CHAPTER 9.2

Water Balance

David Love and Leendert (Leon) Lorenzen

INTRODUCTION

The objective of this chapter is to explore the details of the
water balance in the mining and mineral processing industry.
This embraces the interaction between the supply of process
water, the mining processes, and the environment with regard
to effluent reuse or disposal of the resulting wastewater.
Specifically, three main water streams are examined in some
detail: process water, wastewater, and acid mine drainage.
Examples of water treatment options are provided for the pro-
cessing of gold, base metal, platinum, uranium ores, and coal.

Process Water
Recently, the water balance in many sites has been restricted
and confined from all directions. The quantity and quality
of primary water supplies have become limiting. This has
resulted in an increasing need to use relatively impure pri-
mary water sources to use higher proportions of recycle from
tailings dams, thickener overflows, and dewatering processes.
Effluent discharge guidelines have also become more strin-
gent. Some mining and mineral processing operations now
operate under zero water discharge conditions or are required
to control effluent release under much stricter quality control.
Primary water supplies from bores containing high levels
of salinity (including calcium, magnesium, and iron salts as
potential precipitates) are being used in some remote areas.
Treated sewage effluent water with relatively high concentra-
tions (>1,000 mg/L) of total organic carbon (TOC) is being
used at some sites for make-up water supply. The return of
cyclone underflow from primary grind and regrind operations
in several circuits introduces high levels of dissolved species
from soluble mineral phases (e.g., pyrrhotite, siderite, brucite,
and other metal hydroxides, sulfates, and carbonates).
Variability of pH, dissolved oxygen, suspended solids,
and dissolved ionic species in recycle water streams (thickener
overflow, tailings dam return) contribute to a varying process
water quality. Total dissolved solids (TDS) levels may also be
raised by reagent addition for pH control (e.g., lime) and TOC
levels increased by recycled organics (e.g., depressants, dis-
persants, flocculants, collector decomposition products). This

variability adds another level of complexity to managing the
process water and the ore extraction processes.

Wastewater Treatment

Figure 1 summarizes the groups of processes that are com-
monly used to treat wastewater on minerals industry sites, for
the following main purposes:

« Recycle for specific end uses on-site

« Return to process water circuits

» Discharge off-site to a suitable environmental discharge
point or to disposal

Nevtralization

Lime is the most commonly used alkali for neutralization of
the acidic wastewater streams that are often generated in min-
ing sites. The net result of lime neutralization is the forma-
tion of metal precipitates such as hydroxides and carbonates.
The high-density sludge (HDS) process has been commonly
used for lime neutralization. The process features premixing
of lime with recycled sludge and is operated at a pH of 10-11.
The main attraction of the HDS process is the production of
dense, high-solids-content waste sludge, which presents sev-
eral benefits for waste disposal. Many variations of the HDS
process have been developed over the years.

More recently, the use of limestone has become more
common because it is lower in cost and overcomes some of
the process constraints that are present with lime neutraliza-
tion. Further innovation has been achieved by integration of
neutralization and softening. In some cases, neutralization
with caustic has been carried out, producing less sludge. This
alternative is usually used for smaller facilities, because it is
simpler to dose and has lower equipment costs.

Metals Removal

Mining wastewater often contains a range of dissolved and
suspended metal contaminants. Some of these metals are
dominant in the wastewater from the mining of certain ores,
while other contaminants (e.g., iron) tend to be present in most
wastewaters.
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Figure 1 Process groups used to treat wastewater

Most dissolved metal ions can be oxidized to their
hydroxide forms. These hydroxides exhibit an inverted type
of solubility curve that shows solubility decreasing as pH
is increased until it reaches a minimum and then increasing
again as the pH is raised further. By adjusting pH to that cor-
responding to the minimum solubility level, it is possible to
achieve good removal of most metal ions by precipitation.
However, the pH levels at which minimum hydroxide solubil-
ity takes place vary from metal ion to metal ion. This can often
mean that several stages of neutralization are required to meet
metal removal objectives.

In some cases, minimum hydroxide solubility levels are
not low enough to meet target metal levels for specific uses. In
this case, sulfide precipitation can be used to take advantage
of the very low solubilities of metal sulfides. The solubility
curves for metal sulfide do not exhibit inversion but continue
to decrease as pH is increased. Because of costs and chemi-
cal handling safety issues, sulfide precipitation is usually used
only when hydroxide precipitation will not meet the removal
levels required.

Natural oxidation processes such as oxidation ponds and
wetlands can also be used for dissolved and suspended metal
reductions. This often requires large surface areas to give enough
residence time for the slower oxidation rates that are involved.

Desalination

It is common in mining wastewaters to have significant levels
of dissolved cations and anions, resulting in the TDS levels
being quite high. This can often create performance issues
with the processing of ores, as discussed later. The reduction
of TDS levels can be achieved by using semipermeable mem-
branes (e.g., nanofiltration, reverse osmosis) or by adsorption
of the ion on resins (ion exchange). For these processes, one
or more stages of pretreatment are usually required to reduce
contaminants (such as suspended solids) down to low enough
levels to avoid fouling or other damage to the membranes or
resins. A generic desalination flow sheet is shown in Figure 2.

These processes can produce high-quality treated water
that is suitable for high-quality uses on-site. However, they
also produce brine waste streams that are very high in TDS.
These wastes can be problematic for storage on-site or for
transport off-site for disposal. Treatment of these brine wastes
can involve using concentration processes such as natural
evaporation, thermal evaporation, and crystallization. In the
case of thermal evaporation and crystallization, up to 90% of
the water can often be recovered for use on-site.

Specific Contaminant Removal

Where specific contaminants of concern are present, it may be
necessary to target the treatment approach that is best to deal
with removal of these contaminants. Examples include the
removal of arsenic, cyanide, and uranium. Specific processes
that are used will usually aim to remove significant levels of
the contaminants of concern and to accept negligible removals
of some other contaminants.

Acid Mine Drainage

Acid mine drainage (AMD) refers to the outflow of acidic
water from metal mines and coal mines. AMD can originate
from many locations within the site, such as

* Drainage from underground workings,
» Runoff from open pit workings,

« Seepage from waste rock dumps,

* Drainage from mill tailings,

« Drainage from ore stockpiles, and

* Drainage from heap leach operations.

The primary issues of concern to the environment from these
AMD wastes are acidity, metals, and sulfate. Some of the
wastewaters sourced from mines are highly acidie, with pH
levels of <5, and laden with sulfate and metals. These are
formed under natural conditions when the geologic strata-
containing sulfide minerals (such as aluminum, iron, and
manganese) are exposed to the atmosphere or to oxidizing
environments.
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Figure 2 Generic flow sheet for treating seawater

PROCESS WATER

Raw water used for mining processes can be sourced from
underground bores or from surface supplies. It is common
for this raw water to be mixed with recycled water arising
from treated process water. In many cases, the recycling of
process water is desirable both for plant operating reasons and
for environmental protection. The main advantages are better
use of process chemicals, together with the reduction of pol-
luting species discharged to the environment. However, there
are many possible process problems with using recycled pro-
cess water. Recycling can have a negative impact on the per-
formance of the mining processes, sometimes only becoming
evident some months after commencement of the recycling.
The resulting quality of the process water, arising from the
final water balance, is site specific and dependent on several
factors, including the following:

1. Quality of the incoming raw water. Because of the
remoteness of most mining sites, a main supply of pota-
ble quality water is usually not available as a raw water
source. Groundwater from a bore system or surface water
from a lake or reservoir will likely be used for potable
water, cooling, steam generation, and other applications
where higher quality is important. In some cases, ground-
water can be high in dissolved salts, and surface water
can be contaminated with suspended solids and organics.

2. Extent of effluent treatment to render suitable for
recycle. The processes will often generate a combined
effluent stream that varies in quality and quantity over
time. Some effluent streams may be suitable for treat-
ment, making them acceptable for recycle back into the
process water circuits. This recycle stream may be either
sent directly to specific uses or blended with raw water to
achieve the required process water quality.

3. Process water quality limitations set by the mining
process. In the case of many mining processes, process
water is in direct contact with the ores or minerals being

processed. It forms an integral part of the extraction or
treatment processes, and its quality can have a significant
impact on process performance.

This section focuses on the effects of item 3 in the preced-
ing list by discussing the specific limitations that the process
itself places on the quality of the process water being used.
These limitations vary significantly and depend on the type of
mining and extraction processes being used.

Gold Processing

For the extraction of gold, an alkaline cyanide solution (usu-
ally sodium cyanide or calcium cyanide) has commonly been
used because of its high efficiency and relatively low cost.
Dissolution of gold in dilute cyanide solutions (100-500 mg/L)
is essentially an electrochemical process. The active cyanide
ions react with the fine gold particles to produce a soluble gold
cyanide complex Au(CN),".

Cyanide is very reactive, forming ionic complexes of
varying strengths with numerous other metal and alkali earth
cations. The stability of these salts is dependent on the cation
and on the pH. The formation of these complexes can tie up
cyanide that would otherwise be available to dissolve gold.
The cyanide ion can also preferentially combine with free sul-
fur or sulfide minerals in the ore to form thiocyanate com-
pounds (SCN™).

The key factors requiring consideration for the process
water that is used for gold ore processing are pH, magnesium
buffering, oxygen compounds, and hydrogen cyanide.

pH

In water, cyanide ions (CN7) hydrolyze in the following
reversible reaction to form hydrogen cyanide (HCN). HCN is
a colorless liquid that is highly soluble in water, but its solu-
bility decreases with increased temperature and under highly
saline conditions.

CN-+ H,0 < HCN + OH" (EQ 1)
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Figure 3 HCN and CN- as a function of pH

The extent of hydrolysis of the cyanide ion is pH depen-
dent, with the relative proportions of hydrogen cyanide (HCN)
and cyanide ion (CN7) shown in Figure 3. At neutral or acidic
pH levels, most of the cyanide ions will be converted to HCN.
At a pH of 9.36, 50% of the total cyanide ions that are present
will be converted to hydrogen cyanide. When the solution pH
is further increased to 10.3 or more, the amount of dissolu-
tion will be negligible, and the cyanide ions concentration will
be dominant. A good resource is The Cyanide Compendium
(Mudder et al. 2001).

Equation 1 also shows that OH™ ions are produced, which
can increase the solution pH above its starting pH. However, if
the process water is high in hardness, the high levels of mag-
nesium ions present (sea and hypersaline waters) will remove
the OH™ ions by forming insoluble hydroxides. This results in
an initial buffering of the solution pH in the range of about 8.8
to 9.5. This means that significantly higher dose rates of alkali
will be required to overcome the buffering, as well as to raise
the solution pH up to the desirable level of 10.3.

The leaching, or extraction capability, of a cyanide solu-
tion is determined by the free cyanide present rather than just
the ionized species. The term free cyanide refers to both cya-
nide ions (CN7) and hydrogen cyanide (HCN). Loss of free
cyanide from the system can occur by the process of volatil-
ization, where some of the HCN can be lost as a vapor.

The amount of cyanide that is lost by volatilization
increases with

* Decreasing pH,

« Increased aeration of the cyanide solution,
* Increasing temperature,

» Ultraviolet (UV) radiation, and
 Increasing salinity.

