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Summary

One of the legacies of mining is the generation of minewater which can be toxic to
the environment and requires treating prior to discharge. This can be treated by
either passive or active systems, with the latter being most common for high
volume, high load minewaters or those that are difficult to treat. Conventional
minewater treatment using pH adjustment can precipitate a large volume of
voluminous sludge that is expensive to dispose of. This led to the development of
the High Density Sludge (HDS) process in the 1960s, which has now become
accepted as the best practical method of treating minewaters whilst minimising the
volumes of sludge generated.

The mechanisms controlling the formation of HDS are not fully understood and as
a result there are a number of misconceptions adversely affecting the use of the
HDS process. The primary objective of the present research was to explore in
greater depth the mechanisms controlling HDS formation and hence dispel some
of these commonly held misconceptions.

The current understanding of the HDS process was initially established by
undertaking a review of information reported in the technical literature. The key
operating parameters and concepts were then identified by undertaking a
performance review of the 440l/s HDS plant at the former Wheal Jane tin mine in
Comwall, UK. A series of laboratory batch tests and continuous pilot trials were
undertaken to assess the importance of these concepts and generate an
understanding of the sludge characteristics and properties. The sludge
characteristics were investigated by reviewing the sludge settlement (settlement
velocity and the ability of the sludge to self ' compact) and dewatering
characteristics. The sludge properties examined were: mineralogy (by X-Ray
Diffraction, XRD), .morphology (by Scanning Electron Microscopy, SEM, and
Transmission Electron Microscopy, TEM) and surface electrical potential (by
. measuring the zeta potential).

The research has shown that the dominant mechanism for the formation of Type Il
HDS involves establishing a pH in the Stage | Reactor that gives a negative
charge to the recirculated solids. Physical adsorption then ensures heterogeneous
nucleation. Control of the pH in the Stage |l Reactor ensures removal of the final
trace of metals from solution and return of sludge that is capable of achieving the
desired pH in the Stage | Reactor. A review of the relevant literature suggests that
too high a pH in the Stage | Reactor will favour homogeneous nucleation and
hence inhibit HDS formation.

The research has also shown that HDS can be formed using non calcium based
alkali reagents and that iron is not required for its generation. Synthetic zinc and
manganese minewaters produced HDS with the best settling characteristics. The
sludge characterisation showed that there is no requirement for the HDS to be
crystalline in nature. The presence of species such as calcium and magnesium
cations can ‘swamp’ the process and slow down the formation of HDS, though
they do not prevent its production.

Finally, the research undertaken has shown that the HDS process enhances (by
over forty times) the dewatering characteristics of the sludge generated during
minewater treatment, the original purpose for which the process was developed.
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1 INTRODUCTION

The historical impact of mining coal and metals is well documented. In the UK
alone, there are in excess of 300 discharges from abandoned mines, affecting
approximately 700 km of rivers. These discharges can be laden with metals,
particulate matter and can be acidic in nature and cause significant input of toxic
elements (e.g. iron and other metals) into the natural environment.

Much work has been undertaken in predicting the water quality of the discharges,
and with time, the water quality does generally improve. However, the
improvement in the water quality can take decades, requiring medium to long-term
control and treatment prior to release of the minewater to the watercourse.

The most common active treatment method of minewater employed is
‘conventional chemical precipitation’ However, this process produces a
voluminous sludge that typically has a maximum settled sludge concentration of
between 1% and 5% solids, and can be difficult to dewater further. In Canada
alone, it was estimated that in 1997, 6.7million m? of this low density sludge (LDS)
was generated as a result of treating acid minewater through conventional
chemical precipitation‘.

The disposal of this sludge can be costly and long-term storage is uncertain as the
metals removed can be released under certain conditions. This has led to the
development of the High Density Sludge (HDS) process (Kostenbader et al.,
1970). This process, though essentially still a chemical oxidation process, can lead
to sludge with different physical (settled solids concentrations of between 15%
solids and 35% solids are common) and chemical characteristics. Due to these
different physical and chemical properties, the sludge settlement characteristics
and dewaterability can be greatly enhanced, as can the sludge stability.

Since the installation of the first full-scale HDS treatment plant at Bethlehem Steel
works in the late 1960’s, numerous HDS treatment plants have been subsequently
installed worldwide. However, though the knowledge of the HDS process as a
whole has increased greatly, the detailed scientific understanding of the key
parameters has not been reported in the literature. Kostenbader (1970), who
undertook the first research on HDS, suggested the key process parameters were:

e Fe (ll) to Fe (lll) iron ratios in the feed water;
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° Ratio of solids recirculated to new solids precipitated;
. Point of alkalinity addition;

. Neutralisation pH; and

. Retention time.

Further developments to the process were undertaken by Bosman (1983), who
added the following to the list of key process parameters:

° Retention time in lime/sludge mix tank.
. Peripheral velocity of lime/sludge mix tank mixer impellor.
o Total iron content of the acid minewater.

e  Amount of calcium sulphate precipitated from solution.

The work undertaken in this project, and reported in the subsequent chapters, has
attempted to move the scientific understanding of the HDS process forward and
dispel some misconceptions and contradictory beliefs surrounding the HDS
process. The objectives of the project were to:

1 Show that HDS can be formed when using a non calcium based reagent

as the alkali reagent.
. 2 Demonstrate that HDS could be formed by non or low iron feed waters (as

with Britannia (Canada) minewater (Section 2.2).

3 Examine the differences in behaviour between bivalent and trivalent
metals.

4  Generate HDS from different feed synthetic minewaters and to note the
difference in the sludge properties.

5 Review the reported key operating parameters and confirm those which
are fundamental to the generation of HDS.

The research was undertaken by reviewing the treatment methods currently used,
including the HDS process (Chapter 2). The performance of a full-scale HDS plant
(Chapter 4) was reviewed. A set of laboratory batch tests were undertaken to carry
out an initial process screening exercise (Chapter 5) prior to a series of continuous
pilot plant trials being completed (Chapter 6). The sludge developed during the
continuous pilot plant trials was subjected to a series of sludge characterisation
tests (Chapter 7) to assist with the development of a greater understanding of the
mechanisms involved in the formation of the Type Il HDS process (Chapter 8).
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The results of the work undertaken are summarised and the final conclusions
discussed (Chapter 9). The following outlines each chapter in more detail:

In Chapter 2 minewater generation and treatment is outlined. Discharges of
minewater have to comply with strict consent limits (e.g. the consent at Wheal
Jane MWTP Ilimits iron to 5 mg/l and manganese to 1 mg/l), necessitating
treatment prior to discharge to the environment. Treatment methods are
introduced, including the high density sludge process. A by-product of this
treatment process is the generation of a waste sludge, which is potentially
environmentally damaging and costly to dispose of. The HDS process increases
the long-term stability of the sludge, minimises the volume generated and hence
reduces the disposal costs (Zinck, 1997).

in Chapter 3 wastewater analysis is discussed. Routine chemical analysis
methodologies are outlined as are the sludge characterisation tests undertaken in
this research.

In Chapter 4 the Wheal Jane HDS Minewater Treatment Plant (MWTP), UK’s
largest minewater treatment plant, is introduced. The treatment process selection
and installation procedures are outlined, as is the performance of the plant.

In Chapter 5 the batch test methodology is introduced, with the results of the tests
undertaken presented. To undertake an initial screening exercise on the use of
different alkali reagents (i.e. hydroxides and carbonates of alkali metal or alkali
earth metal and magnesium hydroxide are termed as alkali reagents hereon),
synthetic Wheal Jane minewater was treated by various alkali reagents.
Additionally, synthetic minewater of different metal composition was tested.

