Il) to iron(III} occur in a separate reactor. Many neutralisation plants are also equipped
with aerator type systems to chemically oxidize their effluents. The use of either will be
determined by the levels of Fe(II) and the specific needs of the potential user.

The capital costs of a limestone neutralisation and lime neutralisation plant were shown to be
similar, making the new limestone process an attractive alternative to lime neutralisation.

Integrated Iron(II}-oxidation and Limestone Neutralisation Process

The technological and kinetic aspects was intensively studied in labscale beaker studies and then
upscaled to a pilot plant. It was found that iron{Il) oxidation rates is a function of iron(1l),
hydroxide, oxygen and suspended solids concentrations. The resultant rate equation developed
from that of Stumm is given below. Chemical oxidation of iron(lI) dominates the reaction al a pH
between 4.5 to 5.5.

-d[Fe)/dt = k[Fe**].[OH-]* Py, (Stumm)

-d[Fel/dt = k[Fe™**.[JOHT" [0,°°.[SS]™ (This investigation)

The reactions occurring in this process are:
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Fe? + %0, + 2H 3 2Fe* + H,0
2Fe* +6H,0 > 2Fe(OH); + 6H'
6H'+3CaC0O; = 3Ca 3C0; +3H,0

380,% + 3Ca®™ S 3CaS0,.2H,0

The pilot scale plant could treat 24 £/h of iron(II) rich acid water with a residence time of typically
6.5 h in the fluidised bed reactor. Typical results for the treatment of discard leachate treated in
the pilot scale plant is shown in Table 4. The process generated a sludge with a typical
concentration of 550 g/t that compares well with the 200 g/f when the High Density Sludge
process (a lime neutralisation process) is applied. Disposal of sludge is an important cost
parameter for most mines and industries.

Table 4 Water Quality of Discard Leachate treated in the integrated oxidation/neutralisation pilot

plant
Parameter . Feed Treated
pH 1.8 6.6
Acidity 7 300 100
Iron (1) 2500 <100
Sulphate 8 342 1969
Ortho phosphate 29 0

The benefits of this process are similar to those mentioned previously and can be summatised as:

Maximum sulphate removal
Cheapest alkali

No pH control

High density sludge

Case study/full-scale implementation at BCL Ltd (Botswana)

BCL of Botswana approached the CSIR and its implementation partners for the design of an
integrated limestone/iron oxidation neutralisation plant. They discharge 300 m*h of effiuent with
sulphate concentrations of > 500 mg/f. In addition, acid seepage occurs at a tailings dump and
they have to deal with land deterioration. Another cost is the raw water intake of 300 to 400 m*/h.

In Figure 7 the schematic diagram for their 50 kf/h plant is shown. The plant is currently under
construction and is designed to also facilitate oxidation of iron(II) in a pretreatment stage followed
by a fluidised bed neutralisation reactor, a crystalliser and a settling tank. The design is
deliberately versatile enough to allow two process configurations.
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Figure 7. Schematic diagram of the neutralisation/crystallisation plant at BCL

Completion of the plant is expected in July 2002. CSIR will then be involved in the
commissioning of the plant.

Integrated limestone/lime treatment process
A pilot scale plant was constructed to evaluate the process described. Waste, powdered limestone

(CaCOs) from the paper industry was used in the limestone neutralisation stage of the process and
slaked lime (Ca(OH),) in the gypsum crystallisation stage. Each stage of the process consists of a
reactor and clarifier. All sludges produced were recycled back to the respective reactors.

Figure 8 shows the process flow diagram with the water quality of each stage in the treatment

process.
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Figure 8: Flow diagram indicating quality of the water before and after treatment in the

integrated Limestone/Lime Neutralisation Process
When acid mine water (discard leachate) was treated with limestone, the pH of the water was
raised from 2.10 to 7.68 in the neutralisation reactor. Sulphate was reduced from 3 000 to 1 900

mg/L. The decrease of 96.6% in the acidity of the water after limestone neutralisation is a result of
the following reaction:

CaCO3 ¥ HQSO,; + ZHZO ﬁ‘CG\SO‘; + COQ & H;O
The stability of the treated water with respect to calcium carbonate is determined by the pH,
calcium and alkalinity values of the treated water. The alkalinity of the treated water was 100 mg/{

(as CaCOs) owing to the escape of CO, from the solution as seen in the following reaction:

H2C03 —)H20+ COZ
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From the results in Figure 8, it can be seen that sulphate in the neutral water can be reduced
effectively, with lime treatment during gypsum crystallisation, to levels below the original target
of 1200 mg/¢ SO,”, by raising the pH to 12.3. Maximum sulphate removal was achieved by
raising the pH to 12 and higher for magnesium precipitation and removal of sulphate associated
with magnesium through gypsum crystallisation. The magnesium concentration at pH 7.68 was
140 mg/t while at pH 12.26, the magnesium content dropped to zero, due to magnesium
hydroxide precipitation. The calcium concentration increased from 636 to 829 mg/C due to the
dissolution of lime (Ca(OH),) as seen in the following reaction:

MgSO, + Ca(OH); — Mg(OH), + CaSO,

The pH of the treated water that was under-saturated with respect to gypsum was adjusted, using
CO, from the neutralisation stage, from 12.26 to 8.50. Due to CaCO; crystallisation the calcium
content was also reduced from 829 to 542 mg/f. A slight increase in the sulphate content was
ascribed to some of the gypsum possibly having been washed out to the third stage of the process
(CaCO; precipitation).

Gypsum concentration was found to have a major influence on the rate of sulphate removal during
gypsum crystallisation (Figure 9). This concurs with the findings of Maree et al (1998), that the
rate of crystallisation is influenced by the concentration of gypsum seed crystals. It can be
concluded that the rate of gypsum crystallisation is directly proportional to the surface area of the

gypsum.

The higher the concentration of seed crystals the larger the surface area. Therefore, effective
removal of suspended and colloidal matter from the overflow of each stage is required and can be
achieved by coagulation and flocculation. In order to optimise this process, the settling rates of the
sludges produced during the three different stages were increased dramatically. The polymers,
PAC6 and 3095 were effectively used as coagulant and flocculant respectively. The addition of
these polymers in very low dosages resulted in clear overflow in each of the above stages with
very low turbidities.
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Figure 9: Effect of sludge concentration on rate of gypsum crystallisation at pH 12

The combination of limestone neutralisation with lime treatment for neutralising acid mine water
achieves complete magnesium removal and sulphate removal to less than 1 200 mg/€. The primary
neutralisation is done using limestone (much cheaper than lime), followed by lime treatment for
metal removal and partial sulphate removal. Treatment of the high pH water with CO, lowers the
pH of the water to near neutral levels while a high quality CaCO; is produced. It can be recycled
to the limestone neutralisation stage. The treated water will be suitable for re-use in the process or
discharge into the sewerage network. A comparison of the costs of treating acid mine water with
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limestone neutralisation, combined with further neutralisation using lime and sulphate removal
via gypsum crystallisation is shown in Table 5.

Table 5. Comparison of chemical costs for neutralisation of acid mine water and sulphate
removal through gypsum crystallisation in the integrated limestone/lime process or by lime
treatment
Chemical Minimum sulphate  Chemical cost (R/t)  Chemical usage Cost of sulphate removal
process level (mg/{) (t/t sulphate) (R/t sulphate)
Limestone 1900 120 1.04 124.80
Slaked lime 1 100 675 0.77 519.75

US$1 = ZAR11-65

Using PAC6 (Montan Chemicals) and 3095 (Montan Chemicals) as coagulant and flocculant,
respectively, for improved settling of the sludges, produced in the three consecutive steps of the
process, amount to 1.10c/m’ for Stage 1, 2.75¢/m” for Stage 2 and 4.13¢/m’ for Stage 3.

Case study/ full-scale implementation at TICOR (Natal)

TICOR approached the CSIR for the design of an integrated limestone/lime neutralisation process
for their new metal beneficiation plant at Empangeni in Natal. TICOR produces, rutile (TiO,),
titanium (Ti), zircon (Zi} and iliminite (TiQ; plus iron compounds). The plant also produces 80
m>fh of acid water. This water must be treated to a quality suitable for re-use in the metallurgical
process or for discharge into the Empangeni sewage system. Neutral water that is undersaturated
with respect to gypsum can be re-used. The sulphate needs to be less than 500 mg/f (as SOy} for
discharge into the sewage system.

The neutralisation plant consists out of the following stages (Figures 10 and 11):

CaCOy-neutralisation

Lime treatment and gypsum crystallisation
Filter press and

CO;-treatment for CaCOs-precipitation
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Figure 10 CaCO;-neutralisation (right column) and Figure 11 CO,-treatment stage.
lime treatment/gypsum crystallisation
(left column) stages.

Construction and initial commissioning of the plant was finished at July 2001.
The cheapest alkali available for the neutralisation plant is waste limestone from Mondi.

The CSIR is currently cooperating closely with TICOR to fully optimise and commission the plant.
Ongoing involvements also led to a decision to upgrade the limestone dosing system to the newly
developed limestone handling and dosing system.

Initial results show that pH is controlled effectively at pH 5 and 10 respectively. Sulphate levels of
8000 mg/( is reduced to 2000 mg/L.

CONCLUSIONS

A full-scale limestone dosing system was constructed and commissioned successfully to treat acid
water for re-use. Lime was replaced by limestone as neutralisation agent saving the company as
much as R120 000 a year (e.g. full-scale plant at Witbank Colliery).

Acid water can be neutralised effectively with limestone. In the fluidised bed, limestone, and
integrated limestone and iron oxidation processes, sulphate is removed to the saturation levels of

gypsum,

Lime neutralisation plants can be successfully converted to a limestone neutralisation plant (e.g.
conversion of the lime plant at the Witbank Colliery).

The integrated limestone/lime process was proven technologically and economically to reduce

sulphate of effluents to less than the saturation levels of gypsum producing a water that can be re-
use by the mine or industry (e.g. full-scale plant at (TICOR).
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The limestone neutralisation technologies developed at the CSIR are proven, effective and
cheaper alternatives to lime neutralisation.
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PAPER 7: Maree, J.P., Hlabela, P., Geldenhuys, A.J., Nengovhela, R,
Mbhele, N. and Nevhulaudzi, T. Treatment of mine water for sulphate and metal
removal using barium sulphide, Proceedings Waste Management, Emissions &
Recycling in the Metallurgical & Chemical Process Industries, 18—19 March 2004,

Johannesburg, South Africa.

High volumes of mine water are generated in the Gauteng region and also in the

Olifants River Catchment in Mpumalanga. Several processes are under

consideration to remove sulphate from the water, e.g. the Biological Sulphate

Removal Technology, SAVMIN, Etringite, EcoDose, reverse osmosis and

electrodialysis. The barium process can also be used and offers the following

advantages:

v" Sulphate can be removed to specific values due to the solubility of barium
sulphate

¥v" The soluble barium salt, barium sulphide, can be regenerated from the

product, barium sulphate

The specific aims of the work were to:
v Demonstrate that sulphate can be removed to less that 200 mg/¢ by means
of barium sulphide treatment
v" Determine the optimum process conditions for the following stages:
e Partial sulphate removal through lime pre-treatment
« Reduction of barium sulphate to barium sulphide
» H,S stripping and processing

v" Estimate the running cost of the process

The process consists of the following stages:

v’ Lime pre-treatment for partial sulphate removal

v" Removal of sulphate as barium sulphate to below 200 mg/¢ by means of
barium sulphide treatment

v" H,S-stripping with CO, gas

v" Stripping of CO; and crystallisation of CaCQ,

v" Regeneration of barium sulphide by heating the barium sulphate, resulting
from the process
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The foliowing conclusions were drawn from the results, obtained during the

investigation:

v’

After lime treatment, the sulphate concentration in the water was reduced
from 2 800 mg/¢ to less than 1 200 mg// due to gypsum crystallisation. Metals
were precipitated as metal hydroxides.

The sulphate concentration was further reduced to below 200 mg/¢ after
BaSO,-precipitation

Sulphide was removed from 333 mg// to less than 10 mg/#, using CO; gas for
stripping

Due to CaCOs-precipitation after CO,-stripping with air, of the water following
lime treatment, a lowering of the alkalinity resulted, from 1 000 mg/¢ to
110 mg/¢

Stripped H.S gas was contacted with an iron(lli)-solution to produce
elemental sulphur

Following sulphur production, iron(ll} was re-oxidised to iron(lil} using an
electrolytic step

For a removal of 2 g/ of sulphate, the running cost of the barium sulphide

process amounts to R2.12/m?

Paper 7 was presented orally by P Hiabela at the Wasie Management

Symposium for Emissions & Recycling in the Metallurgical & Chemical Process

Industries
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TREATMENT OF MINE WATER FOR SULPHATE AND METAL
REMOVAL USING BARIUM SULPHIDE

J P Maree, P Hiabela, A J Geldenhuys, R Nengovhela, N Mbhele and T Nevhulaudzi

Division of Water, Environment and Forestry Technology, CSIR, P O Box 395, Pretoria, South Africa {emaii:
jmaree@csir.co.za)

ABSTRACT

Mining is a significant contributer to water poilution. Effluents need to be treafed for sulphate and metal
removal, The bariur process can meet these requirements. The purpose of this study was to demonsirate
the performance of the integrated barium sulphide process, consisting of the following stages: Sulphate
precipitation as barium sulphafe using barium sulphide, HxS-stripping, Crystallization of CaCCQ; and recovery
of barium sulphide from barium sulphate.

The following conciusions were made from the investigation:
1. During fime {reatmert sulphate was removed from 2 800 mg/ down to less than 1 200 mg/ due to
. gypsum crystailization and metals were precipitated as metal hydroxides).
During BaS treatmert, suiphate was removed down fo less than 200 mg# due to BaSO,
precipitation.
Sulphide was removed from 333 dowr to Jess than 10 mg# (as S} in the stripping stage, using CO.
gas for stripping.
The stripped H,S-gas was confacted with an iron(lli)-solution and converfed quantiatively fo
elemnental suiphur. .
The alkalinity of the calcium bicarbonate rich wafer was reduced from 1 000 fo 110 mg/ (as CaCOg)
after CO-stripping with air due fo CaCQOs-precipitation.
tron(ll), after sulphur production, was re-oxidized fo iron{lil) using an electrolytic step.
The running cost of the barium sulphide process amounts fo R2. 12/m7° for the removal of 2 g of
sulphate, :

1 INTRODUCTION

Mining is a significant contributor to water poflution, the prime reason being that many geologicai formations
that are mined contain pyrites, which is oxidised to sulphuric acid when exposed o air and water. Mine
water also has high concentrations of metals such as magaesium. This water is receiving major attention
due to #ts poor quality and large volumes which impact on the guality of surface water. The volume of mine
water generated in Gauteng is estimated at 200 ME/d while In the Oiifants River Catchment in Mpumalanga
at 50 Mi/d. Legislation requires removal of sulphate to less than 500 mg/L. Several processes are currently
considered for sulphate removal, e.q. bioclogical sulphate removai process, SAVMIN, Etringite, ecoDose,
reverse osmosis and electrodialysis. The barium process can also be used for sulphate removal and offers
the following advantages:

» Sulphate can be removed quantitatively to specific values due to the low solubility of barum

sulphate, T

» The soluble barium salt, barfum suiphide, can be recovered from the product, barium suiphate.
Kun studied the removal of sulphate with barium carbonate and oblained good results {1]. However, he
identified three problem areas, namely, the requitement of a iong retention time, high concentrations of
soluble barium in the treated water when more barium carbonaie is dosed than stoichiometrically required,
and the high cost of the barium carbonate. Voiman oveicame the cost problem by demonstrating that the
barium suiphate produced could be reduced efficiently and economically with coal under themmic conditions
1o produce badum sufphide {2]. This compound can be used directly for the process or converted to barium
carbonate. Wilsenach demonsiraled the economic viability 'by calcufating the cost of producing barium
suiphide from barium suiphate {3].