Volatilization losses from leach tanks and tailings dams
were investigated by Lotter (2005). Losses from the leach
tanks were less than 10% of the cyanide losses when operat-
ing the leaching at normal pH levels. However, volatilization

was much greater from tailings dams where climactic condi-
tions on the surface of the dams played a significant role. Botz
and Mudder (2000) developed a computer simulation to esti-
mate the losses of free cyanide, weak acid dissociable (WAD)
cyanide, and total cyanide due to dissociation, photolysis, and
volatilization.

This relationship is specifically important because, in
gold-cyanide extraction processes that are operated at or
above a pH of 10.3, most of the free cyanide in the process
slurry water will be present as CN~ ions. Because the ratio
of HCN/CN™ 1s relatively low at this pH, the capacity for
cyanide loss by volatilization 1s low. However, if the pH is
decreased down toward 9.4 and less, the ratio of HCN/CN-
increases substantially. As a result, cyanide loss by volatiliza-
tion becomes more and more problematic, both with regard to
the HCN emissions themselves as well as leaving less cyanide
available for leaching.

The electrical potential in the leaching circuit can also
play an important role in leaching kinetics of gold as well as
the HCN and CN~ formation (Figure 4). Thus, an operating
control system that is capable of determining the total HCN,
pH, and Eh is essential. The slurry may also be subject to other
preconditioning such as preoxidation at the head of the cir-
cuit before cyanide is added, which will aid in keeping the
pH higher.

Magnesium Buffering

Water quality can have a significant impact on slurry pH and
HCN formation. If the water supply has high levels of dis-
solved magnesium salts, it can be very expensive to raise the
process pH higher than 9.0 because of the natural buffering
action of magnesium (Figure 5). This can force gold process-
ing plants to operate at lower leach pH values, resulting in
higher cyanide consumption rates. This leaves only a small
margin for error on the pH process control.

The high sulfate levels in the process water can also pro-
mote the formation of gypsum, which leads to significant scale
issues such as screen blockages, carbon fouling, and pipe
blockages. Lower magnesium levels in the feed process water
are advantageous from both a chemical cost and extraction
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Figure 5 Effect of pH on magnesium solubility

efficiency viewpoint. In certain cases, the removal of some
of the magnesium by ion exchange treatment of the process
feedwater may be justified. The addition of hydroxyl ions to
water containing magnesium results in the precipitation of
magnesium hydroxide, thereby removing hydroxyl ions from
solution, as shown in the following equation:

Mg + 20H- — Mg(OH),| (EQ2)

When sufficient magnesium is precipitated at a pH of ~9.5, the
pH increases, and this allows both the hydroxyl (lime) demand
of the water and the original concentration of the magnesium
to be calculated.

Curves indicating the quantity of lime required to obtain
a pH value for various magnesium concentrations can be con-
structed as shown in Figure 6. These lime demand curves are
for a system with a pulp density of 50% solids, 100% avail-
able lime, and low salinity. This illustrates a series of theoreti-
cal lime consumption versus pH curves for magnesium values
within the range typical for raw water supply to Australian
mines. In the presence of magnesium, the pH buffers at around
8.75-9.5, and larger quantities of lime are required to obtain a
small change in the pH. Conversely, only small changes in the
pH set point can dramatically reduce the lime consumption.
Decreasing the magnesium content of the raw water, as well
as increasing pulp densities, will result in a reduction in lime
consumption.

Oxygen Compounds
The use of oxygen or per-oxygen compounds (instead of air)
as an oxidant increases the leach rate and decreases the cya-
nide consumption. This is due to the inactivation of some of
the cyanide-consuming species that are present in the slurry. If
the pH of the slurry can be raised to about 10 (by dosing lime
at the head of the leach circuit), this will ensure that when the
cyanide is added, toxic hydrogen cyanide gas is not generated
and the cyanide is kept in solution to dissolve the gold.
Cyanate (CNO™) is the primary by-product of treatment
using sulfur dioxide or hydrogen peroxide in the process.
Cyanate is slowly hydrolyzed to ammonia and does exhibit its
own toxicity. In this case, the primary approach in the elimi-
nation of cyanate is to select a process that does not form the
compound as a by-product.

Figure 6 Lime consumption versus magnesium concentration

Hydrogen Cyanide

The presence of hydrogen cyanide (HCN) has far-reaching
effects on refinery amine system performance. After hydrocar-
bon contamination, its presence is one of the primary reasons
that amine systems suffer from accelerated corrosion and have
operability and reliability problems. When HCN enters the
amine system, its hydrolysis produces ammonia and formate,
which is a heat-stable salt. Reaction of HCN with oxygen and
hydrogen sulfide (H,S) generates thiocyanate, another heat-
stable salt. The heat-stable salts are known to chelate iron,
which leads to accelerated corrosion. This also leads to faster
formation of particulate iron sulfide, which can plug filter ele-
ments, foul equipment, produce stable foams, and lower plant
capacity.

Base Metal Processing
Base metals such as copper, lead, and zinc are usually extracted
from their sulfide ores by a flotation process. Many investiga-
tions have found that the quality of the process water that is
used for flotation can have a significant impact on the flotation
performance for extraction of each of these base metals.

Muzenda (2010) reported on a study to determine the
effect of water quality on the flotation selectivity of complex
sulfide minerals. Several water types were tested, from differ-
ent thickener overflows and sewage effluent water (as process
water) and also a potable water source. The water types dif-
fered in pH, TDS, total suspended solids (TSS), and conductiv-
ity. The process waters reduced both the concentrate recovery
and mass pull but increased the concentrate grade. Conversely,
the potable water increased the concentrate recovery and mass
pull but decreased the concentrate grade. It is proposed that a
combination of process water and potable water supply should
be used in flotation circuits to balance the different effects that
the different water types have on flotation efficiency.

The key factors requiring consideration for the process
water that is used for based metal processing are pH and ion
content.

pH

Ng’andu (2001) reported on the results of investigations in
the Mufulira copper mine in Zambia. The investigation was
initiated to find out the reason for the reduction of flotation
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recovery after changes in the site water balance. Traditionally,
the mill water used for flotation consisted of 40% underground
water (pH = 7-7.5) and 60% of recycled thickener overflow
(pH >10.5).

The percentage of thickener overflow recycled was
decreased to only 40%. The study found that the resulting pH
in the primary grinding mill decreased from the previous range
of 8.5 to 9.5 to less than 8.5. It was found that the lower mill
water pH had a deleterious galvanic interaction between the
sulfide minerals and the cast-iron grinding media inside the
grinding mills. The consumption of oxygen created a strong
reducing environment in the slurry fed to the flotation pro-
cess, adversely affecting the proper adsorption and oxidation
of xanthate. Further, the sulfide mineral surfaces, which tend
to be cathodic, became prone to covering by hydrolytic oxide
layers, hindering the flotation response. Moving the quicklime
addition point from downstream of the milling process to the
inlet of the primary ball mills had a positive effect and signifi-
cantly reduced lime consumption.

lon Content

Forssberg and Hallin (1989) carried out studies on the effect
of recycle water on flotation process performance and con-
cluded the following:

The flotation process was stable in terms of sensitivity to
different levels of anion and cation content of the recycled
water, except the precipitation of gypsum. The calcium
and sulfate ion products in excess of the solubility level
of gypsum in a flotation system can affect the process.
The use of recycled water always had an effect on froth-
ing properties.

There was not any accumulation of the analyzed ions in
the recycled water.

Flotation problems appear to relate to process chemical
residues and different types of oils that accumulate in
tailings ponds, when conditions for their degradation are
poor.

Naturally occurring organic surface-active substances
like bacteria and humus acids can also interfere with the
flotation process.

Coetzer et al. (2003) investigated the impact of ions pres-
ent in various water sources (deionized, simulated circula-
tion, lead concentrate thickener, lead tailings thickener, and
borehole) on galena flotation to recover lead. The activation,
depression, and selectivity effects were different for each
water source. The borehole water had high salt content, which
decreased the froth stability, requiring a stronger frother to be
used. The water from the lead tailing thickener had the great-
est effect (negative) on galena recovery. It was concluded that,
to gain the full benefit from all of these water resources, it
would be necessary to first remove some of the ions that have
the greater negative impact on galena flotation performance.

Platinum Processing

Water chemistry influences the performance and selectivity of
the flotation process because the milled ore is constantly in
contact with water. Solution chemistry 1s extremely complex,
and no one rule applies for all systems, or for a circuit as a
total. Slatter et al. (2009) summarized several case histories
where the process effects of water quality and impact of recy-
cling were evaluated.

The key factors requiring consideration for the process
water used for platinum ore processing are dissolved salts,
reagent addition, ore dissolution, and organics.

Dissolved Salts

Slatter (2001) found that flotation reagents were more effec-
tive in process water with a higher TDS level (up to about
5,000 mg/L) rather than at lower TDS levels. In some sites, very
little fresh water is available to the process, and so seawater
(with TDS of 35,000-45,000 mg/L) or highly saline borehole
waters are used in grinding (Dunstan 1999). Flotation in higher-
salinity waters appears to cause little or no mineral dissolution,
indicating little surface alteration (Shackleton et al. 2001).

At very high TDS levels, high levels of chlorides can
have a negative effect on a smelter. To limit these negative
effects, the concentrate is often washed with water that is low
in chloride before it is sent to the smelter. The chlorides are
also responsible for corrosion, and all materials from which
the mills, flotation cells, launders, and so forth, are made need
to be corrosion resistant, all of which adds to the capital costs
of the process.

Research has shown that calcium and thiosulfate ions
affect sulfide flotation differently:

e Calcium activates the adsorption of collector ions when the
galvanic effect of mill iron is effective. An investigation
into the effects of synthetic waters on synthetic minerals
indicated that the adsorption of calcium onto pentlandite
and pyrrhotite surfaces increased the minerals hydrophi-
licity. As a result, more xanthate was required to induce
hydrophobicity of the minerals (Malysiak et al. 2003). In
one process, substituting soda ash for lime decreased the
amount of calcium in the process, which increases value
recovery because calcium tends to precipitate on the min-
eral surface, causing depression (Smart et al. 1999).

« Thiosulfate, which also tends to be generated in flotation
cells (Forssberg and Hallin 1989), decreases the adsorp-
tion of hydrophilic compounds such as metal hydroxides
(Kirjavainen et al. 2002).

Reagent Addition

Flotation of minerals from gangue and from each other makes
the use of their different surface properties (Arnold and Aplan
1986). These surface properties are affected by solution com-
ponents (e.g., passivation of mineral surfaces may occur due
to ion precipitation), and this has a negative effect on flota-
tion because the surface chemistry of the mineral is changed.
However, the effect of these components may be somewhat
negated by using reagents to modify the surface properties
(Smith and Hertzog 1985).

Reagent consumption decreases by about 50% when
water from the process is reused compared with potable water
(Forssberg and Hallin 1989). However, these recycled waters
can cause very stable froths to form; consequently, measures
need to be taken to ensure that water causing stable froth for-
mation is not used. Cleaner circuits are the most sensitive to
changes in froth properties, as the selectivity between sulfide
particles and fine-sized gangue mainly depends on the water
content in the froth. When the froth is stable and has a higher
water content, selectivity tends to be reduced. MIBC (methyl
isobutyl carbinol) has been used as the frother of choice in a
closed water system because over-stable froths do not form
(Johnson 2003).