In Chapter 6 a series of continuous pilot plant trials were undertaken to confirm
that HDS could be formed using sodium hydroxide as the alkali reagent and from
minewater without the presence of iron. The sludge characteristics were compared
to further the understanding of the HDS process.

In Chapter 7 the sludge generated during the continuous pilot plant trials was
subjected to further examination. The results of the further examinations were
used in Chapter 8 to help develop an understanding of the mechanisms that
contribute to the formation of Type Il HDS.

In Chapter 9 the final conclusions are presented.
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2 BACKGROUND TO MINEWATER GENERATION AND
TREATMENT

2.1 introduction

The historical impact of mining coal and metals is well documented in the literature
(Barnes et al., 1968: Glover, 1983: NRA, 1994: Thomas, 1969: Younger, 1997). In
the UK alone there are in excess of 300 discharges from abandoned mines
(Younger, 1997), affecting approximately 700 km of rivers (NRA, 1994: Younger,
1997). These discharges can be laden with metalliferous wastes, particulate
matter and can be acidic in nature and cause significant input of toxic elements
(e.g. iron, zinc, cadmium etc as at Wheal Jane, see Chépter 4 for more detail) into
the natural environment.

Much work has been undertaken in predicting the quality of the discharges once
mining is stopped (Wood et al., 1999: Younger, 2000), and, with time, the water
quality does generally improve following an initial ‘first flush’. However, the
improvement in the water quality can take decades (Wood et al., 1999), requiring
medium to long-term control and treatment prior to release of the minewater to the
vyétercourse.

This chapter summarises the activities in the formation of minewater (commonly
known as Acid Mine Drainage (AMD) or Acid Rock Drainage (ARD)), its control
and the current treatment methods used. Particular attention is paid to minewaters
that contain high metal loads and/or minewaters that are problematic to treat and
the most common methods of treating these types of minewaters, including
conventional minewater treatment and the high density sludge (HDS) process (an
oxidation and chemical precipitation process).

It is worth noting that minewater can be alkaline as well as acidic depending on the
mineralogy of the orebody, however acidic minewater will be focused on here.

2.2 Acidic Minewater Generation

The quality of the minewater generated is dependant on the mineralogy of the rock
body in the vicinity of the mine. If sulphide minerals, and in particular iron pyrites,
are exposed to moisture and oxygen (for oxidation), acidic waters can be formed.
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Prior to mining, natural weathering of the exposed rock body can cause minor
oxidation near the surface of the orebody. However, due to this occurring over
geological time scales, limited activity occurs.

During early shallow mining (prior to deep mine dewatering being available), adits
(horizontal tunnels into the mine) were used as a means of lowering the water
table and gaining access to the orebody. During the mining process, the orebody
was exposed to oxygen and moisture, resulting in the first releases of polluting
minewater. This led to the early term “Red River”, due to the release of minewater
(often containing Fe (lll) hydroxide) in to the local watercourses.

During the 18™ and 19™ centuries, when the lowering of the water table in mines
was first possible due to improved dewatering and pumping capacities, deep
mining started. This often led to the local groundwater being drawn down
significantly. This, coupled with the exposure of large areas of sulphide bearing
orebody due to the mining process, caused great potential for acidic minewater to
be formed.

When mining stops, and the mine dewatering pumps are switched off, the
groundwater levels are allowed to rebound. This allows the rising water to flush the
oxidised orebody surfaces and can lead to the release of highly polluting waters to
the environment. This process is often termed the ‘first flush’ (Wood et al., 1999)
and can lead to highly contaminated waters. Examples of this are Dalquharran, in
Ayrshire, Scotland, where the minewater contained iron concentrations of 1,200
mg/l (Wood et al., 1999) and Ynysarwed, in South Wales, where the iron
concentrations exceeded 400 mg/l (Ranson et al., 1997). Probably the most
infamous example in the UK is that of the waters released from the Wheal Jane tin
mine in Comnwall. In 1992 a release of between 25,000 and 50,000 m? of acidic
minewater, containing in excess of 5,000 mg/l of dissolved metals (Younger et al.,
2005), caused a 25 km plume of contaminéted minewater. A more detailed
account of Wheal Jane minewater can be found in Chapter 4.

Though a proportion of minewaters do contain high concentrations of iron (i.e.
above 100 mgl/l), this is not always the case, e.g. Britannia minewater, British
Columbia, Canada.

Table 2.1 presents a summary of selected minewaters that contain high metal
concentrations and/or high metal loads by exerting an alkali reagent demand.
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In addition, the concentrations of dissolved carbon dioxide in the minewater can
have implications for the treatment process.

Table 2.1: Typical high metal load minewater and key determinants (average
total concentrations)

Mine Flow pH Total Concentrations Daily average total metal load

m*/day Fe Al Mn Fe Al Mn
mg/l mg/l mg/l kg/day kg/day | kg/day

Wheal Jane 17,000 | 3.5 191 20 6 3,247 340 102

(Cornwall, UK) (i)

Ynysarwed 2,400 | 5.8 121 0.3 3.2 290 1 8

(South Wales) (ii)

Horden 4,750 | 6.8 80 0.1 1.2 380 1 6

(County Durham, UK) (iii)

Brunkunga 600 2.7 | 1,270 | 1,550 90 762 930 54

(South Australia) (iv)

Parys Mountain 1,000 | 28 | 565 72 19 565 72 19

(North Wales) (v)

Britannia 25,200 | 3.3 11 30 4.2 277 756 106

(British Columbia, Canada) (vi)

References:

(i) Coulton et al., 2003b

(ii) Ranson et al., 1987.

(iii) Coulton et al., 2004b.

(iv) Earth Systems, 2004.

(v) Unipure Europe Limited, 2005.

(vi)  Government of British Columbia, 2004.

2.2.1 Minewater Chemistry

As outlined in Section 2.2, the generation of acidic minewater normally requires
the exposure of pyrite (FeS;) to water (H20) and oxygen (O2). The generation of
acidic minewater is well documented in the literature (Younger et al., 2002:
Skousen, 1995), however these are frequently presented as variations of the
following equations (Stumm et al., 1996):

FeS, + ",02 + Hy0 = 2S0,% + Fe? + 2H' (Equation 2.1)
Fe®* + %0, + H' = Fe* + %H,0 (Equation 2.2)
Fe* + 3H,0 = Fe(OH); + 3H' (Equation 2.3)

FeS, + 14Fe* + 8H,0 15 Fe®* + 2S04> + 16H* (Equation 2.4)

The first step is the oxidation of sulphide found in the pyrite to sulphate, releasing
Fe (ll) iron and acidity into the water (Equation 2.1). The Fe (ll) iron is oxidised to
Fe (lll) iron (Equation 2.2), which is then precipitated as Fe (lll) hydroxide
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(Equation 2.3) releasing more acidity. Any Fe (lll) left in solution can oxidise
additional pyrite, releasing more acidity and Fe (ll) iron (Equation 2.4). Equations
2.2 and 2.4 can combine to form a very rapid and cyclic process that can produce
an acid minewater with high levels of acidity and high concentrations of heavy
metals (Stumm et al., 1996).

Oxidation of Fe (ll) to Fe (lll) may be rate limiting in low pH waters. However,
autotrophic bacteria present, such as Acidithiobacillus ferroxidans, can catalyse
the process by oxidising the Fe (ll) iron to Fe (lll) iron and increasing the rate of
acidity production (Singer et al., 1970).

Acidity is defined as the minewater's capacity to react with a strong base to a
predetermined pH value and is based on the total acidity of the minewater, i.e.
proton (from strong and weak acids) and mineral acidity (from metal ions).
Alkalinity is defined as the minewater's capacity to react with a strong acid to a
predetermined pH and is made up of the carbonate, bicarbonate and hydroxides.

