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3.1!Comminution

Comminution is a process by which coarse ore particles are reducedimraiiee valuable
components accessible for subsequent separation units. The process of rock destruction
includesoperations such asushing, grinding and separation, and is accompanied by high
energy consumption, that accounts for58846 of the total mie costs (eD88D:@>:;" D:I"
%7\;88LMD).

The shapes and sizes of rock particles, obtained after comminution, are influenced by various
factors such as type of equipment, stress application, duration of the process and particular
characteristics of materials97<¥D<C7:="D:I"$AD:U\D6'SM!!'T"F.E;?@F=D@;I"F:98G;:5;"79"
97G<"IF99;<;:@"; GFCA;:@" @>C;?" 7:"=78I"=<DF:" ?Fd;" IF? @ <FATS @G7R7Bx"B78I
FIFS5D@;1"@6D@"@6;"6F=6;?7@";:<F56A;.@"<D@F7"\D?"7TH@DF:;I"\F@6"6DAA;<"AF88"G
G?;"79"EFH<B@GS8E;<F?;<"6D?"?67\:"@6;"87\;?@";:<F56A;.@"<D@F7R

The degree of comminution is influencedrbginaspects such as the liberatgpe of gold,
characteristics of gangue minerals, and further gold recovery methods. The optimal particle
size mainly depeis on economics since it is necessary to consider various factors such as

gold recovery, processing costs, and comminution cddsss@enand Hous€006)
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3.2!Concentration
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There are several options to conduct flotation of dm@dring materials which already
contain floatable mineral@arsdenand Hous€006)
¥ flotation of free gold and gold present in sulfide minerals to produce aghagle
concentrate. The obtained product can be then treated by cylaaateng, regrinding
+ cyanideleaching, intensive cyaation, preoxidation + cyanidation, or smelted
directly;
¥ flotation of sulfides to produce sulfideee OtailingsO, and treat them by rkiveam
cyanidation;
¥l flotation of carbonates, carbonaceous material, or otherdatire matter that can
cause negate impact in subsequent operations;
¥l differential flotation which goal is to separate different types of materials, such as gold,
pyrite, asenopyrite, and goldearing pyrite.
The process of flotation is based on removal of valuable materials from tleiagadution
into an alternative medium which in this case is air. Usually certain reagents are used for
flotation which are broadly clafied as (1) collectors, (2) activators, (3) depressants, (4)
dispersants, or (5) frothers. The selection of partidyfge of reagents is influenced by many
factors such as ore characteristics, target grade of a concentrate, gold recovery, and share of

other constituents in the orgMarsdenand House0086)

pH of the slurry is the main chemical effect besides reaggpe. In last decades, some
researches were conducted to reduce costs of reagents and to develop new types of reagents

that are stablever a wide range of pH leveé$BG::;"LMMVR

3.3!Oxidative roasting
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3.3.1 Chemistry of the process
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3.3.2 Processmplementation
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3.4!Pressure oxidation
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3.4.1 Chemistry of the process
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3.4.2 Processdescription
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3.5!Bacterial oxidation
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3.5.1 Chemistry of the process

)6;"A;56D:F?A"79"HD5@;<FD8"7OFID@F7:"5D:"H;"IF<;5@"7<"F:IF<;5@R")6;"IF<;5@"A;56D
C6>?F5D8"57:@D5@" 79" HHEb@ 2FEIRI; " AF:;<D8?Q"\677?;" <;D5@F7:"\F@6"IF??78E;I" 70
<;?G8@7?"F:"53?EY:."79"?G89FI;"?G89G<"@7"?G89D @ ;" 7<RBIG DRI AN BANBLH "

B:/#0"*$' %SG IDN; ?5<FH;"@6;"IF<;5@"HD5@;<FD8"7OFID@F7:"79"?G89FI;"AF:;<D8?R

HEDEFGHE &M &N Mrnmmnnnnm LTI LT
5#$% ' 9) ' 5 o) JKAKKKL 5H$EM' 50p)SN ' SIYT

PRI, 1 R TR ——

BEEDEFGHEB
[#$61% 4") o' -: o) JKAKKEL [ #EEM' - 0p)EN ' 45: M' /1) "mnINT

EBCDEFGHHEB
OP#$%' )g' 5: g%) JKKKL #$M' OPM' Bog)®N' 5o 5: p) """"FM"

