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ABSTRACT

Cyamide hus been wsed For the recovery of gold and
silver for more than TN years.  The current slage of
knowledee of cyammide chemistry and woxicology is such
thad as long a5 i is managed properly, cyande can he
used successiully in the mining industry with minimal risk
to the environment or homean Teadth and safety, Canadian
companies use lechnologics that are based on hest
practices. These technologies enable them o discharge
efffuents  that  comply  with  proviscial — cyanide
concentration  limits, which are among the highest
stundards in the world. This paper will include: & review
af gold milling processes; the chemistry and woxicity of
cyanide: elfuent treatment processes that are currently
being praciced; and discuss the development of an
altermitive 1o eyanide,

INTRODUCTION

Cwanide ovcors naturally in various microorganisms
uod higher plants where iU is used as 4 protective
miehanism tat makes them an unatiractive food source.
In some plints it s present in concentrations that would
be considercd hazardous iF they were man made, For
example in bamboo tip, concentrations may £o as high as
B.000 mpdks, Cyanide is manufactured, principally in the
forms of gaseous hydrogen cyanide and solid sodium and
potassinm cyanide (Logsdan et al, 1999), About 80% of
the wirld production is used in he production of organic
compounds sech as nitrile, nylon and acrylic plastics,
Other uses range [Ton: use as an anti-caking additive in
road salt; as 4 means of exterminating rodents and insects;
and use as the anticancer substance laetrite (Logsdan etal,
1999, The remaining 20% s used (o preduce sodium
cyanide, of which nearly 90% is used in the mining
mdustey o extract gold and silver,

Cyanide has been used for the exiraction of gold und

silver for more than 100 vears. The original patent for the
process was obtained by John MacArthor in 1887, The

n

first cyanidation plant was commissioned @t the Crown
Mine in New Zealand in 1889, Within 20 yvears of its
introducton, worldwide production  doubled, The
popularity of the cyanidation process is based on its
simplicity. Al ambicnt conditions, a dilute solution of
sodium or potassium cyanide (about 1 g/L) is capable of
dissolving  fmely  dissemingied  pold  paricles
concentrations as low as o few grams per wnne, There
are  alterpatives W cyanide  leaching  (thiouréa,
thicsulphate, thiceyanite) bot none are used commercially
and their environmental impact has not been assessed.

Some of the work thal 15 presently being performed to
develop 4 process using ammonium thiosulphate will be
discussed,

GOLD PRODUCTION

In (999 there were aboul 33 primary gold mines
pperating in Canada producing a total of 158 tonnes of
pold (Keating, 2001}, Cyanidation, accounted for ahout
8% of all Canadian production, the balance being
ohtained as a by-product of base metal refining (10%) and
placer mining (2%,

Current cyamdation processes involve i combination
of: crushing / grinding; gravily concentration; lottion;
cyanidation; gold recovery using: carbon-in-pulp (CIF},
carbon-in-leach  (CIL), filration-zinc  precipitation
(Merrill-Crowe); clectrowinning and refining. In the
crushing and grinding stapes ore is pround to facilitate
dissolution; a typical grind would be80% -105 pm. Some
mills grind the ore in a cyanide solution so that it can
attack the freshly exposed pold surfaces. In some cases,
preconceniration of the coarse gold by gravity is
practicedto improve overall recovery and reduce the size
of the cyamdalion circuit. A combination of fotation and
cyanidation is uvsed when the bulk of the gold is
associated with a sulphide, in this case it is common
practice to separate the sulphide fraction, and in o doing
the gold by oth Ootation. The sulphide concentrate
wonld typically represent 10-15% of the original feed and
contain up to 99% of the gold which is then fed directly
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cyanide can recover 80% of the gold when the ore is
ground to 80% -100 pm, For other gold containing ores
some pretreatment is required. Roasting is used o burn
away carbon that will adsorb or Bpreg-rob@ the leached
gold. Autoclaving is used to oxidize sulphide and arsenic
minerals thereby liberating entrained gold particles.
Information on the processing methods used as well as the
cyanide destruction techniques in place at some Canadian
gold mines are shown in Table |
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Figure 1: Typical gold processing flow sheet,

CYANIDATION

Cyanide in solution exists as ¢ither free or complexed
cvanide, When solid sodium cyanide is dded to solution it
dissociates to form the sodium and CN” ions. The CN ion
then combines with the hydrogen ion to form molecular
HCN (Logsdan et al, 1999). Free cyanide normally refers
to the combined concentration of these two compounds. In
solutions, an equilibrium is set up between these two
compounds, the ratio being determined by the pH (Figure
2}, Under normal conditions of temperature and pressure,
the concentrations of HCN and CN are equal at pH 9.4,
below this pH HCN predominates and above this pH CN°
predominates.
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Figure 2: Speciation of cyanide as a function o pil (Higgs,

1992).

