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HYDROMETALLURGY OF PRECIOUS METALS:
EFFECTS ON THE ENVIRONMENT

S$.5. GAYDARDHEV
Department of Mineral Processing,
University of Mining and Geology, 1100 Sofia, Bulgaria

ABSTRACT. Factors which affect the release of toxic substances to the
environment during the hydrometallurgical processing of precious metals bearing
ores are discussed. The experimental work and industrial results on the following
aspects of the cyanidation process, having environmental notions, are surveved.

» Chemistry of cyanidation and generation of an environmentally hazard compounds.

+ Process selection and preparation of leach pads.

» Methods for treatment of process solutions.

» Effluent characteristics with a view of wastewater treatmeni options selection.

+ Long and short term fate of cyanide in environment - regeneration and
destruction,

+ Environmental impact and risk assessment procedures.

The review of new work, in the field of alternative gold lixiviants is also

presented and attention is drawn on the degree of toxicity of these lixiviants.

1. Introduction

Environmental impact of mining has existed since mining activities began centuries

4go. As the scale of mineral workings increase, so did the degree of pollution,
Coupled with this. came changes in processing technigues, involving the use of
chemical reagents and the transport of ores and concentrates over greater distances.
All these operations had as a consequence an ever increasing environmensal impact.
Whilst this impact did not cause serious concerns until the second half of cur
century, these issues have now being changed and the envircnmental aspects of
“aing are paramount, especially in the developed countries.

Ever since mining began, gold extraction has been the brighter spot; in recent
years however, with the decline of mineral-based natural resources, it has become
4 central area of industrial activity world-wide, which has led to immense
¢uvironmental pressure. A persistent feature of this activity is the involvernent of
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a wider variety of ores, characterized by progressively lower grades. Treatment of
these ores is characterized by a concomitant increase in the generation of different
waste products, in the form of gases, solids and mixtures of them, which must be
disposed of responsibly, in compliance with stringent environmental regulations
and as economically as possible. Some of these, like dusts from blasting or
crushing, or solid waste from mining, are controlled, disposed of, or removed
mainly by physical means without any chemical treatment. However, most of the
other waste may contain components that require cherical treatment,

This situation is a real chailenge for gold metallurgists, to select the most
appropriate technology to suit 2 given need and to comply with varied
environmental regulations and legislation. Indeed, although through increased
gold recovery the new generation flowsheets are justified economically, it is
really the environmental problems that have been the driving force, behind the
development of improved gold recovery technologies. Any environmental impact,
whether regulated or not, should be minimized by good process design, effective
wasle management and reclamation requirements.

It is known that the majority of gold recovery flowsheets employ hydrometal-
lurgical technigues, which themselves are reactions in an aqueous system. The
basic sequence of hydrometallurgical processes for gold extraction. from the
principal resources to end products, is shown in Figure |.

While the two key areas atracting interests among researchers are the
development of effective methods for cyaride recovery and its destruction in
process wastewater and/or the on-going search for an alternative nos-cyanide
lixiviants, for the industry the most important yet techniques remain to be: leaching,
solutions purification/concentration and recovery of gold. Depending on the ore
type, pre-treatment operations could be involved as part of a complex flowsheet.
mainly with the aim to increase overall gold recovery in the leaching stage, by
liberating encapsulated gold and by rendering interfering components less reactive.
Common interfering components are the highly reactive sulphide minerals. The
most important methods used in this regard are: pre-aeration, roasting, chemical
oxidation. pressure oxidation and bacterial oxidation. More exotic DProuchss
siudied. involve pyrolysis of refractory gold arsenopyrite ore in N, CO; and SO-
annispheres, instead of oxidizing roasting {2] or anodic eleciroleaching i chloride
media of the concentrate for releasing the fine gold grains [31.

This paper intends to review the environmental notions associnted with the
hydrometalicrgical processing of different gold ores. Since cyanidation is the
mwst universally known process and is considered a major eavironmentd
“eadeche”, (15 envitonmental aspects are discussed in greater qetails. At e
vime time, environmental advantages and limitations reported for the main
allernative to cyanide reagents are reviewed as well.

OPERATIONAL COMPONENT(S} OPTION UNITS OR PROCESSES

ftailings, slags, flue dusts
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2. Cyanidation

2.1. BASIC CHEMISTRY OF PRECIOUS METALS LEACHING

The cyanidation process is the most widely used industrial hydrometalurgical
method for gold extraction from ores and concentrates. Simple cyanide salts, such
as sodium, potassiwm and caleium cyanides, dissolve and ionize in water to form
their respective metal cation and free cyanide ions. The term free cyanide relates
to two categories, the cyanide ion {CN) and hydrocyanic acid or hydrogen
cyanide (HCN). The relative proportion of these two forms depends upon the;H
of the system. The reaction between cyanide ion and water could be given as:

CN™ + HOH « HCN + OH~ (D

ﬁtc any given pH and temperature, the system is in equilibrivm and the
relative amounts of each can be determined from the equilibriurn constant:

_ TN
* T IHCON] @

Hydrogen cyanide is a weak acid. which incompletely dissociates in water
as follows:

HCN @ H" + N (3

Fr‘e_e cyanide complexes with many metal species, principaily with the
transition metals, which vary widely in stability and solubility:

M™ + yON™ &= M(CN) )

Th:e main chemical regction involved in goid solubilisation, known as Elsner
eequation, is as follows:
4Au+8CN" + 0, +2H,0 <= 2ACN)T +40H" &)
Relatively weak solutions can Bc used, bocause of the strong compiex
formed beterzen cyanide and zo!d. For mstence, in the absence of other metal
cyansde complexes, a 100 mg/L solution of NaCN cun provide the maximum
rate and extent of disselution. The silver svanide complex is weaker than the
suodd one and heree, it fequires sironger cvanside soistons and/or lonser contact
tiznes for dissolution, }