2 FIF<5@"7TOFID@F7:.Q"9;<<7 @MY 1?3<H OFIFd;I'D:1"<; IG5;I"F."@6;"? 738G PR"
C6D?;"H7G:ID<>Q"\6F56"F?"|;?5<BHAOP*$%ZSDS/D:1"40%#4-B VAP

s 4 ) g o WIS gy ) S ————

$2"D"<;?G8@" 79" @6;" DI7<;A;: @FT7:;|" 56,AF5D8" <;D5@F7:?Q" =78I" CD<@H38;?" D<;" C
2G8OFI;"AF:;<D8?"D:|"@6;:";D?F8>"8;D56;|"H>"5>D:FI;"?78G@F 7:Q"6;:5;"F:5<;D?F:="=78I'<
B:/#0™$9FCM)" \6F56"F?"D8?7"U:7\:"D?"&872;;<K?"; GD@F7:Q"I;?5 G @ &rs: 1g"278|"
F:"D"5>D:FI;"?78G@FT7:R

/6P" (RSOR' )g' 5:¢) < /RS6POORZ,' /RS): ™™ mmm— T



[l

3.5.2 Processdescription
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3.6!Ultra -fine grinding
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3.6.1 Chemistry of the process
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3.6.2 Processdescription
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3.7!Leaching

There are several leaching technologies to extract gold from ores. However, nowadays
cyanideleaching is used more frequently. Other alternative presessch as thiosulfate,
thiocyanate, thiourea, bromide, iodide and chlorine/chloride solutions has@&otused

commercially or has been used in the past.

Alternatives to cyanidation are considered to have several advantages due to lower
environmentalmpact and legislation restrictions, faster kinetics, possibility to be used in
acidic solutions, and hier selectivity for gold and silver over other metals present in ores,
such as copper. However, they also have some significant disadvantages, avfdimeme

are applied widely. Several potential processes have been tested in laboratories, but none

werecommercially applied on a large scale.

Cyanidationhas been implemented for gold recovery since la®&&atury, and still is the
most wideused soltion for gold producers. This method is higfiective and does not
require high costs. The cyanide ialtows to oxidize gold and to form a stable complex ion
[AU(CNL)Y in a slurry which is then treated by various recovery methods to adsorb gold.
(Deschnes2005) It can be described by tiguation 6), \6F56"F?"D8?7"U:7\:"D?"&87:;<K?"
" GD@F7:P

/6P (RSOR' )g' 5:g) < /RSB6POORZ,' /RS): """



Chemistry of the process is based on gold dissolution in cyanide salts, which are compounds
of carbon and nitrogen with potassium (KCN) or sad{iNaCN) in the presence of o
The process of cyanide leaching requires high pH due to formation of prussic acid (HCN) in

acidic environment, which is a hazardous gaseous compound.

The rate 6 gold dissolution is mainly affected by cyanide and oxygencentrations,
temperature, g, surface area of gold particles, intensity of agitation and mass transfer, and
presence of other ions in a solution. It is also known that sulfides not only consume oxygen
and cyanide, but also form a coating on gold graivhich is als@alled OpassitianO This

passive layer causes negative effect on process kinetics and overall gold extraction. Gold

passivation can be minimized by nitrate additi@eschene2005)

It is worth mentioning that environmental issues, increasing gold prices, anithgsivaie
of complex lowgrade ores, cause the necessity to develop new effective alternative methods
for gold leaching.Bazet al 2017)

Thiosulphate leachingis considered to be an effective process alternative to cyanide
leaching for gold extractioninterest in developing nenyanide gold recovery methods
arises from concerns regarding cyanide toxicity and inability to be used for carbonaceous
ores anctoncentrates. Thiosulfate leaching can be effectively used for gold recovery from
pregrobbing cabonaceas ores, with less harm to the environméAlmore and Muir

2001 Aylmore 2005)"

The process uses thiosulfatg)($N) and is conducted in alkaline media, in thiosulphate
ammoniacopper system, and with air supply. Copper ions are used as catalytic to dissolve
gold in thiosulphate according to tBguation @7):

I6P" Yg' (%) &N' 5:p) < /6P0%) . ZN" /): (27)
For gold recovery from solution polymeric i@xchange resins are used. Carbon adsorption

is not effective in this case due to the low ability to absorb gold thiosulfate on the carbon.