Copyright © 2019 Society for Mining, Metallurgy, and Exploration. All rights reserved.



9.2 | Water Balance

1139

Ore Dissolution

Ore dissolution can also cause various elements/compounds
to accumulate in solution, which alter the chemistry of the
system (Rey and Raffinot 1985). An example of ore disso-
lution effects is in a complex sulfide flotation plant where
small amounts of copper may be dissolved during ore—water
interaction. This effect can be further increased as a result
of water recycling. Eventually, the level of dissolved copper
may become high enough to cause the formation of sphalerite
(which should be depressed at the start of the float) to be acti-
vated (Smith and Hertzog 1985).

Organics

Some natural organics (humic, fumic, tannic, and stearic acids)
have a detrimental effect on flotation (Hoover 1980). High
TOC levels also seem to cause frothing problems (Forssberg
and Hallin 1989). In some cases, using recycled treated sew-
age effluent waters caused frothing problems across a flotation
bank. Work has been performed showing that a foam fraction
may improve the frothing problem but does decrease in metal
recovery.

Uranium Processing
Uranium is extracted from the raw ore by oxidizing and leach-
ing the ore material with an acid or alkaline leaching solution.
As discussed in the NRC (2012) publication, the selection of
either an acid or alkaline leaching solution depends on the
nature of the ore. This requires extensive testing, economic
studies, and environmental considerations to decide the final
process choice.

Uranium is found in many deposits as uranium dioxide
(as UO; in the +4 oxidation state). Given that uranium dioxide
is insoluble, it needs to be converted first into a water-soluble
form to enable extraction to take place. The first step in any
uranium leaching operation is the oxidation of the uranium
oxide from +4 oxidation state to +6. The second step is the sta-
bilization of the uraniferous ions in the leaching solution. The
uraniferous ions form stable, soluble complexes with sulfate
or carbonate. Therefore, sulfuric acid is added as the source
for sulfate ions when acid leaching is used. For alkaline leach-
ing, sodium bicarbonate, sodium carbonate, or carbon dioxide
are added to provide a carbonate ion source.

The key factors requiring consideration for the process
water that is used for uranium ore processing are acid leaching
and alkaline leaching.

Acid Leaching

Acid leaching is usually more effective with the difficult-to-
treat uranium ores. Sulfuric acid is typically used because of
the good solubility of uranyl sulfate complexes. The reac-
tion is typically performed at slightly elevated temperatures
(50°-60°C) and can often release H,, H,S, and carbon dioxide
(CO,) gases during the process. The uranium goes through
a series of reactions, eventually leading to the formation of
the desired uranyl sulfate complex. Oxidizers such as oxygen,
hydrogen peroxide, sodium chlorate, or manganese dioxide
are used to maintain the presence of the hexavalent U cation.

Alkaline Leaching

Alkaline leaching solutions using sodium carbonate (30—
60 m/L) and sodium bicarbonate (5-15 m/L) tend to be more
selective to uranium minerals, so the leaching solution will

contain fewer impurities. Consequently, the uranium oxide
can be directly precipitated without further purification. The
alkaline solutions are less corrosive and can be recycled with-
out the annoyance of increasing impurity concentrations.
However, because of the slower reactivity of the alkaline
solutions, increased pressures and temperatures (90°-95°C)
are often needed.

Because both acid and alkaline leaching require relatively
high concentrations of reagents, it is likely that variations in
the quality of the raw water and the process water have little
impact on the uranium leaching performance. The ore slurry
(with the uranium in solution) requires the separation of the
solids from the uranium-containing liquid. This is commonly
performed using filters (horizontal belt, pressure, or drum
filters) or a series of thickeners or decanters. The slurry is
washed with acidified water in the acid leach process, or water
only in the case of the alkaline leach option, in what is termed
countercurrent decantation. The washed solids (now referred
to as tailings) are neutralized and then forwarded to a tailings
impoundment facility for storage.

Coal Processing
Raw coal extracted from the mine needs to be cleaned using dif-
ferent physical processes, with or without chemical agents, to

« Remove inorganic material (ash), thus reducing ash han-
dling in plants that are using coal for coke making or
power generation;

« Increase the heating value of the coal; and

« Reduce the transportation cost per unit weight of coal.

The availability of good-quality process water in suf-
ficient quantities is seen as an emerging issue in the coal
industry in many countries. Potential approaches to meet this
challenge are to

¢ Reduce water consumption in coal preparation,
« Increase recycling, and
« Use saline mine water (if available) on the mine site.

Most of the process water is supplied by thickening units,
which settle out ultrafine suspended solids and enable the
recycling of the clarified water back into the plant. A small
amount of fresh makeup water from an external source is
usually required to satisfy the balance between moisture con-
tents of solids entering and exiting the plant. The clarification
and recycling of process water provides an effective means
of reducing freshwater demands and lowering environmental
impacts. However, plant operators are faced with increas-
ing difficulty in avoiding the buildup of contaminants in the
process water. Evidence suggests that dissolved ions and sus-
pended solids adversely impact the performance of dewater-
ing processes.

Flotation is commonly used to treat fine coal (typically
<500 pm in size). This is a complex process that is controlled
by three facets: coal, chemistry, and machine. Flotation is most
often used for treating metallurgical coal fines where the value
of the product can justify the added treatment cost of cleaning
and dewatering the product component. Because of improve-
ments in flotation technology and the dewatering of both
product and tailings, this avenue is becoming increasingly
attractive for treating thermal coals. Deterioration of process
water quality reduces sizing efficiency, lowers flotation recov-
ery, and increases magnetite losses.
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The key factors requiring consideration for the process
water that is used for coal processing are salinity and sus-
pended solids.

Salinity
Ofori et al. 2009 reported on a study to identify the impacts of
using saline mine water as process water for coal preparation.
The study examined the interaction between dissolved electro-
lytes, hydrophobic solids, hydrophilic solids, and air bubbles
in terms of how they impacted coal preparation unit opera-
tions. The aim was to study the important physical forces that
control the behavior of solids, liquid, and air bubbles in coal
preparation processes. How the manipulation of these surface
forces could mitigate negative effects of saline water use and
thus maintain optimum process efficiencies was also studied.
In terms of the process, saline water had a positive impact,
resulting in improved flotation recovery and/or reduced flota-
tion reagent consumption. The impact was even greater when
higher concentrations of divalent cations such as Mg®" and
Ca?" and divalent anions such as SO,*~ were present. The
extent of this positive effect was determined to be dependent
on the type of coal being processed. However, with regard to
filtration and sedimentation rates, the impact of saline water
was negative if no flocculent addition was being used. If
flocculants were used, it had such an overwhelming positive
impact on filtration and sedimentation rates that it overshad-
owed the negative effect due to salts. In this situation, the
presence of the salts (in most cases) resulted in clearer sedi-
mentation overflow, with less residual solids.

Suspended Solids

Physical separation processes such as dense medium cyclones
are widely used for washing coal with particle sizes >0.5 mm.
Process water used for these physical separation processes
requires certain limits on suspended solids levels, depending
on the individual equipment requirements. The water quality
and size separation is specific to the usage and cannot be gen-
eralized. Even a specific duty such as filter cloth spray nozzles
requires a drastically different particle cut size, depending on
the type and aperture of nozzles used.

Bickert (2013) undertook a review of filtration technolo-
gies currently used with the potential to improve process water
quality from a solids content perspective. Fully automatic back-
wash filters with nozzles, suction scanners, and/or mechani-
cal screen cleaning were most suitable and cost-effective for
solids removal from process water, where a separation size of
50-500 um is sufficient. Where it is necessary to have essen-
tially complete solids removal, or where the process contains
mineral matter, media filters such as the continuous sand filter
should be considered. However, these media filters should be
fed with water with <200 mg/L solids, and so coarse screen fil-
ters may still be required for pre-filtration. Technologies such
as flotation and gravity clarification are less suitable for solids
removal from process water, because of their limited perfor-
mance with low levels of solids in the water.

WASTEWATER TREATMENT

The main liquid waste streams that are generated from most
mining sites arise from the various hydrometallurgical pro-
cesses such as leaching, thickening, and flotation. The mining
wastes include concentration process wastes, heap leach-
ing products, and old slurry tailings from discontinued min-
ing operations. The environmental threat imposed by these

effluent streams can be attributed to various chemical com-
pounds, toxic metal ions, and extreme pH variations. Some of
these environmental threats exhibit the possibility of contami-
nating surface and groundwater through one or more of the
following mechanisms:

» Acid mine drainage

« Release of residual cyanide and soluble metal species
from heap leaching operations

» Mineral dissolution that results in the release of metal
species and other anions

The extent to which these processes pose environmental
threats highly depend on the process occurrence and contain-
ment techniques employed, as well as the nature and concen-
tration of the species.

A detailed understanding of wastewater sources and their
characteristics is essential for the purposes of selecting, as well
as developing, efficient and reliable water management and
wastewater treatment systems. Such knowledge, coupled with
effluent design criteria, is utilized in establishing the level,
type, and capacity of wastewater treatment that is required to
meet the stringent environmental legislations, as prescribed by
different environmental protection agencies globally.

The chemical characteristics are dependent on the com-
plex interactions between the metallurgical processes and
reagents, ore chemistry, and site hydrology. The fate of the
effluent streams can be determined by the following scenarios:

 Suitability for treatment to recycle for specific uses on-
site. This will be driven by the process performance
factors.

« Treatment to meet stringent limitations for discharge
to the environment. The actual treatment required will
depend on the actual components that are in excess the
discharge limits to be met.

» Containment on-site with no release to the environment.
Effective containment can be achieved by using tailings
impoundments, heap leach pads, or solution ponds that
are constructed with impermeable barriers between the
contained liquid and the surrounding ground. For smaller
volumes, steel tanks or concrete sumps can also be used.

The specific issues with treatment of wastewater from
gold, base metals, platinum, uranium, and coal ore processing
facilities are discussed in the following sections.

Gold Processing

Effluent Characteristics

The significant variability of wastewater characteristics from
gold mining processes, in terms of heavy metals and cyanide
levels, is demonstrated in Table 1. The Yanacocha gold mine
in Peru and the David Bell mine in Canada are good examples
of technologies applied to reduce cyanide levels in the mine-
site wastewater streams (Diaz et al. 1998: Meyer 1992).