23 UK Legislative Requirements

In the UK, discharges.from mines (active and abandoned) are controlled by by the
Environment Agency enforcing UK legislation, which is directed by European
Directives.

The Control of Pollution Act 1974 (COPAC 1974) was the first piece of modem
legislation controlling discharges from mines. COPAC 1974 was superseded by
the Water Act 1989, which in turn was superseded by the Water Resources Act
1991 (WRA 1991). The WRA 1991 controlled the discharges from active mines but
excluded discharges from abandoned mines, Section 89 (3) “permitted polluted
waters to flow from abandoned mines”. This exemption was removed in the
Environment Act 1995 (EA 1995) for mines closed after 31 December 1999. The
requirement for the mine owner to give six months notice along with water quality,
flow information and mine layout to the Environment Agency, was enacted in The
Mines (Notice of Abandonment) Regulation 1998. The UK Coal Authority has
taken on the responsibility for discharges from mines closed before 1999.

The European Union’s aim is to prevent a deterioration of any watercourse and
ensuring all watercourses are of a “good status”. The European Union Water
Framework Directive (WFD), adopted in September 2000 and enforced on 22™

Page 2-4



High Density Sludge C.J. Bullen

December 2000, sets out the means with which discharges from mining activities
should meet the European Union's aims. It is up to the national authorities to
achieve these targets by ensuring the legislative requirements of the WFD are met
by each country’s own legislation.

Under the European Water Frame Work Directive, the UK Government, through
the Environment Agency (EA), sets water quality standards for watercourses in the
UK. Through the water quality standards, the discharge standards to be achieved
from mines (active and abandoned) are controlled.

24 Minewater Prevention and Control

If generation of acidic minewater is predicted, preventative and control measures
should be investigated to limit the generation and release of acidic minewater.
Theoretically, by controlling the transfer of water and air (oxygen) to the sulphide
bearing orebody, the generation of acid minewaters can be prevented or at least
controlled. However, it is often extremely difficult to prevent the formation of
acidic minewater due to the complex nature of historical mine workings, tailings
and waste disposal sites. Measures should therefore be taken to minimise and
control the generation of acid minewater. Techniques employed include: waste
removal, surface coverings, water diversions, infiltration control, re-vegetation,
carbonate surface covers, and water table elevation controls, e.g. Glennwhite
Watershed, Blair County, Pensylvavnnia, US (www.altoonawater.com). By
minimising the volume of minewater released and limiting the oxidation processes,
the eventual volume and pollutant load in the minewater released can be
controlled, and hence reduce the size of treatment facility that will be required.

2.5 Minewater Treatment

Once the volume and pollutant load of the minewater have been established, the
choice of treatment technology and method that will be required prior to discharge
of the treated minewater to the environment has to be made. Selection of
treatment process is normally based on technical and economic considerations.
When considering the technical aspects, maturity and robustness of the treatment
process, and ability to achieve the required treated water quality, have to be taken
into account. With regard to economic considerations, the whole life costs of the
project have to be calculated, including capital costs, operational costs and
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decommissioning costs (Coulton et al., 2003a).

In principle, all minewater can be treated to drinking water standard (e.g.
Horseshoe Curve, Altoona Pennsylvania, US, (Dempsey et al., 1993)), however,

this is likely to have great cost and may not be required except in extreme cases.

The primary aims of the minewater treatment are to remove any metals and
neutralise any acidity (Brown et al., 2002). The removal of any solid matter from
the effluent is a requirement in order to limit any visual impacts caused by the

discharge.
In general, the treatment of minewater can be broken down into two categories:

. Active Treatment (which requires the input of resources, including
power, chemicals and routine operational activities); and
. Passive Treatment (which is designed to require very limited or no

input of resources).

Depending on the discharge standard required, land availability, if the minewater is
net acidic or net alkaline and the metal load (metal concentration x minewater
flow), either passive or active treatment systems can be used. Figure 2.1 presents
the choice of treatment system to be used according to the minewater flow and

metal concentration.

Metai
Concentration

Active

Active or
passive

Monitor +
natural attenuation

Flow

Figure 2.1: Treatment system used according to minewater flow and

metal concentration (Coulton, 2004)

Page 2-6



High Density Sludge C.J. Bullen

Where the metal load is low, use of passive treatment systems are both technically
and economically viable (Coulton et al., 2003a). However, as the metal load
increases, problematic minewaters are to be treated, or a very high quality

discharge water quality is required, use of active treatment systems is preferred.

2.5.1 Passive Treatment Systems

The European Union’s PIRAMID R&D project (www.piramid.org) definition of a

passive system is:

“Passive treatment is the deliberate improvement of water quality using only
naturally-available energy sources (e.g. gravity, microbial metabolic energy,
photosynthesis), in systems which require only infrequent (albeit regular)

maintenance in order to operate effectively over the system design life.”

Therefore, passive systems use natural resources to enhance naturally occurring

chemical and biological processes.

The current methods used for passive minewater treatment in the UK are

presented in Table 2.2 and are described in the literature (Younger, 2000b).

Table 2.2: Current UK passive minewater treatment systems (Younger,

2000b)
Type Description
1 | Aerobic Surface flow wetlands, which are often termed “reed beds” in the
UK.
Anaerobic Compost wetlands with significant flow.

Mixed compost /| With predominantly subsurface flow. These systems were
limestone systems originally labelled “SAPS” (Successive Alkalinity Producing
Systems) by their originators. The label “SAPS” remains
popular in the UK. These have recently been referred to as
“RAPS” systems (Reducing and Alkalinity Producing Systems).

4 | Barriers Subsurface reactive barriers to treat acidic, metalliferous ground
waters.
5 | Closed-Systems Closed-system limestone dissolution systems for zinc removal

from alkaline waters.

6 | Roughing filters Used for the aerobic treatment of net-alkaline ferruginous
minewater where limited land availability precludes a surface
wetland.
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It can be seen, from the advantages and disadvantages of passive systems listed
in Table 2.3 (Younger et al., 2002a), that where minewater discharges are of high
volume and highly metalliferous, the use of active treatment systems are
preferable to passive systems.

Table 2.3: Passive treatment systems: Advantages and disadvantages
(Younger et al., 2002a)

Advantages Disadvantages

Low operating costs, and usually low capital | Passive treatment technology is still
costs (at least for small-to medium-sized | relatively new, and hence reliable
minewater discharges) expertise is still scarce

Use non-hazardous materials Because day-to-day intervention in

treatment processes is precluded, precise

If suitably designed and well-constructed, control of treatment effluent quality is not

passive systems can work for long periods of feasible

time unattended

A large land-take is likely to be necessary

Passive systems can often be directly integrated for high-flow and/or highly contaminated

with surrounding ecosystems discharges

In many cases appearance is more pleasant Relatively high capital (construction)

th'an active treatment systems costs

2.5.2 Active Treatment Systems

Active minewater treatment systems are used where minewaters are net acidic,
difficult to treat passively, are high in metal load, land availability is in short supply
or the treatment scheme is of a temporary nature (Coulton et al., 2005). Active
treatment of minewater requires the input of resources, be they chemical, power or
human. A suitable definition is (Younger et al., 2002):

“Active treatment is the improvement of water quality by methods which require
ongoing inputs of artificial energy and/or (bio) chemical reagents.”

The active treatment technologies can be summarised as follows (Brown et al.,
2002; Younger et al., 2002):

o Pump only,
o Oxidation and chemical precipitation,
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. Biology-based treatments (including sulphidisation),
. lon exchange and sorption treatments,

° Membrane process,

° Electrochemical treatment,

. Other treatment processes.