Mills typically use solutions of sodium or potassium
evanide in the range of 100 to 500 mg/L to extract gold
from the ore under well aerated conditions. Cyanidation is
conducted at dlkaline pH=s{pH 10-12) which: prevents the
loss of HCN, suppresses cyanicides such as zine and
improves the efficiency of the extraction process. Leaching
takes place in a series of mechanically agitated tanks for
24-48 hours at about 50-55% solids. The dissolution is
believed to be a two stage dissolution which is represented
by the overall equation shown below.

4 Au+ENaCN+ 0, +2H,0 »
4 NaAu(CN); + 4 NaOH I

Table 1: Milling and effluent treatment practice in Canadian
Gold Mines { Adapted from Damjanovic, 2000).

Mine Process Effluent treamment!
Effucnt guality
Barrick Ciravity,
Giokd, Fst lotation, Inen SO/ir, naterel
Malaric, cyanidation, degradation
Quebet Merrill-Crowe
Rarrick Carbon-In- Natural degradation
Giokd. Holt Leach {C1L) CMy <1LO0
MeDermoit, CNy 001 maL
Oniario CNwap 0.066 mg/L.
Battle Ciravity, Hembe Process
Mountain cyanidation, CNp03 2
Ciold, Carbon-ln-
Gaolden Pulp (CIP)
Chiant Mine,
Chiilario
Table 1: Milling and efMuent tréatment practice in Canadian
Gold Mines ( Adapted from Damjanovic, 2000).
Mine Process EfMusent treatment’
E Mheent quality
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Tahle 1t Milling and efffocnt treatment practice in
Canadian Gold Mines (Adapted from Damijanovic, 20000,

Tahle 1: Milling and effluent treatment practice in
Canadian Gold Mines (Adapted from Damjanovie, 2000,

Efffuent treatment!
Effluent guality

Mime Process

Williams Cyanidation, | Matoral degradation
Operating | CIP CNy 0.019 mp/L
CDI].'.!.. CMwan [ KF7 m,p,.l'l,
Williams "
Mine,
Ontaria

Vieerny Cyanidation
Minerals hieap leach.
Corp., CIp
Brewery
Creck
Mine,

Lero discharpe

Yukon

Mine Process Effluent treatment/
Effluent quality
Black Cyamdation, Matural degradation
Hawk CIp
Mining
Inc..
Keystone
Gl Mine,
Muniitob
Cumbior, Cyunidution, Mutural degradation
La Mine CIPICIL CMy 0,01 mgfl
Droyon, CMNp 0.07 mgfl.
ieher CNyypy 0.01 mp/l.
Inniet Ciravily, Tnca S04 air
Miming Mustation,
Corp.. cyanidation,
Trolius, CIL
(hieboc
Kinross Gravily, Hydrogen peraxide,
Gold Corp. | ovamdabion, ferric sulphate
Timrmins Cip
Crperations.
Chibaric
Plicer Gravity, Ineo SOWair, natural
T, Motatiomn, degradation TNy
Camphell [rrussLre (.25 g/l
Mine, oxidution,
Ontario Memill-
Crowe, CIP
Placer Ciravily, Irea SCuair
Domue, eyunidation,
D CIP
Mine,
Onturio !
Placer Gravily, Inee S0fir. natural
Dome. eyunidation, degradation Chy
Musselwhit | CIP 0,022 mp/L
e Mine, ClNyeap 0.008 mp/L?
Ontariv
Richmont Cranidation, Inco SOufair
Mines, CIp
Mugget
Puarsd
[Jivision,
Mewfound]
anil
Byl Crak Flutution, Matural degradation
Mlinas, cyanication,
Pairmoite Mernll
Mz, Crowe
Onturio
TV X Gould Cyunidulion, Mutural degradation,
Ine.. New CiP [ermic sulphate
Brivtinsia
M.
Mnatila

"'Yeomans and Yaschyshyn, 2001
* Melis et al, 1998
* Melis, 2000

In solution the cvanide and any metals present may
become linked in the form of metallic-cyanide complexes
which results in excessive reagent consnmption and may
algo  interfere with the dissolution or  subsequent
precipitation processes. It is important to determing the
guantity und composition of these complexes in order to
ensure the proper selection of the destruction lechnigue
that is able to chemically break down these complexes
and then destroy the cyanide.

