[image: image1.png]+Ecy  Avalijmon Ewéveg Xdpreg Play YouTube Eidforic Gmail Drive HuepoAdyio Mepiooérepa~

GOOgle Thiosuifate Leaching as an Alternative to Cyanidation [ o ] e

BiRAa B Npootien om ppooimnpon || S avescpnon || soioad v < > o -

Amoréhsoy 6 T # 0% aurd 10 BN Yo Thiosulfate Leaching as an Alternative to ATaowh cvaliman:

Cyanidation - < ponyoduew Emduevn > - 1ooBod Ghuv
ATIOKTHETE TO EKTYTIONENO BIBA

B utrdpyouy SiaBém eBook

SME
Ehcubepoudiixng

Namagumpios
4| ™HE cHEMISTRY OF GoLD EXTRACTION

Edpeon e kdmo fifhoBiikn
Ohot o1 Trshrég »

i

1 AvaBeipnan
4 oo avaBeapnonc

The Chemistry of Gold
Extraction

emezapyaaia s John O. Marsden C.lain
lause

Incgika Aver

venisel
GoLoFIELD

Thiosultate Leachii  Merdpaon
Ixenikd pe aurd 1o fifhio

H piphoBiiki pou

To ivopik pou

Bifiia 010 Google Play

SME s E—

Eehiseg Tou epganilavTa e TapadEnan FIGURE 1.2 Gold mining areas of eastern Russia [5]
BiciaTog Tou SME. MVEUTIKE Bikasbpara,

alluvial material was first reported in New Zealand (3]. The first US. dredge was
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Other properties of gold are listed in Table 2.3. Gold has a metallic luster, and the color
is a distinctive deep yellow (golden) but may be light yellow or orange-yellow with high
silver and copper contents, respectively. Its distinctive high reflectivity and low hardness
can be used in its identification by microscopic examination of polished sections
(Figure 2.1). Pure gold is an excellent electrical and thermal conductor (Table 2.3).

242 Electrum

Gold usually occurs alloyed with some silver; however, when the silver content is
between 25% and 55%, the mineral is called electrum. Electrum has a pale yellow color,
due to the silver content, as indicated in Figure 2.2, and a lower density (i.e., 13,000 to
16,000 kg/m”) than gold.

Aterm commonly used to express the purity of gold or concentration of silver is fine-
ness, defined as:

fineness = ~(WL%AU) x 1,000 (€Q28)

W% Au+ Wt % Ag)

‘This formula provides a measure of the relative concentration of gold and silver rather
than an absolute gold concentration and becomes less meaningful with increasing con-
centrations of other metals such as iron and copper. Fineness is most usefully applied to
an analysis of bullion. As silver tends to report with gold in most process flowsheets, an
indication of ultimate bullion fineness can be roughly estimated from the relative gold
and silver concentrations in an ore or concentrate sample, or from microprobe analyses
of gold grains (see Section 2.18.2); however, recoveries of the two metals can vary sig-
nificantly, especially by cyanidation.

213 Gold Tellurides

‘The chemistry of gold tellurides is relatively complex with a series of identifiable miner-
als (Table 2.2). The more common gold-bearing tellurides are sylvanite ((Au,Ag);Te,),
calaverite (AuTe;), and petzite (Ag,AuTey), with krennerite (AuTe,), montbrayite
(AusTe), and kostovite (CuAuTe,) less common. Gold-telluride occurrence is wide-
spread and is often associated with some free gold and sulfide minerals. The densities of
gold tellurides (8,000 to 10,000 kg/m®) are lower than native gold, and the colors are
less distinctive shades of white, gray, and black. The silver mineral, hessite (Ag,Te), is