Effluent for Recycle

The need for treatment of recycle streams is driven by the
necessity to manage the quality of the process water. As dis-
cussed earlier, pH plays a significant role in the efficiency of
gold extraction by cyanide. Recycle streams (untreated or
treated) that contribute to an increased process water pH are
desirable. These could increase alkalinity, or reduce magne-
sium that acts as a buffer on the cyanide solution.
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Table 1 Chemical composition of barren, decant, and seepage
solutions

Table 2 Guidelines for discharge from gold processing
EPA* Guidelines EPAT Guidelines

Variable/Parameter Concentration Range Parameter for 1 Day for 30 Days
Arsenic, mg/L <0.020-10.0 Cadmium, mg/L 0.1 0.05
Cadmium, mg/L <0.005-0.02 Copper, mg/L 0.3 0.15
Chromium, mg/L <0.02-0.10 lead, mg/L 0.6 0.3
Copper, mg/L 0.1-400 Mercury, mg/L 0.002 0.001
Iron, mg/L 0.50-40 pH 6.0-9.0 6.0-9.0
lead, mg/L <0.01-0.1 Total suspended solids, mg/L 30 20
Manganese, mg/L 0.1-20 Zinc, mg/L 1.5 0.75
Mercury, mg/L <0.0001-0.05 Data from EPA 2018.
Nickel, mg/L 0.02-10 “Maximum for any one day. _
—— <0.02-6 tAverage of daily values for 30 consecutive days.
Silver, mg/L <0.005-2 .
B, BT Natural Degradahon' o _ .
; The natural degradation of cyanide is achieved by the combi-
Total cyanide, mg/L 0.5-1,000 ; . . : e .
) nation of the mechanisms of volatilization, UV degradation,
WA eyonile, mal s the formation of strong complexes, adsorption, and biological
Free cyanide, mg/L <0.01-200 oxidation (Rouse and Pyrih 1998). This process occurs primar-
Ammonia-N, mg/L <0.1-50 ily because of auto-oxidation. For example, the Homestake
Thiocynate, mg/L <1-2,000 Mining site in New Mexico (United States) reported natural
pH 2.0-11.5 cyanide breakdown occurring in the tailings pond as well as in
Hardness {as CaCO3), mg/L 200-1,500 the mine (Halbe et .3.[. 1979) . )
Sulfate, mg/L 5-200,000 Research findings in Canada on natural degradation in
T ure. °C 095 the tailings ponds showed that natural degradation reduced the
emperature,

Adapted from Smith and Mudder 1991

In some cases, removal of magnesium by ion exchange
or softening may be advantageous. Removal of sulfate ions
may assist with reduction of gypsum formation and associated
problems with scale deposition. Recycle of cyanide ion could
contribute to lower cyanide dosing to maintain cyanide solu-
tion concentrations.

Effluent for Discharge

The U.S. Environmental Protection Agency (EPA) sets limits
on discharge from sites that utilize processes for the beneficia-
tion of gold ores. The limits shown in Table 2 are based on
the degree of effluent reduction attainable by the application
of best practical control technology (BPT). These limits are
similar to those applied to copper, lead, and zinc processing.

Because cyanide solutions are commonly used for gold
extraction, the effluent usually contains free cyanide concen-
trations that are well in excess of the safe level for release to
the environment. There have been several different treatment
processes used to treat effluent from gold mining/processing
sites, and some of the more commonly used processes are
discussed below. These processes have needed to take into
account the local conditions such as ore chemistry and site
hydrology as well as sludge treatment and disposal costs.

The most critical selection criterion for a certain treat-
ment method is the stability and concentration of a given
solution. This is because every facet of the mining operation
affects the quantity and quality of wastewater produced. It
1s within this context that the process, or processes, selected
must be reliable and flexible enough to maintain a consistently
high-quality effluent throughout the life span of the mine, and
even beyond mining.

CN™ concentration from 68.7 to 0.08 mg/LL during the warmer
period (Schmidt et al. 1981). Most of the degradation was due
to dissociation of cyanide complexes coupled with volatiliza-
tion of molecular HCN. Oxidation of free CN™ to CNO~ only
accounted for about 11% of the conversion, and photo- and
biodegradation could not be detected. No degradation was
detected during the colder winter months.

Though natural degradation is a simple method that
reduces cyanide concentration to acceptable levels, its success
depends upon the amount and species of cyanide present as
well as the retention time the storage pond can provide. Even
where the natural degradation process does not provide a final
effluent with the desired level of CN™, the process is useful in
decreasing the amount of cyanide that may have to be treated
further using chemical means (Ritcey 2005).

Natural degradation can be influenced by variables such
as the cyanide species in solution and the relative concentra-
tions, temperature, pH, aeration, sunlight, presence of bac-
teria, pond size, depth, and turbulence. Evaporation can be
used effectively as a means of destroying cyanide in arid
regions such as in Western Australia, South Africa, and the
western United States. These arid areas are characterized by
high evaporation rates, and therefore, the runoff into rivers
and lakes is not a problem (Ritcey 2005). The key limitation
of natural degradation is that it can take too long to detoxify
a heap to meet regulatory limits; consequently, the operation
and maintenance costs are higher (Marsden and House 2009).

Barren/Freshwater Rinse

Mosher and Figueroa (1996) described barren/freshwater
rinse treatment as the washing of heaps with solution from
the barren pond, only using fresh water to make up for the
evaporative losses. No reagents were used and cyanide con-
centrations decreased, possibly due to a combination of native
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bacterial action, complexation, and volatilization processes.
This treatment method suits mostly climate regions where
there is a negative water balance as well as relatively cheap
sources of water.

The method is characterized by a low requirement for
additional capital equipment, no reagent additions, and it
incurs no additional engineering costs. However, its short-
comings include high operation and maintenance costs as well
as long waiting periods to rinse the heap down to the stipu-
lated closure standards.

Artificial Wetlands

Greenway and Simpson (1996) presented results indicating
that artificial wetlands can be used for treating gold mine
leachate that contains cyanide. Their findings showed that
the final effluent was of good quality and suitable for reuse
purposes such as irrigation. Larsen et al. (2004) showed that
cyanide can be removed using woody plants that have a high
capacity to eliminate free cyanide.

The selection of suitable plants depends on the conditions
at the mine (climate, soil, etc.) and their cyanide removal
capacity. For applications in a humid climate zone, the willow
hybrids have shown the most promising results so far (Rytter
and Hansson 1996). It was found that a maximum of 1,100 kg
of free cyanide could be removed by 1 ha of willows for a
growth period of 200 days.

Bacterial Oxidation

Some bacteria species are able to metabolize cyanide and
thiocyanate. Different species degrade cyanide into products
such as ammonia and formate, based on the results of Raybuck
(1992) and others. Free metals are either absorbed within the
biofilm or precipitated from solution (Akcil 2003). The case of
degrading the metal cyanide complexes is generally in accor-
dance with their chemical stability, with free cyanide being the
most readily degradable and iron cyanide the least.

The first successful large-scale application of the bio-
logical oxidation method for the treatment of gold cyanide
leaching effluent was carried out by Homestake Mining
Company in South Dakota (United States) in 1984 and was
operated successfully until the mine closed because of a lack
of ore (Whitlock and Mudder 1986). The mechanism of the
biological treatment of effluent-containing cyanide has been
described in detail by Akcil (2003). The biological process is
made up of two main stages:

1. Bacterial oxidation of CN™ and SCN™ to produce CO;2",
SO4*", and NH,4", by using indigenous microorganisms
that are acclimatized to cyanide and thiocyanate.

2. Nitrification of NH; into NO;?~ by the Nitrosomonas and
Nitrobacter anaerobic species.

Soda ash is added as a source of carbon to assist nitrification.
Phosphorus is also required as a trace nutrient.

The bacteria that are attached to the discs in rotating
contactors absorb the metals, once released from the cyanide.
After the biodegradation and metal removal in the contactors,
ferric chloride is added to aid clarification, followed by sand
filtration. The key merits of this technique include

« Low reagent and operating costs;
= The potential to treat total cyanides without creating sec-
ondary waste streams; and

« The ability to remove thiocyanate, ammonia, and nitrate,
unlike the costly chemical-based approaches (Given et al.
1998).

Although the initial investment cost is high, the operational
costs are relatively low, so the net present worth is very low
for a biological technique (Nelson et al. 1998). Biological
processes, which are quite promising in terms of satisfying
both the extraction and environmental control requirements,
have been proven at large scale in well-understood engineer-
ing systems in countries such as the United States and Canada
(Mudder et al. 1998).

Biotechnological treatment processes are under various
stages of development; however, many proposed processes
cannot currently compete with the conventional technologies
and are unlikely to do so unless regulatory standards change.
Processes that have been applied commercially are

« In-plant cyanide destruction,

 In situ cyanide destruction of spent heap leach piles,

* Metal and sulfate removal using active (in-plant) sulfate
reduction, and

* Limited use of passive processes such as wetlands and
ecological engineering for metals polishing.

Biotreatment of cyanide and associated species, such
as ammonia and thiocyanate, in gold plant effluents can be
readily adapted to handle large flows and the cyanide concen-
trations found in commercial gold operations. Commercial
applications involving both in-plant treatment as an alterna-
tive to chemical processes and in situ cyanide destruction of
spent heap leach piles are being used (Lawrence et al. 1998).

A full-scale combined biological and chemical treatment
facility currently operating in Turkey consists of three steps
(Akcil 2003):

1. Combined activated sludge treatment for the conversion
of thiocyanate (SCN™) to ammonia (NH;) and for the oxi-
dation of the ammonia (NH;) formed to nitrate (N()32’);

2. Denitrification treatment to reduce NO, to nitrogen gas
(N,); and

3. HDS ferric sulfate treatment to precipitate arsenic and
other metals as sulfate (SO,%).

Trickling Filters

Trickling filters are the most frequently used fixed-film biore-
actors for treating wastewaters containing free cyanide, car-
bon oxygen demand, thiocyanate, and copper and zinc ions
(Evangelho et al. 2001). In these reactors, microorganisms are
attached to a solid substratum in which they reach relatively
high concentrations. The trickling filter is suitable for treating
wastewaters with significant variations in organic and hydrau-
lic loads.

The results indicate that approximately 90% of the free
cyanide, thiocyanate, copper, and zinc in the influent are effec-
tively removed. These removal efficiencies were obtained
when the pilot bioreactor was operated without recirculation.
Using recirculation brought about a decrease in pH and low-
ered the efficiency of zinc removal. The microbial activity was
responsible for thiocyanate degradation and copper removal.
The tests carried out in the reactor without biomass showed
that the percentage of free cyanide removed by volatilization
was low (22.6%) and was even lower when recirculation did
not take place (7.7%). This confirms the important role that
the biomass plays in the degradation of this pollutant.
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Among the key merits of this process are that it is simple
and easy to operate and has low energy requirements. It is
possible to retain microorganisms with a slow growth rate,
such as those responsible for cyanide degradation. However,
its weakness lies in the inability to renew the biomass, as the
metal accumulation may lead to biological activity inhibition.

Sulfur Dioxide-Inco Process

The SO,—Inco process involves the oxidation of cyanide to
cyanate (CNO7) in the presence of Cu(Il) ions as a catalyst,
according to the following equation:

CN-+ B0+ Hi0 +0y—5CNO" + H,80), (EQ 3)

The oxidation reaction appears specific to cyanide and cyanide—
metal complexes. Hexacyanoferrates are not oxidized but are
removed in the final treatment stage by precipitation. If pres-
ent, some thiocyanate is degraded. If nickel is used as the cata-
lyst, oxidation of thiocyanate proceeds at a slower rate.

The process has the added advantage of using a relatively
inexpensive reagent. Also, the cyanate produced may be sig-
nificantly less toxic than cyanide to receptor organisms such
as fish, animals, and humans. However, the chemical-handling
systems are rather more complex than for a hydrogen peroxide
system, resulting in higher capital costs.