EFFLUENTS

The effluents from the gold milling process, either
with or without prior treaiment for cyanide removal, are
direeted tooa tilings pond where solids settle out and are
retuined. The clear, decant water, with or without further
treatment, is then discharged (o the receiving waters.
Common constituents of gold mill effluents contain: free
cyanide, simple compounds, weak complexes and strong
complexes.. In Table I these are listed in order of
increasing  stability,  The stabilities and  relative
concentrations in solution will be a factor in the selection
of the reatment method (MoNamara and Ritcey, 1988).

The metallic complexes are products of
relatively insoluble materials and free CN in solutdon, the
stronger complexes form as more excess ON is available
in solution. Tron cyanides are very stable in the absence
of light but iev the presence of light readily break down,
Some of the other compounds that are formed in the
process ares thiocyanate (CNS), which ocours in the
preparation or leaching stages, it breaks down under TV
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light and can be degraded hiclogically; cyanate (CNO)
which 15 formed hy the oxidation of eyanide in leaching
or as # result of eyanide destroelion process; ammonis
(NH) ind formute which are formed @ room lemperiture
when N reacts with water, A typical analysis of an
elfluent is piven in Table T1L

Table 11: Cyanide compounds in solution in order af
increasing stabilicy.

REGULATIONS

Presently the Canadian Metal Mining Liguid Effluent
Regulations (MMLER) provides the minimum discharge
stanchards for all mines with the exception of gold mines
and mings that have been in operation since 1977, Due
this exemption, there are curreatly no federsl reaulated
fevels for cyanide. Proposed changes (0 these repulations

Compound | Chemical Comments will likely include all mines and place an upper Hmil of
ormuila 1.0 ma/L for total cyanide, They will also reguire thay the
Fre CN, HON Very soluble: elluent ke non-nentely toxic toorinbow troul, Mines in
cyanide equilibrium Crunada are also subject 1o provincial reguirements which
determined by do include an upper limit for cyanide. Some of the
pH requirements {or the different provincia jurisdictions are
Simple NaCN., KCN, Readily soluble provided in Table IV below. Also included in the table
compounds | Ca(CN) are selected international effluent discharges siandards
ZniCNs, Relutively applicable o mining operations,
CA(CN},, CuCN, | insoluble but do Table [V: Eftfluent discharge limits for total and WAD
Ni{CN b ApCN | dissolve cyanide (Senes, 19997,
Weak ZnfCNL
comyplexes CUiCN)y Jurisdiction Total WAD
CHCN), Cyanide cyanide
Moderately | CulCN); (mg/L) (/L)
SHOn; CulCN)s Ontario, Canada =~ | 1°
complexes NICNY™ -
ApfCN)y Cuebee, Canuda 1.5
Strong Fe(CN)," British Columbix, | 0.1-0.5°
complexes ColCNY" Cuatiada
ABCHY Yukon, Camada | 0.050.5" | 01-02"
Table LI Typical anslyses of pohd mill effuent (Seott, Chile |4
1993y, - : ]
South Africa 0.5
Component | Concentration World Bank | " 0.5"
(mg/L) . =
s S0~ 2000 Tasmunia 0.05, 0.2
— NOTES:
CNS 42 - 1900 ' Onwrio Regulation, S60/94, values are Lypical in
5.0, 45h Fcrﬁﬁc aies of Approvid
* Pollution Control Ohjectives for the Mining, Smeliing
A 0-115 and Related Industries of British Columbia, range of
Cu 0.1 - 300 values apply to discharges into maring and fresh waters,
Fe 0.1 - 100 atl I\'ulm:.l; are dissolved  wvalues in the receiving
environment
Ph 0-10.1 ¥ Range of values from 4 licenses held by the Yukon
Mo 0-4.7 Territery Water Board
- * Discharpe to water ways
Ni 0.3-35 ’ General Effluent Standurds, separale standards exast
=h 0-93 depending on he end use (Pulles e al, 1996).
Zii 13 - 740 : G'!.Iid{.‘m'l{‘.!i for Base Metal and Iron Ore Mining
. Discharge o [resh wiler and marine environment.

Vi
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The inclusion of a toxicity componeat represents o
shill in lowos of regulations from placing limits 1o
measuritye the impact on the receiving environment,
Current resulatory moasures of toxicity relate w the acuie
lethatity of ¢lMuents W lish as measured by the 26 hour
bieassiy method, Inthis wess S0% of e fish exposed 1o
100% of the ¢tuent must survive or Y6 howrs, The
toxicity is often expressed s LCs that is the
concentradion of & componenl in an clMoent tat kills 500
of the test Gsh in 96 hours (Scotl, T94%3), In 1998, e
Canadian precious metals imdustry had & 86%: pass rale
for this st The substances maost commianly suspected ol
capsing lexicily are ammoma amd copper,  Chher
suspected txicanty include: high alkalinity, heavy metals,
evanate ind Mmidcyarate.