Eeieg o epgaviovTa e Tapapnan

BiciaTog Tou SME. MVEUTIKE Bikasbpara, commonly encountered in gold-tefluride ores.
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2.5 OXIDIZED ORES

ey umdpyouy BiaBéaipa eBook In an oxidized ore, the ore material has been oxidized or weathered, possibly in a zone
that is atypical of the primary sulfide deposit, and for which some special processing
SME ‘may be required.
EheuBepoubiikng Oxidation and other hydrothermal alteration processes lead 1o the breakdown of
Mamaowimpiou rock structure, resulting in increased permeability. This ofen allows high leaching
extractions to be achieved by heap leaching of run-of-mine ore, even though the ore par-
Edpenn 0z ko A8y ticle size may be very coarse. o .
ot o1 Toh A detrimental feature of rock oxidation and alteration is the formation of consider-
frég » able amounts of hydrated, amorphous, and/or poorly crystalline silica, clay minerals,
sulfate salts, and oxide and hydroxide gangue phases. Some of these phases have rela-
g0 tively high solubilities in comminution and cyanide leaching, and may act as strong cya-
nicides (cyanide consumers). due to the generation of extremely large and fresh surface
1 AvaBeopnan areas with high sorption potential [24]. Other phases, such as clay minerals and amor-
d Towatn avaBeopnong ‘phous silica, may seriously interfere with processing.

Gold usually occurs either liberated or associated with the alteration products of
pyrite and other sulfidic minerals. The most common of these are the iron oxides, such as
hematite (Fe;0,), magnetite (Fe,O,), goethite (FeOOH), and limonite (FeOOHTH,0),
although gold may also be associated with manganese oxides/hydroxides. Generally the
degree of gold liberation is increased by oxidation; however, in some cases, protective
coatings of secondary and hydrated oxides on gold may be encountered. Plates 4 to 6
Thiosulfate Leachir  Merdpaon show examples of gold coated by iron oxides or hydrated oxides. These gold grains were

undissolved in cyanide solutions but would be sufficiently coarse to be recoverable by
Tyenikd pe quré 1o Biphio gravity concentration.
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TABLE 2.8 Common and Important minerals assoclated with precious metal ores [6, 23]
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38 | THE CHEMISTRY OF GOLD EXTRACTION

TABLE 2.8 Common and important minerals assoclated with precious metal ores (6, 23]

Elemental

Sulfides Arsenides _ Antimonides _Selenides _ Tellurides

Binatve
bismath

Cgnaphite/
amorphous €

Cunative
copper

X
A, realgar
A orpiment
85,
bismuhinie

Coss,cobaltte
Cughss, enargte
(Curely Asis,y
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(CuFeg),, pyraigyite
5y (CuFerg);
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tewshedite.

Aasse.
aumannie

208, sphatrte

Oxidized ores differ from primary ores as a large proportion of fines are often gener-
ated by crushing and grinding processes or during heap leaching, largely due to the fact
that clays and clay-forming minerals are more abundant. The presence of clays, such as
pyrophyllite (AL,Si,0,0(OH),), talc (Mg,Si,01o(OH),), kaolinite (ALSi,0,(OH)g), and

montmorillonite (ALSiO.

(OH) nH,0) can have important process implications, for
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Oxidized ores differ from primary ores as a lrge proportion of fines are often gener-
ated by crushing and grinding processes or during heap leaching, largely due to the fact
that clays and clay-forming minerals are more abundant. The presence of clays, such as
pyrophyllite (AL,Si,0,(OH),), talc (Mg,Si,01(OH),), kaolinite (ALSi,01o(OH)y), and
The Chemistry of Gold ‘montmorillonite (Al,Sis020(OH)nH,0) can have important process implications, for
Extraction example, as follows:
emeEepyacte 16 o O erssen G, an + Decreased heap or dump leach material permeability
louse « Increased slurry viscosities in processing (e.g., cyanidation or carbon-in-pulp
Thiosulfete Leachit  merdgoon [CIP] process), resulting in increased energy requirements for slurry mixing and/

or less efficient chemical reaction
Iyenwd pe auté 1o fihio * Blinding of activated carbon, in CIP or carbon-in-leach (CIL)

Carbonate minerals such as calcite (CaC0y), dolomite (CaMg(CO;),), and siderite
(FeCO) are also more common in oxidized ores, and these can affect pH control, espe-
cially during oxidative pretreatment processes.

