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Abstract: The environmental impact of mirsng on the scosystem, inclading
Jand, water and nir, has become an unavoidabie reality, Guidelines and
regulations have been promeigsted to protect the envirosment throughout
mining activities from start-up to site decomumissioning. In particaiar, the
occurrence of acid mine drainage (AMD), due o oxidation of suifide minera
wastes, has become the major area of concern 1o many mining indusinies during
operations and afier site deconumissioning. AMD is characterized by bigh
acidity and a3 high concentration of suifates and dJissolved metals, Hifcannot be
prevented or controiled, it must be treated to eliminate acidity, and reduce
beavy metals and suspended solids before release 1o the environment. This
paper discusses conventional and new methods used for the treatment of mine
efftuents, in particular the treatment of AMD,
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1  Introduction

1.1 Mining, the environment, and acid mine drainage {AMD)

The potential for environmental damage from every stage of mining activities has been
recognized both inside and outside the mineral industry. Guidelines and regulations have
teen promulgated to protect the environment throughout mining activities, from start-up
to site decommissioning, Regulations and guidelines for the mining indusiry are
determined by federal and/or provincial agencies. These regulations can be site specific
and vary from site o site owing to differences in geology, mineralogy, terrain, and many
other factors. Mining industries must restore the land to its former use or condition, or
take protective measures to ensure the land will be suitable for use after mining
operations have ceased. For instance, mining industries in Canada are obliged to prepare
a Closure Plan and Financial Assurance for site decommissioning during the eariest
plansing stage of mining, even well before exploration starts, This plan addresses details
of the rehabilitation work, disposal methods and monitoring programme. The main aim is
10 minimize the risk of oxidation of sulfide mineral wastes to generate AMD by ensuring
igplementation of proper rehabilitation work to the site.

Copyright © 1998 Inderscience Enterprises Lid.
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1.2  Sources of mine zffluents

Mining and metaflurgical processes, during operations and affer site decommissioning,
generate several types of acidic and foxic effluent that are treated before their discharge to
the environment. These effiuents include mill tailings excess decant {or reclaim tailings
water}, acid mine drainage and seepages, and process acid streams.? Reclaim tailings
waters are of neuiral fo high pH, confaining <20 mg/l total dissolved metals, and
polishing with fime is usually sufficient to comply with repulatory limiis. Process acid
streams originate from the use or generation of acids during metallurgical processes, such
as barren solutions, spent clecirolyie and weak acids, and recycled process waters.
Natural oxidation of sulfide minerais present in mine wastes, tailings and waste rocks
resuifs in the orcurrence of AMD. AMD is characterized as low pH, high acidity effivenis
containing hegvy metals and sulfate. Control of AMD generation resuliing from mining
activities 15 nof yet possible. Consequently, treatment of AMD is necessary 1© meet
reguiated water guality standards, This paper concenirates on the freatment of AMD.

1.3 Availgble treatment processes

Lime as Ca0 or Ca{OH), is the most common nentralizing agent used for freating mine
effluents. owing to is high reactivity and abundance® However, lime nentralization?
precipifaiion processes may have some drawbacks, such as the poor guality of the final
effluent and the need to dispose of a large volume of sludge ¥ To improve final effluent
guality and sludge disposal, other neutralizing reagents such as Mg{OH),, Na;S, NH,,
NaOH and CalCO4 are also used. ™ New technologies are sought to minimize high process
{capital and operating} costs. The processes based o the use of chemical reagents are
usuaily referred to ‘conventicnal” technologies.