Ozonation

The oxidation reaction of ozone with cyanide is rapid. The
rate of decomposition of complex cyanides with ozone var-
ies with the stability of the metal complex. Nickel, zinc, and
copper complexes are readily oxidized, whereas iron cyanides
decompose with difficulty, unless performed at elevated tem-
peratures or with UV light.

Reaction rates can be improved by metal ions such as
Cu?*, where the presence of 20 mg/L of copper doubles the
rate of oxidation (Rowly and Otto 1980). The rate of decom-
position is also increased by 50% at pH 12-13 compared to
pH 9-11. A combination of both pH and copper addition can
enhance the decomposition threefold.

Acidification, Volatilization, and Reneutralization
The AVR process (also known as the Merrill-Crowe process)
exploits the fact that hydrogen cyanide is volatile at 26°C
and 100 kPa. Early applications were aimed at reducing the
cyanide consumption, as opposed to effluent control. In this
process, the solution containing the cyanide is acidified using
sulfuric acid (H,S0,), and the HCN gas is swept by air to
an absorber tower and contacts lime slurry. The alkaline cya-
nide is returned to the process circuit. Ferrocyanide or thio-
cyanate are not destroyed by the treatment process, but they
are precipitated completely by copper or zine double-complex
formation.

The unique processing steps in the AVR process result in
the following benefits:

* Production of a metal salt by-product for recycling to the
treatment process, if required.

+ Availability of the metal salt by-product for recycling to
a novel “polishing” step, which can reduce the metal cya-
nide content of the final effluent to ~0.1 mg/L.

* Rejection and stabilization of the iron content of the bar-
ren bleed for disposal to tailings.

« Cyanide is recoverable for reuse in the leaching process
with a recovery potential better than 90%.

* Process efficiency is not sensitive to fluctuations in feed
contaminant levels of CN~or heavy metals concentrations.

However, the AVR process has several limitations:

¢ The hydrocyanic acid vapor is a hazard. Acidification
and volatilization systems must be tightly sealed, and
the plant area designated for this part of the operation
must be well vented as precautionary safe practice. This
increases the costs of operations.

« The process is more energy-intensive than other methods,
such as ion exchange or chemical oxidation.

« It may not be suitable for applications where the efflu-
ent is discharged directly into any environmentally sen-
sitive receiving watercourse without the utilization of
on-property ponding or a polishing step.

« For very dilute barren bleed (CN~ < 100 mg/L), the capi-
tal equipment outlay is relatively high.

More recently, considerable research has been directed
toward improving the AVR process because of the high cost of
cyanide destruction. With various specific modifications, the
AVR process has now been installed in several gold cyanida-
tion plants throughout the world. It has also been successfully
used in the application to silver cyanide leaching circuits for
the recovery of cyanide for reuse (Botz and Mudder 1998).
Prior to the mine closing in 1998, Kinross Gold Corporation’s
DeLamar mine in Idaho (United States), was able to achieve
approximately 95% of the cyanide it recovered, leaving a
residual of about 20 mg/L to be discharged to tailings and
natural degradation. As an alternative to the AVR process, the
SART (sulfidization, acidification, recycling, and thickening)
process has been used in other mines, as detailed in McGrath
etal. (2015).

Because the cyanide is usually complexed with base
metals, there has been considerable work directed toward
the breakdown of the complexes for the recovery of cya-
nide. With the modifications applied to liquors, similar pro-
cesses have resulted in the presence of solids such as the AFR
(acidification—filtration—reneutralization) process (Fleming
and Trang 1998). In that process, as applied to tailings, it is
necessary to achieve lower final-pH values to achieve opti-
mum precipitation of Cu, Fe, CN™, and SCN™. The recovery
of cyanide was reported to be in the order of 80%. Because
most of the metal and cyanide contents can be recovered,
the final waste solids contain no nonferrous base metals, and
the precipitated metals can be returned to a mobile state in the
tailings pond.

Alkaline Chlorination

Alkaline chlorination is a chemical process involving the
oxidation and destruction of free and WAD forms of cya-
nide under alkaline conditions (pH range of 10.5 to 11.5).
[t is among the oldest and most widely recognized cyanide
destruction technologies based on operational experience and
engineering expertise (Smith and Mudder 1991). Cyanide is
oxidized by the hypochlorite ion, which can originate from
either chlorine gas or a hypochlorite salt (sodium or calcium).
The hypochlorite ion oxidizes cyanide to cyanate according to
the following simplified reaction:

OCI+CN-— CNO + CI- (EQ 4)

WAD cyanide is also oxidized to cyanate, but hexacyano-
ferrates are not removed. Ferrocyanide complexes can be
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partially oxidized to ferric cyanides but are not removed with
copper precipitation. Additionally, thiocyanate is oxidized
preferentially to cyanide, increasing reagent consumption to
meet a given WAD cyanide discharge limit.

This method has recently fallen out of favor because
of the environmental implications of the process itself.
Chemicals used in the process, whether sodium hypochlorite
or chlorine gas, involve complex handling issues. Depending
on the receiving water, it may also be unacceptable to add
sodium. Notably, the excessive unreacted hypochlorite is toxic
to fish. Finally, poor process control can cause the evolution
of other toxics. These compounds, together with residual chlo-
rine issues, have necessitated the development of alternatives
of non-chlorine methods for the elimination of cyanides.

Hydrogen Peroxide

Hydrogen peroxide has replaced alkaline chlorination for
many cyanide destruction applications, and it is often the
method of choice for clear liquor detoxification, including
heap leach decommissioning. Although relatively higher in
cost, hydrogen peroxide presents some significant advantages
over other chemical methods:

 [s a very strong oxidizing agent

* Does not introduce any other contaminants

« Simple process operating over a wide pH range

» Typically reduces cyanide levels down to below dis-
charge limits

» Excess hydrogen peroxide decomposes to water and
oxygen

Recent work by Kitis et al. (2005) has attempted to exam-
ine the effectiveness and kinetics of destroying cyanide using
hydrogen peroxide in the tailings slurry from gold mines that
are characterized by low sulfide and heavy metal content. The
hydrogen peroxide oxidizes cyanide according to the follow-
ing reaction:

CN-+ H,0, — CNO™ + H,0 (EQ 5)

In the event that hydrogen peroxide is added in excess,
nitrite and carbonate are formed, and eventually nitrate forms
(Monteagudo et al. 2004). Also, copper or proprietary reagents
may be used as catalysts. Hydrogen peroxide does not directly
oxidize ferrocyanides, but these compounds can be removed
by precipitation as copper ferrocyanide.

The primary drawback of hydrogen peroxide is its rela-
tively high unit cost. Recently, the Degussa mine (part of

Sandfire Resources) has carried out work with mixtures of
hydrogen peroxide and Caro’s acid, a promising approach
that may reduce the overall reagent cost. The process 1s typi-
cally applied to achieve effluent cyanide levels suitable for
discharge. This is a relatively simple process that is capable
of operating over wide pH ranges without increasing total dis-
solved solids, as opposed to other chemical processes.

Base Metals Processing

Effluent Characteristics

The main streams contributing to the combined effluent from
sites processing base metals (copper, zinc, and lead) usually
originate from cyclone underflows, thickener overflows, and
tailings dams. These sources contain varying amounts of
anions, cations, dissolved heavy metals, suspended solids, and
dissolved salts. Return of cyclone underflow from primary
grind and regrind operations can introduce high levels of dis-
solved species from soluble mineral phases such as pyrrho-
tite, siderite, brucite, and other metal hydroxides, sulfates, and
carbonates.

Effluent for Recycle

The opportunity for treatment of this effluent, either from the
individual sources within the mine site or processing area, or
as a combined stream, is driven by the need to maintain suit-
able quality of the water streams. For some of the individual
effluents, their quality may be suitable for direct reuse for spe-
cific site uses such as dust control (with little or no treatment).
In other cases, some treatment may be required before internal
recycle to specific end uses. An example of mine-site water
treatment is provided in Figure 7.

Effluent for Discharge

The EPA sets limits on discharge from sites that use froth flota-
tion processes (alone, or in conjunction with other processes)
for the beneficiation of copper ores, lead ores, and zinc ores.
The limits shown in Table 2 for gold processing also apply to
base metals processing and are based on the degree of efflu-
ent reduction attainable by the application of BPT. The limits
shown in Table 2 are similar to those applied to discharges
from silver ore processing (EPA 2018).

The effluent that is surplus to site requirements for recy-
cling may need to be collected on-site before it can be disposed
of by evaporation or discharged to a suitable water environ-
ment. Where one or more of the contaminants in the effluent
exceeds the discharge guidelines, additional treatment over

Ferric Chloride Sodium Hypochlorite =

Mine Water —s=

Actiflo Clarifier

Potassium Permanganate
Greensand Filter

Reverse Osmosis

|

'

Waste Tank

ﬁ—v Existing Waste Ponds

Degassing Tower

6_» Environmental
Discharge

Product Water

Source: Madin 2007

Figure 7 The Bendigo Mining contaminated mine water treatment process
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Figure 8 Hydroxide precipitation process

that necessary for internal recycle is likely to be necessary.
Because effluents from these sites usually contain most of the
metals listed, several stages of treatment may be required to
address all of the limit exceedances.

Hydroxide Precipitation

Precipitation of metal hydroxides by adjustment of pH is com-
monly used for heavy metal removal. This process involves
dosing an alkali to adjust pH before flocculation to promote
the formation of hydroxide floc (Figure 8). This is followed by
settling to separate the solids for dewatering and/or disposal.
The alkali used is usually quicklime, hydrate lime, or caustic.
The parameters affecting chemical dose rate include inlet pH,
temperature, alkalinity, hardness, metals concentration, and
the desired final pH. The actual determination of the required
chemical dosage is best carried out using laboratory jar tests
on samples of the actual wastewater to be treated.

Figure 9 shows the solubility curves for some heavy met-
als. Most of these exhibit inverted curves as pH increases
and have different minimum concentrations. Selection of the
desired pH to operate the hydroxide precipitation process will
depend on the contaminant levels that are present and their
relativity to the guideline limits for these contaminants. For
example, copper, lead, and zinc have minimum solubilities
within a relatively narrow pH range from 8.9 (copper) to 9.3
(lead). Selecting a pH control range of, say, 9.0 to 9.2 may be
suitable for minimizing the concentrations of these three met-
als. However, the presence of one or more other heavy metals
(e.g., nickel) at levels above the guideline limits may neces-
sitate a two-stage pH-adjustment approach.

The theoretical minimum concentrations that can be
reached for each heavy metal differ significantly. In the case
of copper (0.001 mg/L) and zinc (0.1 mg/L), the minimum
theoretical concentrations are well below the guideline limits.
However, lead is more soluble and its minimum concentration
of about 8 mg/L is well above its guideline limit.