I the oxidized zone of vein deposits, native gold generally has a lower silver content,
BN 10 Google Play due o the greater solubility of ilver. The distribution of gold in supergene-enriched and
lateritized deposits is shown schematically in Figure 2.9. Gold is typically present as
unaltered, liberated, or partially liberated grains and as redistributed secondary gold at
depth, with some lateral mobilization. A zone of supergene enrichment may exist at a
level above the primary orebody and below a depleted region [25].
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metallurgical properties, as discussed in Section 3.3.

3241 Ore Sorting
Ore sorting is the rejection of a barren portion of ore or the acceptance of a gold-rich
portion for further treatment. This can either be achieved by manual sorting, based on
the visual appearance of the material, or with mechanized ore-sorting equipment, which
relies on bulk ore properties such as optical appearance (i.e., color or photometric prop-
erties) or radioactivity. Ore sorting has been applied with considerable success to the
‘Witwatersrand pebble-quartz conglomerate ores (South Africa) (1, 14].

3242 Gravity Concentration
Gravity concentration is used widely for the recovery of free gold and gold associated
with heavier minerals, for example, many sulfide and titanium minerals. A variety of
equipment is available for this, and recent developments have enabled the recovery o free
gold down to about 10 um in size. The resulting concentrates may be treated by direct
cyanidation, smelting, amalgamation, flotation, or intensive cyanide leaching, depend-
ing on their mineralogy.

Gravity concentration techniques evolved significantly during the 1980s and 1990s,
largely as a result of the introduction of highly efficient and cost-effective centrifugal
concentrating equipment, such as the Knelson and Falcon concentrators (15, 16]. These
centrifugal concentrators can be installed in a number of possible configurations in gold
extraction flowsheets, to treat the following:

= Allora portion of cyclone underflow slurry in the primary grinding circuit

All or a portion of a grinding mill discharge
All or a portion of the cyclone underflow stream in a regrinding circuit (i.e., after
rougher flotation)

ine portion of an ore feed to a mill, for example, following coarse and fines sepa-
ration using screening and/or cycloning
All of the coarse cyclone underflow of a reclaimed tailings stream

In parallel, there have been significant advances in ore characterization and evalua-
tion techniques to predict the response of ores and concentrates to gravity concentration for
gold recovery, essential for cffective design and operation of gravity concentration
equipment in gold process flowsheets. The gravity recoverable gold (GRG) technique,

Eeieg o epgaviovTa e Tapapnan
BiciaTog Tou SME. MVEUTIKE Bikasbpara,
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ey umdpyouy BiaBéaipa eBook
developed at McGill University, is an effective and well-proven technique that measures
SME the natural size distribution of GRG present, addresses the liberation of GRG in a given
EheuBspousikng material, and predicts the maximum amount of gold in such feed material that can
potentially be recovered by gravity concentration in a process flowsheet. The method
uses a series of tests at progressively finer grind sizes (e.g., 100% <850 ym, 50% <75 pm,
and 80% <75 um) to recover essentially all of the GRG at each size. Most importantly,
the test only recovers GRG and not gold present in other forms [17, 18, 19].

o o1 Tuhnrég » “The use of centrifugal gravity concentrators in conjunction with flotation where the
ore contains a significant proportion of the gold in GRG form (i.e., approximately >40%
i 0 50% GRG at the target grind size) often increases the overall gold recovery by 2% to
f kkkk 5%, depending on the ore mineralogy and the gold particle size. Gravity concentration is
1 AvaBsapnon particularly useful when there is significant coarse gold present (>250 um) that is more
Svtat avaBsopnanc difficult to recover effectively by flotation. The combination of gravity concentration and

flotation is particularly effective for ores containing a wide gold size distribution.

‘The application of gravity concentration prior t0 a chemical treatment process (e.g.,
The Chemistry of Gold cyanide leaching) can often be beneficial to overall gold recovery, because the coarse
Extraction gold particles are recovered prior to leaching and can be treated separately (i.e., by shak-
Emetepyaic amé John O Marsden C. ing tables, intensive cyanidation, etc.) for maximum recovery. The coarse gold particles
louse take the longest o leach during atmospheric cyanide leaching, and their removal can
Thiosulfate Leachit  Merdgaan reduce the leaching retention time and/or increase the overall gold recovery.