T three groups of amimals known to be alfected by
cyvanide are:  mammals, repiiles  and  amphibians;
migralery bieds and walerlfow]: and oher forms of agualic
life, Reparts of cyanide poisoning of the first groep are
mininal,  Jue wo implementation  of  appropriate
containment Jesign and engineering standards, With
witerfiow] the primary concern is with exposure in open
ponds at mining operation; if the ponds are netied or the
wiak acid cissociable (WAL cvanide kept below 50
m/L the risk s minimezed (Smith and Modder, 1995),
For 1he preservation ol agoatic lile, WAD cyanide {the
toxicologically imponant form ol ¢yanide) can be reduced
b acceptible levels via (he use of well established
chemicai, physical snd dological reatment processes.
Site specitic chronie criteria, 0.08-0L10 mpfl. WAD
cyamide huve been developed Tor the protection ol aguatic
lifie ead have heen implemented inoa mamber of receiving
wailers in the US and New Zealand.

EFFLUENT TREATMENT PROCESSES

Adler pold necovery by carbon adsorption, the resulting
harren solulion invarishly contains both free and
complexed cyanide.  Degradation products such as:
thisreyanate, Cyanate and amminia ane also present in the
effuent  As mentioned, dve o the wxcily of these
components it is usually pecessary o treat the effluents
B fore they can be discharped mto the eovieonment, The
st commonly practised technigues for the treatment of
cyanide contnning effluents are: natural degradation,
chemical oxidation, bological oxidation and recycle or
recovery. The process employed ata site is chosen on e
busis of site specific fotors such ng the level and type of
conluminant (ie. simple, complexed), the form of the
elluent (e, clanfied, shorry) and te Gnal efeent guality
desired.

¥l

MNatural Degradalion

Unul e 1980% natural depgradation was the only
process that was used to destroy cyanide in gold mill
effluents. Ewven with the advent of newly developed
chemical methods, natural degradation remains the most
commonly vsed treatment technigue either alone or in
combingtion with chemical methods. In this process the
cyanide and dissoctsted metal complexes are hroken
down hy natural processes that eccur through prolonged
cxposure to the environment in tailings ponds. A number
ol physical, chemical and biolomeal mechanisms are
inyalved in the overall removal of cyanide in this method,
but volatilization and metallo-cvanide dissociation are the
main  ones controlling the process (Simovic and
Snodgrass, 19849), Cther factors that are also involved
are: pH depression, dissociation, photolysis, chemical and
hictogical oxidation, precipitation and shsorption (Scott,
19493), Fellowing dissociation of the complexes, the base
metals precipitate as hydroxide, 11 fron ¢yanide
complexes are presenl, photolysis with sonlight s
necessary for their dissociation {ADI, 1994),

The rate at which natural degradation occurs is
influenced by a number of factors, including: pH,
temperature, uliraviolet radiation, aeration, wrhidity, and
the pond conditions (e.g. area, depth, refention time), The
eliect of surface area was evident at Hemloe Gold=s Giant
Mine in Northern Ontario, At this site the surbace area ol
the tailings pond was increased from 23,3 acres in 1987
Lo 439 acres in 1988 with a corresponding decrease in
depth (Konigsmann et al, 19890 This produced a
signiticant effect on the final effluent concentrations of
CH dnd the metals over these two years (Table V. Other
gxamples  showing  the effectivencss of  nataral
degradation arc seen m data for Lupin and Holt-
McDermiott  Mines, Al the Lupin mine natoral
degradation is the sole method of eyanide degradation
(Scatl, 1993), it is secomplished in a series of two ponds
whose (otal retention time is two years. In 1991, the
cyanide concentration in the mill discharge was reduced
lrom 166 me/L cyvanide to 0.019 mg/L us a resull of the
degradation in the ponds. At the Holi-MeDermaott
operation, two seitling basins of 75 and 100 Ha are used
for nawreal degradation.  Recent results show effective
removal of CNy from 100 mg/L to less than 0,01 mgfL,
eyanzste and thiocyanate are also reduced significantly in
this system (Goode et al, 2001). This even though the
ponds are covered with ice for 4 months of the vear.
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Table V; Effuent quality at Hemlo Gold Golden Giant
Mine {Konigsmann ¢t al, 1989)