2.2. REACTIONS OF OTHER MINERALS

In spite of the relative specificity of the gold-cyanide reaction, other metals and
metal sulphides decompose quite well in the leaching solutions, 1o form metal
ions, metal oxides or metal cyanide complexes and various sulphur-containing
species. This is accomplished by minerals reaction both with cyanide and to a
given extent, with hydroxide, which must be present to maintain cyanide in its
ionic form. Also, the need for more severe conditions in the presence of silver,
facilitates additionally the attack on metallic minerals present in the ore,
leading to increased cyanide consumption, decreased selectivity and higher
concentrations of metals in solution. The reactions with iron minerals, pyrite
and pyrrhotite are of utmost importance in many cases, since these minerals are
known as the highest cyanide-consuming minerals in gold ore. Thus, cyanide
and oxygen are consumed and a variety of solution species are produced,
reducing the efficiency of gold leaching and the subsequent recovery processes.
The cyanide consumption is considered as a direct reagent cost and could
inkibit gold dissclution. Besides, the elevated cyanide and metal-cyanide
concentrations in the leach liquors significantly increase the complexity of
wastewater characteristics and the cost of its neutralization and treatment. The
main reaction for a sulphide, containing a divalent metal cation could be given
as follows:

2MS+2(x+)CNT+05+2H, O e 2MICNYE™ £2SCN™+40H™  (6)

All sulphide minerals, except lead sulphide, are capable of generating thio-
cyanate in cyanide solutions: the exact mechanism of thiocyanate formation
during cyanidation is not clear. Primary reguirement is the formation of
compounds containing labile sulphur aterns in solution. Such compounds include
clemental sulphur micelles {(S;) and alkali or alkaline earth polysulphides, thio-
sulphates or polythionates [4]. it is believed that thiocyanate does not result from
the direct reaction of the cvunide ion, but merely of its metaliic complexes, with
these sulphur atoms which usually originate from the artack of alkalis on reactive
sulphides such as pyrrhotite. Suiphur atoms can also form via oxidation of
sulphide ioas relezsed by dissolution of sulphide minerals, Thiosulphatz and
polythionate specics may also contribute 10 thiocyanate generation. To minimize
thiccyanate formation, 2 complete oxidation of sulphides to sulphates should be
maintained. This could be accomplished by addition of lead salt. under vigorous
agitatien and lead must be presem uar thane the sulphide ions first appear in
solutien. The preduction of thiocyanate is highest for ores with free sulphur or
pyrrhotite containing minerals. When such ore is treated directly with cyanide
solution, formation of thiocyanate proceeds continuously with both these minerais

-
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and is accelerated under conditions, which combine partial or inadequate aeration
with high atkalinity.

The formation of ferro- or ferri- cyanide ions, like Fe(CN); . or Fe(CN)E™
{i.e. the hexacyanoferrates), is often of greater concern from operational and
environmental view points, mainly because of their extreme stability in the
absence of light and their tendency to dissociate when light is present. They are
formed relatively rapidly under conditions of low alkalinity and reduced
acration, particularly if pre-oxidation of the ore has led to the presence of
ferrous ion. This is mainly due to 2 drop in PH. caused by incomplete
precipitation of ferrous hydroxide. Much controversy exists over the relative
toxicity of the iron cyanides due to photolysis. Although these complexes resist
natural degradation until free cyanide and the more readily degradable metal
cyanides, they tend to release toxic levels of hydrogen cyanide, when exposed
to intense ultraviolet radiation 4]

It should be noted that the conditions for the formation of thiocyanate and
ferrocyanide from iron sulphide minerals are to some extent mutually
resirictive, since the conditions chosen to minimize on¢ may promote formation
of the other, This is of particular importance from a wastewater treatment
viewpdint, since thiocyanate creates an oxidant demand, is potentially toxic
itself and breaks down forming ammonia, a cause of further concern. However,
their chances of contaminating the aquifer 2re less dramaric compared to
cyanide. The mobilities of thiocyanate and ferrocyanide are dependent on soil
conditions and it is known that they are attenuated by a number of soil types.

2.3. PROCESS SELECTION

Cyanide leaching of gold-bearing materials is accomplished by a variety of
metheds which are summarized as follows, in order of decreasing economic
irmportance:

* agitation leaching,

* heap or dump leaching,

* intensive leaching,

* vat leaching and

° Insitu leaching.

The choice between these options depends prizarily pn the relationship
belween particle size and recovery. capial and operaring costs, and the
dissolution rate in each case.

The prepararion of leach pads. ir. case of henp or cuniy waching, is of primary
imporance @ provide environmendal protection and avord gold losses in leach
solutions. Careful and precise engineering and lining iastaliation are requirzd.
The surface is first cleared of all growth. and the top soil is removed and stock-
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piled for later restoration/remediation use. A compacted soil/clay liner. a?o}?t
300-mun thick. is then prepared and a VLDPE plastic liner is plf:lced on top 0f the
liner. A 300-mm layer of crushed rock is placed as a protection, on top c:i tf 2
liner. Above, an approximately 300-mm coarse-rock la.ayer is provxfje fo;'
drainage. Ore is loaded on top of this sequence [3]. A typical cross section o
leach pad is shown on Figure 2.

Mineral gold

300 mun thick drainage layer

300 mm thick protection layer
40 mm thick VLDPE geomembranc

300 mm thick earth layer
Nanzral rock

Figure 2. Cross section of leach pad lining

After completion of the leach cycle. ie. Wher? the ore bo-dy ts exhausted. thh_e
heap is washed with water to remove the remaining of th.c dissolved metal. This
proécdure can ultimately detoxify the heap, for final site closure. The barrerf
leach solutions ponds should be also rendered hmﬂess and therefore.' poInc%s
are similarly carefuily prepared and lined with. a triple-layer HDPE plast{ci t nz
reported that PVC has the potential of replacing HDPE as I:mn'g materia a:;1
that the so called “geofastners™ are gaining popultmty fo_r stabilization gf : ¢
liner [6]. Geoneting is applied te assists with sclution drainage between liners,
and geofabrics - to protect liners from rock damage.