NE&E ;A L

Trusler et al. developed a barium carbonate method in a two-staged fluidised bed reactor systemn to
overcome the other problems identified by Kun, namely, long retention time and the high barium
concentration in the treated water [4][1]. However, the barium carbonate process was found to be
unsuitable for water containing metals, as is the case with some mine waters. The barium carbonate
crystals became inactive when coated with metal hydroxide precipitates. Maree of al also saw a
disadvantage of the barium carbonate process in the separation of barium sulpbate and caicium carbonate,
which co-precipitate [5].

113



The purpose of this study was to demonstrate the peiformance of the integrated barium suiphide process,

consisting of the following stages (Figure 1):
= Lime pre-treatment for partial sulphate removal.
= Removal of sulphate as barium sulphate te beiow 200 mg/ by means of barium sulphide treatment.
= H,S-stripping with COz~gas.
»  Stripping of COy and crystalfization of CaCOs.
«  Production of barium sulphide by heating the barium sulphate produced from the above stage.
The specific aims were to;
= Demonstrate that sulphate can be removed to less than 200 mgA with barium sulphide treaiment.
= Determine optimum conditions for the following process-stages:
o Partiai suiphate removal through lime pre-treatment.
o Reduction of barium sulphate to barium sulphide.
o H,;S-stripping and processing.
= Estimate the rupning cost of the process.

BaSQ,
Coat Feed water
BaS l Hz0
Cas
1050 "¢
r Mg{OH), BaS0,] -
Impurities Mg(OH),
H8/C0,;
1 4 co.
Fe(ll)
Fe{lf} Ca(HCOs)2
oxidation | Fe{li)
A .
Power l Sulphur CaCQo,
CO, €0, 1
Treated water Air CO,

Figure 1: Process flow diagram for the barium sulphide process (pre-treatment with lime not
shown).

2 MATERIALS AND METHODS

2.1 Feedstock

Adtificial feed water containing 2 500 mg/t su]phate and 292 mg/t magnesium (1.96 g/t MgS0,.7H;0, and
1.01 mff H,504) was used during continuous pilot-scale studies. Lime (supplied by Lime Distributors) and
barium sulphide (suppiied by G&W Base Minerals) were used for pH adjustment and suiphate removal,
respectively.

For H»S-stripping studies, a synthetic sulphide rich feed water, with sulphide concentrations between 700 to
800 mg/A was used. CO, gas (supplied by Afrox) was used for HoS-stripping. An Fex{80,); solution (11 g/
as Fe was used for absorption of the stripped H;S-gas.

During thermic studies, BaSO, produced during cortinuous pilot-scale studies and cﬂemncaify pure BaSQ,
were used for BaS recovery studies.

2.2 Equipment

Figure 1 shows the laboratory-scaie plant that was used for sulphale removal with barium suiphide.
Figures 2 and 3 show the laboratory-scale plant that was used for H,S-stripping and H,S-processing to
elemental sulphur. Table 1 shows the volume and dimensicns of the various reactors depicted in Figures 1,
2 and 3. Photo 1 shows the tube furnace that was used for themmic studies. The tube had a diameter of
40 mm and was 530 mm long.
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A packed bed reactor and a venturi system was used for H;S-stripping and H;S-absorption into an ¥on(lil)-
solution, using configurations A (Figure 2) and B (Figure 3). In cotfiguration A, the sulphide Solution was fed
mmmummmmm(mmm),ammmdnpmmmmmm
{25 mm diam. Raschig rings), white H;S-free CO,-gas, fiowing from bottom to top, was recycled via the H.S-
absorption stage. in the HyS-absorption slage, H>S was comacted with an iron{if)-solution at & pH of 2.5, to
pludueemmupmr(Reamoni) The iron{l#)-solution was repiaced batchwise, as required.
H,S+2Fe® o S+Fe+2H (V)]

in configuration B, the sulphide soluion was recycled through the venlwi system in batch mode, and
allowed for H,S-stripping, by sucking in COpoor gas, hence conlacling it with the sulphide-rich water
(stripping stage). The siripped H,S-rich gas was passed through the packed bed-reactor to which the
fron{li)-solution was continuously fed for sulphur production.

The packed column consisted of a 0.8-m readomiy packed bed, with 25-mm Pallrings used as packing
material. A 240-mm diam. Perspex cylinder (adsorption) was used and Perspex piates were used for
suppott of the packing and 10 aid in liquid Gstribution to the column. A Perspex plate with evenly distributed
holes was installed at the top of the columnn to ensure adequate distribution of the liquid feed. The venturi
mmdhwmﬁﬁmmmﬂnmmmemmAmanp
" (capecity, 1 m*h) was used to recycle the iron (1) (configuration 1) or the sulphide (configuration 2) solution
via the venturi. Table 1 shows the dimensions of the various units. CO, was transferved from a CO-cylinder
1o a CO; float tank from where it was pumped at a set flow rate with a peristaltic pump at NTP (nommal
pressure and temperature) to the H.S-stripping stage.

Tabie 1: Volurme and dimensions of various reactors.

em Volume (8 Diamneter (mm) Height {(mm)
Bas treatment stage
Ba$ storage tank .10 235 235
Ba$ treatment reacior 10 235 235
Clariber (BaSOyg) 450 —
| H;S-stripping/processing
Packed bed-reacior packed with 39 250 800
25 mm Pall-rings .
Venturi reactor 40 . 300 800

Photo 1:  Tube fumace.

23 Experimantal Procadure
23,7 Pre-treatment and BaS-ireatment

Continuous studies

-
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= Feed water (2 500 mg/E SO, 83 mUmin), lime sturry (10%, 3 m&min), barium sulphide sturry (57.7
g/f, 3 mUmin} and Flocculant 3095 {3 m/min) were fed to the system shown in Figure 2. Siudge
was recycled from the under flow of the two clarifiers to the completely-mixed reactors at a rate of 83
mé/min, Sludge was withdrawn periodically to maintain the solids content in the fime treatment
reactor at 40 g/t and in the BaS-ireatment reactor at 32 g/L

Batch studies

Batch studies were carried out on the barium sulphide treated water for HyS-stripping and softening.  H,S-
stripping was achieved by bubbling CO, through while softening was achieved by dosing 5 g/t CaCO; and

stripping CO; with air.

CO, CQ,
[ f
Na,S-solution Gas- Iron{ill}-solution Gas-
liquid CO, liquid
i
geparatgr 4 COyHS separator

Suiphide
solution
{batch)

Fe{lli)-
solution
{batch)

Treated water Iron{N}-rich solution

Configuration A Configuration B

Figure 2: H,S-stripping and processing Figure 3: H,S-stripping and processing

HS-stripping and processing

in configuration A (NaS fed continuously to the packed bed-reactor and contacted with an iron(lih-solution
which was passed through a venturi system in batch mode), Na,;S was contacted with COx-gas with varied
concentrations and flow rates. Sulphide removal was monitored-in the feed water afler the feed pipe at the
inlet of the packed bed-reaclor and the ireated water. The iron(i)-concentration was monitored in the
iron{}#1) solution that was handled in batch mode.

In configuration B {(an iron(til)-solution was fed to the packed bed-reaclor and contacted with stripped H,S-
gas from the venturi system), iron{lil} solution was fed at various flow rates. The resuiting ron{ll} was
monitored in the feed and treated streams of the iron(lll}-solution. The suiphide concentration was
monitored in the suiphide solution that was handied in batch mode.
Thermal studies

BaS0, (industrial grade and pure BaSQ,} and coal were mixed and reacted at elevated temperature in the
tube furnace and the muffle furnace for various reaction pereds. Solid samples were collected and analyzed
for mass loss, sulphide content and ability to remove sulphate.

2.3.2 -Experimental program
The following parameters were investigated:

BaS-treatment stage
= Walter quality (feed and treated)

H:S-stripping and processing stage

» Reactor type (packed bed-reactor and venturi system)
= COz-conceniration (20% to 100%)
=  CO;: Sulphide ratio

-718~-
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« Feed rate of CO;, rich stream (0.2 to 1.0 ¥min)
= Retention time of sulphide solution (Feed rate of sulghide rich stream (0.5 to 2 ¥/min))
= Efficiency of sulphide reaction with iron{lil}-solution

Thermic studies stage
v BaSOg-ratio (2, 2.5 and 3}
= Type of furnace {Tube furnace and Muffle furmace)
=  Temperature (1000 °C, 1050 °C and 1100 °C}
» Reaction time {15 min, 30 min, 60 min and 120 min).

2.3.3 Analytical

Samples were coilected regulary and filtered through Whatman No 1 filter paper. Sulphate, sulphide,
alkalinity, calcium, iron(lf), mixed liquor suspended solids (MLSS}), volatile suspended solids (V88), acidity
and pH determinations were carried out manually according to procedures described in Standard Methods
{6] . Calcium was assayed using atomic absorption spectrophotometry. Acidity was determingd by titrating
the solution to pH 8.3 using NaOH. Sulphide (in the product from themmic studies) was determined by
mortaring the product, and analyzing for sulphide with the fodine method in a 0.5 g/100 mt Ba$S solution.

3 RESULTS AND DISCUSSION

31 Water Quality
Tabie 2 shows the chemical composition of the feed water before and after treatment with lime and BaS. it
was noted that: '

s During pre-ireatment sulphate was removed from 2 850 mg/ to- 1 250 mg/L. This low suiphate
concentration was achieved due to the high calcium concentration as a result of lime addition and
the solubility product of gypsum. Magnesiumn and othier metais ware compietefy removed.

= During BaS-freatment, sulphate was removed according fo the stoichiometric BaS-dosage

(1 000 mg/f).

During H,S-stripping with CO;-gas, sulphide was removed from 320 down to < 20 mg/ {Figure 4).
During the softening stage, 880 mg/t CaCQ; (993 - 103) precipitated due to CO;-stripping with air
{Figure 5).

LI |

BO0 e
500
400
300
200 »
100 " ;
0 s H
0 30 80 90 120

Time {min}

Sulphide (g1 S)

Figure 4. H,S-stripping with CO,.

1200
1000
aco
600 L
400 ;
200 4 e
U ! T v I

0 30 60 20 120

Time {min)

Alk {mg/l Cac03)

Figure 5: COz-stripping with air and CaCQj-precipitation.
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Table 2: Chemical composition of feed water and after treatment with BaS,

Parameler Concentration

Feed Lime Bas H2S- Softening

stripping

Ca{QH),~dosage (g/f) 1.89
BaS-dosage g/ 1.76
Gypsum dosage {g/0) 5
CaCQ; dosage (! 5
Alkalinity additicn {g/f 2554 1041 3595
pH 1.8 12 11.8 8.7 7.2
Suiphate {rg/f SO4) 2850 1250 250 255 250
Sulphide (mg/t 8) 0 320 <20 <20 <20
Adkalinity (mg/ CaCO3) -1900 960 2376 993 103
Alkalinity increase {mg/f) 2860 1316 4176
Calciun (mo/L Ca) 43 950 981 460 139
Magnesiurn (mgd Ma) 166.5 <0.1 <0.1 170 18
Iron {mg/t Fe} 8.53 - =<0.01 <0.01 <0.01 <0.01
Aluminium {mg/t Al} 9.3 - 014 Q.23 - .18 Q.18
Manganese (mg/ Mn} 10.6 <{0.03 - <0.03 <(}.03 <0.03
Copper (mg/t Cu) ' 9 <0.05 .06 0.06 0.07
Lead (mg/t Pb} 8.9 <0.1 <0.1 <0.1 <(.1
Zine (magft Zn) 16 <0.05 <0.05 <0.05 <0.05
Nickel (ma/f Ni) 11.2 <0.03 <0.03 <0.03 <(.03
Catlons {meg/D 57.28 47.50 40.97 23.00 6.95
Anions {me/D 55.21 45.24 50.73 25.17 7.27
3.2 HS-Stripping and Processing Stage

Suiphide can be removed through CO.-stripping from 300 to less than 20 mg/ (Figure 4). In order to obtain
engineering design crifera for full-scale implementation, the effects of various parameters on the rate of H;S-
stripping were determined, using configuration A (Figure 2). By feeding a sodium sulphide solution and 3
CC»-gas stream, counter cumment, 0n & continuous basls through to a packed bed reaclor, it was noted that:

Number of stages. By passing the sulphide solution through two stages in series at a CO; feed
joadiNa.$ feed load of 1.4 g CO./y S, sulphide was removed from 834 down 1o 376 mg/lin stage 1,
and to 77 mg/t (as S) in stage 2 (Table 3). By providing a third stags sulphide could have been
removed to Jess than 20 mg The aim, however, with this investigation was to idéntify optimum
process conditions to allow the minimum number of process siages for compiele suiphide removal.
Sulphide is quantitatively converted to sulphur as indicated by the comespondence between the
actual and theoretical values for the ratio: ipad of iron(ll) produced/load of sulphide removed (3.65
versus 3.49). More CO, was consumed than theoreticaily required (1.75 versus 1.38). The higher
G0, copsumption can be ascribed to the partial solubility of both CO, and H:S in the pH range 8 1o
7.~ The thécreticat ratios for foad of CQ; consumedfoad of sulphide removed (1.38) and load of
iron{if) producedioad of suiphide removed (3.49) were calcuiated from Reactions 2 and 3.

H;G + 2Fe™ - S +2Fe? + oH' @
260+ 85 £ 2H,0  — 2ZHCO® + H,S @

Effect of HRT. Table 4 shows the effect of the Na,S feed rate on the silphide removal. Better
sulphide remnaoval was achieved with increased Na.S feed rate {lower HRT). An amount of 217 mg/t
suiphide was removed at a feed rate of 0.5 ¥min (HRT = 58 min), compared to only 154 mg/f at a
feed rate of 2 ¥min (HRT = 15 min). The resuts in this experiment were however negative in the
sense that the pH of the treated water was higher than 8 (9.0}, despite of the fact that the actual
value of dCO,/dNa;S of 14.53 was higher than the theoretical value of 1.38. The negative resuit can
be ascribed to the fact thal CO; was not completely utilized due to too little contact time between
CO; and the Na;S-solution. In the next experiments this problem was soived by allowing sufficient
contact time by passing the Na;S/CO; mixture through a 5 m pipe with a diameter of 20 mm {volume
=634, Afafeed rate of 1 ¥min, the hydraulic retention time in the 5 m pipe amounted 1o 6.3 min.

Effect of CO, flow rate. Table 5 shows the effect of CO; flow rate on the sulphide removal at a
constant Na;S flow rate of 1 Umin. By increasing the CO; flow rate from 0,19 #min to 0.83 ¥min, the

-8
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sulphide removal increased from 342 to 474 mg/ and residual sufphide in soluion decreased from
134 to 0 mg/ (as S). The correspending ratios of CO; feed load/Na,S feed load increased from 0.78
to 3.46. The stoichiometric value required for this ratio is 1,38 {Reaction 3}. This demonsirates that
complete suiphide removal can be achieved by dosing 2.5 times mere CO, than stoichiometrically
required. Excess CO; gas would be avallabie in many applications. During barium {reatment, CO,
is produced at the rotary kiln where barium sulphide is recovered from barum sulphate. With the
biologicat sulphate removal process CO;-gas is produced by the heating unit. During fimestone
neutralization of acid water, CO, with a high concentration is produced due o dissolution of CaCOs.