In practice, however, the hydroxide precipitation pro-
cess (Coleman et al. 1980) seems to yield residual concentra-
tions that are different to the theoretical concentrations. For
example, lead residual has been reported as being reduced
to about 0.1 mg/L, which is much lower than the theoretical

104 Cu Zn

Pb

Fe*+

10 - Cd

Fet++

1072

Metal Concentration, mg/L

10-4
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Source: Aubé and Zinck 2003
Figure 9 Solubilities of heavy metals as a function of pH

concentration. Several physical phenomena (ionic strength,
co-precipitation, and adsorption) are believed to influence the
effectiveness of precipitation, especially in solutions contain-
ing multiple metal ion species. Therefore, it is very important
to carry out jar tests on the specific wastewater to determine
likely residual concentrations under different pH conditions.
In some wastewaters, hydroxide precipitation may not satisfy
the treatment objectives for all the dissolved heavy metals,
and further treatment may be required.

Sulfide Precipitation
In a similar process to hydroxide precipitation, dissolved met-
als can be removed by chemical formation of their sulfides that
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Figure 10 Solubilities of metal sulfides

are very insoluble. In general, sulfide solubilities are much
lower than hydroxide solubilities and continue to decrease as
pH increases, as shown in Figure 10. This has the advantage of
not requiring adjustment of effluent pH levels to meet guide-
line limits. However, for a successful outcome, sulfide pre-
cipitation requires the following:

« Sufficient available sulfide to drive the precipitation reac-
tion to completion.

» An efficient removal of the sulfide solids from the treated
water. This usually requires a final filtration process to
remove any unsettled solids from the effluent.

The most commonly used chemicals are the soluble sul-
fides, including sodium sulfide, sodium bisulfide, calcium
sulfide, and barium sulfide. Excess sulfide must be avoided
because of the potential formation of hydrogen sulfide gas.
Therefore, it is very important that sulfide dosing be accurately
controlled. One control method uses oxidation—reduction
potential (ORP) measurement to monitor the electrical poten-
tial of the reaction solution. When the precipitation reactions
are complete, there is a sharp decrease in the solution ORP.

Although the sulfide precipitation process usually pro-
duces less sludge than with hydroxide precipitation, sludge
disposal is more problematic. If metal sulfide sludges are
placed in a typical landfill, exposure to air can oxidize the
sulfide and eventually create an acid environment. As the pH
decreases, the heavy metals present can redissolve and be
leached from the site via surface runoff or percolation into
groundwater, Where a metal smelter is also on-site, the sulfide
sludges can be recycled back to the smelter for metal recovery.

lon Exchange
In general, ion exchange with strong acid cation resin works
better at removing heavy metals when the wastewaters are in

the pH range of 4 to 8, and when there are low suspended sol-
ids, iron, and aluminum concentrations. This process may be
better suited to treatment of selected wastewater streams using
prefiltration or as a polishing process. The more complex the
mixture of contaminants, the more difficult it is to achieve the
desired outcome. This is because of the following order of
selection for strong acid cation resins to remove ions:

Pb%" > Ca?" > Ni*" > Cd?* > Cu?* > Zn?"
>Mg?" > Kt > NH,* > Na?t > H*

This means that the capability of the resin to remove ions that
are lower down in the sequence (e.g., Zn?") can be retarded if
there is significant presence of other dissolved metals that are
higher in the selection sequence (e.g., Pb*")

Ion exchange has an advantage over the chemical precipi-
tation processes in that it produces much less waste for dis-
posal. The disadvantages of ion exchange are that (1) it cannot
handle concentrated metal solutions, particularly containing
iron and aluminum, which foul the resin; and (2) ion exchange
is nonselective and highly sensitive to the pH of the solution.

Adsorption

Recently, Barakat (2011) reported that adsorption has become
one of the possible alternatives for treatment of wastewater
laden with heavy metals. Basically, adsorption is a mass trans-
fer process by which a substance is transferred from the lig-
uid phase to the surface of a solid and becomes bound by the
physical and/or chemical interactions.

Various low-cost adsorbents, derived from agricultural
waste, industrial by-product, natural material, or modified
biopolymers, have recently been developed and applied for
the removal of heavy metals from metal-contaminated waste-
water. Technical applicability and cost-effectiveness are the
key factors that play major roles in the selection of the most
suitable adsorbent to treat these wastewaters.

Platinum Processing

Effluent Characteristics

Different platinum ores have different gangue materials, and
different grain sizes of precious metals and sulfides, and thus
are processed in different concentrators under different con-
ditions. In platinum processing plants, there are two main
sources of effluent streams that can potentially be used for
recycling on-site:

1. Thickener overflows, dewatering, and filtration units
directly connected to the concentrator (called short recy-
cle or internal recycle waters). These streams usually
contain higher levels of suspended solids.

2. Tailings dams and clarification ponds (referred to as long
recycle water). Typical contaminants are sulfate, chlo-
ride, fluoride, magnesium, calcium, sodium, potassium,
sulfides, heavy metals, silicates, iron hydroxide, and nat-
ural organic matter. Other contaminant residuals that are
present from the processing include frothers, collectors,
activators, and depressants. TDS levels also tend to be
higher than the raw water, as a consequence of evapora-
tion from the open surfaces.

Treatment for Recycle
The main factors that influence the quality of the water that is
available for recycle (Smith and Hertzog 1985) are
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= Quality of available makeup water,

« Dissolution of contaminants from the gangue or mineral
species,

« Flotation reagents and their degradation products,

 Tailings dam reactions,

» The extent to which recycle water is used and where it
is used (this is specific to each metallurgical plant), and

» Biological processes.

In the case of short-recycle waters, the flotation reagents
used have not usually had sufficient time in the water circuits
to decompose. However, the suspended solids levels tend to
be higher, and this can have a consequent negative impact on
flotation (Rey and Raffinot 1985).

For long-recycle waters, time effects can become impor-
tant, due to the delay in the water being returned to the plant
(Forssberg and Hallin 1989). Tailings return water tends to
have low redox potentials and low oxygen contents due to
the oxidation processes taking place in the pond. Most prob-
lems connected to the use of recycled water tend to be caused
by the process chemical residues and different types of oils
that may accumulate in tailings return dams (Forssberg and
Hallin 1989).

Because water recycling can cause an increase in total
dissolved salts as well as an increase in the specific gravity,
this can affect the process slurries. If the specific gravity of the
slurry is required to be kept constant, this can result in lower
solids percentage and throughput within a plant. Slurry vis-
cosity may also escalate with increasing electrolyte concentra-
tions because of particle aggregation, which can affect mineral
floatability as well as classification and pumping.

When recycling water within a process, monitoring the
composition of the process water is a necessity. This is needed
to identify substances having a negative effect on the process
and also to serve as a tool in acquiring information about the
process. According to Forssberg and Hallin (1989), chemi-
cal consumption decreased when water from the process was
reused. However, these recycled waters can cause very stable
froths to form’ consequently, measures need to be taken to
ensure that recycled water causing stable froth formation is
not used.

Generally, a flotation plant producing a single concen-
trate appears to be more amenable to recycling than one in
which two or more concentrates are produced (Johnson 2003).
Typically, if more than one concentrate is produced, it is
essential that the recycle stream(s) be treated, or be matched
to the concentrate, to ensure that deleterious reagents are not
introduced into the other concentrate’s water supply.

If treated sewage effluent is to be used as recycle water, it
may need to be treated with activated carbon, or ion exchange,
before it can be used in metallurgical processes. Different
sources of activated carbon need to be tested to find the one
that is most suitable for site-specific TOC removal. For exam-
ple, sugar-based activated carbon was most suitable for the
removal of organic sulfur and organic halides (Ng’andu 2001).

Interestingly, in one set of tests on molybdenite flotation
using sewage effluent as a water source, the removal of anions
with ion exchange was more beneficial than removal of TOC
with activated carbon (Schnitzler et al. 1983). This finding
was also observed for platinum flotation when treating process
water with an anion exchange resin (Slatter 2001).

Table 3 Guidelines for discharge from platinum processing

EPA* Guidelines EPAT Guidelines

Parameter for 1 Day for 30 Days
Cadmium, mg/L 0.1 0.05
Copper, mg/L 0.3 0.15
lead, mg/L 0.6 0.3
Mercury, mg/L 0.002 0.001
Zinc, mg/L 1.0 0.5

Data from EPA 2018
*Maximum for any one day.
tAverage of daily values for 30 consecutive days.

Treatment for Discharge

The EPA sets guidelines for discharges from mills using the
froth flotation process alone, or in conjunction with other
processes, for the beneficiation of platinum ores. The limits
shown in Table 3 represent the degree of effluent reduction
achievable by application of the BPT that is currently avail-
able (EPA 2018).

Effluent water that is excess to the site requirements for
recycle will usually contain quantities of heavy metals, dis-
solved salts, and suspended solids. Some of these parameters
will likely exceed the limits for discharge directly to the envi-
ronment. Therefore, before discharge, site effluents usually
require treatment to neutralize any chemicals and precipitate
any dissolved metals.

Uranium Processing

Efflvent Characteristics

Liquid effluents from uranium mining/processing sites typi-
cally contain both radioactive contaminants (uranium and
radium) and nonradioactive contaminants (including nickel,
arsenic, manganese, magnesium, molybdenum, selenium,
fluorides, and sulfates). The characteristics of uranium liquid
effluents depend on composition of the ore and the type of
mining and processing used to extract the uranium. Local cli-
mate can also play a role in treatment and control of effluents.

Treatment for Recycle

Because of the diversity of operating environments and potential
contaminating elements and compounds, a single treatment tech-
nology may not work for all potential contaminants. Therefore,
different combinations of treatment strategies may be required,
depending on the chemical composition of the effluents.

Water management within a mining project should start
with the characterization of all potential water sources, pos-
sible usage, and possible contamination issues. This includes a
site water balance analysis that assesses water flows and water
quality as well as identifies water recycle options. This water
balance analysis would account for seasonal variations and
consider the use of cut-off berms, stormwater ponds, and pos-
sible evaporation ponds, all based on a probable-maximum-
precipitation analysis with a suitable safety margin.

Excess water from mining operations and effluents from
mineral processing can be internally recycled to minimize
water usage and conserve process chemicals. Typical plant
water usage will be on the order of 0.5-2.0 m? of water per
ton of ore.
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Table 4 Guidelines for discharges from uranium processing

EPA* Guidelines EPAT Guidelines

Parameter for 1 Day for 30 Days
Arsenic, mg/L 1.0 0.5
Carbon oxygen demand, mg/L - 500
NH3, mg/L - 100

pH 6.0-9.0 6.0-2.0
Ra-226 (dissolved), pCi/L 10 3
Ra-226 (total), pCi/L 30 10
Total suspended solids, mg/L 30 20
Zinc, mg/L 1.0 0.5

Data from EPA 2018
*Maximum for any one day.
tAverage of daily values for 30 consecutive days.

Treatment for Discharge

The EPA sets guidelines for discharges from mills processing
uranium by using acid leach, alkaline leach, or a combined
acid leach and alkaline leach process, including sites where in
situ leaching is used. The limits shown in Table 4 represent the
degree of effluent reduction achievable by application of the
BPT that is currently available (EPA 2018).

Effluent water that is in excess of the site requirements
for recycle will usually contain quantities of heavy metals
or suspended solids that will exceed the limits for discharge
directly to the environment. Before discharge, site effluents
usually require treatment to neutralize any chemicals, precipi-
tate any dissolved metals, and to precipitate radium. A multi-
step process (Figure 11) is usually applied:

1. Heavy metals are
sedimentation.

2. Ph is adjusted.

3. Radium is precipitated with barium chloride.

removed by coagulation and

The selected treatment processes depend on the plant
process, type of ore treated, and chemicals employed. After
treatment, the water is discharged into holding ponds, where
it is analyzed to ensure that the treated effluents meet environ-
mental objectives before release.