Namagumpios
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yenikd pe auré 1o BifAio 3.2.4.3 Flotation ‘ )
Flotation provides a number of process alternatives for gold ores containing readily

floatable minerals, summarized as follows:

+ Flotation of free gold and gold-bearing sulfide minerals to produce a gold-rich
To 1topikd pou concentrate. The concentrate can be treated by cyanidation, regrinding and cya-
nidation, intensive cyanidation, oxidative pretreatment and cyanidation, or by
direct smelting.
Flotation of gold-free sulfide minerals to produce a sulfide-free “tailings” for
subsequent cyanidation
Flotation of carbonaceous material, carbonates, or other material that would oth-
erwise interfere with processing
Differential lotation, for example, separation of gold, gold-bearing pyrite, arsenopy-
rite, and pyrite
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ing tables, intensive cyanidation, etc.) for maximum recovery. The coarse gold particles
take the longest o leach during atmospheric cyanide leaching, and their removal can
reduce the leaching retention time andor increase the overall gold recovery.

3.24.3 Fotation
Flotation provides a number of process alternatives for gold ores containing readily
floatable minerals, summarized as follows:

+ Flotation of free gold and gold-bearing sulfide minerals to produce a gold-rich
concentrate. The concentrate can be treated by cyanidation, regrinding and cya-
nidation, intensive cyanidation, oxidative pretreatment and cyanidation, or by
direct smelting.

Flotation of gold-free sulfide minerals to produce a sulfide-free “tailings” for
subsequent cyanidation

Flotation of carbonaceous material, carbonates, or other material that would oth-
erwise interfere with processing

Differential lotation, for example, separation of gold, gold-bearing pyrite, arsenopy-
rite, and pyrite

Many different configurations of flotation circuits utilizing single- and two-stage

roughing, regrinding, cleaning, and scavenging have been employed for the recovery of
free gold and gold-bearing sulfide minerals. Flash flotation is often an effective way to
recover both free gold in the primary grinding circuit before the gold has an opportunity
to become overground and flatiened, and/or coated with slimes and other products of
grinding operations. Flotation is discussed in detail in Chapter 9.

3.2.4.4 Amalgamation

Concerns over the health hazard associated with the use of mercury have greatly
reduced the application of amalgamation in the industry. However, it i still used occa-
sionally for the treatment of gravity concentrates because there are few suitable alternatives
in some cases. Such applications are frequently found in emerging andor lesser-developed
countries such as Brazil, Colombia, and Indonesia. The amalgam that is produced is
retorted and smelted for gold and mercury recovery [1, 8, 9]. Amalgamation is discussed
in detail in Chapter 9.

Frefos F] 1§ pic Tk,




[image: image11.png]2 Dog/

‘The Chemistry of Gold Extraction - BiBAia Google - Mozilla Firefox.
Ele Edt View Hstory Bookmarks Iooks Hep

il g 2 eiiva 0 ) B The chmisny o Go Exiraction - 5. x | i JMmGooge 10 b cescatera o ] i

@ books.google.grjbooksTid=0u0i-o_i-ECapg=PAZ818ipg=PAZ815da=Thiosulfate +Leaching+as-+an+Alternative-+to+Cyanidationgsource=blsots=ArswZot

+Ecy  Avalijmon Ewéveg Xdpreg Play YouTube Eidforic Gmail Drive HuepoAdyio Mepiooérepa~

Thiosuifate Leaching as an Alternative to Cyanidation

Google

BBy

Tivragn avasedpnon

BiBAia e Q

EehiGa 84 v

<

>

Eigutiog

o

Amoréhsoy 6 T # 0% aurd 10 BN Yo Thiosulfate Leaching as an Alternative to

ATaowh cvaliman:

Cyanidation - < ponyoduew Emduevn > - 1ooBod Ghuv
ATIOKTHETE TO EKTYTIONENO BIBA

B utrdpyouy SiaBém eBook

SME
Ehcubepoudiixng
Namagumpios

Edpeon e kdmo fifhoBiikn
Ohot o1 Trshrég »
@10
[ *Hxxx

1 AveBeibpnn
Ziviaty avaBedpnong

The Chemistry of Gold
Extraction

emezapyaaia s John O. Marsden C.lain
lause

Thiosultate Leachii  Merdpaon
Ixenikd pe aurd 1o fifhio

H piphoBiiki pou

To ivopik pou

Bifiia 010 Google Play

Eeieg o epgaviovTa e Tapapnan
BiciaTog Tou SME. MVEUTIKE Bikasbpara,

R —

3.2.4.5 Coal-Gold Agglomeration

Coal-gold agglomeration has been developed for the treatment of ores or tailings con-
taining fine free gold which cannot efficiently be recovered by lotation or gravity concen-
wration, and for which cyanidation may be unsuitable for environmental reasons (see
Section 9.4).