Detailed explanations of active treatment methods used in minewater treatment
can be found in the literature (summarised in Brown et al., 2002; Younger et al.,
2002), and is outside the area of this present research. However the ‘oxidation and

chemical precipitation process’ is presented in further detail below.

2.6 Explanation of Oxidation and Chemical Precipitation

The processes involved in treating acid minewater by ‘oxidation and chemical
precipitation’ (a generic name given to the processes involved) are well
documented in the literature (Vachon et al. 1987; Zinck et al.,, 2000), and are
summarised below.

The solubility of most metals in solution (including minewater) is dependent on the
pH of the solution. In general, as the pH of the solution increases, the
concentration of the metals in solution decreases. Adding an acid or alkali will
change the pH of the solution and will affect the solubility of the metal, and hence,
increase or decrease the concentrations of metals in solution. Oxidising certain
metals (e.g. Fe (ll) to Fe (lil)) can also make the metals less soluble and produces
a more stable precipitate (Kostenbader et al.,, 1970). Separating the metal
precipitate from the solution by gravity settlement can then produce good quality
treated water. However, the precipitates are often small in particle size and require
coagulation or flocculation to aid settlement. This oxidation (if required, e.g. when
iron is present) and chemical precipitation process is the most common form of
heavy metal removal (Eckenfelder, 2000). However, the choice of how and which
alkali reagent is used can affect the volume of precipitate generated that will
require subsequent disposal.

Historically, the most common method to treat acid minewater was to pump the
minewater directly to a tailings dam (if available) for co-precipitation with tailings
from the processing mill, shown in Figure 2.2, or for using the tailings dam as a
settlement device, as was the case with Wheal Jane minewater (Cornwall, UK)
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before 2000 (Chapter 4). This treatment method has become known as the
“Conventional Precipitation Process” (Kuyucak, 2001; Coulton et al., 2005;
Kostenbader et al., 1970; Keefer et al., 1983; Bosman, 1974). Initially, calcium
hydroxide (Ca(OH);) was used as the alkali reagent to raise the pH and precipitate
the metals out of solution, with flocculants occasionally used to aid settlement and

clarification.
Lime Flocculant
Tailings dam
Mine Final
Water l l Effluent
> Solids/Liquid —>

Separation

Sludge retained in tailings dam

Figure 2.2: Conventional acid minewater precipitation plant

(using tailings lagoons)

When tighter process control is required, and/or a tailing dam is unavailable,
reaction vessels and settlement tanks are used, as shown in Figure 2.3. In this
case, air is often introduced to help oxidation of Fe (ll) to Fe (lll) iron. Depending
oh the alkali reagent used, sludge is removed from the bottom of the clarifier at
between 3 % solids (w/w), when sodium hydroxide is used, and 5% (w/w), when
calcium hydroxide is used, (Kostenbader, 1970; Vachon et al., 1987; Aubé et al.,
1999) and can be voluminous in nature (Kostenbader, 1970; Aubé et al., 1999).

Alkali

l Reagent Flocculant
Mine l Final
Water Effluent
Oxidation and Solids/Liquid -~
> Neutralisation Separation >
Waste Sludge
Air @ 3% wiw

Figure 2.3: Conventional acid minewater precipitation plant

(using reaction vessels)

As outlined in section 2.5.3, metals are removed from solution by addition of an
alkali reagent. The optimum pH required for minimum solubility for each metal
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varies with the metal species and the alkali reagent used. Presented in Figure 2.4
are the solubility curves for common metal hydroxides. If more than one metal is to
be removed, a multi-stage system is required or use of a single pH that will enable
all target metals to be removed to discharge standards. The alkali reagent used
also affects the solubility of the metal, as presented in Table 2.4, with metal
sulphides producing a lower metal solubility compared to hydroxides.

8

)

5

i

METAL CONCENTRATION, mg/L
5,

3

Figure 2.4: Solubility of metal hydroxides (MEND, 1994)

Swindley (1999) investigated removing metal complexes from solution as metal
hydroxides. This work showed that the actual solubility of metal ions and the
minimum pH for maximum precipitation varies according to the mix of metal ions
present in the solution.

Typically, four alkali reagents (i.e. hydroxides and carbonates of alkali metal or
alkali earth metal and including magnesium hydroxide and termed alkali reagents
hereon), have been used for treatment of acidic minewater: calcium carbonate
(limestone), calcium hydroxide (hydrated lime), sodium carbonate (soda ash or
briquettes), and sodium hydroxide (caustic soda) (Skousen et al., 1993; Coulton et
al., 2003a; Brown et al., 2002; Zinck et al., 2005). Table 2.5 presents a full list of
chemicals used in treatment of minewater.
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Table 2.4: Theoretical solubilities of hydroxides, sulphides and carbonates

of heavy metals in pure water (Lanouette, 1977; US Army, 2001)

Metal Solubility of metal ion (mg/l)
As Hydroxide As Sulphide As Carbonate

Cadmium Cd* 2.3x107 6.7x107° 1.0x 10
Chromium cr* 8.4 x10* No precipitate | -

Cobalt Co* 2.2x10" 1.0x10°® -

Copper Cu® 2.2x107? 5.8 x 1078 -

Iron Fe? 8.9 x 10 3.4x10° -

Lead Pb* 2.1 3.8x10° 7.0x10%
Manganese  Mn® 1.2 2.1x10° -
Mercury Hg?* 3.9x10* 9.0x 10%® 3.9x1072
Nickel Ni®* 6.9x10° 6.9x 10° 1.9 x 10"
Silver Ag’ 13.3 7.4 x10™" 2.1x10"
Tin Sn? 1.1 x 10 3.8x10° -

Zinc Zn* 1.1 2.3x107 7.0x 10*

Table 2.5: Chemicals used in neutralising minewater (Skousen et al., 1993)

Chemical Name

Chemical formula

Comments

Calcium oxide
(quick lime, caustic lime)

*Calcium carbonate
(limestone)

Calcium magnesium
carbonate (dolomite)

Calcium hydroxide
(hydrated lime)

Sodium hydroxide
(caustic soda)

Sodium carbonate
(soda ash)

Potassium hydroxide

Magnesium oxide
(magna lime)

Magnesium hydroxide

Ammonia

Kiln dust

Ca0

CaCOs

(Ca.Mg)COas

Ca(OH).

NaOH

NaxCO3

KOH
MgO

Mg(OH).
NH3 or NH4OH

Ca0,Ca(OH).

Very reactive, needs metering equipment
Used most successfully in anaerobic situations
Similar to limestone, less reactive

Requires extensive mixing

Very soluble, available in solid form (drums or

briquettes)

Usually in briquette form, used for remote
locations

Similar to sodium hydroxide

Similar to calcium oxide

Similar to calcium hydroxide

Reactive and soluble, can be supplied as
aqueous ammonia

Waste product of cement industry, contains
lime, various other constituents

The choice of chemical used is based on the rate and degree of pH increase,

solubility in water, handling and cost of reagent. The amount of alkali reagent
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required to precipitate out the metals from solution is usually greater than that
predicted stoichiometrically and is controlled by such things as; rate of reaction,
size of reaction vessels, and concentration of other elements (e.g. sulphate and
carbon dioxide) that are present in the minewater. Table 2.6 summaries the
theoretical doses and costs for commonly used alkali reagents.

Table 2.6: Commonly used alkali reagents, theoretical doses and costs
(Coulton et al., 2003a)

Reagent Unit Theoretical consumption Actual consumption
Cost kg per kg Fe kg per kg Fe
(E/tonne) | Dose Cost Efficiency Dose | Cost

Calcium Oxide | CaO 100 1.00 10p 65% 154 {15

Calcium Ca(OH)2 100 1.33 13p 65% 205 | 21p

Hydroxide

Magnesia MgO 220 0.72 16p 80% 0.9 20p

Magnesium Mg(OH)2 260 1.04 27p 80% 1.3 34p

hydroxide

Sodium NaOH 260 1.433 37p 95% 1.50 | 39p

hydroxide

Sodium Na2COs 150 1.89 28p 95% 2.00 | 30p

Carbonate

Typically, the choice of alkali reagent used is made in terms of calcium or sodium
and hydroxide or carbonates.