2.4. EFFLUENT CONTROL - ENVIRONMENTAL CONSIDERATIONS

Cyanide leaching produce definite amounts o.f liguid efﬂuems_ip .solutzo.n ar;d
sI;m'y form, In some cases, economic and envxron::mcntai necessities may ‘}um:‘_a
the invelvement of subsequent flowsheets. aiming to the treatment of tl.m.:e
effluents for their detoxification. reagents recveie and metal values recovery.
Thus, effluent trearment operations seern mandatory as part of the whole
flowsheet. For many effluents, however, the above factor; may not apply and the
effluents can be disposed in a satisfactory maaner without treatment. Whe.rf
treatmient is envisaged. the major targsss are the various cyamdc_: Species. toxic
metal ions and extrerne pH values. The cyanide compounds are divided into four
major groups. which include:
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» free cyanide, CN” and HCN,

* iron cyanides,

s weak acid dissociable {(denoted hereafier as wad) cyanides ang
* cyanide related compounds.

The long-term fate of any solid portion of the waste may be also under special
consideration. Generally, the effluents arising from the hydrometallurgical
processing of gold ores are divided into two main categories - contained effluents
and those that require discharge.

2.4.1. Contained effluents.

They present materials that are stored on place. with little or no release to

environment. The main characteristic of this type of wastes is that there is an

impermeable, or semi-permeable barrier between the material and the ground
on which it is laid. This is done to avoid any degradation of surface or ground
water, Barriers may present:

+ tailings impoundment,

* lined heap leach pads,

* lined solution ponds,

* stweel tanks and

* concrete vats and sumps.

If necessary, the contained effluents can be treated in sitw for reaeent or
metad recovery, prior to disposal in the containment faciliry, Bbesides,
precaution measures might be required depending on the actual threat these
eifluents preseat to the wildlife, the possibility of a release to the environment
and the risk of contaminating surface/ground water. The following procadures
are applied to reduce the risks menticned: )

» minimizing the exposed surface area of solution, which reduces the
aractivensss of the water body, especialiy to wild life;

* preventing wildlife access to toxic solutions. by fencing around open cyanide
solution storage facilities. Some operating plants use floating plaszié pond
covers, which reduce cyanide losses oy volatilization;

* minimizing the concentration of texic components in solution by optimal
process design and cyanids contrel. ’

24.2. Discharge effluents.

The need o discharge effluent into the surrounding enviroament depends on the
overali water balance of the nperation (Figure 3). Water balance itself is a
function of various factors, fike the procuscing methed. the local climate. the
amount of process water generaed and the methud of o fuent Jisposal. The need
f'or_soiutions discharge into the environment is mere acute in plants locared in
regions with positive water balance, However, under certain cifcums:ances. like

265

periods of heavy rainfalls or equipment failure, some operations with large nega-
tive balance might require discharge.

Ore Fresh water Precipitation Evaporation
vy ¥
Process Effluent > glfg:::;] N Solution retained
facility in final effluent
< l’ wlv
Recycled solution Seepage andfor

planned recycle

Figure 3. Wazer balance scheme of process tlowsheet involving
eftluent recycle (from Mardsen and House. 1992 {7]).

2.5 EFFLUENT TREATMENT

The effiuent potential to contaminate surface or ground water could stipulate

the need 10 be treated, to meet certain regulatory standards prior to discharge.

Therefore, to aveid serious legal consequences many industrial operations

should seek quick solutions for detoxification. A detailed understanding of
wastewater sources and characteristics is essential in the selection and design of
reliable and efficient treatment systems to mest environmental standards. The

chemical characteristic of gold mine wastewater is a result of the complex

interactions ocecurring between metallurgical processes and reagents. oré
geochemistry and site hydrology. The selection of a treatment system depends

on wastewater chemistry and the level of cifluent control limits. developed for

many sclution species, based on tiwir measured, perceived or projected 1oxicity.

A listing of parameters of concerm and representative ranges of concentrations

are given in Table 1. For the sake or comparisen the World Health Organizaticn

drinking wuter standuris, giving :n indication of acceptable limits is show on

Table 2. These could be used or'v as an approximate estimation. since daia
deviate in different countries.
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TABLE 1. Characteristics of cyanidation effluents

Parameter Range in concentrations in mg/L
Arsenic <0.02- 100
Cadmium <0.005-0.02
Chromium <0.02-0.1
Copper 0.1-300.0
Iron 0.50-40.0
Lead <001 -0.1
Manganese 0.1-200
Mercury <0.0061 - 0.05
Nicket 0.02- 10.
Selenium <0.02-6.0
Silver <0.005-2.0
Zinc ¢.05- 1300
Total Cyanide 0.5 - 1046.0
WAD Cyanide 0.5 - 650.0
Free Cyanide < Q.01 - 200.0
Ammonia-N <0.1-500
Thiocyanate < 1.0-2000.0
pH 2-115
Hardness (as CaCOy) 200 - 1500
Sulphate 3 - 20000
Temperature {"C) 0-35
Flow {in gpmn} i - 6000

TABLE 2. Selected water drinking standards/guidelines

WHO intenazionad (1958) WHO European (1961)