CMN Cu Fe Ni
Tuilings BE3 85 22.3 58
1987 G:1 31 0.7 23
1988 0.7 0.2 0.3 0.3

Some of the advantapges of a natural degradation
system are that it is relatively inexpensive and can be
develeped 1o conjunction with existing tailings ponds. 1f
praperty designed il could also result in the remeval of
contaminanls such a8 ammonia and iron cyanide
complexes,  The most signilicant disadvantage for
Canadign operations is that during the colder months
natural degradation is practically non-cxistent.  This
micans that if an cperation relies anly on this process then
a water retention time of nine 10 ten months is needed to
ensure thal nost of the cyanide 15 degreded. Another
disadvantage of this method is that while natoral
degradation is occurring, the waste may pose a threat to
humans and animals,

Some of these factors were taken into account by
researchers at Environment Canada who developed a
predictive mathematical model {Simovic and Snodgrass,
1989}, This model can be used to design ponds lor
cyanide contairing effluents and to predict the change in
concentration oceurring in a tailings pond and helding
ponds as o result of natural processes. 10 was tested using
daty from real ponds and was shown 1o provide
statistically sound predictions, at least within the 95%
confidence interval of the predicted value.

Chemical Oxidation

The two mast commonly used chemical oxidation
methods for the degradation of cyanide are those using
Rﬂ:. am:l Hinﬂ'

In 80, processes, cyanide in solution is oxidized to
cyanale using sulphur dioxide or ferrous sulphate and air
in the presence of copper (LS. EPA, 1994} according 1o
the reaction below:

CN +50,+ 0, +H,0 < CNO +H;80,  [2]

The wcid formed in this reaction is neutralized with
lime. Two patented processes exist using this concepl,
one by Inco and the other by Noranda.

Inco Limited has developed and patented an SO4/air
process for the destruction of cyanide in 1982, The
process is patented and reguires the payment of 4 rovally
fee to Tnoo when it is applied. This has become e most

viti

widely used chemical method for the destruction of
cyanide in Canada and in fact there are about 45 sites that
are licensed worldwide. 1tis applicable 1o the treatment
of both slurries and clear solutions, In this process the
cyanide ion and the cyanide component of metal
complexes are oxidized 10 cyanate by a maxiure of 80, or
sodium bisulphite and air in the presence of a copper
catalyst at a controlled pH, The theoretical requirement
is 2,64 g 30,/g CN (WAD), with actual dosages required
ranging from 3 o 5 /g for clear barren solutions and 4-7
gle for slurries (U5, EPA1994), Copper sulphate is
added at a concentration of approximately 50 mg/L and
the pH is controfled to about 8-10. Reaction times vary
from 20-90 minutes. Al one site 10 mp/L cyanide is
removed using the feed pipeline as the reactor, in this
case the retention time is only 6 minotes (Yeomans and
Yaschyshyn, 2001 ), Tron cyanide complexes are removed
through the formation of copper, #ne or pickel
ferrocyanide precipitates (Senes, 19993). Cost estimates
for implementation of the Inco process were provided in
Senes (1999b) for the treatment of 2.6 million m" of
waslewater per year; the capital cost was in the range af
1.8 million (Cdn) and the operating cost was $0.10
{Cdn) /m’', This process is generally able to redoce the
ttal  cyanide, dissolved rom, nickel and  &inc
concentrations w less than 1 omp/L, although copper
concentrations may excecd this and may have o be
removed wsing other means., Al one site copper is
removed through the addition of EDTA (Yeomans and
Yaschyshyn, 2001). Ancther area of concern is thal
although cyanate is thought o be 3,000 to 5,000 times
less toxic than cyanide it may [rther oxidize w0 form
ammenid, which is toxic 1o freshwater fish, In this case
the toxicily can be reduced by the addition of carbon
dioxide 1o reduce the pH and thus conven the ammaonia o
its less toxic form,  Performance data from sites
employing the air/SO; process are given in Table VI

Tuble ¥I; Typical treatment results (Robbins, 1996}

Company Effluent 1ype
hefore | After

Colosseam Slurry 375 0.4
Casa Berardi Slurry 250 1.0
Golden Bear slurry 200 1.0
MeCoy/Cove Slurry 250 5.0
Micke! Plate Slurry 250 5.0
McBean Solulion 370 0.2
(barren)

Mineral Hill solution 350 0.5
(harren)

Stock (pond) solution 15 1.0
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Moranda Inc., holds a patent for 4 similar destruction
process lor tailings effluent, it has been tested and is
presently in place at their Golden Gianl Mine in Ontario
(Damjanovic, 20000, The process was developed a5 4
result of a site specitic need (0 control antimony and
molyhdenum (Konigsmann et al, 198%), In the Noranda
process, copper and ferrous sulphate are added to the
effluent; in the presence of hydroxide ions the ferrous iron
is oxidized o ferric oxide while the cupric ion is reduced
to cuprouws ions which removes the free cvanide as
ingoluble precipitates. This removal of cyanide ions from
solution shifs the equilibrinm of the cyanide complexes
to produce more free cyanide. Residual cyanide is
axidized by the addition of hydrogen peroxide. This
process has vuly been applied this site. Some effluent
data from this process are prescnled in Tahle VI,

Tahle VII: Influent and effluent assays for the Hemlo
Process (Konigsman et al,, 1989).