Neutralization

Most conventional uranium mills use acid leach systems.
Neutralization of the acidic slurries and liquors with lime
before discharge is the preferred method for initial effluent
treatment. With the exception of radium-226, the removal
of heavy metals and radionuclides is typically greater than
99%. However, the resulting sludge contains concentrations
of heavy metals, radionuclides, and dissolved salts that well
exceed regulatory standards.

The sludge produced retains moisture and requires large
storage volumes that limit the quantity of water that is avail-
able for recycle. It is generally known in Australia that recy-
cling of the sludge and blending it with lime slurry can result
in higher-density sludge with 50%—-65% volume reduction.
Recovery of up to 16% more neutralized water for reuse was
also realized.

Radium Removal

Radium (as Ra-226) is usually still present in the effluent that
overflows from the neutralization process, so this requires fur-
ther specific treatment. Most operations dose barium chloride

to remove the radium by precipitation. Also, special resins
have now been developed that can efficiently remove radium
from dilute streams such as pond water.

In the case of barium chloride dosing, the resulting sludge
has high water content and needs large storage cells. In China,
research has been conducted suggesting that recycling the
sludge from barium chloride treatment reduces reagent con-
sumption and improves settling properties so that less water is
retained, reducing storage requirements and improving avail-
ability of water for recycling (Zhang et al. 2004a—d). Aerating
the sludge produced during neutralization can also lead to
formation of manganese hydroxide that absorbs radium,
potentially eliminating the barium chloride step and saving
on reagent costs (Zhang et al. 2004a—d). In effect, waste treat-
ment is accomplished by using modified waste from the leach-
ing process.

Biological Treatment

In Australia, two operating uranium mines have used wetlands
to treat ore stockpile runoff and water from the open pit for
10 years. The principal solutes of concern are UO,, Mn, NO;,
and SO, and, with the exception of sulfates, all are effectively
removed in the wetland environment. Carbon limitation of
bacterial activity has been identified as the cause of poor sul-
fate removal efficacy. Addition of biomass from a specific spe-
cies of green algae has proven effective in promoting sulfate
removal (Ring et al. 2004).

Other Treatments

Not all effluents require lime neutralization. For example, ura-
nium extraction using alkaline leaching produces an effluent
that mainly contains sodium sulfate and sodium bicarbonate.
Physical treatment methods such as evaporation, electrodi-
alysis, and reverse osmosis (RO) can be used. Some waste
streams from acid leaching sites such as mine water, drainage
from waste dumps, and contaminated surface waters may also
be treated with physical methods without neutralization.

In Australia, nanofiltration is effective in removing ions
from contaminated water. Nanofiltration is more cost effec-
tive than RO, where the removal of multivalent rather than
monovalent ions is important. Research has been conducted in
China on the use of macropore resins to remove uranium from
mine water (Zhang et al. 2004a—d). The macropore resins have
better adsorption properties than strong base ion exchange
resins that are currently used in most mine water treatment
systems.

Coal Processing

Effluent Characteristics

One of the main sources of effluent from coal processing is
the coal preparation plant, where the run-of-mine coal under-
goes a series of treatments, including washing, wet screening,
sedimentation, and dewatering. This part of the site requires
the circulation of large volumes of water from which large
volumes of wastewater containing a variety of solid particles
are generated.

Effluent from coal preparation plants can contain high
percentages of ultrafine particles and inorganic impurities,
which are composed of clay minerals such as kaolinite, illite,
muscovite, quartz, and coal particles. Suspended solids lev-
els in the effluent can range from 5,000 mg/L to as high as
30,000 mg/L. Wastewater can also be generated from other
coal site sources such as
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Figure 11 Typical uranium plant effluent treatment

» Groundwater produced during coal extraction,

« Water used by operators for equipment cooling and dust
control,

 Precipitation entering mines, and

» Contaminated stormwater at coal storage facilities.

The combined effluent produced from these sources can be
quite variable in quality. Some of these sources can be low pH,
with high levels of dissolved salts and heavy metals. Other
sources can produce near-neutral wastewater with low con-
centrations of heavy metals but with high hardness and silica
levels.

Treatment for Recycle
Typical water treatment processes for coal-impacted water
would include the following stages of treatment:

1. Removal of fine coal and suspended solids using media
filtration or membrane filtration.

2. Removal of heavy metals, silica, phosphate, and hardness
by using a chemical precipitation process.

3. Clarification followed by pH adjustment, ultrafiltration,
and RO.

Treatment for Discharge
The EPA sets the guideline limits shown in Table 5 for the
discharge of wastewater from coal preparation plant water
circuits and coal storage, refuse storage, and ancillary areas
related to the cleaning or beneficiation of coal of any rank
including, but not limited to, bituminous, lignite, and anthra-
cite (EPA 2018).

There are growing concerns that residual processing
chemicals used in coal processing may be harmful to the

Table 5 Guidelines for discharge from coal preparation
EPA* Guidelines EPAT Guidelines

Parameter for 1 Day for 30 Days
Iron (total), mg/L 7.0 35
Manganese [fotal), mg/L 4.0 2.0

pH 6.0-9.0 6.0-9.0
Total suspended solids, mg/L 70 35

Data from EPA 2018
*Maximum for any one day.
tAverage of daily values for 30 consecutive days.

environment. The vast amount of coal is upgraded without
being in contact with any chemical additives using density-
based separation processes. However, fine coal particles (typi-
cally <0.2 mm) are processed using froth flotation circuits,
which require small dosages of reagents known as collectors
and frothers. Collectors consist of oily hydrocarbons, such as
diesel fuel, kerosene, and fuel oil, which are insoluble in water
and coat fine coal particles. If required, dosages are typically
in the range of 0.1 to 1.0 kg of collector per ton of fine coal
processed. Likewise, frothers are added to all flotation sys-
tems to promote the formation of small air bubbles and to
create a stable froth. Frothers are typically various types of
alcohol and polyglycol surfactants.

Flocculation and Sedimentation

The treatment of tailings from the coal preparation plant
requires special consideration of the nature of the ultrafine
particles and inorganic impurities present. The natural sedi-
mentation rate of these particles in their colloidal and finely
divided suspended forms is very slow.
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Flocculation technology is applied by using inorganic
salts, polymeric flocculants, or both, depending on the chemi-
cal and physical characteristics of the pollutants that are pres-
ent in suspended and dissolved states. Synthetic or natural
polymeric reagents are generally used as flocculating agents.
To achieve faster settling rates and water clarity, the optimiza-
tion of process parameters such as suspension pH, polymer
type, and dosage are very important. Various flocculent com-
binations such as cationic, anionic, and non-ionic have been
used to achieve the highest settling rate with lowest turbidity.

Das et al. (2006) reported on an investigation into the use
of magnetic carrier technology, which is an innovative way of
selectively manipulating fine particles in suspension by coat-
ing them with a magnetic species. The addition of fine magne-
tite particles to the flocculation process achieved a significant
reduction in final suspended solids after settling.

Reverse Osmosis

The potential for reuse of an effluent can often be limited by
the presence of dissolved salts that arise from contact of the
process water with the coal within the preparation processes.
More recently, several coal mining operations in Australia
have installed RO facilities to remove as much dissolved salts
as possible, before recycling the treated water back into the
site water balance.

Several stages of prefiltration are likely to be needed
before RO can be used. Even after a good flocculation and
sedimentation process performance, the treated water will still
contain some colloidal suspended particles and have concen-
trations of TSS that are well in excess of that suitable for feed-
ing direct to RO membranes.

Additional stages of filtration will be necessary:

» Screen filtration. Screen filters should hold screens with
apertures of <150 um and be of the automatic backwash-
able type to ensure good solids removal performance.

* Membrane filtration such as ultrafiltration. Hollow-
fiber ultrafiltration membranes can accept particle sizes
up to 150 pm and feed TSS levels up to 100 mg/L maxi-
mum. These membranes will produce a filtrate with a silt
density index of <5 that is suitable for RO membrane
feed.

ACID MINE DRAINAGE

AMD wastes are commonly formed in coal mines, both in
aboveground and underground mines. The following reactions
can occur under oxidizing conditions:

FeS, + 7/20, + H,0 = Fe?* + 250,2- + 2H* (EQ6)
Fe?" + %40, + H = Fe’" + 14H,0 EQ7)
Fe¥* + 3H,0 = Fe(OH); + 3H* €Q3)

FeS, + 14Fe®" + 8H,0 = 15Fe?" + 280,% + 16H' (EQ 9)

The rate of pyrite (FeS,) oxidation depends on several
variables, such as reactive surface area of pyrite, form of
pyritic sulfur, oxygen concentrations, solution pH, catalytic
agents, and flushing frequencies. Reaction 6 produces hydro-
gen ions, which significantly reduce the pH levels in the
waste. The oxidation reaction (7) is usually the rate-limiting
step. This is due to the conversion of ferrous iron to ferric
iron being relatively slow at the low pH (<5) levels that are
commonly found in these wastes. Iron-oxidizing bacteria

(principally Thiobacillus) can greatly accelerate this oxida-
tion reaction, so the activities of bacteria are crucial for the
generation of AMD.

If there is low porosity and permeability in the strata
(e.g., soft shale), the availability of oxygen may be the rate-
limiting step. In this case, oxidation will be limited to the
upper few meters of the strata. In contrast, for porous and per-
meable strata (e.g., coarse sandstone), air convection driven
by the heat generated from pyrite oxidation may provide high
amounts of oxygen deep into the spoil.

The amount of acidity formed can be estimated empiri-
cally by using Equation 6:

acidity (mg/L as CaCO;5) = 50 x [(3 x Al/27)
+ (2 x Mn/55) + (3 * Fe/56)

+ 1,000 x 10 (power of —pH)] (EQ 10)

where Al, Mn, and Fe represent the concentrations of alumi-
num, manganese, and iron, respectively (in milligrams per
liter).

The metals content of mine wastewater varies signifi-
cantly depending on the following factors:

* Geology and geochemistry of the mine environment

« Specific ore being mined

» pH and ORP of the mine water, which governs the solu-
bility of metals

« Climatic conditions

Many metals have an amphoteric property, with decreas-
ing solubility up to a threshold pH, above which the metal
solubility increases again because of the formation of soluble
complexes. Dissolved metal levels in many sources of mine
wastewater often exceed the limits for discharge to the envi-
ronment. Although elevated sulfate levels have a lower toxicity
impact than acidity or metals, sulfate in effluents is increas-
ingly coming under the scrutiny of regulatory authorities.

Lime Neutralization Processes

Although there are many different biological and chemical
technologies used for treatment of AMD, lime neutralization
remains, by far, the most widely applied treatment method.
This is largely due to the high efficiency in removal of dis-
solved heavy metals and because lime costs are low in com-
parison to alternatives.