However, there areome studies aimed at developmentarbon absorption. Thukulham
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and Lindsay1991) patented an idea of adding trace amounts of cyanide to produce a stable

gold cyanide complex with subsequent absorption on activated carbon.

Despite the fact that thsulfate is consideredraontoxic and higkkinetics alternative to
cyanide, it also has significant disadvantages. It results in higher reagents consumption and
overall process costs in comparison to cyanide leaching. In addition, thiosulfate is a
metasthle compound which can dempose to polythionates and sulfate whilst consuming

O, or to toxic sulfide ion in an absence of oxygen or under reducing conditiyhsiofe

and Muir2004.)

3.8!Recovery

Carbon absorption

The use of activated carbon for goldaeery from cyanidesolutions has started in the last
quarter of the 286¢entury. It has replaced the Mer@rowe zinc cementation process and
allowed to treat longrade ores (e.g. clay ores) and increase metal recovery whilst decreasing
capital and opeating costs. (Stadon 2005.)

Activated carbon for gold recovery is mainly either granular coeshell carbon or peat
based extruded carbon. The selection of carbon is driven bylggalohg kinetics, gold
loading capacity, elution kinetics, rate ofigy@lution, durabity, wet density and particle
size distribution. (Staunta2005.)

There are two main pathways to recover gold using activated carbon, namely CIP {Carbon
in-Pulp) and CIL (Carboim-Leach) processes. CIP process is a-welkstigated rathod

to recover glal from cyanideleach slurries. In the process, carbon is usually introduced
countercurrent in mechanically agitated tanks with the slurry. In-@ihcess the operations

of leaching and absorption are performed simultaneously in the tsark. This techgque

is considered a modification of Glitocess and has several advantages over it. Thus, it
requires lower capital costs and results in higher gold recovery rates from ores which contain
gold-adsorbing componentdMarsdenand Hous&006.)
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Resinsabsorpton

The use of iorexchange resins has been investigated since 1940s. The first researches have
been performed in USA, Romania, South Africa and the former USSR. Thus, the plant
located in western Uzbekistan (Muruntau operation) dedmlede iorexchang resins for

gold absorption due to its experience in resin technology for uranium extrgbenmsden

and House006)

lon-exchange resins are synthetic materials presented as an inert matrix with surface
functional groups, such amaes and estershé functional groups can exchange ions with
other similarly charged ions in solution. Similar to carbon absorption, resins can be
implemented in RIP (Resim-Pulp) and RIL (Reskin-Leach) configurations.

Zinc cementation

The use of inc is a part of Meill -Crowe process, which has been implemented since 1888.
The process shows traditional cementation reaction with a presence of oxidation and
reduction. In the last quarter of @@entury it was mainly substituted with CIP/CIL
operatons. However, it is preferred over carbHmsed processes for gold recovery from
solutions with higher silver/gold ratio. (Walt@005.) Zinc cementation process also has the
advantage of being able handle instabilities of gold grade in the fedarsdenand House

2006)
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Krasnoyarsk region, Eastern Siberia, Russia
Mining type

Conventional shovel-and-truck open-pit operation
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Kluchevskoye Malomir
(670km from Pokrovskiy)
Sukhoi Log [ & (o ——— Albazino

Itakinskoye _® @ EE

Albyn
(835km from Pokrovskiy)
Pioneer
(40km from Pokrovskiy)
Nasedkino
Taseevskoye