Influent Effluent
H 2.10 9.81
CMy 23.20 013
Cul 4,10 .50
Fe .20 01t
Ni 4,80 (H8
Sh 7.70 1.00
% 5] .20 .20
CNS 44 40 2420

Hydropen peroxide in the presence of a copper catalyst
can be used to convert cyanide o eyanate in much the
same way as sulphur dioxide is used in the Inco SOy/air
process.  Theoretically one mole of hydrogen peroxide
will oxidize one mole of cyanide, sccording (o the
reactinm helow:

CN +H.0, <2  CNO +HIO (3]

In practice higher concenptritions are required to
schieve faster reaclion rates.  Any dissolved metals
complexes such as those contyining copper, nickel or zing
aree previpituted ss hydroxides. Iron eyanide complexes
are not oxidized by peroxide, these will be precipitated as
cupric ferrocyanide. In this case though sufficient copper
musl be available to act as hoth a catalyst for oxidation
and as a precipitant lor ferrocyanide (ADIL, 1994). The
peroxide can he directly dosed into the tailings pond,
Sinee peroxide decomposes rapidly in the presence of
solids it is not econpmical for the treatment of slurries.
Eguipment requirements for the hydrogen peroxide
prowcess are similar o those required for the Ineo process.
The process is carried ot in conventional stirred tanks,
at pH 10-11 [or 45 minetes w 2 hours with a peroxide
eyanide ratie of 4-5/1 being used (AD1, 1994), The major

in

advantage of this process is that no by products that might
cause toxicity are left afier the reaction takes place,

Peroxide has been proven effective at a number of
operations and its effectiveness is controlled by variable
reagent  addition in response (o varying  elfluent
compositions. On the negative side il has not been
proven effective on slurries and added safety precauntions
are needed in this case sioce hydrogen peroxide is a
strong oxidizer, and can give rise (o0 violent explosions if
in contact with combusiible material (U.S. EPA, 1994),

Biological Treatment

Microbial action either naturally occurring or in an
enginecred reactor, results in the transformation of
cyanide into ammonia. Any metals that sre present in the
form of cyanide complexcs are released and absorbed by
the hiomass and thiocyanates are converied to sulfate,
according to the following reactions (U.S. EPA, [994);

Cu,CN +2H,0+0.50, &

Cu-hiafilm + HCO; + NH; 4]
SCN+2H,0 + 250, =»

S0, 4+ HCOy + NH; (51

If the proper conditions are in place, further microbial
action will convert the ammonia (o nifrae:

NH, 41,50, = NO;+2H"+H0
NO; + 050, =2 NO,

[6]
7

The first such plant e wtilize these naturally
occurring reactions w degrade cyanide solutions was the
Homestake Mine in South Dakota. The trestment plant
consists of 48 rotating biological contactors (RBC=5); 24
for eyanide degradation and 24 for ammonia conversion
(Sencs, 1999, The RBC consists of a series of disks
mounted on a rotating shaft with the disks being partially
submerged in 4 trowgh. The rotating shaft allernalely
contacts the biomass with the wastewater and the
atmosphere. Addition of small amounts of phosphoric
acid sre needed as 4 natrient for the microorganisms,
After the ammonia is converted to nitrate, metals and
biomass are removed by the addition of ferric chloride
and a flocculant, The plant in South Dakota treats and
discharges 21,000 m’ per day into a cold water trout
fishery (Whitlock, 1995), The average effluen treatment
removal  experienced in the plant is 99-100%
thipeyanate; 96-98% total cyanide; 98-100% WAD CN;
U5-99% copper; and 98-100% conversion of ammonia Lo
nitrate {Whitlock, 19953, Permil values that have w he
attained i this site are; 010 mp/L WADCN, 0,13 mg/L
Cu, L.Omg/L ammonia (Whitlock, 1990). At the time i
wits build, in 1984, the capital costs were 2/3 the cost of
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a conventional treatment plant; the operating costs ure
SUS 0,11 /m” of water treated (Whitlock, 1993),