= Effect of CO;concentration. Table 6 shows the effect of the CO; concentration on sulphide removal.
By increasing the €O, concentration from 20% to 100%, the sulphide removal increased from 278 to
387 mg/t (as S). In this case suiphide was not removed to 0 mg/t as the dCO/dNa.S feed ratio was
less than the value of 3.46 as determined above empirically,

= Effect of gas recycie rate. Table 7 shows the effect of the gas recycle rate on the suiphide removal.
By increasing the gas recycle rate from 9.1 to 19.6 ¥min, the sulphide removal was improved from
304 to 666 mg/t. In this experiment sulphide was also not removed to O mgA as the dCO/dNa.S
feed ratio was iess than the value of 3.48.

it was demonstrated above that a packed bed-reactor (configuration A} {Figure 2) can be used for sulphide
stripping. in this configuration it appeared that the absorption stage, whera H.S-rich gas was contacted with
an iron{lil} solution in & veritun system, was effective, due to good contact between gas and liquid phase.
With the apparent good performance of the venturi system for H,S absorpilon, it was decided to evauate the
suitability of the venturi system also for M;S-strpping. The same equipment that was used for configuration
A {Figure 2), was used for configuration B (Figure 3), except that the venturi system was used for suiphide
stripping in batch mode, and the packed bed-reactor was used for H,S-absoption into an iron(Hf) solution
under continuous conditions.

Table 8 and Figure 6 show the effect of iron(ill) feed rate on sulphide removal. it was noted that:

» Better suiphide removal was achieved with increased feed rate of iron(lif). This can be ascribed to
only parfial absorption of H;S at low iron(li) feed rates in the closed circult of Configuration 2. This
is an indication that the packed bed-reactor does not function as welf as the ventur system for the
absorption of H;S into an iron{ilt}-solution.

» The experimental (actual) dFe/dH,S ratio was similar to the theorstical value of 3.49 (Reaction 2),
This result shows that all iron(I) that was introduced to the packed hed reactor was consumed for
H,S-absorption through the reaction:

The results showed that H,S-stripping and H,S-absorption is favoured by intensive mbdng. Intensive mixing
suppoits mass transfer of H;S from liquid to gas phase in the case of HyS-stripping and from gas to liquid
phase in the case of H;S-absomption. it was demonstrated that the venturi device was more efficient than the
packed-bed reactor. This could be ascribed to the high pressure (300 kPa) and the high velocity (50 m/sec)
of gas and liquid particles. Based on this observation, il is recommended that the Turbulator be used during
a scale-up version. The Turbulator exists out of @ motor which directly (no gear box) drives a disc via a
hollow shaft. The Turbulator allows mixing between the gas and liquid phase by sucking in air through the
hoilow shaft that rotates at 2000 rpm. The velocily at the outer fimit of the dise is 15 m/sec (Dia = 0.15 m;
rpm = 2 000).
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Table 3: Sulphide removal in two stages in series.
Parameter State number
1 2
COy/Na,S-feed ratio (g CO-/g 8) 0.77 1.40
Na,S feed rate {I/min) 0.90 0.0
CO, feed rate {Emin) 0.29 0.24
CO,-concentration (%) 100 100
HRT (min) 327 27
Gas recycle rate (&/min) 228 229
Sulphide in feed {mg# S) 834 376
Suiphide after pipe (mg/L 5)
Sulphide in treated water (mg/ 5) 434 77
Sulphide removed (mg/t 400 299
pH in feed 8.05
pH after pipe
pH in treated water 7.02
dCO,/dNa,S ratic {g COx/g S) |
Theoretical 1.38 1.38
Actual 1.70 1.79
dFe/dH,S
Theoretical 349 3.49
Actual 3.60 3.70
Table 4: Effect of retention time (Na,S feed Table 5: Effect of the CO; feed rate on
rate) on sulphide removal. NaS the suiphide remaoval,
inside table change NaxS .
Parameter CO; feed rate {Uminy
Parameter Nay§ feed rate (Umin} —— 818 0.40 0.83
2.00 1.00 0.50 CO2fNa; feed ratio (g COz/g 5) ¢78 168 346
CONa; feed ratio (g CO2/g 5 Z77| 1851 151 NeS foed rate (Urmin) 1 1 7
Na,5 feed rate @min) zoo| 100} o050 CDz-concentration (%) 251 25| 2,5
€O, feed rate (timin) 208| 065] vz HRY (min) . o0 1001 100
COz-concentration (%) 100 100[ 100 Gas recycle rale (Umin) B1pomr| o o1sd
HRT (min} 47| 295 58.9 )
i Sulphide in feed {mg/t 5) 4768 464 |- 4736
Gas recycle rate (Umin) 18.1 18.1 18.1 Suiphide after pipe (mgit S) a7 | 288 56
Sufphide in feed (mg! §) 7424 704 688 Sulphide in treated water (mgit 5} 1344 1. 25.6 0
Suiphide after pipe (mg/t 8 5 Suiphide removed {mgi) 3424 438.4 4736
Sulphide in ireated water (mg/( 8) | 5888 496 { 4704 pH in feed 8.40 8.4 -
Sul d 1536 2081 21 . - - :
phide removed (mg/f s pH atter pipe 7.02 8,62 838
pH in feed 12.18 12.15 1247 pH in treated water 7.10 7.08 6.54
pri after pipe dCOy/dN8,S ratio (g CO/g S)
i o
pH in treated water 9.00 841 8.47 Theoretical 438 138 138
dC0OxdNa,S ratle {g COug S) Actual 1.02 177 3.46
Theoretical 1,38 1.38 1.38
Actual 1453 | 728| 425 dFe/dh,S
547 Theoreticsl 3.49 349 349
dFe/dH;S Actual 0.88 1.13 1.91
Thaoretical 3.49 3.49 3.49
Actual 180 | o098 8.90
_sz_
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Table 6: Effect of CO,-concentration on
sulphide removal, Table 7: Effect of gas recirculation rate on
sulphide remogval,
Paramater COzconcemtration (%) |
20 33 100 Parameter € Gy -concentration {%)

[ COzfNaz feed ratlo (g CO2/g S) 137 1.51 1.46 1963 [ 1309 | 908 |
Na,S feed rate (Umin) 1 1 1 €O,/Na, feed rafic (g CO;/g 5) c78 1.34 17
HRT (min) 25| 5, 205 Na.S feed raie (Ymin) 1 1 1
O feed rate (2min) 053 056 | 048 CO, feed rate (&min) 0zt 048] 04
Aif feed rate (Umin) 2 05 0 Czconcentration (%) 100 100 160
Gas recycle rate (trmin) 18.1 184 18.1 KRT (min} xn5| 205 295

Gas recycie rate {I/min} 16.8 13.1 a1
sulphide in feed {mp/t S) 7392 | 6784 ) 6656
Sulphide after pipe (mg# 5} 840 538 456 Sulphide in feed (mg/L S) 6656 | 6976 [ 6816
Sulphide in treated water (mg/ 5) 460.8 3936 278.4 Sulphide after pipe {mg/ 5) 666 374
Suiphide removed (ma/t) 2784 2848 | 2972 Suiphide in treated water (mg/t 5} 01 2| 3778
i ) 4
ot in feed ose! 12301 1234 Suphide removed (mg/p 6656 | 326 304
pH after pipe eB2| 8| 736 pH in feed 1210 | 1230 1234
pH in treated water 812} 803 78 pH after pipe 755] 7S5 738
C pH in traated water 7.81 764 787
dCO/dN2.S ratio (g COXg 8)
Theoretical ~ £.38 1.38 1,38 dCO/dNa;S ratio (g COxg S)
Actual 394 386 | 2534 Theoretical 38f 138] 38
Actual 18| 288 270
dFescH,S
Thagretical 3.49 349 3.49 dFefdH:S
Theoretical 349] 2349 340
Actual 176 | 223]| 373
Table 8: Effect of the iron(lil) flow rate on the sulphide removal.
Parameter Fe* feed rate (Umin)
1.00 1.00 3.00 4.00
CO«/Na35 Teed ratio (g CO2/g 5) Batch Batch Batch Batch
Na;S feed rate {¢/min) Batch Batch Batch Batch
HRT {min) Batch Batch Batch Batch
Gas recycle rate {#fmin} 181 18.1 18.1 18.1
Tima {min) Sufphide (mg# 5)
1) 516 10686 704 784
15 768 544 560 720
a0 688 .. 880 432 418
45 582 816 336 224
60 432 768 224 32
75 320 672 86
80 480 94
Time {min) Sufphide removed {(mg# S)
G 0 0 ] 0
15 48 112 144 64
a0 128 176 272 368
45 224 240 363 560
80 384 288 480 752
75 496 ab4 608
90 576 £40
Time (min) pH
[¢] 11.35 1213 12.84 12,98
15 10.18 11.79 10.04 11,16
a 844 10.24 8.03 B.34
45 7.65 8.93 7.04 7.70
80 7.41 8.05 7.23 7.30
75 7.23 7.83 7.13
g0 7.74 7.08
dCOJdNa,S ratic (g COg S)
Theoretical 1.38 +.38 +.38 1.38
Aciual 8.40 808 8.02 7.98
dFefidH.S
Theoretical 3.4 3.49 3.49 3.49
Actual 2.87 3.49 8.15 312
-3
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Figure 6: Effect of iron(lil) flow rate on the suiphide removal.

3.3 Thermal Studies

Table 9 shows the effect of varicus parameters on the BaS yield during the thermic conversion of BaSO, fo
Ba$. Itis noted that:
= The conversion efficiency reduce with ime when a Muffle fumace was used (Exp 1). This is
ascribed to the large volume of air surrounding the reaction vessel. Initially BaSO, is converted to
Bas due to reducing condilions created by the conversion of coal to CO and CO,. When the carbon
. is exhausted, the BaS produced is contacted with oxygen at the high temperature which aliows
oxidation of BaS to BaSQs Therefore, all further studies (Experiments 2 to 8) were carried out in a
tube fumace. The air was alse purged with nitrogen to eliminate oxidation conditions.
= A short reaction time of 15 min is sufficient to obtain a high yield of BaS at a ternperature of 1050 °C
{Exp 2). Figure 7.a shows the conversion of BaSO, to BaS as a function of time.
= The reaction starts at a temperature of 900 °C and reaches an optimum at 1050 °C (Exp 3 and
Figure 7.b).
= The minimum C/BaS0, mole ratio required for complete reduction is 2 which indicates that the
reaction is as follows (Exp 4 and Figure 7.o .
2C + BaS04 — 2C0O, + Bas
= Both activated carbon and coal can be used for BaSO, reductlon (Expts § and 6). Slightly better
values are achieved with activated carton than with coal which could be ascibed o impurities (e.g.
FeS8) in coal.
~  Both anatytical grade and industrial grade BaSO, provided good yields of BaS (Exp 7).
*  Mg{OH), does not interfere with the reduction reaction of BaSQ, to BaS (Exp 8).

The methods used for conversion measurements (mass loss, sulpide and sulphate precipitation) compares
well. The suiphide values were lower than the mass Joss values and can be ascribed to suiphide losses
during the dissolution stage. Such losses are confirmed by a sulphide odor that was picked up. The product
was also tested for the ability to remove sulphate (Exp 5). Although the sulphate method is not as accyrate
as the other methods, a value of the same order was achieved.

34 Running Cost v

The running cost of the barium suiphide process amounis to R2. 12im” for the removal of 2 o/t of sulphate
{Table 1 J) This and the cost of water (R2/m?% and by-preducts, sulphur (RO. 30!m°) and ealcium carbcnate
{R3.33m

4 CONCLUSIONS
The following condlusions were made from the investigation:

1. During lime treatment suiphate was remaved from 2 800 mg/f down to fess than 1 200 mg/t due to
gypsum crystaliization and metals were precipitated as metal hydroxides).
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During BaS treatment, sulphate was removed down fo less than 200 mg/t due 1o BaSQ,-
precipitation.

Sulphide was removed from 333 down {0 less than 10 mg/t (as 8) in the stripping stage, using CO,
gas for stripping.

The stripped H;S-gas was contacted with an iron(fl}-solution and converled quantitatively to
elementat sulphur. .

The alkalinity of the calcium bicarbonate rich water was reduced from 1 000 to 110 mg/E (as CaCOy)
after COp-stripping with air due to CaCO;-precipitation.

Iron{11}, after sulphur production, was re-oxidized to iron(Jil) using an efectrolytic step.

The running cost of the barium sulphide process amounts to R2.12/m* for the removal of 2 o/t of

sulphate.

123



{4

Table 9:

Effect of various parameters on the thermic conversion of 8aS0, to BaS

Exp No. | Parameter Value Conversion (%) Expermental conditions
Mass | Sulphide Suiphate Time | Temp } C/BaSQ, | Carbon Mg{OH)»/ | Furnace
loss analysls precipitation | min °C ' BaSO,

1 | Time (min) 15 75.3 15 1050 | Coal Pure 0 | Muffle
30 83.8 30 1050 | Coal Pure 0 | Muffle

B0 B80.6 680 1050 { Coal Pure 0 | Muffle

2 | Time (min) 2 1.1 i} 2 1080 [ Activated | Industrial 0| Tube
4 37.5 355 4 1050 | Activated | industrial 0| Tube

5 758 74.4 5 1050 | Activated | Industrial 0] Tube

15 101 96.3 15 1050 | Activaled | Industrial 0 | Tube

20 89.6 94.8 20 1050 | Activated | Industrial 0 | Tube

3 | Temperature (°C) 800 5 20 900 ; Activated | Industrial G| Tube
450 §54.7 50.7 20 950 | Activated | Industrial 0] Tube

1000 8186 79.4 20 1000 | Activated | Industrial 0| Tube

1050 0.4 86,5 20 1050 | Activated | Industrial 0| Tube

00| 107.4 08.3 20 1100 | Activated | Industrial 0 ] Tuba

4 | C/BaS0O.mole ratio 1 455 40.1 20 1050 | Adtivated | Industrial 01! Tube
2 82.4 7 20 1050 | Activated | Industrial 0} Tube

3 89,3 82.8 20 1050 | Activated | Industrial 0 | Tube

§ | Carbon Activated | 101.8 94,8 30 1860 | Activated | Industriai 0] Tube
Coal 946 93 S0 30 1050 | Coal Industrial 0 | Tube

& | Carbon Activated 88,3 82.8 20 1050 | Activated | Industrial 0| Tube
Coal 84,4 79.4 20 1050 | Coal industrial 0 | Tube

7 1 Barlum Pure | 1071 a98.7 30 1050 | Activated | Pure 0 Tube
Industrial | 1018 ‘948 a0 1050 | Activated | Industrial 0 | Tube

8 | Mg(OH)./BaSO, 0 893 88.2 20 1050 | Activated | Industrial 0| Tube
0.7 93.2 78.4 20 1050 | Activated | Industrial 0.7 Tube

1.7 978 76 20 1050 | Activated | industrial 1.7 1 Tube

43 96.9 20 1050 | Activated | Industrial 4.3 | Tube




Tabile 10: Running cost of the barfium sulphide process,

ltem Cost/ {Rm") |
Feed sulphate (mg/D) 2200.00
Treated sulphate (mag/f 200.00
BaS0. production (kg/m>) 522
Barium losses (%6) 5.00
[ BaSQq purity (%) 93.00
BaS0, required (kg/m™) 0.26
BaSQ, price (Rit) 2630.00
BaS0, cost (Rim") 0.69
Carbon content of coal (%) 70.00
C:BaSOgratio 3.00
Coal required ka/m™) 1.07
Coal price (RA) 150.00
Coal cost (Rim) 0.16
Iror: () oxidation {kg. ml 2.33
Enemy requirement:
BaSO, reduction (MJ/kg) 2.03
ron(l} oxidation (KkW/kg Fe} 1.07
Energy requirement GWim™)
BaSO, reduction 2.94
Mg(OH);
ron{il) oxidation 2.50
Electricity cost (R/KWh)} 0.16
Energy cost (R/m}
Kiln 0.47
Irondli) oxidation 0.40
Elecfrical drives, pumps, eto 0.20
Labour 0.20
TOTAL RUNNING COST 212
Products Value {Rin
\Water value 2.00
Sulphur 0.60
Sulphur yield (%) 80
Price (R#) 500.00
Sulphur value Rim) 0.30
CaC0, (kg/m) 167
CaCQ; yield (%) 80
Price (R%) 2000.00
CatC; value (Rim™ 333
{ TOTAL VALUE OF BY-PRODUCT 5.63
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PAPER 8: Maree, J.P., Netshidaulu, 1., Strobos, G., Nengovhela, R. and
Geldenhuys, A.J. Integrated process for biological sulphate removal and sulphur
recovery, Proceedings WISA 2003 — Biennial Conference & Exhibition, 2-6 May
2004, Cape Town, South Africa.