Chermend constituent Permissible Excessive Maumum Recommended  Tolerance

limat lirmt lirnit himit timit

concentrations in mg/l

Ammonia {(NHy) - - - 0.5 -
Assenie - - 2.2 - 0.2
Cadmium - - - - 0.05
Caloium 75 00 . - B
Chionde 200 50 - 350 -
Chromuem (Vi) - . 0.05 - 0.05
Copper 1.0 1.5 - 30 -
Cyumide - - 00 - 0.01
Fhionde - - 1.5 -
fron 0.3 ] - ol -
[REN . - 0.1 . 0.1
My, + Na sulghates 0 10 - - B
Manpanese 0.1 ¢3 - 0. -
Nitrate (NOx) - - - 0 -
Seicruum - . 5.0 -
Sulphate 208 <0 - 230 .
Tutad sobids 500 1500 - - -
Zang 5.0 15 - 5.0 -
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Data suggest that the most significant, in toxicological sense, are the free
cyanide compounds and the weak acid dissociable complexes, like zinc, copper
and nickel. The toxicity of these complexes is mostly due to the concentration
of free cyanide that is in equilibrium with the metal complex. Hence. the strong
complexes are essentially non-toxic. The co-existence of the two species CN°
and HCN is very dependent on solution pH and their relative proportion will
vary with the pH value for the equilibrium reaction. The relationship between
both forms and pH is shown on Figure 4.

Figure 4. HCN and Cyanide ion existence as a function of pH.

The most commonly used, first-choice method for detoxification of cyanide
takes advantage of natural decay processes in tailing ponds, lagoons and soil
barriers. These processes include: complexation (chelation), volatilization,
atmospheric oxidation, adsorption onto other minerals. hydrolysis, biodegradation
and cyaniGe compiex precipitation. It is known that twenty-eight elements {among”
them nomerous iransition metals) are capable of forming seventy-two different
cyanide complexes, which are less toxic than free cyanide. Some are, however,
not verv stable and will decompose back to free cyanide. Volatilization of HCN is
accomplished by lowering the pond pH by means of natural uptake of carbon
dioxide from air and by addition of iow pH rainwater, that is relatively saturated
with carbon dioxide. The pH drop induces change in the CNVHCN balance
increasing HON voladiization. During atmosphenc oxidation, dissolved oxygen
from the process solutions oxidizes cyanide 1o cyanate, when there is no catalyst.
When as little as 20 g/L activated carbon is present, the reaction is acceleraied.
The method of cyanide removal by adsorption on other minerals is important in
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the long-term fate consideration of cyanide in slurry tailings and heap leach pads.
It is based on the known ability of some materials with carbonaceous structure to
act as effective adsorbents, Qther natural methods, resuiting in precipitation and
co-precipitation of solution species, account for varying degree of cyanide
destruction. depending on the various conditions, The rate of degradation in
natural systems depends upon factors such as pH, temperature, exposure to
sunlight and depth of the pond. The microbial-assisted degradation is supported
by the ability of certain bacteria to converr the immobilized (by soils) cyanide
salts, to less toxic and further dissociable nitrates under anaerobic conditions.

In many cases, however, residence time in the lagoon is too short, for ensuring
adequate destruction of the cyanide, thus mandating involverment of chemical
treatment  operations. One traditional technique, used in this regard, involves
chlorination. It is capable of destruction of total cyanides, except iron-cyanide
complexes. thiocyanate, cyanate and ammonia. Depending upon the amount of
chlorine or hypochlorite added to solution. these compounds can be oxidized to
nitrogen gas and bicarbonate through “breakthrough chiorination™. However, its
popularity has recently declined, due to 2 number of operational disadvantages, as:

+  alkalinity must exceed pH 11 prior to the addition of chlorine, in order to
avoid the risk of discharging toxic cyanogen chloride into water or air;

*  presence of thiocyanatz in the waste water causes very high consumption of
chlorine;

+ chlorine oxidizes ferrocvanide to soluble {erricyanide, preventing this

‘portion of the total cyanide from precipitating out of solution:
= use of chlorine causes additional salting in the discharge 1o waterways, and

without proper conirel and monitoring, may lead to formation and release

of hypochlorite, which is highly toxic to fish:

* organic substances present in the wastewater produce environmentally
undesirabie toxic chlorinated compounds;

= chlorine demands great care in shipping and handling.

One other known method called Cyanisorb, utilizes the volatility of HCN ata
neutral pH 1o recover WAL cyanides from slurries or clear solutions [8]. Unit
operations include agitated acidification tanks, to lower the pH to approximately
8.0, paclked-ted striping soweris) to slrip HON from solution, adsorption lower(s)
ta recover stripped HCN in a hvdroted e sty and a newtralization tank 1o
ruse the pH to approximatelv 10-11 prior 10 disposal. WAD cyanide recovery is
assumed to be 50%, with recovered cyanide returning to leaching operations as
caleium cyanide. Reagents usad in this process are sulphuric acid, to lower the pH
and lime, o recover stidpped HON ang 1o neutrufize acidified tailings, For a
reduced consumpticn of reagenis, there is a need for solutions 1o be cleared prior
te {reatrment, which makes the flowsheets more sophisticated.
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The two leading contemporary processes, incorporating .chen?ical treatment
schemes, are based on oxidation of cyanide with: SO»-air mixtures (INCO
process) and hydrogen peroxide (Degussa process) [?]. . _

The SO, assisted oxidation has been used extensively in various fonS. The
process is based on the ability of 8O:-air mixwres to oxidize rapidly free
cyanide and WAD metal cyanide complexes in the presence of Cu(ll) as
catalyst. Although details of its process chemistry are not fully understood.
oxidation of weak cyanide take place according to the reacticn:

CN7480,2+05;+H,0 & CNO™+H,80, ¥

The reaction works at optimum pH of 9, but it will proceed to a sufﬁ_ciegt
extent between pH 7.5 and 9.5. Sulphur dioxide can be supplied as gas or I:qu}d
or by burning elemental sulphur. The INCO process posses also certain dis-
advantages among which are: _