New fechnologies are mainly based on either physico-chemical (fon exchange,
membrane processes, solvent extraction) or biological (e.g. wetiands, biclogical sulfate
reduction) and/or passive process application principles.®-*5 lon exchange, solvent
extraction and membrane processes (reverse osmosis, ultrafiltration, microfiliration, eic.}
are employed for site-specific applications, because these methods are sl ot technically
and economically feasible for treating AMID. Passive processes have received alienfion as
alternatives to gonventional methods for iresting AMD, particularly for replacing
common collection and freatmest practices that woeld be unaffordable for low flow
streams and seepages.’™ 2 Major passive processes imvestigated to date include:
wetlands, sulfate reduction and the nse of suifate-reducing bacteria (SRBY; anoxic
fimestone drains (ALD); and biosorbents. The use of SRB has been investigated for
engineered lagoons, reactors, open pits and flooded mines. They sall have been found to
be suitable for the treatment of low flow and low strength AMD situations. However,
ALD bave bees used widely in the USA for restoration of abandoned mipe siteg and for
prefreating AMD before routing to 8 construcied wetland ¥

14  Metal removal efficiency

Lime neutralization is sfficient for the treatment of common heavy metais. However,
compiete precipifation of all meials cannot be expected at the same pH in AMD
containing a combination of metais sach as Cu, Zn, Ni, Cd, Pb, and Fe, as illustrated in
Figure 1, .
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Figure 1  Solubilities of metal hydroxides and sulfides as 2 function of pH.18 17

For metal hydroxides, there is an optimum point at which the solubility limit is achieved
and metal hydroxides precipifate out of solution. Above and below the optimem pH,
metal hydroxides are more soluble. For instance, at pH 9-10, Cu and Zn can be reduced
to levels of <0.1 mg/t and Pb and Fe™ are reduced to j1g/1.7% Levels of Cd and Ni below |
mg/l can be achieved at pH values above 10, unless the water contains high levels of iron.
Cr can be lowered to below 0.5 pgA at pH 7-8, following reduction of Cr%* to Cr3*. Mn
removal requires strong oxidation followed by liming at pH greater than 10. Other
contaminants, sech as As, Sb, Mo and Se, require additional chemicals (H,0,, FeCl; or
Feyt 80}y, Nay 8, CO;) as adjuncts to the lime process. A common method for removing
Hy is by sulfide precipitation, resulting in an effluent of 10-12 pg/l. Co-precipitation with
iron fowers Mo from 4 mg/l to 0.5 mg/. Ion exchange appears to be an alternative
methad to achieve low Hg and Mo levels, 1 to 5 g/l and 2mg/l, respectively. Oxidation
of As™ to As™ is necessary to remove As from effluent prior to fime, sulfide and ferric
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iron precipitation. In some cases, pH adjustment is ineffective, or not guite effective.
Therefore, other emerging technologies {ion exchange, membrane separation. solvent
exiraciion, oic.} Jor metal romoval should also be considered 1o meet the reguired
standards.

2  Conventional provesses for freating acid mine waters

2.1 Lime neutralization

Inn Hme nentralization processes, acids are neutralized and metals, such as Fe, Zn, (y, Al
and Ph, are precipitated in the form of metal hivdroxides. The mixture of CaSG; {gypsum)
gnd metal hydroxide is calied sludge. The principal reaction in lime peufralization can be
expressed as follows.

Ca(OH], + M¥*/M> +H;50, — M{OH},/M({OH}, +CaS0, +H,0 (N

Air iz frequently used fo oxidize ferrous to ferric iron during precipifation, because ferric
iron siudge is chemically more stable than ferrous iron siudge. The sludge produced is
aliowed to settie in clarifiers/thickeners. When the solid content is less than { mg/], sand-
hed filters are employed for polishing, to meet the required level of suspended selids in
the final effluent. %1 The supernatant is then discharged to the receiving stream, and the
settted sludge Is disposed of in specifically designed ponds.