2.6.1 Calcium vs. Sodium Alkalis

As the solubility of calcium products is lower than that of sodium products the rate
of pH change is slower for the calcium products compared to sodium products.
The rate of mixing and aeration greatly affects the use of calcium carbonate,
calcium hydroxide and sodium carbonate. A comparison of calcium products
compared to sodium products is presented in Table 2.7. Calcium costs are
generally lower than sodium products and the cost savings when using calcium
products compared to sodium products usually means that calcium products are
used for treating high flow and high metal loadings whilst sodium products are
used where there are low flows and or low metals loadings (due to the reduced
capital cost of sodium dosing equipment). A detailed cost comparison of alkali
reagents to be used is available in the literature (Skousen et al., 1993).

If sulphate is present in high enough concentrations in the minewater, gypsum can
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be formed when calcium products are used. Calcium products can also lead to the
formation of calcium carbonate if carbon dioxide is present in the minewater. The
generation of both gypsum and calcium carbonate affects the efficiency (ratio of
theoretical dose to actual dose) of the alkali reagent, and can also lead to an
increase in solids productions and scaling in the minewater treatment plant.

Table 2.7: Factors influencing selection of calcium or sodium compounds
for minewater treatment (modified Skousen, 1988)

Factor Calcium Sodium

Solubility Slow Fast

Application Requires mixing Diffuses well

Hardness High Low

Gypsum formation Yes No

Calcium carbonate formation Yes No

High TSS or clay particles Helps settle clay Disperses clay particles,
and keeps clay in
suspension

Chemical cost . Lower Higher

Health and Safety issues Lower Higher

Installation and maintenance costs High Low

2.6.2 Carbonate vs. Hydroxide Alkali reagents

The choice between carbonate and hydroxide alkali reagents is generally made on
the levels of acidity in the water. If there are low levels of acidity, carbonate alkali
reagents can raise the pH to 12 (Skousen et al., 1990). However, if there are high
levels of acidity in the minewater, carbonate compounds can only raise the pH to
8.5 to 9.0 (Brown et al., 2002; Skousen et al., 1990). Therefore, if the pH needs to
be raised above 9.0, e.g. when there is a need to remove manganese, hydroxide
compounds, which can raise the pH up to 12.0, are required. Therefore,
depending on the metal species present in the minewater (and their
concentrations), the most suitable alkali reagent can be chosen. It is worth noting
that, when carbonate is added, e.g. as sodium carbonate (Na,*CO3%), 2H* are
removed from the water to keep the equilibrium, see Equations 2.5 to 2.7.

2H" + Na, CO; 2Na* + 2H,0 + CO, (Equation 2.5)

Page 2-14



High Density Sludge C.J. Bullen

6Na* + M(OH), + CO, (Equation 2.6)
6Na* + 2M(OH); + 3CO, (Equation 2.7)

M2+ + Na.CO; + H,O
2M3* + 3Na,CO3+ 3H,0

2.6.3 Metal lon Hydrolysis and Other Key Reactions

Depending on the metal ions present and the alkali reagent used, different
precipitates are formed. Presented in Table 2.8 are the simplistic theoretical
precipitates of common metal ions present in minewater. Table 2.8 also presents
the alkalinity equivalents for each of the reactions. In general terms, the
precipitates from minewater that are dominated by iron are termed as amorphous
Fe (lll) hydroxides (Georgaki et al., 2004). However, in reality more complex Fe
(111) oxy-hydroxides (Dempsey et al., 2001; Lee et al., 2002) are formed.

Table 2.8: Metal ion hydrolysis (Younger et al., 2002, Baes et al., 1976)

Metal ion and other reactions Equivalents of
Alkalinity for a proton
condition of pH = 5.64

Aluminium hydrolysis (i)
A + 3H,0 = AI(OH)y(s) + 3H" -3

Fe (II) Oxidation and Fe (lll) Hydrolysis (i)

Fe* + %O aq) + 2%H,0 — Fe(OH);
Fe* + 3H, 0 = Fe(OH)s(s) + 3H" -2
-3
Manganese Oxidation and Hydrolysis (i)

Mn® + %Oj(aq) + 1%H,O— MnOOH(s)+ 2H*
Mn? + %0jaq) + H,O — MnOys) + 2H' -2
-2
Zinc Hydrolysis (ii)

Zn* + 2H,0 = Zn(OH)(s) + 2H’

-2
Dissociation of water (i)
H20 = OH + H+

0
Carbonate lon (i)
HCO5 = COs* + H*

2
Bicarbonate lon (i)
H.CO3 = HCO4 + H*

1

Note

(i) Younger et al., 2002
(i) Baesetal., 1976

Depending on the reduction-oxidation potential (termed redox potential in this
thesis), pH, oxidation rates and water characteristics (i.e. the environmental
conditions), the amorphous sludge commonly precipitated during conventional
active minewater treatment is ferrihydrite (Lee et al., 2002; Jambor et al., 1998;
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Georgaki et al., 2004; Cornell et al., 2003). If the iron present in minewater is
precipitated rapidly (homogeneous nucleation) at pH above 7 at ambient
temperatures, ‘2-line’ ferrihydrite is formed (Georgaki et al., 2004; Jambor et al.,
1998; Lee ot al., 2002) and if the iron is removed at higher temperatures with a
lower pH (Lee et al. 2002; Bigham et al., 1996), ‘6-line’ ferrihydrite will be formed.
Figure 2.5 presents observed X-Ray diffractograms of ‘2-line’ and ‘6-line’ iron
precipitates and appear to be amorphous, however this is inaccurate as
ferrihydrite exists as nano-crystals less than 10 nm in size (Cornell et al., 2003;
Murad, 2004)).

110 12 t3 114 115 300

30 40 50 60 70 80
°20CoKa

Figure 2.5: Observed 2-line and 6-line ferrihydrite XRD traces, (plus smoothed trace
for 6-line with 40% 2-line ferrihydrite subtracted, and pattern calculated assuming
40-A-size crystals) (Jambor et al., 1998)

Due to ferrihydrite’s initial form, i.e. unstructured in nature, very large surface area
(typically 200 m?%/g Georgaki et al., 2004; Comnell, 2003) and chemical activity,
ferrihydrite can adsorb large quantities of anions, cations and organic species
(Georgaki et al., 2004) and assist with the removal of metals from minewater.

If ferrihydrite is not stabilised, with certain environmental conditions and/or time,
the sludge can become crystalline in nature (Cornell et al.,, 2003) and under
certain conditions form hematite. Presented in Figure 2.6 (Schwertmann et al.,
2000) is one schematic representation of formation and transformation pathways
for common iron oxides, together with the approximate transformation conditions.
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Figure 2.6: Schematic of formation of common iron oxides (Schwertmann
et al., 2000)

2.6.4 Sludge Disposal and the High Density Sludge Process

Due to the sludge produced from conventional chemical precipitation plants being
voluminous in nature and with a maximum concentration of 5% solids (w/w)
(Dempsey et al., 2001), the volume of sludge generated can be high. This sludge
can also be difficult to dewater (Vachon et al., 1987; Dempsey et al., 2001),
leading to substantial costs for disposal (Kostenbader et al., 1970; Bosman, 1974,
Zinick et al., 2000). In 1997, it was estimated that in Canada alone, 6.7 million
m®/year of lime treatment sludge was produced (Zinck et al., 2000).