A second bislogical plant has been installed at
Homestuke=+ Nickel Plate mine in British Columbia
when i wis closed in 1996 (Given and Meyer, 1998), 1
wits pul in place in order o treal te tailings pond water
prior to discharge therefore the flow W the plant can he
controtled without worry of process upsels if the mull
were operating. The provess involves o combined aerobic
and anacrobic hiclopica] process for the removal of
residual  cyanide, thiocyanate, ammonia and  nitrale
coupled with o High Density Sludge-ferric sulphate
process lor the removal ol arsenic and any other residual
metals (Given and Meyer, 1998). The plint was initially
operated to treat 1090 m'/day and then slowly increased
to 2450 m'day; the average operaling cost s 8.60
S$(Cdn)/m’.

These two  examples have shown  successtul
application of (his echaology, it wonld oot likely be
applicable to most sites in Canada though because of its
reduced performance in the colder climates and seasonal
viriations o1 Mow rale and water quality (Senes, 19997,

CYANIDE RECOVERY PROCESSES

Although generally effective, the cyanide destruction
provesses present both economic und envirommenial
deawbacks (Riveros ot al, 1998). Mining companics
spend a considerahle amount of money both destroying
am! replacing cyanide. In addition, cyanate, a byproduct
ol most chemical oxidation processes deprades 1o
ammaonia which is highly toxic w fish.  Alternatively,
cyanide can be recovered from effluents Tor rease in the
leaching circuit,

The AVR ({Acidification - Volatilization -
Rencutralization) process is probably the best known
method to recover cyanide. In this process the pH of the
effluent is reduced (o pH 2 o 3 by the addition of
sulphuric acid to form HCN. The reduction in pH causes
any metallo-cyanide complexes present in the solution to
dissociale releasing more HCN  while the metals
precipitate. The solution is  then contacted
countercurrently in 4 packed column with 4 siream of air;
due to the difficulty in volatilizing the HCN, volumes of
air ahout 300-500 times the liguid flow rate are necessary.

The HCN in the air stream 15 then reabsorbed in a
seccond columm by countercurrently contacting it with
caustic soda thereby forming sodinm cyanide which can
he returned to the leaching circuit. The AVR process was
used by Hudson Bay Mining and Smeling in Manitoba
from 1935 to 1975, This plant incorporated the basic

concepls (hat have been wsed in subseguent plants,
namely: volatilization in countercurrent columns; air
recycling; und the ahsorption of HCN in lime slarry
(Riveros et al, 1998), The Golconda Minerals= Plantin
Tasmanin improved on the safely aspects by nsing 4
negalive pressure, ensuring (hat any leakaee would be
inward (Kitney, 1988, 19841,

In recent years, the mining industry hus been
processing more copper rich gold ores resulting in higher
cyimide consumptions hecinse of the formetion of copper
cyunide complexes which in turn resalts in higher
Lrestment costs. 1Chas been shown (Riveros et al, 1998)
Lhat effluents containing as high as 979 mp/L copper and
[R93 WAD {weak acid dissociated) eyanide conld he
treated using an AVR process: in these tests, 90% of the
copper was precipitated and easily separated from the
solution,

A variation of the original AVR process is known as
the Cyanisort process which was proposed by Mudder
and Gladstone (1989 To reduce the acid consumplion
the solutions were acidified (0 pH=s varying from 6 to
4.5. Unhke the AVR process this process can breal
slurries and s costs associated with selid /1 ligquad
separation we eliminated. This process is presently heing
used at two operations: the Golden Cross mine in Waihi,
New Zealand and the NERCO DeLamar mine in 1daho
(Senes, 1999). The Golden Cross plant treats 2180 Uday
ol a 34% solids slurry;, approximately Q0% of the cyanide
is recovercd and the fnal effluent contains 20 mg/L
cyanide. Capilal costs for this plant were estimated at
S3.7 million (1994 USH) while operating cosls were
0L.88% (USH ore or ahout 0,48 S(USm” of water treated
{Senes, 1999), One drawhack of this process is that since
it is operated ol newtral pH=s it would net be able Lo
recover cyinide from most metallocyanide complexes,
notably those of copper, zine and iron,