2.2 Lime newtralization processes and critical process parameters

Depending on site factors, ime neutralization facilities can vary gresily in degrees of
sophistication. They range from the simple sddition of lime to the ailings pipelines io
planis consisting of reactors, clarifiers, and sludge dewatering cquipment, as depicied in
Figure 2.
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The siudge densities vary from 1% to 30% solids, depeading on the meial conceniration
of the water and the sophistication of the treatiment process. Because the formation of 2
voluminous sludge is undesirable, the process paramieters are set to oblain dense shudge.
Major process parameters affecting siudge characteristics are the rate of neutralization,
the rate of oxidation, the Fe?* to Fe’* ratio, the concentration of ions, ageing, the
recycling of settled sludge, the temperature and crystal formation. The current state-of-
the-art lime neutralization process for treating AMD and other acidic waters is called the
high density studge (HDS} process and is capable of producing more compacied sludges
than traditional methods of Eming. % In the HDS process, more than ose reactor s used to
perform the neuwralization {Figare 3). A mixture of sludge, recycled from the clarifier
underflow, and lime is used as the atkaline reagent in the first reacior. Both reaciors are
aerated to oxidize Fe?*, and the pH is conlinuously monitored. The seutralized AMD with
metal precipitates is then flocculated with a polymer, and a clarifierfthickener is used to
facilitate solid/liquid separation. The solid conient in the resuiting sludge is significantly
higher (e.g. 10-30%) than when sludge recycling is not performed ® A two-step lime
neutralization process can produce denser and less voluminous sludges.?! In this process,
the pH of the influent is raised to 4-5 with recycied siudge in the first reactor, and in the
second reactor the pH is set to 9-10 and aerstion is provided (Figure 4).
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Figure 3 The high density sludge process.

2.3 Erhanced lime neutralization process

To be able to meet stringent final effluent limits for controlling dissolved metals and
suspended solids, another reagent, such as sodiom sulfide (Na,S), and more sophisticated
solid/liguid separation equipment, such as sand filters, are employed. Na,S {e.g. 5§ mg/l}
is added in lime neutralization at pH 10.5 to lower Cd to less than .01 mg/l in the treated
tailings water of the Samatosum treatment plant at Kamloops in British Columbia.'®
Dynasand filters were instailed to separate solids and produce a final effluent of low
turbidity and concentrations below 0.1 mg/l for each of the heavy metals (i.e. Zn, Pb, Mn,
Cd).
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Figure 4 Two-step lime neutralization process.

2.4  In-line lime treatment

Neuiralization and acration were combined into single step by injecting a caustic reagent
nte the port of a jet pump.?2 The overall cost of the process, including capital, operating
and maintenance, was also found to be much lower than that of conventional mechanical
aerators. The in-line method was recommenrded (0 neuviralize low-sirength AMD
containing Zn, Cu, Pb, Mg and Fe?* (e.g. 38, 0.96, 0.4, 17 and <200 mg/i, respectively).

2.5 Alternative neutralizers

2.5.1 Limestone neutralization

Under controlled conditions, higher density sludges can be obtained by neutralizing AMD
using CaCO; as opposed to lime. Limestone can remove acidity and precipitate iron.>
Limestone in AMD dissociates and CO; gas evolves (Equations 3 and 4).

CaCO; + H,S04 - CaSO, + H,0+CO, 3
3CaCO; + Fe, (SO, ), +3H,0 — 3CaS0, + 2Fe(OH); + 3CO, @

The CO, released forms carbonate ion, which acis as a buffer and seis an upper {imit on
the pH (max 6.5), and aiso affects the rate and amount of Hime consumption.?® The
precipitates may settle very slowly because of their small particle size. Removal of 2
broad range of metais and ferrous iror cannot be achieved because they reguire higher pH
ievels than 6.5. A combined Iimestone-lime freatment process was suggested for removal
of a wide range of metal ions.2> The Dowa Mining Co. {Japan) uses iimestone
neutralization o remove iron following biclogical conversion of ferrous into ferric iron.2
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252 Magnesium hydroxide

Mg{OH), can resull in a fower volume and more dense metal hydroxide sludge when it is
properly apphied in the neutralization system. MgS0,, which i more soluble than CaS0,,
forms in the process, and Mg{OH); can also remove metals through surface adsorption.
However, the rate of neutralization is slow and the buffering capability of Mg{OH}),
prevents the pH from exceeding 9. Depending on the pH requirements, if can be used in
conjunction with NaOH. Mg(OH); is usually emploved in freatment plants, such as
{anadian Copper Refinery (CCR) in east Montreal, where the dis;rasal cost of sludges
gencrated is high, in opder to reduce sludge disposal costs.