3.2.4.6 Electrostatic Separation
Electrostatic separation may be used for materials containing gold in a free, or virtually
free, state with a nonconductive gangue, for example, crushed slags and other similar
refinery by-products. The concentrate produced is either directly smelted, upgraded fur-
ther by gravity concentration, leached by intensive cyanidation, or a combination of
these.

3.2.4.7 Magnetic Separation
Magnetic separation for the concentration of gold-uranium ores and residues of the Wit-
watersrand has been demonstrated but is not used commercially [20]. High-grade con-
centrates can be produced from deslimed feed by wet high-intensity magnetic separation,
which may then be treated by fine grinding and cyanidation.

3.25 Oxidative Protreatment

Oxidative pretreatment may be required for ores that give poor gold recoveries by con-
ventional leaching or for which reagent consumptions are prohibitively high. This class
of ore is frequently termed refractory with the extent of refractoriness varying from ore
10 ore (Chapter 5). Oxidative pretreatment processes either completely or partially oxi
dize the refractory minerals in the ore, rendering the gold amenable to cyanide leaching.
‘The methods available for oxidation are summarized in Table 5.1.

‘The degree of oxidation required depends on the ore mineralogy (i.., the nature of
the refractory minerals and the nature of gold mineralization) and the type of oxidation
process used. Partial oxidation may be sufficient to passivate the surfaces of refractory

nerals, liberate gold associated with a specific mineral, or liberate gold associated at
preferential oxidation sites in sulfide minerals. Complete oxidation is usually required
when gold is inely dispersed within, or intimately associated with, sulfide minerals.

Aslurry preacration step (see Section 5.2) can be used to oxidize or passivate sulfide
minerals that would otherwise react readily in alkaline cyanide solutions, consuming
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FIGURE 5.32 Schematic flowsheet for biological oxidation of sulide gold ore. Nore: Some
process stops may not be required (adapted from [11, 64, 72]).

Frefos




[image: image13.png]&)
2 - Chemistry of Gold Extraction - BiAia Google - Mozilla Firefox

Ele Edt View Hstory Bookmarks Iooks Hep

il g 2 ieiva 0 ) B The sy o Go Exiraction - 5. || JMmGoog 10 0ibcescatora o ] i

+Eo0  Avaljmon Eéveg Xdpreg Play YouTube Eidfjorig Gmail Drive Huepohéyio Mepiogérepa

Google

Thiosuifate Leaching as an Alternative to Cyanidation

BBy

BiBAia e Q Eovratn avabedpnang
roisas + <> o

ATaowh cvaliman:

Amoréhsoy 6 T # 0% aurd 10 BN Yo Thiosulfate Leaching as an Alternative to

Cyanidation - < ponyoduew Emduevn > - 1ooBod Ghuv
ATIOKTHETE TO EKTYTIONENO BIBA T Sy TOT POt

B utrdpyouy SiaBém eBook

SME
Ehcubepoudiixng
Namagumpios

Edpeon e kdmo fifhoBiikn
Ohot o1 Trshrég »
@10
[ *Hxxx

1 AveBeibpnn
Ziviaty avaBedpnong

The Chemistry of Gold
Extraction

emezapyaaia s John O. Marsden C.lain
lause

Thiosultate Leachii  Merdpaon
Ixenikd pe aurd 1o fifhio

H piphoBiiki pou

To ivopik pou

Bifiia 010 Google Play

Eeieg o epgaviovTa e Tapapnan
BiciaTog Tou SME. MVEUTIKE Bikasbpara,

O TEIACOTY SUIIUE @IU CAIDOIACEOUS THATTAS 115 TEceIved
considerable attention in the 1990s and 20005 and s considered briefly in this section.