Understanding the characteristics and stability of the sludge is critical to ensure
the long-term disposal is secure and robust. Work has been undertaken (Vachon
et al., 1987; Watzlaf et al., 1990; Aubé et al., 1999; Zinck, 1997) where different
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treatment conditions and processes were looked at and how they impacted on
such things as sludge morphology, mineralogy, composition, particle size, percent
solids and the leachability of the sludge. The leachability is a key indicator, as this
has an impact on the disposal location and method, with the research indicating
that the more crystalline the sludge, the more stable the sludge, resulting in less
metals being able to be leached out of the sludge (Zinck, 1997; Aubé et al., 1999).

A considerable amount of work has been undertaken on investigating possible
uses for the sludge generated during treatment of acid minewater and minewater
in general. These include, pigments (Hedin, 2003), cement fillers (Dudeney,
2005), coagulants (Keefer et al., 1983; Dudeney, 2005), artificial top-soil
(Dudeney, 2005; Dudeney et al., 2004), phosphate removal (Heal et al., 2003),
and engineering fill (Dudeney, 2005). However, further work is required in this area
of research and development to ensure a commercially viable product is
developed.

During the late 1960s and early 1970’s the High Density Sludge (HDS) process
was developed as a means of producing a sludge of much higher settled solids
concentration (between 15% and 35% solids (w/w) were reported by Kostenbader
et al., 1970). The HDS process is reported to improve the sludge settling and
dewatering characteristics (Vachon et al., 1987; Zinck et al., 2000; Aubé et al.,
1997; Bosman, 1974; Bosman, 1983; Zinck, 1997)..

The HDS process, as first developed by Bethlehem Steel Corporation (BSC)
(Kostenbader et al., 1970), comprises a modification to the conventional
precipitation plant. This modification consists of recirculating the settled sludge to
a lime mixing tank where the sludge is mixed with lime prior to the mix being
added to the reactor to neutralise the acid minewater. (A detailed explanation of
the High Density Sludge process can be found in Section 2.8).

2.7 Whole Life Costs: Conventional Treatment vs. HDS

The reduction of the sludge volume produced can reduce the operational costs of
a minewater treatment plant substantially. The extra capital costs required to
construct a HDS plant are often recouped when treating a highly metalliferous
minewater of high volume. Figure 2.7 (Coulton et al., 2003a) suggests that once
an annual metal load in excess of 150 tonnes/year is to be treated, a HDS plant is
financially viable. Therefore, once a minewater metal load of 150 tonnes/year is
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exceeded, the use of the High Density Sludge process becomes commercially

viable.

£12,000
£10,000
« £8,000
o £6,000
o £4.000

£2,000

100 150 200 250 300 350
Iron load (t/yr)

25 yr HDS 25 yrConventional 10 yr HDS --=-smn- 10 yr Conventional

Figure 2.7: Comparison of 10 year and 25 year whole life costs for active

treatment plants (Coulton etal., 2003a)

2.8 The development of the Type | HDS process at Bethlehem Steel

Corporation

High density sludge (HDS) can be formed by mixing the recirculated sludge with
either the alkali reagent, prior to introducing the minewater (Type |), or with the
minewater, prior to adding the alkali reagent (Type Il), as presented by the author
in Figure 2.8. Starting at Step 1 in Figure 2.8a, if a clockwise motion is followed,
Type | HDS is formed. By following an anticlockwise motion around the circle,
Figure 2.8b, Type Il HDS is formed. If the cycle is started at step 2 going
clockwise, or step 3 going anticlockwise, conventional chemically precipitated

sludge is formed.

The first recorded use of the HDS process was in 1965 for the treatment of a
pickle liguor and a steel mill cold reduction waste stream (Dempsey, 1993). The
Densator unit, manufactured by Infilco, produced a Fe (Il) hydroxide sludge with a
solids concentration of in excess of 10% w/v. However, there is little information as
to how the units worked. The city of Mankato, Minnesota still uses two Densators

in the treatment and supply of water to the public.
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Figure 2.8a: Type | HDS Figure 2.8b: Type Il HDS
Figure 2.8: Type | and Type Il HDS input steps

In the late 1960’s, Bethlehem Steel Corporation (BSC) trialled various active
minewater treatment processes, with an aim to reducing the volume of sludge that
was being produced and in order to comply with tighter discharge regulatipns.
Through work that had already been undertaken on conventional chemical
precipitation processes, BSC developed the first minewater High Density Sludge
(HDS) process (Kostenbader et al., 1970). (Earlier work undertaken by Cywin et
al. (1970) and Gaughan et al. (1968) furthered the understanding of acidic water
treatment prior to the work undertaken by Kostenbader et al., 1970.)

The BSC HDS process is based around a Type | HDS system, with the US patent
application filed on 19™ April 1971 (Kostenbader, 1971) and awarded on the 12"
June 1973. The process was invented for the treatment of acidic waters containing
metals, and specifically acid mine drainage and diluted pickle liquor.

The pH of the minewater is raised to between 7.0 and 9.0 in Reactor 1, as shown
in Figure 2.9, by using a lime/sludge mix. Air is also introduced to ensure all Fe (ll)
present is oxidised to Fe (lll). In Reactor 1 (retention time between 5 and 20
minutes) a high proportion of the dissolved metals present are removed from
solution. The resultant sludge/ liquid mix is dosed with a flocculant prior to
separation in a clarifier. The settled sludge is either recycled to the lime/sludge mix
tank (retention time is greater than 1 second), or removed from the system as
waste sludge. The clarified water is discharged to the environment. The amount of
sludge recycled is controlled by the sludge recycle ratio used, that is the ratio of
solids recycled to the new solids precipitated from the minewater, and is typically
between 20 and 30 kg of recycled solids per kg of new solids precipitated from the
minewater.
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It was claimed that the process produced a sludge that settled to between 15%
and 50% w/w, depending on the ratio of Fe (Il) to Fe (lll) in the feed water. At a
high Fe (lI) content, the sludge settled to approximately 50% w/w, whilst if the iron
was in the form of Fe (lll), the sludge can settle to above 15% wi/w, with reported
ratios and settled sludge concentrations presented in Section 2.8.1.

Minewater
Reactor » Solids/Liquid —_—
—¥ ‘da'i“’réfi“""" pH circa 701080 ™ Separation Final
Lime Effluent
T Air \
Recycled Waste Sludge
Sludge Q@ 20% wiw
Figure 2.9: The BSC Type | HDS Process (Kostenbader, 1971)

Kostenbader et al. (1970) were unclear as to how the dense sludge was formed,
but outlined the key operating parameters that lead to the formation of HDS.
These were:

. Fe (Il) to Fe (lll) iron ratios in the feed water;

o Ratio of solids recirculated to new solids precipitated;
. Point of alkalinity addition;

. Neutralisation pH; and

° Retention time.

Depending on the feed water used, HDS was formed in between 5 days and 10
days.

2.8.1 Fe (ll) to Fe (lll) Iron Ratios

Kostenbader et al, (1970), claimed that the ratio of Fe (ll) to Fe (lll) had an impact
on the settled solids concentration. The results of the work undertaken are
summarised in Table 2.9 and appear to show that, as the ratio of Fe (ll) to Fe (lll)
iron increased, the maximum underflow solids concentration increased.
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Table 2.9: Reported effect of Fe (ll) to Fe (lll) ion ratio on settled solids
concentration (Kostenbader et al, 1970)

Water Source Fe (ll) iron, Average % Maximum concentration of
of total iron settied solids (% wiw)
Minewater 1 (Fresh) 90 40
Synthetic minewater >95 50
Synthetic steel pant water >95 45
Steel plant water >95 45
Minewater 1 (Old) 70 22
Minewater 2 30 15
Minewater 3 (Old) 2 18

2.8.2 Ratio of Solids Recirculated to New Solids Precipitated

The key parameter controlling the sludge density was reported as the ratio of
solids recirculated to new solids precipitated. By controlling the recirculation ratio,
an optimum settled solids concentration was calculated without affecting the
clarifier surface area requirements. By operating the HDS plant with a recirculation
ratio of between 25 and 30: 1, the maximum settled sludge densities were
achieved. This resulted in a minimum (about 20%) increase in the clarifier surface
area requirement compared to that for conventional lime neutralisation plant.