Vilrokele 1s another process that has been shown 1o be
ahle to recover cyanide from slurries or clarified
solutions. It has been tested in several laboratories and
field sites but no commercial plant have been constructed.
In this process, an 1on exchange resin binds cyanide and
metallocyanide complexes, The loaded resin is then
ehried in two steps: in the first it is contagted with zing
tetracyanide to remove the mietals and in the second with
sulphuric acid to remove the lree cyvanide. The metal
containing solution is then acidified with acid for zine
recovery by ion exchange {ollowed by copper
precipitation using sodium sulphide or hydrosuiphide,
The c¢yanide solution can then be treated  with
conventional AVR o recover the cyanide, The higeest
concern with this process is its long term stability and the
resistance of the resin o atrigon and fooling (ADI
19047,
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The major advantape of these processes is et cyamide
can be recoverad lor revse which may be important in
remote locations where the cost of evanide may he very
high. Swdies in New Zealand have indwcated that the
ANR process conld generale an operating profit, however
Al the time of e study, cvanide costs in Mew Zealand
wire 35 times higher than those in the US (LS. EPA,
1994), Another bepelit of the process is that it does not
penenile auy hyproducts such os cyanae, ammonia o
chloroamines). The major deaw hack is that the process
is commplex wnd requires strict salery precautions becase
of the evolution of HCN which is highly toxic and thus
can present o serious risk 10 workers in such a plant.
With proper precautions, such as operating the system
wnchier @ nepalive pressiune and having adequale monitoring
systems in place, these risks can be reduced.

ALTERNATIVE TO CYANIDE

Winle eyviinide remains the lixiviant of choice doe 12
iy effcieney and low costs, 10 does pose risks (o the
environmenl, The risks involved have been brought to
Light by the spill of eyanide containing wilings from the
Oyert Gold Mane in Guyana in 1995 and more recently at
the Baia Mare mine i Hungary, As o result of incidents
like these some jurisdictions have prohibited the
applicition of eyanide 1o recover gold (e.g. California,
Colorido, Japan il Turkey). In addition, there are other
techmeal problems wssociated with the use of cyanide.
Namely high consamplion in copper conlaining ores and
e dilficulty in the recovery ol gold from refractory ores.
Mo result of this there have heen several projects
imitialed to develop an alternatve to eyanide. The most
promising of these s thiosulphate.

In addition 0 being less woxic and relatively cheap,
thivsulphate torms a stable anionie complex with gold bul
15 less reactive 10 other mebilds (Yen et oal, 20010,
However, the chemistry is more complex and miuny of the
mechanisms  invalved sre ool folly  ondérstoed,
Thiosulphate  leaching  requires  threg  components:
ammonimmn thicsulphale, ammoniem hydroxide  and
cupric fon {copper sulphated (Yea et al, 2001 The
thivsniplate dissolves and stabilizes the gold in solution,
while the ammonia und copper increase the kinetics, il is
thowght thpt the cupric ion acts as o catalyst.  The
armmoni is needed o stabilize the cupric ion as a cupric
tetrmmune complex. The overall reaction is thought to he
as follows (Hiskey and Atluri, 1998%

4 AU+ 8507+, +42H0 >

- 11

4 Au(S:00)" + 4 OH [8]

There has been extensive work on the use of
thiosulpliate as an alternative lixiviaot, most of te work
las been carried owt at the fab scale on mild refraciory
ores under 4 wide range of leaching conditions, such as:
(L3 - 4.0 M (NHL 250, 0,049 - 4.0 M NHLOH, 0.001 -
0.1 M Cu™ and pH 7-11, Problems encountered tws Tur
dre: high reagenl consumplion; medlerials selection; and
evolution of ammonia in the air.  The high reagent
requiremnents ot present make this process uneconomicil
compared to cvanidation and thus more research is
required in s ares. Recovery of the gold from solution
is also another area that s receiving much aliention;
cementation seems to be the best process, but work is
confinuing in the areas of ion exchange and solvent
exlraction.

CONCLUSIONS

The cyanide leach process has dominated the gold
leach industry for the most part of the twentieth centory
and will likely continue 1o do so for some years Lo come.
The process is simple, elficient and usuully wvery
forgiving under non-optimum conditions (Fleming, 1998),
There 25 jstifisble concern over ils wse since i 15 1 toxic
substance and can he lethal if it is injested in sufficient
amounts,  Ower the past two decades though mining
companies  lave made significanl advances in the
handling and treatment of cyanide waste solutions. In
particular the Canadian industry, as described in this
report, uses a variety of methods to efficiently destroy
cyamde in order (o meet regulations that ensure there are
iy impacts to the environment by effluent discharpes,

More ollen now there are ores thal are being
discovered thal require large amounts of cyanide to leach,
these are being avoided for the most parl.  As resources
hecome more scarce, tus may foree idustry (o maore fully
develop cyanide recovery and recvele processes. Recent
public and regulatory pressures may also lead to the
development of alternative lixiviants such as thicsulphate,
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