The Biological Sulphate Removal Process has been used to remove sulphates in
industrial effluents, rich in acid, sulphate and metals, to less than 200 mg/¢.
Previously, ethanol was employed as energy and carbon source. Because of an
unexpected increase in the price of ethanol, it became imperative to explore the
possibility of finding an alternative source of energy and carbon for the sulphate

reducing bacteria (SRB).

In this paper, the specific aims were to investigate:

v" The energy utilisation efficiency when feed water is contacted directly with hot
coal gas (SRB thrive between 30 - 35°C)

The rate of sulphate removal in the anaerobic reacter

v The effect of reactor type, CQO.-feed rate, CO,/H.S-ratio and the efficiency of

<

H,S-stripping
v" The cost of electrolytic hydrogen generation (to replace ethanol as energy

source)

From the investigation the following conclusions were made:

v The Biological Sulphate Removal Process allows sulphates to be removed
from industrial effluents to below 200 mg/¢, using ethanol as the carbon and
energy source

v With the use of a venturi system, H;S can be stripped to a concentration
below 20 mg/¢ (as S) with CO,. A number of aspects influenced the efficiency
of H.S-stripping, namely, H,S feed rate, CO,-concentration, CO./H.S load
ratio and absorption efficiency of H,S in an iron(l1l) solution

v" Hydrogen is a cost-effective energy source for the SRB (R1.53/kg of sulphate

removed)

Paper 8 was presented orally by J P Maree at the WISA 2003 — Biennial
Conference & Exhibition
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INTEGRATED PROCESS FOR BIOLOGICAL SULPHATE
REMOVAL AND SULPHUR RECOVERY

J.P. Maree, I. Netshidaulu, G. Strobos, R. Nengovhela and A.J. Geldenhuys

Diwvision of Water, Envirenment and Forestry Technology, CSIR. PO Box 385, Pretoriz, 0001, South Africa.
Tel. (012) 841 2285. Fax. {012) 841 2506, E-mail. gnargeficsircoza

ABSTRACT

industrial effiuents rich in suiphate. acid and metals are produced when sulphuric acid is used as a
raw matenal and when pyrifes is oxidised due lo exposure to the atmosphere, €.g. in the mining
industry. Biofogical sulphate removal can be used to freat industrial efffuents to achieve, in addition
to suiphate. metal rermoval and neutrahsation. Sulphate can be removed as elemental sulphur via
sulphide as an intermediate product when an energy Source is provided. The biological sulphate
removal process has developed over the past 15 years to the stage where it can compele
successfully with other sulphate removal technologies for full-scale treatment of mine and other
industnial effluents. The aim of this mvestigation was to demonstrate the performance of the
integrated process consisting out of hydrogen generation, suiphate reduction with hydrogen as
energy source. HpS-stripping and stabilizalion stages.

The following conclusions were made from this investigation:

» The biviogical sulphate removal process can be used for removal of suiphale 10 less than 200
mgA using ethanol as the carbor and snergy source,

o H,S can be stripped to below 20 mg/ (as S} with CO; by using & venturi as a stripping device.
The efficiency of H>S-stripping s infiuenced by H.S feed rate, COrconcentration, COH.S
Joad ratio and absorption efficiency of H:S in won{li)}.

« Hydrogen is the most cost-effective energy source. The cost of hiydrogen amounts to R1 53/m’
per g4 of sulphate removed (R1.53/kg SO, removed).

INTRODUCTION

Industrial effluents rich in sulphate, acid and metals are produced when sulphuric acid is used as a
raw material. and when pyrites is oxidised due to exposure to the atmosphere, e g. in the mining
industry. Acid mine waters contain high concentrations of dissolved metals and sulphate. and can
have pH values as low as 2.5 Acidic industrnial efluents require treatment prior to discharge into
sewage networks or into public watercourses. In water-rich countries the main causes of concem
are the low pH and metal content of acidic effluents. Salinity is not a problem due to dilution with
surplus capacity of surface water In water-poor countries, e.g. South Africa, the high salinity
associated with acidic industial effluents is an additional concern.

Biological sulphate removal can be used o treat industrial effluents to achieve, in addition to
sulphate, metal removal and neutralisation. Sulphate can be removed as elemental sulphur via
suiphide as an intermediate product when an energy source is provided. Desalination is achieved
by effecting calcium carbonate crystallisation after sulphate removal. Metals are completely
removed by precipitation as sulphides. Alkalinity is generated in quantities stoichiometrically
equivalent to the amount of sulphate removed, which allows direct treatment of acid water.

The biological sulphate removal process has developed over the past 15 years to the stage where
i can compete successfully with other sulphate removal technologies for full-scale treatment of
mine and other industrial effluents. Maree and Strydom showed that sulphate can be removed in
an anaerobic packed-bed reactor using sucrose. puip mill effluent or molasses as carbon and
energy source {1}. Metals like nickel. cadmium and lead were compielely removed due io

Proceedings of the 2004 Water Institute of Southern Africa (WISA) Biennial Conference 2 -8 May 2004
ISBN: 1-920-01728-3 Cape Town. South Africa
Produced by. Document Transformation Technologies Orgarused by Event Dynamics
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precipitation of metal sulphides. Maree and Hill showed that a three-stage process can be applied
for sulphate removal, using molasses as carbon and energy source in an anaerobic packed-bed
reactor (2}, Sulphide can be stripped with a mixture of COx/N;z from the effluent of the anaerobic
reactor in a HaS-stripping stage and residual COD and CaCQy can be removed in an aerobic final
treatment stage. Maree et al. showed that when molasses is used as carbon and energy source it
can either be utilised in the fermented or unfermented form {3}, When molasses is allowed to
ferment, acetic acid is the main carbon and energy source for the sulphate reducing bacteria.
When molasses is kept sterile in the storage tank. sucrose is the main carbon and energy source
with acetic acid as the metabolic end-product. With this information in mind it was concluded that
by running two anaerobic sulphate removal réactors in series, sucrose can be fermented to lactate
in the first reactor and via acetate to CO, in the second reactor. Du Preez et al. were the first to
demonstrate that producer gas (mixture of H;, CO and CO;) can be used as carbon and energy
source for biological sulphate reduction (4). Hz and CO were utllised as energy and carbon
sources, respectively. Visser investigated the competition between sulphate reducing bacteria
{SRB} and methanogenic bacteria (MB) for acelate as energy and carbon source in an upfow
Anaerobic Sludge Blanket {UASB) reactor (5). He found that at pH values less than 7.5, SRB's and
MB's are equally affected by the presence of H;S, while at higher pH values SRB’s out-compete
MB's. Van Houten showed that sulphate can be reduced to HxS at a rate of 30 g SOJ(L.d) when
Ho/CO, is used as carbon and energy source and employing pumice or basalt particles to support
bacterial growth in a fluidised-bed reactor {6}. He found that the pH shouid be between 6.5-8.0; the
temperature should be between 20 - 35°C; the M;S concerntration should be less than 450 mg/l; the
system should be completely anaerobic, the biomass should be immobilized and the retention of
the active biomass should be high: the gas should be in the ratic: H,:CO2, 80%:20%: the hydregen
mass transfer should be maximized; there should be a high gas hold-up (through the system
recycle} and there should be a low bubble diameter (small gas bubbles). Geidenhuys et al,
demonstrated that hydrogen can be generated on-site to provide it cost-effectively (7). Eloff at al.
showed that a venturi device can be used to introduce hydrogen gas into the system as the energy
source, while geotextile {a coarse, fibrous material. used in road construction) can be used as a
support material for SRB growth (8).

The aim of this investigation was to demonstrate the performance of the integrated process
consisting out of a heating unit, anaerchic reactor for sulphate reduction. H,S-stripping and
stabilization stages (Figure 1). The following reactions {ake place in the various stages:

4H; + SO& + CO, + Ca® > HS + HCOy + 3H;0 + Ca™
M2 +HS > MS + H'

HS +C0s + H0 2> H.S+ HCOy

H,S + 2Fe® -> S+ 2Fe® + 2H"

2Fe? +140, + 2H+ > 2Fe™ + H,0

2HCOy + Ca® > CaCQ; + CO; + HO

4H, + SOZ + CO, + Ca™ +140; & CaCQ0y+ 5 + 4H,0 1]

The following specific aims were investigated:

s The energy utilization efficiency when feed water is contacted directly with hot coal gas.

= Determination of the sulphate removal rate in the anaerobic reactor.

» The effect of reactor type. CO,-feed rate. COx/H;S-ratio and the efficiency of H,S-stripping.
» The cost of electrolytic lydrogen generation.
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Figure 1. Process fiow thagram of integrated bioiogicat sulphate removai process (CSIRosure process).

MATERIALS AND METHODS

Feedstock
The various stages of the process as shown in Figure 1 were operated in parallel using different
feed waters.

The biclogical sulphate removal stage was fed with effluent from a lime neutralization plant at a
rate of 8 fo 16 m*h (hydraulic retention time of 10.3 to 5.2 h), while 0.1 to 0.2 g sugar/l mine water.
0.7 to 1.0 mi ethanol B (75 % ethanol, 25 % propanol)/l mine water were added as the carbon and
energy source. Ammonium Suiphate (25 mg/l {as Nj) and phosphoric acid (& mg/l (as P)} were
added to maintain the COD:N:P ratio at 1000:7:2. No trace elements, except for 3 mg/l irongll}.
were added, as the mine feed water contains all trace elements which are required by sulphate
reducing bacteria,

For H,S-stripping studies a synthetic sulphide rich water was used as feed water contzining a
sulphide concentration between 700 to 800 mg/l. CO: gas {supplied by Affox) was used for
HaS-stripping. An iron solution {11 g Fex(SCy),/ (as Fe)) was used for absorption of the stripped
HS-gas.

The heating unit was fed with peas {25 mm coal},

Equipment

Anaerobic stage. The anaerobic stage {Photograph 2} was evaluated on-site. The anaercbic
reactor consists of a completely mixed reactor (dia. = 4 m. height = 8 m. volume = 105.5 m® with a
cone in the top of the reactor fo allow for sludge separation (9). The feed-rate fo the anaerobic
reactor was 8 to 16 m*h and 0.3 m¥/h to the H:S-stripping stage. The reactor contents were stirred
with a side entry stirrer positioned at the botiom of the reactor {260 rpm) and additional mixing was
provided by a recycle pump (35 m*/h). The feed inlet pipe entered the reactor at the top from
where it fed to the bottom. The reactor was inoculated with 10 m® anaerobic digester sludge from
Daspoort Sewage Works Pretoria ont 6 May 2000. The temperature was approximately 1 7°C.

Heating unit. The heating unit consists out of the following items: coal bunker. speed control spiral

feeder {100 kg/h). heating unit and fan and water spray reactor where feed water is sprayed
through 3/8 inch spiral jet nozzles while hot air is flowing upwards {Photo 2},
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Photo 1. Anaerobic stage of biclogica! sulphate removal Photo 2. Heating unit.
process.

H,S-stripping and processing. Figures 2 and 3 show the laboratory-scale plant that was used for
H.S-stripping and processing to elemental sulphur. Table 1 shows the volume and dimensions of
the various reactors.

A packed bed reactor and & venturi system was used for HS-stripping and HzS-absorption into an
iron{lii)-solution, using two different configurations. In configuration A (Figure 2). the sulphide
solution was fed continuously {o the packed-bed reactor (stripping stage), and allowed to drip down
the packing material (25 mm dia. Pall-rings). while H;5-free COz-gas. flowing from bottomn to top.
was recycled via the H;S-absorption stage. In the HxS-absorption stage, H>S was contacted with
an iron(li)-solution at a pH of 2.5, to produce elemental suiphur (Reaction 2). The iron(ill)-soiution
was replaced on a batch basis.

HzS + 2Fe? > S + 2Fe® + 2H' 2]

In configuration B {Figure 3). the sulphide solution was recycled through the venturi system in
batch mode, and allowed for HyS-stripping. by sucking in COx-poor gas, hence contacting it with
the sulphide-rich water {siripping stage). The stripped H.S-rich gas was passed through the
packed bed-reactor reactor to which the iron{lll)-sotution was continuously fed for sulphur
production.

The packed column consisted of a 0.8-m randomly packed bed, with 25-mm Pall-rings used as
packing materiat. A 250-mm Perspex cylinder (adsorption} was used and Perspex plates were
used for support of the packing and to aid in liquid distribution to the column. A Perspex plate with
evenly distributed holes was installed at the top of the column to ensure adequate distribution of
the liquid feed. The venturi was used for gas recirculation between the stripping and the absorption
stages. A centrifugal pump was used (Gapacity of 1m*h) te recycle the iron (ill) {configuration 1) or
the sulphide {configuration 2) solution via the venturi. CO; was transferred from a COy-cylinderto a
CO:; float tank from where it was pumped at a set flow rate with a peristaltic pump at NTP (normal
pressure and temperature) to the H,S-stripping stage.

Experimental Procedure

Anaerobic Reactor and Heating Unit

A volume of 12 m*/h of feed water was passed through the heating unit of which 4 to 8 m3/h was
fed to the anaerobic reactor and the balance was returned to the feed water pond. The
performance of the various stages (sulphate reduction and HzS-stripping) were evaluated by
determining the chemical composition and temperature of the feed and treated water and the
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temperature of the in and off gasses during continuous operation.