581 Roasting Reaction Chemistry

5811 lIron Sulfides
‘The phase-stability (or Evans) diagram for the Fe-S-0 system at 602°C (Figure 5.34)
shows that, under oxidizing conditions (i.e., low sulfur dioxide content in the gas phase),
pyrite, marcasite, and pyrrhotite are directly oxidized to magnetite and then further to
hematite (84, 85], as follows:

3FeS, + 80, = Fe,0, + 650, ©Q5.104)

3FeS + 50, = Fe;0, + 350, (€Q5.105)

4Fe,0,+ 0, = 6Fe,0; (EQ5.106)
“These reactions are exothermic. Under reducing conditions (i.e., a sulfur and sulfur dioxide-
rich atmosphere), pyrite decomposes to pyrrhotite and sulfur in a process termed desulfur-
ization, represented by the following equation:

FeS, = FeS(s) + S(g) (Q5.107)

“This reaction is endothermic and requires an external source of heat to proceed, or heat
supplied from other reactions [86]. The sulfur migrates o the surface of the mineral
grain where it volatilizes, leaving a porous pyrrhotite structure. This migration of sulfur
can be violent (particularly at high temperatures, >550°C), resulting in rupturing of par-
ticles in some cases. The porous, spongy, pyrrhotite structure is highly desirable as it
leads 1o the formation of a highly porous product, which is favorable for subsequent cya-
nide leaching.

“The volatilized sulfur is rapidly oxidized (exothermically) to sulfur dioxide in the
presence of oxygen:

S(2) + 0(®) = SO(g) (£5.108)

If a second-stage oxidizing roast is subsequently applied, then the porous pyrrhotite will
be sequentially oxidized to magnetite and hematite, respectively, as described by Equa-
tions (5.105) and (5.106). This two-stage mechanism has been established by mineral-
oical investigation of various intermediate products of fullscale roasting operations
and is llustrated schematically in Figure 5.35 [86]. Figure 5.36 shows an example of the
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FIGURE 6.8 _E,-pH disgram fo the Au-NH,-5,0] ;0 system at 25°C: [Aull]
[Na;S;0,] = 0.1 M, [NH, + NHJ] =1 M [91]

B utrdpyouy SiaBém eBook

SME
EeuBepoudinng Some examples of the possible oxidation and association reactions are provided as

. follows:
Namaowinpiou

25,03 + 2Cu® = 5,0* + 2Cu" (EQ6.45)
Edpeon oe kdmoia BiBhioBrKn

Ohot o1 Trshrég » 48,027+ 0, + 2H,0 = 28,02 + 4OH (slow at 25°C) (£Q6.46)

el 108,03 + 130, + 4e = 45,07 + 8503 (€Q6.47)
[ xxxoxek

1 AvaBeopnon

Zoviag avaBepnang

35,02+ 8Cu™ + 60H = 25,02+ §Cu" + 3H,0 (EQ6.48)
55,07+ 3H,0 = 25,02+ 60H" (EQ6.49)

The Chemistry of Gold ‘The polythionates, and in particular the trithionate and tetrathionate species, are
Extraction very detrimental to downstream gold recovery processes because they significantly
emeepyaota amd o . arsdenC. an reduce the loading of gold thiosulfate onto activated carbon and anionic fon exchange
ouse . Conscquenty, the formation and effects of these species must be mitigated, or an

alternative recovery method used (see Section 8.4). The thiosulfate species can be stabi-
Thiosulfots Leachiy {ggeBan lized to some extent by the addition of small amounts of sulfite ions (Pseqob. ‘which react
P with other polythionate and sulfide species i the ore, to regenerate thiosulfate s follows:

(e pe oud 1o Bphis

$,07 +80% = 5,08 + 5,02 (EQ6.50)

H pifhiorikn pou Se T oo
7 4503 5,08 + 5,08

FR— 5,07 +503 = 5,07 + 5,03 Q651

Bifia a1o Google Play 350} +25% + 3H,0 = 25,03 + 60H +S (EQ6.52)
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