253 Sulfides

Sulfide precipitation {Na,3) has been used 1o freat wastewaters from m&tal finishing
industries; it is not rowtinely used o treat AMD. Solubilitics of metal sulfides are usually
several orders of magnitude less than those of metsl hydroxides 77 Na,S, FeS, {NH, LS,
B4S and H.S can be used as reagents. Suifide precipitation results in betfer metal removal
from effluents that contain phosphate, ammonia, orgasics, surfaciants, chelalors and
£ 28 However, H,S evolution from the system, and fine and colioidal metal
precipitation, which is difficuit to settle and separate, have been found 1o be potentia
probiems. The mine water occurring in the Laisvall mine of Boliden Mineral AB,
Sweden, has been treated with Na,S to remove low levels of Pb (0.5 mg/l) and Zn
(0.7 mg/l}. To facilitate solid/liquid separation, a cationic polymer and sand filiers are
employed. :

254 Sodium hydroxide

This has high reactivity and resulls in less voluminous shudge. This is expensive and the
resulting sladge does not setile well, and in most cases requires filtering.

2.5.5 Ammonia

Ammonia is preferred by coal mining industries owing to its high solubility and because
of reduced sludge volume. 1t is usually injected near the bottom of ponds or inlet water as
gaseous anhydrous ammonia?® Some hazards are associated with the handling of
ammonia, as well as some yncertainty concerning potential biological reactions.

However, ammonia has been sugpested 1o be a feasible alternative to lime for neutralizing
low flows containing low acidity.

2.5.6 Others (waste/by-products of industries}

Some waste or by-products of industries, such as fly ash from power plants, crude o1t
combustion and gasification processes, have potential as a lime substitute for the
treatment of AMD. However, metal contaminants present in fly ash may raise some
¢oncerns, and it reacts more slowly than lime.

2.6  Coagulation/flocculation for better solidfliguid separation

Following neutralization, the fine particles {precipitates) in suspension need {o be
aggregated to improve the solid/liguid separation or sedimentation in clarifiers and
dewatering of the shudge for further compaction in basins.?®3 Coagulation is a specific
type of aggregation, which Jeads to formation of aggregates, called flocs, that are
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corppact. ¥ The addition of a coagulant, such as inorganic AP or Fe¥* salis or organic
polvmers, helps o discharge or desiahilize the electronegative colloids and bridge the
neutral particles. The type of polymer, the fempersture of the system, the viscosity and
the chentcal charscteristics of the pelp, and external stirting are imporiant pargmelors in
the floceglation process.

2.7 pH adiustment for meeting final effluent guality reguirements

When it is required to lower the pH 1o befween 6.5 and 8.5 in the final efftuent ollowing
neafratization at 2 higher pH, the pH is adiusted to the desired level with either sulfuric
acid or COx, If an increase in the waler alkalinify is nof reguived of 2n increase in S04
levels is not 3 concern, sulfuric scid is preferred B9

2.8 Sludge dewatering options

Lime treatment planis generally use one basin for the dual purpose of effluent
clarification and sludge thickening, Dewatering via filters has not been widely praciised
in the mining industries and has been considered as & very site-specific application.
However, studges containing less moisture and high metal value can be send fo recovery
aperations {(i.e. a smelter), or high sludge disposal costs can be reduced with a8
appropriste devatering method ® 1 was reported that freeze-dewatering is an efficient
atiernative technique, and 2 single freeze—thaw cycle conid reduce the volume of studge
by 90%, A feasible rate of freezing can be obiained by manipulating the depth of the
studge .

29  Shidge stability and fixation

During storage of the sludge, heavy meials muy become solubifized and released in the
waiter in the siadge pond and into ground and surface waters. The poszibility of metal
mohilization is defermined by 3 “leaching test” (EPA’s TCLP, Menvig, etz ). Depending
on ihe sludge characteristics and site-specific requirements the sludge &5 stabifized by
sixing it with cement and/or Bme prior fo its disposal.