» the need for ultimate mixing of SO; and air with solid/liquid pulps makes
them difficult to treat;

* S0, is a toxic gas and as such, requires delicate handling: o

* to keep the operation under control, a very close ‘parameter«regaiafion is
required. when the process exceeds control limits. it can take long time to
re-establish equilibrium:

* as with chiorination, the SO,-air process produces large amounts of neutral
salts, and any excess of SO, leads 1o discharge of sulfite, which is highly
toxic to aguatic life. . ‘
The Degussa process is among the most popular ones. and is claimed © be

effective at producing final effluent containing less than 1 mg/L weak acid

dissociable cyanide, within practical time scales. The process has an advantage
that no foreign ions are introduced into process solutions and the only by-pro-
ducts being ohxygen and water. Besides, the oxidation kinetics is fast enough. t?:ai
effective oxidasion could be accomplished in a period of few mimutes. Cyan:de’_
rezcls with Hy®y in a single step, forming no toxic intermediates, as it produces
cyanate Tollowing the reaction:

CN~+H202 P OCN—-#-H:O {8)

The cyanaic then hydrolyzes, to form carbonate and ammonium ions (both
of which are found in the environment):

OCN™ +2H,0 « CO;" + NH; (95

Although dissolved molecular ammeonia (NHa) can be toxic 1o ﬁsf}. at high
enough levels of concentration. it is transformed to the almost non toxic ammo-
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nium form at the neutral pH of open waterways:
NH, +H” <» NH; ) - (10

Excess H,O, remains in the wastewater after treatment and then, it
decomposes to produce only water and oxygen:

21,0, < H,0+0, (11

These final compounds present no environmental threat and unlike other
cyanide-treatment chemicals, HoQ, does not contribute to total dissolved solids
in the effluent,

Ferrous and ferric sulphates are other possible reagents. used to convert free
cyanide to less toxic iron cyanide complexes, but without reaching limits below
2.5 mg/L. Therefore, this is a simple, fow-cost method for crude detoxification.

The ability of certain bacteria to decompose a variety of forms of cyanides and
ammonia lies in the bio-method of cyanide detoxification. Although a highly
effective one. it is considered a rather costly yet, having problems claimed to be
mechanical, rather than biological. The process was first applied on a large scale
for the treatment of gold cyanide leaching effluent at the Homestake Lead plant
{South Dakota, USA) in 1984 and has been operating successfully since then. The
process requires gradual acclimatization of mutant strains of bacteria to the
conventrativa of free cyanide. thiocyanate and heavy metals, present in the
provess streams to be treated. The flowsheet of this system is given in Figure 3.

None of these oxidants, however, is known to be sufficiently strong to deco-
mpose thiocyanate. whose concentration in miil effluents varies depending on
the ore type and operating conditions. A normal range would be 40 mg/L to 600
mg/L, but it may reach up to 2000 mg/L in the barren bleed of certain Merill-
Crowe operations. Thiocyanate is considered to be non-toxic and its concen-
tration in mining effluents is not regulated at the present time. Whilst it is
known that UV light decomposes thiccyanate to form cyanide, it could be
presumed that sun light couid Hberate cyanide levels toxic 0 aquatic life from
cllluents nch in thiccyanate. In view of this consideration, restrictions are

tikely to be imposed regarding the concentration of thiocyanate in cvanidation

elfluents. In recenr studies. Soro er af have successfully tested ozone to treat
cfffuents for evanide regeneration, by oxidation of thiocyanate 10 Cyamide in
mildly acidic conditions [10]. To aveid decomposition of the regeneratzd
‘ cyanide. it was found necessary to keep copper concentration below 19 mg/L
and pH below 7. Both the oxidation of thiccyanate to cyanide and the oxidation
wieyanidde w evanate are fast and are probably mass transfer controlled.

The recycling of reagem and metals from process wastewater is a factor
having both economic and envircamental advantages. The simplest method
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Figure 5. The Homestake biclogical treatment process [7].
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used is the direct solution recycle, which contributes to significant savings.
Generally, two flowsheets are used. In the first option (shown in Figure 3) the
solution is returned directly from the process tailings stream to the process. The
alternative option, requires recovering of solutions from tailings slurries prior
to disposal, as illustrated in Figure 6, by the use of suitable solid-liquid
separation equipment,

Cre Fresh water Precipitation Evaporation
Y
o Effluent
Process —_—— Solid - Iqud > gisposal 3 Soiution retained
. separation facility in final effluent

!

<---———————-—‘L
Recycled solutions

Seepage and/or
planned recycle

Fi

Figure 6. Scheme of process flowsheet involving solid-liquid separation for imme-
diate recovery and recycle of effluent (from Mardsen and House, 1992 [7D.

Another possible opticn is the acidification, volatilization and re-neutra-
fizatton process (AVR). It is an old, well proven technology that has been
reinventzd and applied on industrial scale. This system not only allows the
cyanids to be recovered and recycled. but detoxifies cyanide and precipitates
huavy metals as well. Its concept is a simple and ¢legant one: alkaline cyanide
heach sofutions are acidified. the hydrogen cvanide produced is remeved by
volatihzation in a steam of air. and finally the gaseous hydrogen cyanide is
re-aisorbed back into an alkaline solution. This approach is claimed to be
ceonurmically applied towards effluents conwining > 150 mg/L iotal cyanide.
However. 1t is anlikely to be suitable for preducing a final solution. for
dischargs from the mill, due to the high cost of reducing cyanide concentrations
down 10 reguired control levels. Main advantage of this technology is its
possihility for treatment of slumry streams directly, without the need for
solud/liquid separation. The scheme of AVR process is shown in Figure 7.