Pokrovskiy POX Hub

@ Petropavlovsk POX Hub

[j Petropavlovsk mines

@ Other refractory deposits
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. GHG project
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Engagement type consistent with the needs of the intended user

1 1 L

ISO 14064-3
Specification with guidance for the verification and validation of GHG statements
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ISO 14065
Requirements for validation and verification bodies
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1SO 14066
Competence requirements for GHG validation teams and verification teams n
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LCA Framework

Goal and Scope
Definition

LCI — Inventory

Analysis

Life Cycle Interpretation

LCIA - Life Cycle
Impact Assessment
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Production of reagents and Equipment, transport and Electricity for lightning of
chemicals other than lime and Water supplementary materials manufacturing Facilities construction facilities’ rooms and premises
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Treatment of flotation and Emissions from land use change Biogenic carbon emissions
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Baseline Scenario — transportation by train
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Comparison of all possible scenarios
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Comparison of all possible scenarios - transportation excluded
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>".0."A%" &5, $%" +41 (/%" OA PO $%" 20/ 1%&""-, . [AA( " "CTC"%; 4&8&4, & (I&"
4."P2'%/.0'49%"F-%.0/22B%&& (%" \4)0'4, ", 2*@5%/%" 3/%&&(1%" \4)0'4,." 48" &% 2%-'%)"0&
'$%",. 25" %%-$.4e(%" " [%0"/%-+/0-' /"1, 2)" /%6"> " $4&"8-%.0/4,:"Yo: 4884, &"04.2" [414 "+ ;"
062%6-'/4-4'%"0.)"*1%." 3/,)(-'4,." 8$4-$"-,.. [AA(%" 0 33/,\4;0'%2*"1Qa" 0.)"VQa" +"','02"
%:488&4,.8" 1%8&3%-'49%2*6" X'$%/" &, (-%&" ,+" CTC" %: 4884, " 4."'$4&" ,(%:" 8$4-$" &41. 4+
YA++00/"+ " '$%/"02'%/.0'49%" [, ('%6&:"01%" 24:%"3/,)(-'4,.=")%-0/A, .470'4,."0.)" &(2+(/4-"0-4)"
31,)(- '4,.6'P2'%/.0'49%"F-%.0/485,22,8%)"A*"$%"G0&%24.%"FPRIMWE& (/%" \4)0'4, "
C"A0-'%/402" \4)0'4; " @54-$"%:4&84, &"4."%0-$"-0'%1,/*"0/%"OA, (" Sba'@489%30/ ", +"

'$%" /%" 48" 1%0'%)"A*"AD-'%/402" \1)0'4,.6

P2'%/.0'49%" F-%.0M,2.2*" P2A4,." L/,-%&&@" $0&" '$%" .06\ $A14A(4,." ', " CTC"
%;4884 854-$'80&";04.2"-0(&%)"A*"%2%- [BA)-'4,. 6"P2A4,."L/,-%&S&"I%e(4/%&"20/1%"
0, ('&"\+"%.9%/1%" "3%/+,/;"(2'/0 [+4.%"1/4.)4.1"3/4.,I" "2%0-$4.1"4."0"; &3S ), . &6"
7,8%9%/:" 4" [%&(2'&"4.";(-$"2,8%/" \¥1%."-, .&(;3'4,."-:3 0/%)" "3/%&& (/%" \4)0'4, " &,"