2.8.3 Point of Alkali reagent Addition

Altering the point of alkali reagent addition was trialled during the BSC test work.
This involved trialling different configurations including, mixing the minewater and
recirculated sludge with the alkali reagent in only one reactor, running as a Type |
HDS plant and running as a Type Il HDS plant. When all inputs were mixed in one
reactor a gelatinous sludge was formed, whilst running in Type Il HDS compared
to Type | HDS resulted in a 50% decrease in maximum settled solids
concentration.

2.8.4 Operating pH

Operating with a reactor pH of between 7.2 and 7.7 allowed for full oxidation of Fe
(I1) to Fe (lil) iron and produced the maximum settled sludge density. Operating at
a reactor pH of between 6.0 and 6.5 did not allow enough time for full oxidation of
the Fe (ll) to Fe (lll) iron in the reactors used. Operating at a pH of 8.5 increased
the clarity of the discharge water, though reduced the maximum settled sludge
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density from 35% to 20% w/w solids and resulted in a requirement to increase the
clarifier area by a factor of 1.6. Whilst running at a pH of between 9.0 and 9.5, a
“rubbery” sludge was produced with an apparent high viscosity, as the sludge was
difficult to pump.

2.8.5 Retention Time

The lime and recirculation sludge mix was estimated to be instantaneous, however
the lime/sludge mix tank was sized at 1 minute. Reactor 1 was sized to provide a
10minute retention time, though this depended on the operating pH and Fe (Il)
concentrations in the minewater. Enough oxidation time has to be provided for in
Reactor 1.

2.8.6 Additional Observations

When the plant was run at high flow rates, the discharge contained high
concentrations of fine solids, and the use of flocculants was found to be ineffective
in assisting with removing the fine solids.

The alkali reagents used were calcium carbonate, hydrated lime (calcium
hydroxide), sodium hydroxide, dolomitic lime (calcium magnesium carbonate) and

magnesia.

The alkali reagent efficiency was noted to increase when a pre-aeration stage was
installed, reducing the lime demand by as much as 25%, due to stripping CO, from
the minewater.

The sludge was more stable than conventional lime neutralised minewater,
resulting in the ability to dispose of the sludge underground. Even when the sludge
came into contact with acidic minewater, the metals were not resolubilised. Sludge
dewatering trials were successful with both a filter press and a centrifuge.

2.8.7 Further HDS Developments by BSC

On the 21% March 1973 (Herman et al., 1973), BSC filed an application for using
an improved HDS process for removing cyanide and colour from coke plant
wastewater. This application was granted on 12™ November 1974.

BSC reported further improvements in the HDS process in 1983 (Herman et al.,

Page 2-23



High Density Sludge C.J. Bullen

1983), when they reported a 40% reduction in lime use due to installation of a pre
aeration tank. The HDS plant was reported to help with scale (calcium carbonate)
build up. Discharge limits for iron, manganese and solids where achieved without
the use of a flocculant. The manganese was removed at a pH of 9 with the HDS
plant, compared to an operating pH of 10.0 in a conventional lime neutralisation
plant. Comparable reductions in sludge volumes between the HDS plant and a
conventional precipitation plant, as found by Kostenbader et al. (1970), were
reported.

BSC applied for a European patent in 1983 (Herman et al., 1983) for using a
carrier material (silica, sand, oxides of heavy metals) to be mixed with the
neutralising reagent in Reactor 1 (lime/sludge mix tank), instead of recycled
sludge. The neutralising reagent was thought to adsorb to the surface of the
carrier and then passed to the reactor for treatment of acid minewater (or industrial
waste waters). The heavy metals in the minewater would then precipitate out and
a flocculant was added to the mix prior to settlement in a clarifier. If required, the
settled sludge could be recycled as described in Section 2.8.1. This treatment
process reportedly improved the treated water quality and was able to remove
most heavy metals, including manganese and cadmium, without having an effect
on the settled solids concentration.

2.8.8 Tetra Technologies and the HDS Process

Tetra Technologies acquired the legal rights to the BSC HDS process in 1990.
During the early part of the 1990s, Tetra Technologies further refined the Type |
HDS process by suggesting the installation of a classification/bypass stage
between Reactor 1 (now termed as the Precipitation Reactor) and the solids/ liquid
separation stage, as shown in Figure 2.10. The primary function of this new stage
was to reduce the solids loading on the solids/liquid separation stage when
wastewaters (and minewater) of high contaminant concentrations were to be
treated. However, the classifier also separates according to size of particles,
allowing large patrticles to be removed from the system and small, finer particles to
be retained in the system. Patents were awarded in the US (Wentzler et al.,
1990a) and Internationally (Wentzler et al., 1990b) in 1991, and in Europe in 1994
(Wentzler et al., 199c).

When wastewaters with high contaminant concentrations are treated, high
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concentrations of new solids are precipitated. Linking this with the requirement for
a solids recycle ratio of approximately 25: 1 (Kostenbader et al., 1970) there is
likely to be a very high solids loading on to the clarifier (solids/ liquid separation
unit). As the surface area of a clarifier is sized according to the settlement velocity
and solids loading on to the clarifier (Coe et al., 1916), this can result in a clarifier
with a large surface area. By installing a classifier (e.g. hydrocyclone) or simple
sludge bypass line, with solids being returned to the lime/ slurry mix tank (now
termed as an Adsorption Reactor, Figure 2.10)), the size of the clarifier could be
reduced due to the reduced solids loading.

Additionally, it was suggested that by using a classifier, the large particles (that
may not compact as well) in the underflow should be removed from the system.

Mine water
Alkali
reagent Flocculant
! |
Classification
Adsorption a| Precipitation eg Solids/Liquid | ——p
Reactor "| Reactor hydrocyclone Separation Final
Effiuent
A
Recycled T Air Waste Sludge
Sludge @ 20% wiw
Figure 2.10: Tetra Technologies modified HDS Process

Wentzler et al., 1990, further developed the theory that the neutralising reagent
was adsorbing (Herman et al., 1983) to the surface of the recycled sludge, due to
surface effects and the dissolved metals were precipitated out in Reactor 1
(Precipitation reactor). However, the description of the mechanisms involved was
unclear and no testing of the mechanisms appeared to of been undertaken.
However, it was considered that particle size, surface effects, adsorptive forces
and ionic reactions were key to the formation of HDS. It was understood that by
mixing the recycled sludge with the alkaline reagent, the recycled particles
appeared to act as nucleation sites for the 'hydroxides in the Adsorption Reactor.
These sites then attract more hydroxides, which in turn attract the dissolved
metals. This was thought to lead to layers of new metal hydroxides to be
generated on the surface of the recycled sludge. This continued until the particles
became large enough to be removed from the system by the clarification stage.
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2.8.9 Work Undertaken in South Africa

During the 1970’s, work was undertaken at Coronation Collieries, Kromdraai,
South Africa using a Type 1 HDS system for treating the minewater from the
disused mine by Anglo American Research Laboratories (Bosman, 1974). After
initially considering conventional chemical precipitation, using calcium hydroxide,
the use of a Type 1 HDS system was reviewed due to problems experienced with
the volume and mass of sludge being generated. Tests using the Bethlehem Steel
Corporation HDS process were successful with an underflow solids concentration
of 22% wi/w being obtained. Bosman (1974) found that critical to the formation of
high underflow sludge densities was:

e A minimum mixing time of 20 minutes for the lime slurry and the
recycled sludge in the lime/sludge mix tank (Figure 2.8),

° The degree of agitation in the lime/sludge mix tank (mixer impellor
blades should not rotate faster than 4 m/s),

) A minimum retention time of 5 minutes was required in Reactor 1,

e  The required sludge recirculation ratio was in excess of 20 to 1.