Barren water or tailings slurry

Aif - | Acidiification | — Concentrated
stage sulphuric acid

:

- '
., IVolatilization] HCN ! Readsorption
Air 0s‘clz:gel * | stageof HCN !

, for process reuse

* Mt s 4 '

Rensutralization Li;ne:d_digtign
stage PR =35

Coagulant, +
flocculant Secondary
addition if * | clarification
required

Tertiary treatment

if required

Figure 7. Scheme of the AVR process.

Other known methods, aimed mainly for vaiue recycle, are: fon exchange,
activated carbon, electrolytic treatment and ion or precipitate flotation. All
these, however, are with less commercial significance, and perhaps of academic
interest only.

It should be noted. that during reagent recycle operations, good safety
practice must be employed for dealing with the hazardous HCN vapors
released.

2.6. ENVIRONMENTAL IMPACT ASSESSMENT

As part of the feasibility study of a gold mining project an environmental
planning stage must be incorporated. This stage begins with the production of
an environmental impact assessment (EIA) which consists of a formal approach
to evaluating the environmental effects of a project and to minimizing
envirenmental degradation in the most cost effective manner. It can detect
problems at the very beginning stage or minimize spending on mitigatory
measures,

The astablishad procedures for EIA involve:
* an assessment of existing environmental conditions;
* areview of the impact on the environment of proposed actions:
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= an evaluation of the quality of this impact;

» adefinition of appropriate mitigatory and remedial measures:

¢ monilonng to ensure the effectiveness of control measures.

* An environmental impact assessment is approached in the following manner:

* existing environmental conditions (locations, topography, climate, hydrology,
flora) are defined;

* the aspects of the project with potential environmental impact are defined,
¢.g. movement of men and machinery, structures, waste disposal, aesthetics,
changes to storm runoff, changes to the groundwater regimes;

+ the significance of the impact of each aspect is assessed.

An important point is to guantify the key environmental parameters. In this
context. a multidisciplinary and diverse approach is required, to identify the
scope of environmental impacts for decision makers.

2.7. RISK ASSESSMENT

The reclaimed heaps, after mine operations seize, are subject of long-term
attention and maintenance. In the USA, the Life-of-Mine Environmental
Assessment (EA) stresses two important issues, related to long-term conditions
within reclaimed heaps {11]. The amount of seepage generated and the
concentration of metal and cyanide in seepage are of concern, in estabitshing
closure criteria for the given facility. In addition. the fate of metals and cyanide
in released solutions (e.g. artenuation. dissociation of complexes, etc.} is also
an issue in the EA. In a similar way, a risk assessment mode] quantifies the
perceived risk, posed to the defined “receptors”™ by a proposed action. A risk
assessment normally consists of four distinct steps:

* Hazard identification.

» [Exposure assessment,

= Toxicly assessment and

* Risk characterization.

flazard identification involves the characterization of potential contarminants.
their relative mobility, and relative toxicity, and identifies target coniaminants of
cencern. Several potential contaminants may exist within soiution, retained from
the heups at closure. Among them are the metl complexed WAD cyanides of
coppuer, zine and arsenic. which usually could be found in activa heaps at suck
levels, that could be an environmental or human threat.

Exposure assessment consists of conceptual modeling of contaminunt fate
it trans port, and its potential exposure for 4 given case. The concentration of
target compounds within a “contaminant source” is also to be identified.
Specific “migration routes™ are defined depending on waste and environmental
characteristics. Typically, one or mere media (e.g. surface water, groundwater.
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air or soil) may be affected by migrating contaminants. The conceptual model
of migration routes and the environmental fate of cyanide and metals in heaps,
after closure. are shown in Figure 8.

Receptors
Surface I
Source wates L, 7 @
Migratios routes —
Surface water flow

GROUND'WATER

Figure 8. Model of migration routes and environmental fate
of cyanide in heaps after heap operation closure [11].

Toxicity assessment dzals with the determination of the dosage of targat
contaminants at a point of exposure to potential receptors and compares this
information to knewn toxicological ones. For the case of handling and usage. a
toxicity problem arises from the potendal of digestcg fztal doses of its
compounds (1 to 3 mg per kg of human body are fatal) or inhaling of hydrogen
cyanide (fatal exposure: 100 to 300 mg/L). An important characteristic of the
dese-response behaviour of organisms is that it is difficult to identify the effects
of chronic exposure, For example, cyanide does net zccumuiate in human body,
it is regularly excreted by the urine. Therefore, the dose-response data for
nronic effects are uncentain and conservative. The metals bound 10 cyanide
can Gicconcentrate or bioaccurmnuiate. resulting in permanent physiclogical

1

other animals. . ‘
As concerns heap leaching operations, free cyanide is noticed as the major
target contaminant, since it is known that it manifests itself in either acute or
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chronic manner. Acute toxicity is associated with immediate lethal effects to
most organisms (after short-term exposure). The commen measure of acute
toxicity is expressed in the term LCso, t.e. the lethal concentration of a toxic
substance, that cause death in 50 percent to a given populaticn, exposed for a
specified time period. Aithough direct visual demonstration of acute toxicity is
dramatic, there are serious toxicity problems associated with long-term
exposure, 10 sub-lethal concentrations of a toxicant. These chronic effects
include not only death, but aiso certain impairments and physiciogical
abnormalities. However, long term toxicity of cyanide is a less definite
problem, since CN is highly liable to decomposition by UV radiation, oxidants,
weak acids in the environment, catalytic and bacterial actions, and readily
conver:s 1o less 1oxic complex iens or compounds.

Risk characterization summarizes the overall environmental risk and the
results from the exposure assessment model.