'$0™ -, JAA(4,." + \*1%."3/,)(-'4,."" " CTC&" 4&" 2,8%/" 4."'$4&" ,3'4,."'$0." 4." GO&Y24.%"
F-9%.0/4,"0.)"P2'%/.0'49%"&-%.0/4,"S6
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2,8%8&"%.04%.'02"4,30-"'-0(&%)"A*"%;4&&4,.&","04/6"G0-'%/402" \4)0'4,."[%&(2'%)"4." $%"
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8%/%" -$%-<%6):" 0.)" %9%/*" &%30/0'%" (.4" 3/,-%6&&" 0.)" 4'&" 4 J(&"BUPI%" [%94%8%)"
1%10/)4.1"$%" %€ (4/%)")0'0"+,/" $4&"& (Y TIPRB&AA2%"3/ ,-%&&Y6&."[%10/)4.1"04/"%; 4884,
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(=2%" 5% &' ()*"-0." A%" 4. +2(%.-%)" A*"20-<" +")0'0"1%8&, (-%&" " A*"$41$"90/40A424™" -
'$%"4.+,/:0'4,."4.%,(.)" )0'06"#$6" ABY%-'49%"4&" "0&E&Y6&&  $YH/BIIBANDL -, %&"
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Transportation by different means
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HE%" &Y62%-'4,." +" - (TA%&" +,I" &Y%.&4 494" SR 4-4'" 3/,)(-'4,." 80&" e(4'T"
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Emissions from electricity production in different countries
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+'C7C"%;4&84, .&"+,;"%2%-' |4 G-$"5%3(A24-"1%;04.&"$%"A411%/"- . |4A( /" "CTC&"
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Sensitivity analysis - presence of organic carbon in the ore

m Organic carbon free concentrate m 5% of organic carbon in concentrate = 10% of organic carbon in concentrate
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(- %8&" +"$48" &' ()*67,8%9%/:"4")%3%.)&",."$%"0&&(;3'4,.&";0) Y% " A%14..4.1" +"
'$9%" &'()*:" 0.)" 84'$" )4++%/%." 4.4'402")0'0" '$%" 8%.84' 494" 0.02*&A4&" +,/" 022,-0'4,." 3/,-%
418" A%"%e(4/%)6

6.4.4 Limitations
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&,(-%&" 8$4-$" 0/%" 248 VB)BO&Y - 1(%" " '$4&:" &,:%" 3,'%.'4022*" 4;3,/'0." 4.3('&" 0.)"
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7,8 %9%I1%0":%." 3/,-%8B6&%&3%-4022*" 80&'%80'%/" 9608/ *34-022*" 0--,:30.4%)"
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6.5'Summary
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&9%.0/4,8"#$4&" 48" ) (%" "9%/*"2,.1")4&'0.-%&" A%'8%%." 3/ -%&8&4.1"320.'8"0.)":4.%" &4 %¢
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Refractory Gold Ore Treatment
Process phan Mass b
Th f the b p oo
EU.28: Oxygen £53 CZ: Bhectricity grid EU.28: Notural
{Sossousts mix (production mix) ts Ol A
O ke Oke {Oka
EU.28: Diesel mix + +
at refinery ts . Oxidative Roasting <u-so»
Okg ) kg
Refractory Ors plig EU.28: Sulphuric acid {53 CZ:Electricity grid  ghy
Mining <u-so= mix (production mix)t
2 CZ:Electricity grid  gh B oreductien mines
1.07E004 ko {Oka
max (production mix)ts 1746003 kg |
Okg i US: Guicklime. at  ¢@
i plant USLCI cu-s0x
v t————> Dacarbonization  piMl Prassurs Oxidation pliMl|S o~ 1 35kg
Refractory Ors el DE:BF Steel i 78k 7o o
Comminution 7.6 ko billet / =lab / bloom e eu2e {3 CZ:Electricity grid  gh
o700k 133ko Oxygen mix (production mix) ts
% ka
Cyanidation p il Carbor
cu-s0> ulp (CIP) cu-z0> 002 &
GLO: P& GLO: Rail P Flotation plet EU-26: Oxygen & 4E003k9 .y ' N
Container ship, transport cargo - cu-s0> 1,07E003 kg (gasecunts Oke
107E004 kg 1076004 kg T .7ka CZ:Electricity arid  gh
i x (production mix) ts
275kg 1,07 ke 0 kg -
EU.28: Heavy ‘ EU.28: Diesal CZ:Electricity grid  gh | Ractarial Cuidation suss02 ) T pwra
fuel oil ot mix at refinery ts mix (production mix)ts I3k
i _ i ‘ 3% kg US: Quicklims, at @

US: Limestone, ¢O)
ot mine USLCI

plant USLCI <u-so>

45,5 kg

EU.28: Ocygen £23
(gaseous)ts

CZ: Electricity grid mixgh
(production mix) ts <LC>

i0ka

-

a Albion Process <u-so»
Oko

Nation: Sulphuric  p.
SN
136 %a Acid Solution

iOkg

Selection: Refractory Gold O [...]