HLSN-Sivipping and Processing

in configuration A (fed Na;S continuously to the packed bed-reactor and contact the stripped
H,S-gas with an iron(ill)-spiution which is passed through a venturi system in batch mode) Na,5
was contacted with COo-rich gas, while sulphide removal was monitored in packed-bed reactor.
The iron{lh-concentration was monitored in the iron solution (that was handled in batch mode;

in configuration B {fed irongiily-solution to the packed bed-reactor and contact it with stripped
H,S-gas from the venturi system) antd iron{illj-rich solution was fed at various flow rates. lroniii)
was monitered in the feed and treated streams of the iron{illi-solution. The sulphide concentration
was monitored in the sulphide sclution that was handied in batch mode.

Experimental Program
The following parameters were investigated:

Anaerobic stage. Hydraulic retention time (& h. 1Ch, 158 h).

H,S-stripping and processing siage. Reactor iype (packed bed-reactor and verturi system),
CO,-concentration (20% to 100%). COy Suiphide ratio, Feed rate of CO; rich stream (0.2 10 1.0
Fmin). Retention time of sulphide solution {Feed rate of sulphide rich stream {0.5 to 2 Ifmin}j,
Efficiency of sulphide reaction with iron{ill)-solution.

Analytical

Sampies were coliected regutarly and filtered through Whatman No 1 fiter paper. Sulphate.
sulphide. atkalinity, calcium, iron{ll), mixed liquor suspended solids (MLSS), volatile suspended
solids {VSS), acidity and pH determinations were carmied out manually according to procedures
described in Standard Methods (10). Calcium was analysed using atomic absorption
spectrophotometry. Acidity was determined by titraling the solution to pH 8.3 using NaOH. The
COD sampies were pre-treated with a few drops of H;S0, and N; to strip off M8 gas.

Tade 1. Voluma ang gimensions of various reaclors.

ftem Voiume {ij | Diameter (mm) Height
{mm}

Anaerobic 100000 4000 8000

H,S-stripping/processing

Packed bed-reactor packed with 30 250 800

25 mm Pail-nings

Venlus reaclor 49 300 300

RESULTS AND DISCUSSION

Sulphate Removal

The feed rate of the reactor varied between 8 and 18 mh. during the period from 1 September
2000 to 26 June 2001, which corresponged with a hydraulic retention tme of 52 to 103 h,
respectively. Table 2 shows the chemical compaosition of the feed and treated water.

it was noted that

» Sulphate was removed consistentiy down to 200 mg/. This was achieved when sufficient
carbon and energy scurce was provided.

«  Ethanol was completely utifized for either sulphate reduction or acetate production as indicated
by measurement of ethanal and falty acids. Almost nc formate and propionate were formed
during sulphate reduchion.

+ The sulphide concentration in the effluent is stoichicmetrically equivalent fo the suiphate
concentration. The high sulphide concentrations measured in the anaerobic reactor indicated
that the sulphate-reducing bacteria can achieve high suiphate redustion rates despite the high
sulphide concentralions. This is contrary to the findings of MeCartney and Oleskewicz {113

EER}
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who found that sulphate reduction is inhibited by suiphide concentrations higher than 300 mg/
{as 5.

s The sulphate removal rate increased to 12 g SOWJ{Ld) at a temperature of approximately 20°C,
at an HRT of 6 h. This rate may improve still further by increasing the lemperature of the feed
water. (Good sulphate removal rates were achieved despite the fact that the most simple and
sost-effective reactor type was used. By inlegraling a completely-mixed reactor with & settier,
positioned in the top of the reactor for studge separation. the capital cost was reduced without
compromising on the residence time. Sulphate removal could stili be achieved within 6 hours.

o AN ARproguced SOuremoved 78110 = 1.0 was measured, which corresponds well with the theoretical
ratio of 1.04 {Reaction 3). Alkalintty vatues as high as 2000 mg/1 were measured with an equal
reguction in the suiphate content.

» The bicmass distribution was uniform, bottom to top, in the reactor. During the start-up period
more sludge ocowred in the lower part of the reactor due to the presence of heavy chemicals
ang gypsum. The biomass congentration increased from 2 500 mgfi on 1 September 2000 to
10 000 mg/l where it stabilized. The specific biomass production was calculated to be 0.02 g
hiemass/g SOuemoved.

co, £O;

frondiit-solution [ Gas.

Na,S-solution

O,
COpHS

Fe{lily
sojution
{batch)

Treated water

Ironiii-rich sclution
Configuration A Configuration B
Frgure 2. Ha5-slripping and proecessing. Figure 3. H.S-stripping and precessing.

Table 2. Chemucal composition of feed and freated waler dunng Biciogical sulphate reduction.

Parameter Foed Treated
pH 7z 77
Suiphate (mg/l 304! pirax 198
Suiphige (mg/ S b 805
Alkalindy (mgd CaCO3: &5 2063
Efhanot imgi G380 g
Acelate (mgil & 218
Formate (mg#) & 5
Propionale (mg ) 0
Volatle suspended soads {mgl) ¢ & 300
Mixed lguor suseended sobds (mos) o 12009

Figure 4 shows the percentage sulphate removal and the COD oS0 7310 with time, It was
noted that sulphate removal increased from between 30 % and 5C % during the period belore 18
Oclober 2000 to above 75% after 18 Oclober 2000 {Figure 4. Sulphate line). The improved
sulphate removal with time ¢ould be ascribed 10 the increased value for the CODRes S Oueea-Fttio
with time (Figure 4, CODue’SUineq line). Before 18 October 2000, this value was lower than the
theoretical value of 067 {Reaction 4). Thereafter this value increased ic between 1 and 1.2,
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Figure 4. Percentage sulphate remova! during the period 1 Sepltember to 26 June 2001
compared with the ratio of CODfeed to SO4feed.

2C + SO& + 2H,0 >  2HCO;+ H.Sor 3]
2CH;CHZOH + SO > 2CH,COOH + 8% + 2H,0 141

The utilization efficiency of the energy source (ethanol and sugar) and its cost are calculated in
Table 3.

Tabile 3. Companson between measured and calculated COD values.

Parametex Enecgy source _

Sugar Ethanol B Total
Ethanol | Propanol

Dossge (g/D) 01 072 0.10

Punty (%) 100 75 25.00

Dosage (g1 01 854 0.ig 082

COD vatue (g Oy/8) 112 | 209 2.40

ICOD (g 041 ¢ calculated) 8.11 113 043 167

COD (g 041 (m easured) 1.73

Sulphate squival ent (g 50 /1) 2351

Sulphate removed (g 30,/T) 200

km wtitization offid ency(7%) 80

ICarbon source price (RA) 2384 2750

[Carbon source cost (Rim?) 024 198 222

It was noted that:

* At a dosage of 0.1 g/l sugar and 0.72 g/l ethanol B (75 % ethanol + 25 % propanol), 2.0 gA
sulphate was removed. This represented a utilization efficiency of 75%.

s The measured COD value of 1.75 g/l (as O;) agreed well with the calculated value of 1.78 g/l
(as Og).

e The energy source cost associated with the removal of 2.0 kg/m® suiphate amounted to
R2.22/m* This cost could be reduced further should by partial replacement of ethanot and

sugar with carbon monoxide. Carbon monoxide could be recovered when coal off-gas is used
for heating of feed water.
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Heating of Feed Water

The plant was operated at a flow rate of 9 m*/hr and an average water inlet temperature of 15°C.
The feed water was effectively heated from 15 °C to 30 °C. Heat transfer from the gas {o the water
was more than 99% effective. The exit temperature of the gas was approximately equal 1o the inlet
temperature of the water. The heat transfer frorn the coal to the water was approximately 75 to 90
%. Heat losses was due to incomplete combustion of coal and disposat of hot ash. Figure 5 shows
the total heat transfer efficiency in the period August to September 2003.

_M\/M "

RS
S

8

8 & & 8

Utilisation efficiency (%)

0 T T T T T 1 1
17-Aug  22-Aug  27-Aug  01-Sep 06-Sep 11-Sep 16-Sep  21-Sep
Date

Figure 5. Total heat transfer efficiency in the period 17 August o 20 September 2003.

Tabie 4 gives a summary of the energy balance over the direct contact heat exchanger cotumn_ it
can be seen that the spray column is a very effective configuration to establish heat transfer. Due
to back mixing the column allows complete heat transfer between the water and the gas (12).

Tabie 4. Energy balance over the direct contact heat exchanger column.

Parameter Value
Feed rate {mih) g
Temperature ingrease {°C) 11
Gas iemperature inswde furnace (°C) 385
Temperature of exit gas {°C} 17
Coal feed (kg/h) 17
Energy load feed {kJ/h} 470400
Energy absorbed ixJ/h; 426095
Efficiency {%} 38

H2S-Stripping and Processing Stage

Sulphide can be removed through CQz-stripping from 300 to less than 20 mgd (see Figure 8 and
Maree (13) for a more detfailed discussion on HZ2S-processing and stripping). In order to obtain
engineering design criteria for full-scale implementation, the effect of various parameters on the
rate of H,5-stripping was determined, using configuration A {Figure 2).

By feeding a sodium sulphide solution and a CQO,-gas stream counter current on a confinuous

basis through o a packed bed reactor, it was noted that

» Number of stages. By passing the sulphide solution through two stages in series at a CO, feed
load/Na,5 feed load of 1.4 g COx¥g S. sulphide was removed from 834 to 376 mg/l in stage 1,
and to 77 mf (as 8) in stage 2 (Table 5). By providing a third stage, sulphide could have been
removed to less than 20 mg/. The airm, however, with this investigation is to identify optimum
process conditions to affow the minsmum number of process stages needed for complete
sulphide removal. Suiphide is quantitatively converted to sulphur as indicated by the
correspondence between the actual and theoretical values for the ratio: load of iron{ll

Q36
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produced/load of suiphide removed (3.65 versus 3.49). More CO» was consumed than
theoretically required (1.75 versus 1.38). The higher COs consumption can be ascribed to the
partial solubility of both CO» and HoS in the pH range 6 to 7. The theoretical ratios for load of
CO, consumed/load of sulphide removed (1.38) and lead of iron(Hl} producadfload of sulphide
removed (3.49) is calculated from Reactions 5 and 8.

2C0, + 8% + 2H,0 > 2HCO,; + H,S [5]
H,S + 2Fe™ > S+ 2Fe? + 21" i8]

e Fffect of HRT. An amount of 217 mg/l sulphide was removed at a feed rate of 0.5 Vmin
{HRT = 59 min), compared to only 154 mg/ at a feed rate of 2 ¥min (HRT = 15 min).

+ Effect of CO; flow rate. By increasing the CO; flow rate from 0.19 I/min to 0.83 ¥min, the
sulphide removal increased from 342 to 474 mg/t and residual sulphide in solution decreased
from 134 to 0 mgh {(as S). The corresponding ratios of CO, feed load/Na,S feed load increased
from 0.78 to 3.46. The stoichiometric value required for this ratio is 1.38 {Reaction 5). This
demonstrates that complete suiphide removat can be achieved by dosing 2.5 times more CO;
than stoichiometrically required. Excess CO; gas would be available in many applications. With
the biological sulphate removal process COs-gas is produced by the heating unit. During
limestone neutralization of acid water. CO, with a high concentration is produced due to
dissolution of CaCOs.

o Effect of COs-concentration. By increasing the CO» concentration from 20% fo 100%, the
suiphide removal increased from 278 to 387 mg/l {as S}. In this case sulphide was not removed
to 0 mgA as the CO./Na:S feed ratic was less than the value of 3.46 as determined above
empirically.

« Effect of gas recycle rate. By increasing the gas recycle rate from 9.1 te 19.6 ¥min. the
sulphide removai was improved from 304 to 666 mg/l. In this experiment sulphide was also not
removed to 0 mg/l as the COx/Na,S feed ratio was less than the value of 3 46.

it was demonstrated above that a packed bed-reactor {configuration A) (Figure 2) can be used for
sulphide stripping. In this configuration it appeared that the absorption stage, where H,S-rich gas
was contacted with an iron(Hl} solution in a venturi system, was effecltive, due o good contact
between gas and liquid phase. With the apparent good performance of the venturi system for HS
absorption, it was decided to evaluate the suitability of the venture system also for H;S-stripping.
The same equipment that was used for configuration A (Figure 3}, was used for configuration B
{Figure 3}, except that the venture system was used for sulphide stripping in baich mode, and the
packed bed-reactor was used for H;S-absopfion into an iron{ll) sclution under continuous
conditions.

Figure 6 show the effect of iron(lil} feed rate on sulphide removal. i is noted that:

o Better sulphide removal was achieved with increased feed rate of iron{lif}. This can be ascribed
to only partial absorption of H,5 at low iron({Hi) feed rates in the closed drcuit of Configuration
2. This is an indication that the packed bed-reacior does not function as well as the venturi
system for the absorption of HaS into an iron{lH}-solution.

e The obtained experimental {actuai) dFe/dH,S ratio was similar to the theoretical value of 3.49
(Reaction 6). This result shows that all iron{lll) that was introduced to the packed bed reactor
was consumed for HaS-absorption through 6.

The oblained results showed that H,S-stripping and H:S-absorption is favoured by intensive
mixing. intensive mixing supports mass transfer of M8 from liquid to gas phase in the case of
H.S-stripping and from gas to liquid phase in the case of HpS-absorption It was demonstrated that
the venturi device was more efficient than the packed-bed reactor. This could be ascribed to the
high pressure (300 kPa) and the high velocity (50 misec) of gas and liquid particles. Based on this
observation, it is recommended that the Turbulator be used during a scale-up version. The
Turbwiator exists out of a motor which directly {no gear box) drives a disc via a holiow shaft. The
Turbulator allows mixing between the gas and hiquid phase by sucking in air through the hollow
shafl that rotates at 2000 rpm. The velocity at the outer limit of the disc is 15 mésec (Dia = 0.15 m;
rem = 2 000},

9x7
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Table 5. Sulphide removal in two stages i series.

Parameter Stage number

1 Z
CiONa,5 feed ratio (g CO2f0 5) 077 1.40
N5 feed rate (Iimin) 13.490 0.90
C0, feed rate (fmin) 0.29 0.24
COrconcentration (%) 100 100
HRT({min) 327 32.7
Gag recycle rate (/min 22.9 22.9
Sulphide in feed {mg/l S} 834 376
Sulphide after pipe (Mgl 5)
Sulphide in treated water (mg/l S) 4134 7
Sulphide remo¥ ed {mash 400 299
pH in feed 5.06
pH after pipe
pH in treated water 7.02
dCOoidN a:S ratic (g COafg 5)
Teoretical 1.38 1.38
Actual 1.70 1.789
dFefdH,S
Teoretical 3.49 3.49
Actual 2.60 3.70

Running Cost

The energy source is the highest cost item of the CSIRosure process. Geldenhuys et al
investigated the electrolytic production of hydrogen and founded that hydrogen can be generated
electrolytically at a cost of R14 57/kg H; (14) The cost for various energy scurces for removing 2 g
5044 are compared in Table 6. it is noticed that electrolytic generated hydrogen compares
favorabie with other energy sources. such as ethanol, propanol and sugar.

Tabie 8, Cost comparison of various energy sources for biclogical suiphate removal.

Hem Product
Sugar | Ethanol Prop ancl H2

Sulphate removed (g/l S04) 1000.00] 1000.00] 1000.00] 1000.00
Carbon source/S04 mole ratio 017 0.67 0.44 4.00
Mol mass (1) 342.00 46.00 0.00 2.00
Carbon source required (g/fq S04) 0.59 D.32 0.28 0.08
Efficiency (%) 70.00 70.00 70.00 80.00
Purnty {%) 99.30 95.00 100.00 593.00
Carbon source re guired (kg/kD 0.85 D.48 0.40 0.11
Carbon source cost (R} 420 237 170 1.53

Ndae Dae of prices - January 2004,

CONCLUSIONS
The following conclusions can be made from this investigation:

e The biological sulphate removal process can be used for removal of sulphate to less than 200
mg/l using ethanal as the carbon and energy source.