Problems with discharge solids concentrations were experienced, with suspended
salids concentrations as high as 60 mg/l being detected, even with a relatively low
clarifier rise rate of 0.57 m/hour. Flocculant was added to the clarifier feed to assist
with the removal of the suspended solids in the discharge water, however this was
not successful and lowered the underflow sludge density. The clarifier underflow
was also reduced from 22% to 12% w/w, when calcium carbonate was used as the
alkali reagent instead of calcium hydroxide.

As an explanation of how HDS was formed, Bosman (1974) suggested that sludge
particles generated during conventional precipitation form a water layer around the
sludge particles due to the hydrous nature of the iron. The absorption of hydroxyl
ions, hydrogen and/or metal cations formed electrical double layers around the
sludge particles which contain potential determining ions and counter ions. The
electrostatic (zeta) potential caused the sludge particles to repel each other and
hence form a voluminous sludge. By reducing the volume of water adsorbed, or
by altering the repelling force, a denser sludge could be produced. Therefore,
Bosman (1974) suggested by controlling the rate of precipitation a denser sludge
couid be formed. Mixing the lime slurry with the recycled sludge before contacting
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the minewater resulted in reducing the lime slurry pH from 12 to 10, resulting in
slowing the rate of precipitation, and hence forming a denser sludge. Additionally,
calcium ions lower the electro kinetic potential and would eventually reduce the
size of the double layer (also see Section 7.4.2), however no zeta potential
measurements were taken to confirm this. Due to Fe (lll) precipitating at a lower
pH than Fe (ll), as the low pH of the minewater is raised the Fe (lll) is precipitated
leaving the unoxidised Fe (ll) in solution. The Fe (ll) is then adsorbed as counter
ions, which again compresses the double layer and reduces the zeta potential.
Finally, Bosman (1974) suggested that aging densifies the sludge by dehydration
and then the formation of Fe-O-Fe linkages.

During the early 1980’s, Anglo American Research Laboratories undertook further
studies on the HDS process and cited the following as key in the formation of
sludge with high densities (Bosman, 1983):

) Ratio of solids recirculated to solids precipitated from solution.

o Retention time in lime/sludge mix tank.

° Peripheral velocity of lime/sludge mix tank mixer impellor.

e  Total iron content of the acid minewater.

. Oxidation.state of the acid minewater, i.e. ratio of Fe (ll) to Fe (lll).

e  Amount of calcium sulphate precipitated from solution.

These parameters are very similar to the parameters suggested by Kostenbader et
al., 1970, which is unsurprising as the work undertaken by Bosman (1983)
mirrored the work undertaken by Kostenbader.

As with Kostenbader (1970), Bosman (1983) used a similar layout of reactors and
tanks, however Bosman used different terminology for the process involved.
Figure 2.11 shows that Bosman considered that sludge ‘conditioning’ was taking
place in the lime/sludge mix tank (as defined by Kostenbader in Figure 2.9), whilst
minewater neutralisation continued to occur in the Reactor tank (as defined by
Kostenbader in Figure 2.9).

Time restrictions imposed on Bosman (1983) meant little work was done on how
HDS is formed, however the process was trialled on a number of sites with general
success. The results of the trials are summarised in Table 2.10.
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Minewater
Conditionin, Neutralisation Solids/Liquid  |— 5
— ¥ Reactor 9 Reactor Separation Effluent
Lime
| |
Recycled A Excess sludge
Sludge
Figure 2.11: Bosman (1983) flow diagram of the HDS process

Table 2.10: Densities of sludges formed by conventional precipitation and by
the HDS process (Bosman, 1983)

Case no Unit 1 2 3 4 5
Feed water

Total iron mg/l 780 250 880 4600 50
Total dissolved solids mg/l 7700 | 1800 | 7600 | 22500 | 2100
Conventional Process

Precipitated solids , mg/l 1600 | 900 | 2400 | 31000 135
(pH 7.5 and 1 hour settlement)

’| sludge volume mii 80 90 500 400 13
Sludge density g/l 20 10 5 80 10
HDS process
Sludge volume mi/l 8 4 20 80 1
Sludge density g/l 210 220 120 390 150

During the tests, subtly different minewater characteristics were trialled from use of
pre treatment liming (Case 1), varying Fe (ll) to Fe (lll) ratios (Case 2), high Fe (ill)
to Fe (ll) ratio (Case 3), batch testing with high Fe (Il) concentrations (Case 4) and
low iron and acidity concentrations (Case 5). Case 3, which had high Fe (lll) to Fe
(I) ratios, indicated lower sludge densities, whilst the very high Fe (Il)
concentrations during Case 4 produced the high sludge densities during the
laboratory batch tests.

The Bosman (1983) laboratory batch test methodology was used to ‘screen’
minewater for the suitability with the HDS process. This has been further modified
and used for laboratory batch tests undertaken during this research (Chapter 5).
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Bosman undertook further work on the impact that the HDS process had on
calcium sulphate precipitation. The scale build up was reduced by use of the HDS
process, with Bosman hypothesising that the recirculated sludge acted as seeding
the process with calcium sulphate crystals. This added to the benefits of the HDS

process.
29 Alternative Type | High Density Sludge Processes

2.9.1 Noranda HDS Process

The Noranda HDS process is based around a Type | HDS system, with the US
patent application filed on 22™ October 1993 (Kuyucak et al., 1993) and awarded
27" June 1995. In the Noranda process, minewater is mixed with a proportion of
the recycled settled solids to raise the pH in Reactor 1 to between 4.0 and 4.5 (a
schematic of process is shown in Figure 2.12). If required, lime is used to assist
this process. The operating pH of Reactor 1 ensures that only iron present as Fe
(1) is precipitated (as Fe (lll) hydroxide) in Reactor 1 with all other metals
remaining in solution, whilst other metals returned in the recycled sludge are
dissolved. Calcium sulphate may also be removed in Reactor 1. The precipitates
formed in Reactor 1 fbrm stable crystals that act as nuclei in Reactor 2 where
crystallisation is promoted.

Lime

Lime / Sludge
Mix Tank

l Flocculant

Reactor 1 Reactor 2 Solids/Liquid

——| pHcirca 4 € H circa 10 > -
P P Separation Final
Minewater Effluent
T Air
Recycled Waste Sludge
Sludge v @ 20% wiw

>

Figure 2.12: Noranda HDS process (Kuyucak et al., 1993)

The pH is then raised to between 9.0 and 10.0, depending on the metals to be
removed in Reactor 2, by using a lime/sludge mix. Air is also introduced to ensure
all Fe (ll) is oxidised to Fe (lll). This stage removes all other metals from solution.
The resultant sludge/ liquid mix is dosed with flocculant prior to discharge of
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clarified water. The settled sludge is either recycled to Reactor 1, to the
lime/sludge mix tank (approximately 1/5 of that recycled to Reactor 1), or removed
from the system as waste sludge.

It is claimed that this process produces a denser, more stable sludge by doing the
following:

° Iron present is removed as<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>