3. Non-cyanide operations

Although cyanide leaching remains the overwhelming option for treating gold
ores, due to its economy and process simplicity, appreciable interest could be
found in alternative non-cyanide reagents. Investigations have been motivated
by the following considerations:

* environmental concerns and in some cases. restrictions could make the use
of cyanide problematic in certain locations. especially those close to
suburban and water supply areas:

¢ some of the alternative lixiviants have faster leaching kinetics:

= most of them work in acidic media, which is more suitable for refractory
ores treatment. Because of this. high neutralization costs, required by
ilkaline cyanidation, could be eliminated:

¢ xome are more selective for gold and silver, over other metals present in the
ore. .

Among the reagents that have been pointed out as potential alternatives to
cvanide. chlorine, thiourea, thiosulphate and halogens appear to have auracted
the most serious attention [12-17]. At this point. their prevailing technological
and environmental constraints are summarized below.

Chlorination was widely used for the leaching of gold during the second half
of the nineteenth century. The process is based on the anodical dissolution of
gold in acidic chloride soiutions, with farmation of 2cidl) and gold(ID
complexes depending on the refative rates of the two consecutive reactions:

Au+2CT7 & AuCl] +e ‘ ] (12)
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and
AuCi; +2C1 & AuCl] +2e (13)

Nowadays however, chlorination finds only limited application in the field
of gold refining. Different operational problems are hindering large scale com-
mercial application, the most impertant of which are:

e leaching media is highly corrosive and requires special materials of
construction;

s chlorine gas must be contained to allow optimum gas utilization and to
avoid potential health risks;

» difficulties in electrorefining of gold from chloride media are leading to the
production of poor quality cathodes.

As a consequence, chlorination requires high environmental controls and is

characterized by unfavourable economics as a whole.

A number of studies shows that thiourea possesses a good potential for
application, in treating not amenable to cyanidation ores or for locations. where
environmental concerns make the use of cyanide problematic [12-15]. The
leaching reaction of gold in acidic thiourea solutions could be presented as:

Au+2CS(NH,), < Au{CS(NH,),); +e (14)

The oxidants used for facilitating gold dissolution also oxidize thiourea, the
first product being the formamidine disulphide, which is formed rapidiy
according to:

2CS(NH, ), > NH,C(NH)SSC(NH)NH, + 2H" + 2¢ (15)

Maintaining the acidic solutions potentials well below those required for the
formation of oxide films on the gold surfaces, keeps the gold free of oxide films
and therefore. the extraction rate of gold in thiourea solutions is generally very _
fast. Besides this advantage, one other motivation for on-going research in this
field is the always highlighted low toxicity of thiourea compared to cyanide.
This impression is due to the fact that thicurea behaves as a fertilizer in the
environment. There is, however, a cerzin level of toxicity in the sffiuent
streams from thiourea solutions after leaching. Moreover, there are suspicions
in connection with damage 1o the thyroid glands of mice and some cancerous
growths in those mammals. The most important technological drawbacks are
the high reagent consumption, the non-well established routes for goid recovery
from solutions and the production of a definite amount of sulphur as a
bypreduct, which hinders the leaching process.
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The ability of gold to form stable complexes in the form of Au(S,0, 1"

with thiosulphate ions, has been exploited in the development of alkaline
thiosulphate leaching methods. The rate of dissolution is dependent on
thiosulphate and dissolved oxygen concentrations and temperature. It has been
shown that leaching rates are enhanced in the presence of copper. Ammonium
thiosulphate has been used for many decades as a fertilizer and as a
consequence. from the environmental view point it has a definite advantage
over cyanide.

Bromine has been recognized for many years s a strong gold extractant, but
atention on its application to gold hydrometallurgy has been only recently paid.
The overall reaction can be given as:

4Au +3Br;{DMH) +10NaBr +6H, O«=4Na(AuBr, ) +6N20H +3H.(DMH) (16)

where DMH denotes dibromodimethyl hydantion [18]. The natural advantages
claimed for bromine are rapid extraction, non-toxicity and adaptability to a
wide range of pH values. Process costs are comparable to those for cyanidation.
Disadvantage, as like with the thicurea process. seems to be the high reagent
consumption. Similar high reagent consumgption is observed in case iodine is
applied. instead of bromine, althcugh it forms the most stable gold complexes
of all halogens and thus. it leaches gold at low concenirations.

For some of the reagents there is a wealth of sccumulated laboratory data,
avarlable in the literature, but research on possible improvements in gold
solubifization by these reagents still goes on [18]. Although at this moment
rone of them has a proven industrial utilization. the increase of restriction cver
cyanide plant implementation could tumn them more attractive.,

4. Conclusions

Although the theme of the paper is effects on the environmen:. it was
considered wonthwhile to discuss some technoicgcal aspects of modemn gold
hydrometailurgy. It is cbvious that there can not be a panacea. either in 2 form
of complete process or a newly invented chemical that wouid a'low e ting of
every Kind of gold resources with sufficient efficiency end environmental
salety. The diversity of species present in the ores and the resalting process
selutions makes tha hvd*ometahuromai extraction of sold extremely complex.
Individual process selection must consider as a first priority the environmental
uwpact, which gach process unit I the wiole fow sheet possass. The following
aspects of hydrometaliurgical precicus meals ores treatiment are of utrnost
importance in this regard:

» the types and amounts of wastes generated:

» the short and long term stability of waste products;

+ alteration of minerals and metals by the process;

» process water balance and need for discharge;

+ methods of waste disposal and weatment.

Despite fears about immediate and long term toxicity of cyanidation process,

this technology remains a proven one with an excellent safety record.
Technology for detoxification of cyanide compounds by nawral degradation

and oxidation by various agents is available. The long term fate of ions remai-

ning in aquatic environment and soils after operations closure require further

studies. Active research on alternative to cyanide reagents is in progress giving

hope that the major restraints on their industrial scaling, like high consurmnption

cost, wiil be eliminated in the not too distant future.