137



H,S can be stripped to below 20 mg/i (as S} with CO, by using a venturi as a stripping device.
The efficiency of H;S-stripping is influenced by H,S feed rate, COzxconcentration. COx/H;S
toad ratio and aborption efficiency of HaS in iron{lil}.

Hydrogen is the most cost-effective energy source. The cost of hydrogen amounts to R1 53m*®
if 1 g/l of sulphate is removed {R1.53/kg SO, removed).

m v
G 00 & * 1 ¥minFefl)
2 500 — A ] | " 1iminFeai
500 —— 3 ¥min Fedlily
o i * 4 ¥minFedlt
/ ~— Linear {4 ¥min Fedll))
06 ~ - Linear (3 fmin Fedil))
ano ¥ — Lingar ( ¥min Fadil))
160 — Linear (1 ¥min Fe(i}))
0 T T
0 20 40 60 80 100
Time {min}

Figure &. Effect of iron(H1) flow rate on suiphide removal.
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CONCLUDING DISCUSSION

Acid mine drainage is the term used in this thesis to define drainage that occurs
as a result of natural oxidation of sulphide minerals contained in rock and
exposed to air and water. The principal ingredients in the acid mine drainage
process are reactive sulphide minerals, oxygen and water. The oxidation
reactions are often accelerated by biological activity. The chemical and biological
reactions yield low pH water that has the potential to mobilise any heavy metals

contained in the rock.

Acid mine drainage, besides sulphate, contains high concentrations of dissolved
heavy metals, including iron{ll) and sulphate, and can have pH values as low as
1.9. Since water and oxygen are essential components to form a strongly acidic
solution, exclusion of one or the other will prevent this reaction from occurring.
However, much larger quantities of oxygen are needed compared to water.
Unless neutralised, such waters can have a detrimental impact on water quality in
the environment, e.qg. public water courses. The objective of acid mine drainage
treatment is, therefore, the elimination of acidity and precipitation of heavy

metals.

o Neutralisation of acid mine drainage.

The most common acid consuming mineral is calcium carbonate (calcite), the
major constituent of limestone. Although several minerals are capable of
removing acidity, including carbonates of iron and magnesium and hydroxides of
iron and aluminium, a limited number will increase the pH from relatively low
values, such as 1.9, to an acceptable, approximately neutral level. Whether the
drainage from a mine is acidic depends on a number of factors and site-specific
conditions. The most important factors are probably the balance between
sulphide and neutralising minerals and their relative reactivities. The rate at which
neutralisation occurs, is dependent on a number of physical and chemical factors.
An important consideration is the susceptibility of carbonates to the forming of
surface coatings of precipitates, such as gypsum and iron salts. These can cause

“blinding” of the carbonate and result in a decrease in reaction rates.
Previously lime was used for neutralisation. Replacing lime with limestone, the

cost of neutralisation could be reduced significantly. Table 3 compares the cost of

neutralisation with imestone, slaked- and unslaked lime.
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Table 3 Cost comparison between limestone (CaCQOs}, unslaked lime
(Ca0) and slaked lime (Ca{OH). as neutralisers of AMD

Parameter Limestone Unslaked lime | Slaked lime
Flow (M¢/day) 75 75 75

pH after treatment 7.00 7.00 7.00

Acidity (mg/¢ CaCQ;) 683.04 683.04 683.04
Purity 69.00 85.00 85.00
Utilisation efficiency (%)} 90.00 90.00 90.00
Dosage (kg/m°) 1.10 0.50 0.66

Usage (ton/day) 82.49 37.50 49.55

Price (R/ton}) 150.00 652.23 $00.00
Treatment cost (R/month) 376 165 743 542 1 355 786
Cost ratio 0.51 1.00 1.82

Other benefits of using limestone instead of lime for neutralisation are:

e Limestone is a by-product from the local paper industry

e Fluctuations in the flow of underground water do not affect the neutralisation

process as the acid feed water is diluted by bleeding it into the recycle stream

which passes through a fluidised bed containing excess limestone

e Limestone is easy and safe to handle and dust-free. It can be stored on an

elevated slab of concrete and eliminates the need for silos or other expensive

storage facilities as it already contains 15% moisture.

With the limestone neutralisation process, the pH of the bulk of an acid stream
can almost be neutralised (pH 6.8) with powdered limestone in a fluidised bed
reactor. A small amount of lime is added for rapid iron{}l) oxidation at pH 7 and
higher. Acidity can be reduced from 16 000 g/¢ to almost zero, as CaCQO,. Free
acid and acid associated with Fe(lll)) will be completely removed and sulphate
concentration lowered from 16 800 mg/¢ to 1 900 mg/¢. A retention time of 1 hour

is sufficient to achieve these results.
The rate of neutralisation depends mainly on the type and particle size of the

limestone. The chemical composition of both the acid water and limestone also
play a role. The presence of iron(ll), aluminium or magnesium in the acid water
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decreases the rate of neutralisation. The same rule applies to the concentration

of magnesium in the limestone being used.

e [ron(ll)-oxidation

Feed water containing iron(ll) concentrations in excess of 50 mg/¢ impaired the
dissolution process, due to scaling, also known as blinding, of the limestone
particles with ferric hydroxide and gypsum. It is essential that iron(ll) is converted
to iron(lll) as a pre-treatment stage to the neutralisation of iron(ll)-rich acid water
with limestone. Iron{ll) causes scaling as the oxidation rate increases with
increasing pH values. Therefore, most of the reaction occurs on the surface of the

limestone particles where the pH is higher than in the bulk of the water.

lron(ll} in the acid feed water can be oxidised either mechanically (aeration),
chemically, biologically or electrolytically. For both chemical and biological
iron(ll)-oxidation, it has been shown by Maree et al. (1997, 1298) that the rate of
oxidation depends on the surface area of the support medium and the suspended
solids concentration. However, in this work, iron(ll) was oxidised electrolytically.
This was done while generating hydrogen in an electrolytic cell for utilisation as
energy source for sulphate reducing bacteria in the biological process. Oxidation
rates as high as 110 g Fe/(¢.day) were measured when performing the electrolytic
generation of hydrogen with acid mine drainage (pH 1.9) as electrolytic medium
and stainless steel (type 316) as electrode material. These results compared well
with the rates of 80 and 66 g Fe/(¢.day)} for biclogical and chemical iron(ll)-

oxidation, respectively, as reported earlier by Maree et al. (1997, 1998).

These results were achieved at a current density of 1 ampére/dm? and a potential
of 4 volts and using asbestos plate (4mm thickness) as diaphragm to avoid
contamination of the hydrogen with oxygen. Hydrogen was generated at the

cathodes and oxygen at the anodes, according to the following reactions:

oFel2+ — 2Fe3+ 4 2¢- [12]
2H30+ + 2e- — 2H2 + H20O [13]

It has been demonstrated that hydrogen can be generated electrolytically at a
cost of 16% (R3.89/kg of hydrogen) of the cost of purchasing hydrogen in bulk
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from industry (R25.00/kg). Cost figures for generating hydrogen electrolytically
are listed in Table 4.

Table 4 Cost comparison for various electrolytic hydrogen generation
systems
Electrode material | Electrolytic Diaphragm Production
solution material cost (R’kg)
Fe plate AMD Anionic selective 138.84
Zn plate AMD Anionic selective 151.94
Stainless Steel KOH (30%) Anionic selective 14.57
Stainiess Steel KOH (3%) Anionic seiective 22.39
Stainless Steel AMD (5 ampére) None 21.20
Stainless Steel AMD (5 ampére) None 11.98
Stainless Steel AMD (5 ampére} None 9.55
Stainless Steel KOH (3%} Asbestos 3.89
Commercially - - 25.00
available in bulk

It was concluded that iron(ll) oxidation is an excellent benefit added to the
electrolytic production of hydrogen from AMD. This process can therefore be
applied upstream of the neutralisation stage of acid mine drainage. Due to the
fact that iron(ll) remains in solution up to pH7, it is beneficial to convert iron(ll) to
iron{lil), which will precipitate at pH 3 and coat the carbonate particles which
slowing down the neutralisation reaction significantly.

e Gypsum crystallisation and CaCQ; precipitation

The primary product of acid mine drainage neutralisation using either limestone
or lime is gypsum (CaS0,.2H,0), produced largely as a precipitate. Gypsum
commonly forms scale in tanks and piping which then require periodic acid
treatment and mechanical removal. Proper design can reduce the severity of
some scaling problems. Heavy metal ions hydrolyse and precipitate as their
respective hydroxides during neutralisation and any ferrous ion present in the
slurry is oxidised to ferric iron and precipitated as ferric hydroxide.

After neutralisation, sulphate concentration in water can be further effectively

lowered with lime treatment to 1 200 mg/¢ by raising the pH to 12 and higher.
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This is well below the saturation level of gypsum (1 500 mg/¢) and no scaling of
pipelines will occur at a retention time of 2.7 hours. Magnesium was also fully
removed as a result of the high pH. During gypsum crystallisation, the gypsum
concentration was found to have a major influence on the rate of suiphate
removal. It was concluded that the rate of gypsum crystallisation is directly

proportional to the surface area of the gypsum crystals.

Water, under-saturated with respect to gypsum, can be produced by adjusting
the pH with CO, from the high levels of 12 and higher to pH8.5 where CaCQ; has
a low solubility. At this stage of the process, the treated water is suitable for re-

use in a plant or for irrigation purposes.

Sludges resulting from the various stages contain gypsum, heavy metal
hydroxides and heavy metal sulphides. Polymeric substances, PAC6 and Type
3095, were successfully introduced to the process as coagulant and flocculant,
respectively. The solids were recycled from the clarifier underflow to the feed,
upstream of polymer addition, to build a high density sludge. Dosing these
polymers in very small quantities to the various sludges, generated during the
process, their settling rates were significantly increased. These properties are

important in providing clarifiers of suitable size after each stage.

e FElectrolytic hydrogen generation

Several sulphate removal technologies are in place, amongst others the
Biological Sulphate Removal Technology. For the treatment of these effluents,
expensive organic material (e.g. ethanol or sugar) is used as the carbon and
energy source for the SRB. The use of hydrogen as energy source provides a
cheaper alternative for sulphate removal. Toxicity due to increased levels of
sulphide and un-ionised hydrogen sulphide will not only lead to a diminished
process performance of the SRB but will also become a health and safety hazard.

Stainless steel (type 316) plates have been used effectively as electrode material
with AMD as electrolyte for generating hydrogen in a cost-effective way. While
generating hydrogen at the cathode, other benefits such as the oxidation of
iron(ll) to iron(lll} at the anode and the conversion of hydrogen sulphide gas to
elemental sulphur in a down-stream stage also occur. After the iron{ll)-rich acid
water was treated electrolytically, oxidation resuited in an iron(lll)-rich product

which is the feed stream to the limestone neutralisation stage. Part of this
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iron{lil}-rich stream can be contacted with the waste H,S gas from the biological
process and elemental suiphur will be produced. Thus, the waste product of the
Biological Sulphate Removal Technology can be converted into a valuable
product, elemental sulphur. The need for a membrane (diaphragm) is eliminated

as no oxygen is generated at the anode.

Hydrogen can also be generated using stainless steel (type 316) as electrode
material in a high pH environment (3% KOH). Asbestos has been successfully
utilised as membrane to prevent mixing of hydrogen and oxygen, generated at
the cathode and anode, respectively. When comparing the cost of hydrogen
purchased at R25.00 per kilogram, huge cost savings can be achieved by
generating on site for use as energy source for the SRB. Pure hydrogen can be
generated electrolytically at a cost of R9.55 per kilogram from AMD or R3.89 from
a 3% KOH solution.

e Barium sulphide process

After the lime- and CO, treatment stages, the water can be further treated with a
Reverse Osmosis (RQO) Process developed by The Chamber of Mines or the
Biological Sulphate Removal Process developed by the CSIR (Maree, et al.,
1987; Maree & Hill, 1989) in order to be released into a river system (sulphate
concentration required: <200 mg/¢) or to be treated to a level similar to that of
municipal water. These processes are relatively expensive and therefore other
means of desalination should be considered. Another promising process to treat
sulphate-rich waters entails the chemical removal of sulphate by means of
soluble barium salts such as barium sulphide and is illustrated in the following

reaction:

CaS0O, + BaS — BaSQ, + CaS (14]
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The barium sulphide process is aftractive for large scale application for the
following reasons:
v Acid waters can he treated directly with barium sulphide
v The process removes ammonia, magnesium, manganese and other
heavy meals due to the high pH achieved prior to the softening stage
v By-products like sulphur and NaHS can be produced from the H,S
generated in the process and CaCQ; from the softening stage
v BaSO, can be converted to BaS on-site by heating to 1 050°C and re-

used

e (losing assertion

Several full-scale plants, as listed previously in this thesis, have been constructed
over the past four years in South Africa, containing one or more of the above
mentioned stages of the technology developed by CSIR: Environmentek. The
Limestone Handling and Dosing System and the CSIR Density Meter were
specifically designed by CSIR: Environmentek to add value to their chemical
treatment technology. Because of the essential mechanical design of these two
developments, they are not discussed in this thesis. Their significance for the
treatment of acid mine water can, however, not be over-emphasized as they have
a vital role in the successful treatment of acid mine water by means of the
technology. The Limestone Handling and Dosing System and CSIR Density
Meter are depicted in the following two photographs (Photos 1&2). The author
was personally involved in the design, construction, testing and industrial
application of these two developments. Continuous improvements have been

eftected to both systems in order to achieve optimum performance.,

Successful treatment depends on the selection of an appropriate technology for a
task, as well as its correct implementation. pH adjustment, lowering metal loads
and meseting specific discharge standards can require vastly different approaches
requiring significantly different technologies depending on the aim and purpose.
For most sites, successful treatment technologies will require site-specific
installation and implementation to achieve maximum benefit. Correctly selected
treatment systems that are poorly installed or operated can be as ineffective as
inappropriately chosen treatment systems.

It is evident that, regardless of emerging technologies, pH control with cost-
effective neutralisation agents will remain the most widely used and the most

economical approach to both passive and active acid mine water treatment.
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Active treatment using calcium compounds, particularly limestone, is likely to
remain the prime choice for neutralising acid mine water due to their non-
proprietary nature, widespread availability, ease of application and cost

effectiveness.

Photo 1 Limestone Handling and Dosing System deveioped by CSIR
Environmentek. Evident from this photograph is the powdered
limestone stored onto concrete slab, slurried with water spraying
system to flow into yellow slurry make-up tank in sump.
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Photo 2 Density Meter developed by CSIR Environmentek
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PAPER 9: Greben, H., Geldenhuys, A., Maree, J., Strobos, G. and Hagger,
M. The sustainability of biologically treated nickel/copper mine
effluent suitable for irrigation, Proceedings 6" International
Conference on Acid Rock Drainage, 12 — 18 July 2003, Cairns,

Australia.