3 FEwmerging treatment processes and biclegical passive methods

3] Wetiands

Crganic and inorganic compounds and suspended solids can be removed. A wetland 5
usuaily composed of two zones: an oxidation zone, which is vegetated with aquatic
planis, and z reduction zope, which is a sedimeniation zone nich In suifate-reducing
bacteria {SKB), denitrifying and Mn-reducing bacteria. Planis play 2 filter role, take up
metals and help the exidation processes 1o occur, and bacleria calalyse chemical
reaclions.

3.2 Sulfare reduction

SEE convert S0, in AMD info H,S, and carbosic nufrients into bicarhonates.™® Thus, the
reaction products piay an imporiant role in removing metals as suifides and increasing
atkaiinity {pH), Organic materials, such as straw, sawdast, wood shavings, and manwe,
are added to the system o provide 2 slow refease of mutrients to bacierin. Sometimes,
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timestone and soil are also added to the nutrient mixture 1o increase the alkalinily and,
subsequently, enhance the activity of SRB. As the use of SREB in engineered lagoons.
open pits and flooded mines is under development, their usc in controlied reactors has
been implemented by Budelco {the Netherdands} 1o remove metals and SO from
underground mine water.®® Parameters critical 1o the suceess of the process are
femperature, notrients, alkalinity, retention time, bacterial population, contaminants
present in AMD and loading rates {flow, acidity and metals).

3.3 Anoxic limestone drains (ALD)

An ALD system generally consists of an excavaled seepage inferception french backfilled
with crushed Hmestone and covered with plastic and clay-soil to keep air out.™ ALD
hasically provides an increase in alkalinity. Oidation of Fe and formation of ferric
oxyhydroxides, which armour the limestone and prevent an increase in alkalinity, are thus
avoided. Designs of ALDs are reported to be site-specific.’ Usually, an ALD system is
fotlowed by a wetland for oxidalion and precipiiation of iron and other contaminants.

3.4 Biosorbents

Biological materials such as sawdust, sphagnum moss or algae can be used as adsorbents
{or biosorbents) in treating AMD. A bed of biosorbents can be placed where the seepage
occurs. When if is saturated by metals, its proposents suggest it can either be disposed of
{with tailings or recycled o a smelter), or washed with an appropriate eluste for the
recovery of metals.?

4 Cyanide destruction and removal of nifrogen compounds

The widely used method for removal of cyanides and ammonia is natural degradation in
holding ponds. Cyanides are biologically or chemically oxidized and are then converted
inlo ammonia and carbon dioxide. Natural degradation of ammonia involves the
gvaporation of dissolved anwnonia gas from the wastewater. 2% Removal is enhanced by
increasing the pond area, increasing the pH and allowing for more contact with air, A
biological process unique io Homestake Mining in South Dakota decomposes mieial
cyanide complexes and i:m;:iﬂfaﬂy axidizes cyanides 10 ammonia, which is further
oxidized by bacteria (nitrification) to nitrate. Base meial cyanide complexes are
selectively oxidized to cyanate by a mixture of SO, and air, in the presence of copper as a
catalyst, in a controlled pH range. This a proven process and is known as the Inco
Method, A number of operations use hydrogen peroxide 1o oxidize cyanides o cyanates.
Hemio Gold {Noranda) adds the premixed CuS0O,/FeSO, reagent to the mill solution, in
which the pH is controlled at 9.5 and cyanide is removed with cuprous ions. Other
methods, such as air stripping. steam stripping, alkaline chiorination with hypochlorite at
pH 10-11, engincered wetlands, acidification/volatilization, adsorbents and ion exchange
resing for the removal of cyanides and ammonia, have limited use. The potential
processes for removal of nitrates and nitrites include biological denitrification in which
nitrates/nitrites are reduced to nitrogen gas, jon exchange, and reverse osmosis in which
nitrates/nitriies are removed from the water and are obtained in a very concentrated form
requiring further disposal methods, Wetland filtration has limited use,
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