5. References

1. Yarar, B. (1993) Alternatives to cyanide in the leaching and recovery of gold: an overview,

in JLP. Ross¢ and PJ. Woodward (eds.), Precious metals economics and refining

technology, IPMI, Allentown, PA, pp 123-133.

Dunn, J.G.. Ibrado. A.C.. and Graham, J. {1995) Pyrolysis of arsenopyrite for gold

recovery, Minerals Engineering 8, 415, 459-471.

Abrantes, L., Costa. M., and Paiva, 4. (1994; Pretreatment by elecirolytic or oxidative

leaching for recovery of gold and silver from refractory sulphide concentrate.

Hydrometallurgy 84, IMM-SCI, 409423

ES Smith, A.. and Mudder, T. (1991) Chem:sn;\, and Treatment of Cyanidation Wastes, Mining
Journal Books Lid.. London.

5. Hamis, L. (1995) Yanacocha - Incas + 450 years A model for investment in Peruvian
Mining. £&MJ 8, 32-36.

6. Mardsen, I, Mansanti, J.. and Sass, S, (1993) Innovative methods for precicus metals recovery

in North America, Mining Engineering 9, 1144-1151,

Mardsen, J. and House, L. (1992) The chemistry of gold extraction, ERis Horwood.

8. Cyanide recovery and destruction (1993). E&MJ 6. 4447,

9. Environment and Degussa - H:C, The Perfeet Solution to Environmental Problems. (1991)
Degussa Corporation Materials,

1. Soto, H,, Nava, F.. Leal, J., and Jara J, (1993) Regeneration of ¢yanide by Ozone oxidation
of thiocyanate in cyanidation tilings, Minerels Engincering 8, 3, 273-281.

1. Sengupta, M. {1993) Environmental impact of mining - monitoring, restoration and control,
Lewis Publishers,

‘2 Mclnnes, C.. Sparmow. G, and Woodcock, J. (1989) Thicurea leaching of zoid from an
oxidized gold-copper ore. World gold 89, SME. Litticton, CQ. 305-314.

13 Farnha, P., Corres. M., and Carvajho, I (19%2) Leaching of gold from a Ponuguese
concentrale with (hicured, firerols Engnecring 8§, 2, 955-950,

14 Zegarra, C., !‘IU}PL:] 1., and Gurdiler, 1. {1989} ""h'mlr"a I=aching of manganiterrous gold-
silver ores, in A.E. Torma and ILH. Gundiler (eds.) Precious and Rare "’fc’t’al's
Technologies, Elsevier, pp. 209-217.

&)

(9]



Dechenes, G., and Ghali, E (1989) Leachin i

; .E., g of gold from a chalcopyrit
thiourea, Hydromerailurgy 20, 179.202. ¥ Py concenteste by
Qi. P.H., and Hiskey, LB.. (1991) Dissolution kinetics in iodi i

. - of gold
Hydrometallurgy 27, 47.62. 8016 n fodide solutons.
Han, K.N. and Meng, X (1992) Extraction of i i
. \ . 2 goldisilver from refractory ores usin
ammoniacal soluuons.‘m Proc. of Randol Gold Forum, Randol Intemationat, p‘);’: 213-218.‘g
Prasat_:i, M., Mensah-B:ney. R., and Pizarro, R.. (1991) Modern trends in gold processing -
overview, Minerals Engineering 4, 12, [257-1277.
Haynes, AK. (1994) Environmental im increasi i
pact of increasing production of gol

hydrothermal resources, Hydrometallurgy' 94, IMM-SCL, 27-41, i gold from

Stanley, G.G. (ed.) (1987) The extractive metallyr f gold i i
SAIMM, ot gy of gold in South Africa, Vol.2,

NEW DEVELOPMENTS IN THE PROCESSING
OF CHROMITE TAILINGS

M.Z. DOGAN, G. ONAL, A. GUNEY and A.E. YUCE
Istanbul Technical University, Mining Faculty, 80626 Maslak
Istanbul-Turkey

ABSTRACT. Shaking table, multi-gravity separator, high intensity wet magnetic
separator, free jet and column flotation were applied for concentration of Ugkiprii
fine chromite tailings amounting about 1 million tons and occupying an area of
approximately 50000 m”. A flow-shest was developed for the concentration of
¢hromite tailings economically and a concentrate of about 48% Cr,0; content
could be obtained with a recovery of about 67.3%. Resultant tailings with 5.6%
Cr+0; can be transported to an environmentally suitable area.

1. Introduction

The Karagedik Chromite Concentrater, belonging to Etibank Ugkdprii
Chromite Mine, bas been operating for almost 100 years. During the period of
the plant operation, the resuitant tailings have amounted about 1 million tons.
occupying an area of approximately 50000 n. The tailings assay 12% Cr.0;
on the average and grain size is mostly below 1 mm {1].

Fethiye-Mugla region is one of the most spectacular touristic resorts in
Turkey. However, the stockpiles of tailing dumps create ugliness to the eyesight__
and disturb the nawral panorama and more importantly, they lead to
environmental poliution. On the other hand, one million tons of tailings with
12% Crs0y content can be considered as an ore reserve 1ot to be neglected and
¢an be beneficiated economically.

In chromite concentration, gravity methods have besn generally used, based
on difference between specific gravities of chromite and the gangue minerals,
namely, olivine and serpentine. In coarse sizes, heavy medinm separation and
Jigs: in fine sizes of minus 1 mm, shaking-table. spiral. magnetic separator and
flotation are the usual methods to be taken into account, as explained by Onal
and Guney [2].Chromite grains below 0.1 mm have been beneficiated by slime
tables, high intensity wet magnetic separation and flotation.
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