This paper focussed on the treatment of effluent from a copper mine in Botswana.
Because Botswana is an arid country, it needs to treat the water either for re-use
or for discharge into a river system. The results of this study showed that the
effluent could be treated to a quality suitable for agriculture, i.e. for irrigation of
newly planted citrus orchards. It has been shown by the Faculty of Agriculture at
the University of Pretoria, that acid water that has been neutralised from pH 2.2 to

7.5, can be utilised for irrigation of citrus trees.

The water discharged by this mine contains heavy metals that, when treated with
the Biological Sulphate Removal Technology, the resultant H,S precipitates these
as sulphides. This way the metals present in the effluent as well as the sulphides
are removed. A single stage, completely mixed reactor was used with a clarifier to
trap sludge that formed. All metals, except for magnesium, were removed after
the biological treatment. The sulphates in the effluent were reduced to sulphide.
Results indicated that an increase in metal concentration, especially zinc, in the
feed water, stimulated the enzymatic activities of the methanogenic bacteria.
Good sulphate reduction was also observed when 1 m¢# ethanol /7 of feed water
was added with a COD/SO; ratio of 1.

Paper 9 was presented as a poster by A J Geldenhuys at the 6" International

Conference on Acid Rock Drainage
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H GREBEN, A GELDENHUIS, ] MAREE and M HAGGER

TABLE 1
Experimental periods and conditions when executing the suifate
and ricke! remaval BCL projact.
Period Days Feed rate HRT $0, conc feed
() (h) (mg/t)
1 1-12 A3 24 L1600
12 13-21 W4 1689
E L .28-29 30 12 ; 2100
4 30-46 15 0 24 . 2250

TABLE 2
Tha metal concentration @y the feed.

Metalcenc (mg/f) | Feedl Feed2 |
L 0.01 U X = I

Mn o 0.97 099

Ni 586 5,50

Zn ~ 1.25 38.00
Process stability

Figure 2 shows the sulfate concentration in the feed and treated
water, as well as the COD of the treated water over a period of
46 days in the reactor. It was cbserved that suffate was almost
totally removed from the feed water after ten days to 50 mg/f (as
50,). The initial feed rate was 15 #d, which was doubled, afier
day 10. From then on, the sulfate was reduced to a consistent
450 mg/¢ in the treated water. When the suifate concentration in
a new batch of feed water increased to values of and over 2000
mg/¢, the sulfate concentration in the treated water increased fo
1150 mg/¢. Due to the low pH value of the feed water, the reactor
pH was low. When the reactor pH was increased and the reactor
was operated in 2 batch mode (days 27 - 29), the sulfate was
reduced to 50 mg/f. A new feed batch was introduced o the
reactor on day 30. The feed rate was kept at 30 #/d, resulting ina
HRT of 12 h. However, the feed rate was reduced to 15 #d on
day 31, with the aim to reduce the sulfate concentration to values
jower than 200 mg/#, The reactor pH was strictly monitored from
day 30 onwards and when decreased to values fower than pH of
7.5, a solution of concentrated NaHCO, was added to the reactor.
Although the reactor was closely monitored from day 30
onwards, the sulfate concentration in the reactor did not decrease
to the required values lower than 500 mg/f, unil it was observed
that the reactor COD concentration had decreased dramatically.
When on day 43, additional ethanol was added to the reactor, the
S0, concentration in the reactor was as fow as 77 mg/?. It can be

SO, and COD pattem in treated BCL Mine Efiuent
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FiG 2 - The SO, and COD} concentration in the treated BCL mine
wales,
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observed from Figure 2 that the COD value decreased from the
average value of about 1750 mg/¢, to a concentration less than
100 mg/é. This observation can possibly be ascribed to the metal
concentration i1 the reactor, It has been reported that
methanogenesis is stimulated by the addition of micronutrients,
especially the wace metals such as iron, cobalt and nickel
(Speece, 1996), H can be hypoihesised that the methanogens
were stimulated and competed with the SRB for the available
COD, due 1o the elevated mickel concentration in the reactor.
From the data in Table 2, it can be noted that nickel was present
in the feed at concentrations of 5-6 mg/¢ and that the zinc
concentration in the feed varied from 1 - 33 mg/é.

Suifate reduction rates, COD utifisation and
volatile suspended solids (VSS)

‘The results of the sulfate removal and sulfide production together
with the sulfate reduction rates are given in Table 3, while the
metal removal is given in Table 4,

When observing the results of the volumetric sulfate reduction
rates treating the BCL mine water during the four experimental
periods, the rates varied from 1.05, to 2.45, to 1.92 and 162 g
S0, (£/d), during periods 1, 2, 3 and 4, respectively. The highest
sulfate reduction rate (2.45 g SO, (#/d)} was obtained during the
second experimental period. During this period, the feed mate was
30 £/4, the average feed sulfate concentration was 1600 mg/#£ and
the reactor SO, concentration was an average of 373 mg/é. The
COD to the reactor was added in the form of ethanol (1 mé/¥f),
which resulted in a reactor CQD concentration of about
1700 mg/f. The COD utilisation for the sutfate reduction can be
expressed a8 the COD,uedSOy mimeea 760 This ratio as
indicated in Table 3 varied during the four different periods.
During the first period, the COD/SOQy ratio was 0.67, which
corresponded with the theoretical COD /SO, aguees Tatio
during the second period however this experimental ratic was
very low {0,06), for which no explanation can be given. During
the third period, the experimentai ratio {1.06) was higher than the
theoretical ratio, which can be explained by the increased activity
of the methanogens. During the fourth period, the experimental
ratio (0.69) was similar to the theoretical peried. During this
period on two occasions, additional COD was added to the
reactor to stimulate further SO, reduction, althcugh the feed
COD/SO, ratio at 0.71 should have been adequate, if indeed only
the SRB had utilised the available COD. It can therefore be
assumed that competition for the available COD with the
methanogens ocewrred.

As can be seen from Table 3, the VSS concentration
throughout the four experimental periods remained more or less
congtant. The overall VSS concentration increased with ten per
cent from about 3000 to 3300 mg/¢ dusing the total expetimenial
peried of 46 days.

Sulfate reduced, sulfide produced and metal
suifide precipitation

It can be seen from Table 3 that during all four experimental
pericds, the experimental sulfidey . oo/sulfate 0.4 ratio (0.13,
0.22, 0.24 and 0,16} was lower than the theoretical ratio of (.33,
This can be ascribed to the fact that part of the produced sulfide
was used to precipitate the metais present in the BCL mine water.
I addition, part of the formed sulfide oxidised, because of the
occurrence of the sulfide oxidising bacteria (present when sulfide
together with some air is available). The Cu, Ni and Zn
cancentration in the treated water was less than | mg/#, during
the first periods, while the Mn conceniration did not decrease.
However, during periods 3 and 4, the Mn concentration in the
treated water was reduced 10 0.17 and 0.06 rag/f, which might be
pH refated as the reactor pH was higher at 7.00 and 7.35,
respectively. When the zine concentration in the feed was as high

6th ICARD
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TABLE 3
Suifate removal and sulfide production treating the BCL mine effiuent.
- ~rw U:l:t"m ..... e o Period ‘Theoretical ratia |
I 2 |
#d ‘ N 30
I L U S | 2 }
N . _ 65 512

| Sulfate e 1600 o0 [
coD 3 Cmgt | 127 : 1727 R
Abatigity | mgt i 13 4 130 _
Kreated =~ I , —
fpH . it 6.72 610 o
Sulfate P mgft N 550 3 L1138
coD o mgid | 1019 1%1) L
| Alkaliny oo Mgl %03 1477 __ 1305 1766
| Sulfide — gt 140 268 229 | 260
lvss mg/f 2943 2952 1652 333t j
Ratios : ‘ g
sso, Lo 1 em | _an ’ 02 | o016 _ 03 |
| CODYS0, i o 0.67 0.06 1.06 069 0.67
Removal rates . e _ — .
Volumetric $U4 removal rate Lo | zas 192 | L2 |
| Spec. S0k removal rate P 0.35 0.9 Q.52 ) 049 | o

TABLE 4
The metal removal pattern treating the BCL mine water.

[ Fed2 | Periodl | Periboaz | P
5.5 0.15 ; 0.17
: s 0.03 | 0.03
H 0.99 0.97 i w3
805 603 I 0.03

as 38 mg/f, no 2inc was snalysed in the treated water, indicating
that the produced sulfide was nsed to precipitate the zinc. During
the fourth period, the nickel concentration in the treated water
was higher {0.6 mg/#) than in the previous three periods. This
result cannot be pH related as with increasing pH, the solubility
of Ni decreases (Bhattacharrya et of, [981). The residual sulfide
in that period was high enough at 260 mg'¢ to precipitate the
available nickel. Therefore, no immediate explanation can be
provided for the Ni concentration increase daring period 4.

Metals as trace elemenis

Trace elements are present in fow concentrations in rocks, soils,
water and in the atmospherc. Some frace efements, such as
cobalt, copper, zinc, iron and nickel are (micro-) nutrients. Trace
metals play a structural role in various enzywes, which are the
cell’s catatysis (Brock et of, 1997). The activity of biomass is
dependent upon a host of factors, but in the case of trace metals,
the lack of only one can severcly limit the overall process.
Especially iron, cobalt, nickel and zinc have been shown to be
stimulatory to the methanogens, degrading acetate {Speece,
1996}, In the second mine water sample as obtained from BCL,
the zinc concentration in the feed was as high as 38 mg/¢. From
Figare 2, it can be observed that fram about day 30. the COD

6th ICARD
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concentration decreased rapidly in the reactor. This occurretice
coincided with the feeding of the second mine water sample,
containing a higher zinc concentration than the previous mine
{feed) water. It can be assumed that a correlation exists between
the higher zinc concentration in the feed water and the total COD
degradation ir: the reactor. On two occasions, during period 4,
ethanol was added directly 1o the reactor in order to investigate
whether sulfate reduction could be observed when additional
COD was added te the reactor. During period 4, the nickel
concentration in the treated water was higher than in the previous
periods, which together with Zn is 4 trace element instrumental
for acetate degradation in the bioreactor {(Speece, 1996). He
described the importance of three frace elements, being nickel,
jron ard cobalt. When these three trace clements were directly
injected into the reactor, acetate utilisation rates could be
observed immediately, as could the gas production. In the case of
treating BCL mine water, nickel was present in the water, thus it
might be possible that the elevated nickel (and likely the zinc)
coneentration played an important role in the cnzyme activity of
the methanogens, thus enabling the methanogens to use the
available COD. It can be assumed that the methanogens were
able to obtain and use the metals for their metabolisin, and thus
that the methanogens out-competed the SRB for the use of the
available COD, which adversely affected the suffate reduction.

1033
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H GREBEN, A GELDENHUIS, J MAREE and M HAGGER

CONCLUSIONS

The results of this study indicated that all metals in the BCL
mine water were removed after the biological sulfate reduction to
sulfide production. Because the experimental produced
sulﬁdcim fsulfate, o0 Fatios (0.13,0.22, 0.24 and 0.16) were
lower than the theoretical ratio of 0.33, it can be assumed that the
produced sulfide precipitated the metals in the feed water 1o
metal sulfides (MeS). Good sulfate reduction was observed in
period 2, resulting in a SO, removal rate of 2.5 g SO, (g.6). Due
to the sulfate concentration increase in the feed water, while the
ethanol concentration remained the same, the feed COD/sulfate
ratio was <1 during periods 3 and 4. This might explain why the
sulfate reduction during those periods was not as efficient as
throughout period 2. The tower sulfate reduction can possibly be
ascribed to the competition of the SRB and the methanogens for
the avmilable COD. The results seem to indicate that the
increased feed Zn and Ni concentration stimulated the enzymatic
activitics of the methanogens, thereby degrading the available
Can.

1034 Caims, GLD, 12 - 18 July 2003
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considered for publication in Water S4. The paper will be referred to referees and 1 shall
again communicate with you as soon as I have received the reports.

Yours sincerely

(ot foctl

1G Buchan
- Editor: Water SA
for CHIEF EXECUTIVE OFFICER

Stroet Address. 481 18th Ave, Ristionain, Pretoria
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Geldenhuys,Andre

From: _ imwa@shaftsinkers.co.za
Sent: 04 August 2004 09:49
To: Geldenhuys, Andre
Subject: Enquiry

Dear Mr Geldenhuys

Many thanks for your email regarding your paper which you presented at the IMWA Congress last Cclober in
Johannesburg.

| can confirm to you that your paper titied "Electrolytic Treatment of Acid Mine Drainage for Hydrogen Production” was
reviewed and edited by Mr Don Armstrong, an Honorary President of the Executive Council of The International Mine

Water Association and one of four paper editors for the IMWA 2003 Congress.

Shouid you require further assistance please do not hesitale to contact me.

For your information the official website for the International Mine Water Associalion is www.imwa.de should you need
to include this.

Kind regards

Mimi van Niekerk

FhAEEEITRRREITERTALTEAR AT TR R AR LR AT TR dFRA AT LN AT AR R kA ek d s

This footnote confirms that this e-mail message has been scanned for
the presence of known computer viruses by the Messagelabs Virus
Control Centre. However, it is still recommended that you use

local virus scanning software to rmonitor for the presence of viruses.

FFX ok Ad Rk k kok Rdd ok doded R ok kA Adrk ke Rk A AR R Rk A AR A E A A A ARk kR kA AR Rk Rk
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CSIR

ENVIRONMENTEX

Water Environment and
Forestry Technology

POBox 395
Brataric (00!

Scuth Africa

Tl $27 P R412235
Ceh 082 445 3547
Fox, b7 128412504

5 August 2004
Beste Andre en Prof Waanders

Ek gee graag hiermee stemming dat Andre Geldenhuys die ondergenoemde publikasies

vir sy tesis mag gebruik.

PAPER 1: Geldenhuys,A.J., Maree, J.P., de Beer, M. and Hlabela, P.
2003. An integrated limestone/lime process for partial sulphate removal,
The J. South African Institute of Mining and Metallurgy, 103(6), 345 - 353.

PAPER 2:  Geldenhuys, A_J. & Maree, J.P. Synthetic organic polymers

(PAC6 and 3095) as coagulants/flocculants for optimisation of an integrated
limestone/lime neutralisation process for partial sulphate removal,

Proceedings 5th Annual Industrial Water Management and Treatment Symposium,
15-16 May 2002, Johannesburg, South Africa.

PAPER 3: Geldenhuys, A.J., Maree, I.P_, Strobos, G., Smit, N. and
Buthelezi, B. Neutralisation and partial sulphate removal of acid leachate
in a heavy minerals plant with limestone and lime, Proceedings 6th
International Conference on Acid Rock Drainage, 12-18 July 2003, Ciarns,
Australia. :

PAPER 4: Geldenhuys, A.J., Maree, J.P., Fourie, W.J., Bladergroen,

B.J. and Tjati, M. Acid mine drainage treated electrolytically for
recovery of hydrogen, iron(l1) oxidation and sulphur production, Proceedings
8th International Congress on Mine Water and the Environment, 19-22 Qctober
2003, Johannesburg, South Africa.

PAPER 5: Maree, J.P., de Beer, M., Geldenhuys, A.J., Strobos, G.,
Greben, H., Judels, C. and Dreyer, J. Comparison of the combined
limestone/lime and combined limestone/biological sulphate removal process
for treatment of acid mine water, Proceedings Hard Rock Mining Conference:
Issues Shaping the Industry, 7-9 May 2002, Colorado, USA.
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PAPER &: Adlem, C.11.., Geldenhuys, A, Maree, J.P. and Strchos,

(3.). Bxamining the implementation of limestone newtralisation technology in
the mining and industrial sector o neutralise acid and reduce sulphate

pollution, Proceedings Sth Annual Industrial Water Management and Treatiment
Symposium, 13-16 May 2002, Johanpesburg, South Africa.