Lime treatment involves bringing the pH of the drainage
water to a point where the metals of concern are insoluble
and precipitate out in the form of minuscule particles. Figure 9
shows the solubility of metal hydroxides as a function of pH.
By controlling pH at 9.5, some of the metals such as iron,
aluminum, and copper can be precipitated out to relatively
low levels (<0.01 mg/L). However, some other metals may
require a higher pH (10.5-11) to effectively precipitate out
the hydroxides. Depending on the metal concentrations in the
AMD, this may require two or more stages of treatment at
different pH levels to achieve the overall limits in the treated
water.

A separation process is then required to remove the
precipitates and produce a clear effluent that meets regional
discharge criteria. It is the method of separation of the pre-
cipitates that differs between some of the more recent and
complex variations to this AMD treatment method. The older
methods use lime less efficiently and do not allow for good
control of the treatment system. The more recent processes
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require a greater capital investment but are considerably more
efficient for lime usage and waste production.

The sludge formed depends on the applied process and
can contain 1%—30% solids by weight. This sludge must be
disposed of in an environmentally acceptable manner. Given
that sludge disposal costs can be important, the most advanced
processes minimize the volumes by creating an HDS. The
sludge disposal and lime costs over the long term usually
justify a more important capital investment due to significant
savings in operating costs.

A common by-product of lime neutralization is gyp-
sum. Gypsum precipitation occurs because the AMD is often
rich is sulfate and the calcium added from lime will bring
the solubility product well above saturation. This reaction is
often responsible for scaling in treatment processes as well as
increasing sludge production at sites where the feed sulfate
concentrations can surpass 2,500 mg/L. This scale formation
is particularly troublesome for plants where lime 1s added
directly to water that contains significant concentrations of
sulfate.

The advantages and disadvantages of several of the dif-
ferent methods of using lime neutralization are discussed in
the following sections (Aubé 2004).

Pond Treatment

Pond treatment involves adding lime in a stream or mixing
system and allowing the precipitates to settle out within a
pond. The pond is often divided into primary and secondary
sections. The primary pond serves to accumulate the precipi-
tated sludge and can quickly be filled with solids. These ponds
often require yearly dredging of sludge, which then requires a
storage area. The secondary pond is usually larger and requires
a longer retention time, with laminar flow conditions to allow
for “polishing” of the effluent.

Pond treatment systems are often chosen for their sim-
plicity and low capital costs when land is available. They
can be used to treat very high flow rates and even important
concentrations of metals but require a very large surface area
when doing so. The greatest disadvantage of pond treatment
systems is their low lime efficiency. A system that uses in-
stream addition without any mechanical mixing may have less
than 50% efficiency in lime dissolution. By using an agita-
tor and pH control system, the lime usage efficiency can be
increased significantly.

To ensure proper treatment in a pond system, the pH set
point is often brought up much higher than is necessary for the
targeted metals. For example, some pond systems for treating
dissolved Zn often control the pH to more than 10.5, rather
than the optimum of 9.3. This may necessitate the addition of
carbon dioxide or sulfuric acid to reduce the final discharge
pH level.

Sludge Recycle Process
In the sludge recycling process, the AMD is neutralized in a
reactor tank with the controlled addition of lime to attain a
desired pH set point. The slurry is then contacted to a floccu-
lant and fed to a clarifier for solid—liquid separation. Sludge is
collected from the bottom of the clarifier and some is recycled
back to the reactor tank. The solids in the recycled sludge
serve to increase the final sludge density due to precipitation
on the surfaces of the existing particles.

The surplus sludge can either be pumped to a storage area
or pressure filtered to increase its density prior to transport.

The clarifier overflow can normally be released directly, but
often a sand filtration system or polishing pond is used to
reduce residual suspended solids.

High-Density Sludge Process

The HDS process is commonly used for AMD treatment.
Instead of contacting the lime directly with the incoming AMD
stream, this system contacts the recycled sludge with the lime
slurry for neutralization. To do this, the sludge from the clari-
fier bottom is pumped to a lime/sludge mix tank, where suf-
ficient lime is added to raise the pH to the desired pH set point.
This step forces contact between the solids and promotes
coagulation of lime particles onto the recycled precipitates.

The neutralized slurry feeds to the lime reactor where the
precipitation reactions are completed. Aeration is often added
to this reactor to oxidize ferrous iron to ferric. The slurry then
overflows to a floc tank to contact the particles to a flocculant,
properly agglomerate all precipitates, and promote efficient
settling in the clarifier. The clarifier overflow can either be
discharged or polished prior to discharge.

The key to this process lies in the mixing of lime and
sludge prior to neutralization of the AMD. Precipitation reac-
tions occur mostly on the surface of existing particles, thereby
increasing their size and density. This process is capable of
producing sludge of up to 20% solids concentration.

The HDS process minimizes scaling in reactors because
the gypsum has other surfaces on which to precipitate.
Gypsum is a crystal that preferentially forms on existing gyp-
sum. When sludge is recycled, there are plenty of gypsum
needles available in the slurry and these serve as preferred
gypsum formation sites. If a plant operates without recycle
and significant sulfate is present, some precipitation will occur
on the reactor wall surfaces. Once these surfaces are coated,
gypsum precipitation is facilitated and the rate of precipitation
increases. HDS processes are therefore preferred for high-
sulfate effluents, as they will minimize scaling in the reactors.

AMD with Arsenic

Treating AMD that contains arsenic with lime requires a very
high pH level and tends to form an unstable sludge due to cal-
cium arsenate. A more acceptable treatment is co-precipitation
of arsenic with ferric and/or base metals such as copper and
zinc. In all cases, pre-oxidation of As(Ill) to As(V) may be
required, both for improved treatment efficiency and the pro-
duction of a stable sludge. Many oxidants can be used with
varying effectiveness and cost.

When treating with ferric iron, it is preferable to have
a two-step process that precipitates most of the arsenic at a
slightly acidic pH (4-6). This will form a more stable pre-
cipitate (ferric arsenate). In the second step, any other heavy
metals present are precipitated and the remaining arsenic is
essentially removed {rom solution.

Sludge recycle can be used to increase treatment effi-
ciency. This can result in significant savings in reagent addi-
tion but can also cause the arsenic to be mostly adsorbed as
opposed to co-precipitated. Adsorbed arsenic is slightly less
stable than when it is co-precipitated as a ferric arsenate. The
recycle will also help improve lime efficiency. An excess of
iron can be applied with any process to improve sludge stabil-
ity. The final sludge disposal system can weigh into the deci-
sion as to whether a recycle is applied and what ratio of iron
to arsenic is used.
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Figure 12 Typical flow sheet for treating AMD streams

AMD with Molybdenum

Molybdenum does not precipitate with lime addition as do
the typical heavy metals. The most widely applied treat-
ment process for AMD containing molybdenum is ferric co-
precipitation. An example is given by Aubé and Stroiazzo
(2000), where ferric sulfate is added to the alkaline AMD
(about 3 mg/L of Mo) in the first step, and the pH is controlled
to 4.5 in the second step. A flocculant is added to improve
solid-liquid separation in the clarifier. To achieve a very low
molybdenum level in the discharge (0.03 mg/L), a sand filter is
also used to remove all residual molybdenum from the effluent.

AMD Treatment by Reverse Osmosis

RO is widely used in South America for treating AMD waters
(Chesters et al. 2016). A typical flow sheet for treating AMD
water is shown in Figure 12. Chesters et al. undertook a sur-
vey of 67 membrane plants worldwide and a summary of
the information is provided in Tables 6 and 7. At the time,
25 plants were in Latin America, principally in Peru and
Chile. The number of plants in Chile was boosted by 12 sea-
water RO units. Gold and copper account for 69% of the mines
that have invested in RO plants. The largest application of
RO plants is for AMD treatment. Only 15 of the RO plants
were specifically designed for enhanced metal recovery.

Sludge Disposal

The choice of method for sludge disposal depends on many
factors, including regulatory considerations, sludge stability,
sludge production rate, space availability, budget, and aes-
thetic considerations. Disposal in mine workings is often the
least-expensive option but this choice requires more public
and regulatory approval.

Other options for sludge disposal include disposal with
tailings in engineered ponds, on waste rock piles, under a
water cover, or in natural land depressions. Disposal with tail-
ings can be done for operating mines. Another option is to dis-
pose of sludge by placing it on the top of a closed tailings pile.
Covering tailings with sludge may help reduce oxidation by
providing a wet barrier, similar to that of engineered soil cov-
ers. Unfortunately, these options have not yet been sufficiently
researched to confirm that this sludge would not eventually
redissolve if tailings oxidation continues.

Engineered pond disposal is more expensive at first, but
eventually results in the lowest volume of sludge generated.

Table 6 Membrane plans by geography and mine type

Number Type Number
Location of Plants of Mine of Plants
Latin America 25 Gold 30
Africa 18 Copper 16
North America 15 Codl 6
Australasia 7 Diamonds 3
Europe 1 Iron 3
Asia ] Others 6

Source: Chesters et al. 2016

Table 7 Treatment by feed water type

Treated Water

Number of Plants

AMD cleanup 22
Seawater reverse osmosis 17
Metal recovery 15
Drinking water 8
Leachate 5

Source: Chesters et al. 2016

This is because these ponds can be designed to both drain
water from the bottom and allow for evaporation from the
top. Most sludges will densify further up to two or three times
their original solid content. Therefore, some sites allow their
sludge to densify in an engineered pond for a year or two
before transporting it to a different location (on tailings or in
mine workings).

Innovative Technologies

In recent years, several innovative technologies for treatment
of AMD have been put into operation, such as permeable
reactive barriers (PRBs), bioreactors, and constructed aero-
bic wetland technologies. Case studies on these innovative
technologies are detailed by Costello (2003). The majority are
in situ applications that manipulate natural processes to treat
acidic and/or metals-contaminated water. The differences lie
in their construction and their water source. Both bioreactors
and wetlands almost always include collection and piping sys-
tems, whereas PRBs are simply placed in the flow path.
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Permeable Reactive Barriers

PRBs have a subsurface reactive section through which
groundwater flows as it follows its natural course. In some
cases, there are impermeable walls to direct the flow of the
water to the reactive section. The reactive media is usually
compost that hosts sulfate-reducing bacteria, although there
are a few other types of media used.

Bioreactors

In the case of bioreactor systems, the water (ground or sur-
face) to be treated flows through a media bed, and natural bio-
logical reactions work to remove dissolved metals. Whether
subsurface or exposed to the atmosphere, bioreactors are gen-
erally lined, filled with composted materials and/or alkaline
agents, and, in some situations, include vegetation.

Aerobic Wetlands
Constructed aerobic wetlands are shallow (10-30 cm deep)
and lined ponds that are filled with organic matter and/or alka-
line agents and sometimes vegetation. Aerobic wetlands are
most often used to treat alkaline waters that are high in dis-
solved iron and have low capacity to neutralize the acidity.
Oxygen infiltration is encouraged because it flows slowly
through vegetation. Iron and other metals precipitate as oxy-
hydroxides, hydroxides, and carbonates by the mechanisms of
absorption and adsorption. Aerobic wetlands can also remove
manganese, but oxidation of manganese only starts when oxi-
dation of iron is completed. To remove manganese, it is nec-
essary to have a big pond area, which allows complete iron
oxidation, or to add another wetland cell (Zipper et al. 2011).
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