PAPER 7: Greben, H., Geldenhuys, A.. Maree, J., Strobos, G. and
Hagger, M. The sustainability of biologicatly treated nickel/copper mine
efftuent suitable for irrigation. Proceedings 6th Iniernational Conference
on Acid Rock Drainage. 12 - 18 July 2003, Ciarns, Australia.

PAPER 9: Maree, J.P., Netshidaulu, L. Strobos, G., Nengovhela, R

and Geldenhuys, AJ. Tiiegrated process for biological sulphate removal and
subphur recovery, Proceedings WISA 2003 - Biennial Conference & Exhibition,
2-6 May 2004, Cape Town, South Africa.

Besle groete

J P Maree
Besigheidsareabestuurder
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Award,

for

EXCELLENCE AWARDS 2004

the best Environmentek research publication that
appeared in press in the 2003 calendar year. The paper
demonstrales the application of a sound research
methodology and is an excellent example of how basic
and applied research can be combined to identify
innovative solutions 1o complex problems.

-
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Geldenhuys,Andre

From: Esther Eloff [EEloff@csir.co.zal

Sent: 31 May 2004 08:55

To: Andre.Geldenhuys@afrox.boc.com

Subject: Fwd: One of our most prestigious awardsi!!IH

)

best pub award
citation 2003_....

>>> Rose Clark 31/05/2004 08:51:34 >>>
Hi everyone

many of you attended the 3 events in each major cenire celebrating the
success of our top achievers over the past 3 weeks. Given for the
strong call for having the citations short and sweet, we were not abie

to give you all the full set of information regarding citations etc for

all candidates at each event. An abbreviated version was presented at
the functions to ensure that interest was maintained throughout the
evening.

Attached is the full set of information on one of our most prestigious
awards - the best Publication award.

Please take the time to read this and acknowledge the fantastic work of
your colleagues in this arena. Also many thanks to inge Kotze for
co-ordinating the 22 volunteer reviewers, Bob Scholes for programming
the algorithms, and David Le Maitre, Dirk Roux and Alex Weaver for doing
the final adjudication.

I will also be asking Mandi to ensure that the full list of award

winners, with photos and full citations to be made available on our own
website so that you can ail celebrate their fantastic achievements in
style and full detail!

Thanks io our awards review panel for adjudicating all your motivations
{Brian van Wilgen, Shamilla Pillay, Vasna Ramasar, Stephan Woodborne,
Tanya du Toit and Pat Manders).

| am sure you will all join me in thanking Mandi Titi for organising 3
great events and Khungeka for sponsoring them.

Kind rgds
Rose

Rose Clark
841 4707 (tel}
841 2734 (fax)

This message has been scanned for viruses and
dangerous content by MailScanner, and is

believed to be clean.

MailScanner thanks transtec Computers for their support.

Fe A Frrk Nk e ke TXFNEER ThuARARARARNEA R EE X b hA A uhdddXdh

This footnote confirms that this e-mail message has been scanned for
the presence of known computer viruses by the Messagelabs Virus
Control Centre. However, it is stil recommended that you use

LT T T - N S N { T U Juyly J Ry RV S SR
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ENVIRONMENTEK’S BEST PUBLICATION AWARD FOR 2003.

The annual award for the best scientific publhication by an Environmentek staif member is
arguably the premier award made to any staff member on an annual basis. The award is
intended to show the importance that the management team places on quality research, which
in turn underpins our effectiveness as a science-based organization. We also hope that an
award of this type will encourage the production of more high-quality publications by
providing a substantial incentive. This seems to be working because Environmentek produced
33 scientific publications in 2002 and 54 in 2003, more than 40% of the total produced by the
CSIR.

The award for the best publication of the year is in the form of a grant for the rescarcher or
researchers involved to travel to a destination of their choice, worldwide, to pursue further
rescarch or studies, attend a conference, or to build networks in their research field, subject to
the approval of a costed proposal. The option of a single, large award indicates the importance
that is attached to this aspect of our business, and although there can only be one wininer, even
though there are often many descrving cases.

Environmentek’s Research Committee has run an evaluation process that has resulted in the
selection of the 2003/04 winning publication. The first step was to examine all the
publications on the databasc, or submitted by the authors, and selected a shortlist of 42
publications. The short-listed publications were shared out among 20 reviewers and rated
_based on:

e the quality and innovativeness of the work;

o its relevance to Environmentek’s mission and impact,

o ihe standing of the joumal or book and

s the relative contribution by CSIR authors.

This process resulted in a shortlist of six outstanding publications from which a team of three
adjudicators had to select the final one. The final six papers werc as follows:

Cave. L., Beckman, H. and Weaver, J. (2003). Impacts of climate change on groundwater recharge
cstimation. In: Groundwater recharge estimation in southem Africa (eds ¥ Xu and H
Beekman), pp 189-197. UNESCO IHP Series No. 64, UNESCO, Paris.

Geldenhuys, AJ., Maree, 1P, De Beer, M. and Hlabalela, P. (2003). An integrated limestone/lime
process for partial sulphate removal. The Journal of the South African Institute of Mining and
Metalturgy July/Avgust 2003, pp 1-9,

Gelderbiom, C.M.. Van Wilgen, B.W_, Nel, J.1L., Sandwith, T., Botha, M. and Hauck. M. (2003).
Tuming strategy into action: implementing a conservation action plan in the Cape Floristic
Region. Biological Conservation 112: 291-297.

MecConnachie, AJ., De Wit, M.P., Hili, M.P. and Byrne, M.J. (2003). Economic evaluation of the
successful biological control of Azolla filiculoides in South Africa, Biological Control.
Schoemann, 1.1, and Steyn, A. (2003). Nitrate removal with reverse osmosis in a rural area in South

Africa. Desalination 155:15-26.

Scholes, R.J1., Bond, W.I. and Tickhardt, H. (2003). Vepetation dynanucs in the Kruger ecosystern. In:
The Kruger experience: ecology and management of savanna heterogeneity {eds IT Du Tout,
KH Rodgers and HC Biggs), pp 242-262.

The chapter by Lisa Cave and her colleagues s a well-writien and thorough assessment of the
unplicattons of climate change for the use of gronndwater as a resource. The UNESCO handbook
series gets wide exposure and the book will be used and consulted by many geohydrologists in

ronthars Afan and aloasshers The analvoe pees 2 einanle mode! haced an earlior warl by ane of ihe
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authors. The significant implications of even a small decline in rainfali for groundwater recharge. and
for the communities dependent on groundwater, are explained clearly and simply. The shortcormngs
and assumpfions in the model and 1n the climate change model information used in the model are
described clearly. This chapter is based on a presentation given at a local workshop conference and
publication in this form wili give 1t much wider exposure.

The paper by Geldenhuys and his co-workers deals with a key aspect of the innovative research being
done by Jannie Maree and his team to address the severe acid pollution problens being created by the
mining industry. The paper demonstrates the application of a sound research methodology and is an
excellent example of how basic and appiied research can be combined to identify solutions to genuine
problems. It also demonstrates the full cycie of mnovation from idea to application. The process it
describes reduces the high sulphate concentrations in coal nmune water to acceptable levels and
simultancously reduces magnesium levels. A key feature of the process is that by-products can be re-
used in the process so that it needs much fower inputs of the basic resources. The process includes the
use of polymers to Nocculate out suspended and colloidal material and obtain water that has low
turbidity levels. The cost reductions with this new process are about 69% compared with the
previously accepted methods which also produced greater quantities of waste and required lime which
requires more energy to produce than limestone. The paper was produced in a local society journal but
one that is very relevant because the society has many members in the mining mndustry.

Caroline and co-worker’s paper describes the result of a lot of work which led to the successful Cape
Action Plan for the Environment, a strategic approach to conservation of the unique vegetation Cape
Floral Region. The successful completion of this project involved working with a wide range of
participants and stakeholders and getting them to coliaborate. This manner is in which this was done
and the quality of the final products was recognised by, among others Kathy McKinnon of the funding
agency (GEF/World Bank} and promoted as a model for similar projects elsewhere in the world. The
strategic plan provided the basis for securing very large amounts of money that have revitalised
ecological research. It also set the stage for a number of other conservation planning inttiatives and for
further invoivement of CSIR staff in these initiatives. Much of the attention has focused on but this
would be of little used without the mode] for its implementation provided by the CAPE project.

Martin De Wit is the second author of this paper but a key contributor because the reason for the
research was to provide a scientifically acceptable assessment of the economic benefits of biocontrol
of a major weed species. Azolla filiculoides is a very successful imvader of aquatic sysiems.
particularly of slow flowing rivers and dams with nutrient-enriched water. It reduces water guality and
can develop such thick mats on the surface that sheep have mistaken it for grass, walked into dams and
drowned (all we like sheep....). The analysis confirms that the guantifiable financial benefits which
could be guantified in hard cash outweighed the costs with ratios of 2.5:1 or more. The savings (Net
Present Value) came to about R7300 per ha or about R1.3 billion nationally. An important issue raised
by this work 1 who should pay for this type of rescarch? Currently the government pays and other
sectors benefit but the government could potentially put this money to other uses. Maybe a fund is
needed that could be sustained by the beneficiaries? An interesting issue that deserves further research.

Schocnman and Steyn’s paper 15 on work done to reduce the Jugh nitrate and sahinity levels which are
often found In rural water supplies based on groundwater, These high levels create severe health
problems for people who often do not have the resources needed to deal with the probiems that arise,
High nitrates can stunt the development of young babies, especially if they are on a poor diet. The
reverse osmosis (RO) technology that was used 1s not casy to mawntain so the project was aimed at
demonsirating that it could work and deliver measurable benefits when operated by a typical rural
community. The RO system was successfully operated and maintained by the community and
produced very good quality water. The concentrated by-products could be used for stock watering,
The capiial and operational costs of the RO system came to about R3.00 per m’, about R0.08 per
person per day for the 25 1 basic human requirement. The costs can be reduced by blending it with
unpurified water while mamtanmng acceptable nitrate and salinity levels. An assessment of the vaiuce
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of the benefits to human health and well-being would be a valuable extenston of this work. The waork
was innovative, fargets 4 key issue [or many rural communities and provides a workable solution,

Bob scholes and co-authors have compiled a through and useful review of the findings of local and
imternutional rescarch into the dynamics of savanna vegetation. They document some interesiing
contrasts hetween savannas in different parts of the world and how these tropical ecosystems differ
from the temperate that have led to most of the generalisations about plant ecologyv. The various
driving factors in savanna are reviewed, focusing on water availabitity, the direct and indirect impacis
of large plant caters — megsherbivores — and fires. Fires have dramatic impacts on vegetation - it
seems that without fires the wetter parts of South Africa would not have the highveld grasslands and
savannas that are the source of most of our tourism income. The chapter contains a good example of a
synthesis of a lot of information to show how savannas are shaped by multiple, interacting factors,

The sclection of the final winners was not easy, it was a very, very close contest. All the
papets are outstanding and some hard thought and iterations were required before the final
winners were chosen. We would like to congratulate alt of the authors of the above papers for
making the final shortlist from which we were ultimately forced to choose just one. We urge
and encourage our young scientists to make the time to read these papers and learn from them.

Our choice for the winners goes to Andre Geldenhuys and his co authors — congratulations
and well done!
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PO Box 38083
Garsfoniein East
0060

Tel 812 993 2787
Mobile 072 482 3592

cardssonfanyiabsamail.co.za

Professor FB Waanders

Department of Chemical Engineering
University if the North West
{Potchefstroom Campus)

Ph.D. Thesis: Mr A.J. Geldenhuys
This is to certify that, at his request, 1 have read and edited the manuscript of the
thesis by Mr. AJ. Geldenhuys titled, Waler Treatment Technologies for Removal of
Acid, Sulphate and Metals.
The editing process was atmed at the use of language and comprised corrections and

suggestions for improvement. 1 was also involved in editing some of the publications
on which the thesis is based and I am familiar with the work described.

F.H.H. Carlsson MSc PhD (Natal)

20 March 2005
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fro

21 Janwsary 2005‘ ;

Dear Andre and Prol Waanders

We hereby give our anthorisation that Andre Geldenhuys may use the following
publications tor the purpose of his thesis:

PAPER 1: Geldenhuys,A.J., Maree, J.P., de Beer, M. and Hlabela, P.
2003. An integrated limestone/lime process for partial sulphate removal,
The [ South African Institute of Mining and Metallurgy, 103(6), 345 - 353.

PAPER 2: Geldenhuys, A.J. & Maree, J.P. Synthetic organic polymers

(PACS and 3095) as coagulants/flocculants for optimisation of an integrated
limestone/lime neutralisation process for partial sulphate removal,

Proceedings 5th Annual Industrial Water Management and Treatment Symposium,
15-16 May 2002, Johannesburg, South Africa.

PAPER 3: Geldenhuys, A, Maree, 1.P., Strobos, G., Smit, N. and
Buthelezi, B. Neutralisation and partial sulphate removal of acid leachate
in a heavy minerals plant with limestone and lime, Proceedings 6th
International Conference on Acid Rock Drainage, 12-18 july 2003, Ciarns,
Australia.

PAPER 4: Geldenhuys, A.J., Maree, ].P., Fourie, W.I., Bladergroen,

B.J. and Tjati, M. Acid mine drainage ireated clectrolytically for recovery of
hydrogen, iron{1i) oxidation and sulphur production, Proceedings

8th Internationat Congress on Mine Water and the Environment, 19-22 October
2003, Johannesburg, South Africa.

PAPER 5: Maree, J.P., de Beer, M., Geldenhuys, AL, Strobos, (.,
Greben, H., Judels, C. and Dreyer, J. Comparison of the combined
limestone/ltme and combined limestone/biological sulphate removal process
for treatment of acid mine water, Proceedings Hard Rock Mining Conference:
[ssues Shaping the Industry, 7-9 May 2002, Colorado, USA.
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PAPER 6: Adlem, C.J.L., Geldenhuys, A.J., Maree, J.P. and Strobos,

(5.J. Exantining the implementation of limestone neutralisation technology in
the mining and industrial sector to neutralise acid and reduce sulphate
pollution, Proceedings 5th Annual Industrial Water Managenient and Treatment
Symposium, 15-16 May 20062, Johannesburg, South Africa.

PAPER 7: Greben, H., Geldenhuys, A., Maree, 1., Strobos, G. and
Hagger, M. The sustainability of biologically treated nickel/copper mine
effluent suitable for irrigation, Proceedings 6th International Conference
on Acid Rock Drainage, 12 - 18 July 2003, Ciarns, Australia.

PAPER 9: Maree, J.P., Netshidaulu, L, Strobos, G., Nengovhela, R.

and Geldenbuys, A}, Integrated process for biological sulphate removal and
suiphur recovery, Proceedings WISA 2003 - Bicnnial Conference & Exhibition,
2-6 May 2004, Cape Tawn, South Africa.

Kind regards

MdeBeer ... ﬂ&

G Strobos

P Hlabela

W Fourie
M Tjati
C fudels
J Drever
C Adlem
R Nengovhela ...
H Greben

i Netshidaulu ...} ..............................

J Maree ‘/? S iconnmos=s SUNNUIUTN
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