CZ: Electricity arid rh
mix (production mix) ts

EU.28: Natural
gas mixts

of pXhia

137 kg | Au-Ag Alloy

[0ka
Elution.  plia i
Gold-containing Elect: 9 Ph
Activated <uezo>
2.42E002 &
Carbon <u-so> N
0,0015 kg

DE: BF Stesl i
billet / slab /

EU-28: Disssl
mix ot refinsry 5

0,0008 transpert cargo -

12ke

GLO: Rail

Pk

CZ: Electricity arid
mix (production mix) ts

12kg

.
Gold Refinery Mt
b CU-SO»
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Refractory Gold Ore Treatment
Sroeess phan: Mass by
The the base

EU.28: Diezel mix
at refinery ts

Refractory Ore plil

Mining <u-so>

1.02E004 kg

Refractory Ore Ml
Comminution

1.02E004 kg

GLC:
Container ship,

(34

Okg

DE:BF Stedl  Ji
—
7.24 kg billet / zlab / bloom

CZ:Electricity arid  ghy
mix (production mix) ts

GLQ: Rail ol
transport cargo -

£U-28:009en £ g b1 iiciey arid

EU.28: Notural

Selection: Refractory Gold 0 [...] ¥

{goseous)ts el o mik)ts 9as mixts
io ka o §° ka
+ b
Oxidative Roasting <u-so»> ™
i Oka Okag

2,35E003 kg

CZ: Electric s
mix (production mix) ts

US: Quicklime, at @
plant USLCI <u-s0»

EU.28: Natural
gos mix ts

4kg

CZ:Electricity arid g -
mix (production mix) ts

foka

EU.28:
Oxygen

CZ:Electricity orid ~ £hy
mix (production mix) ts

°

i
1,0m Dscarbonization  plid Prassurs Oxidation  p il 1E003 ko
<U-503 1,02EC <u-sox
179 ka
Flotation p“ b ot
P — (gaseous)ts

1,.02E004 kg
22 kg 1,04 kg
EU.28: Heavy EU.28: Diezel
fuel oil at mix at refinery ts

CZ: Electricity arid
mix (production mix) ts

1,02E004 kg ‘

ioke

Bacterial Oxidation <u-s0>

Ph‘w. kg

R
Oka

Okg

US:Limeztone, ¢@  EU.28: Ocygen §53

CZ: Electricity grid mixgh ot mine USLCI {gaseous)ts
(production mie)ts <LC» i0ka iOke
0 ka i i
‘ B
Albion Process <u-so»

CZ:Eloctricity arid Ry
mix (production mix) ts

¢ ;0 ko Elution-  phie i
Cyanidation p et Carben. Gold: containing el ina pl Smiting of p XMl
et [ g ulp (CIP) <u-20> Activoted <urz0> T33ke Au-Ag Alloy
4 B3 ke
003 ke 4E003 kg EOO3kg 0 ges | 242EC03Kg .
1.2 ko
CZ: Elsctricity ar 0,0015kg
duct t:
mix (production mix) ts DE: BF Stael h
billet / slab /
US: Quicklims, at  ¢@ EU-28: Dissel GLO:Rail  phh
plant USLCI <u-so» mix at refinery £5  |0,0008 transport cargo -
59.9 kg 12kg
Nation: Sulphuric  p
‘7'7?‘; Acid Solution

Gold Refinery Mt
T — Yoo
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Refractory Gold Ore Treatment

oxess phan: Mass (k]

Selection: Refractory Gold 0 [...] ¥
thebase
£U.28:00aen D . Electricity orid £U-26: Notural ‘
{goseous)ts ‘ e o mik)ts 9as mixts
Dka p iokg
{ o i
EU.28: Diozel mix + + -
ot refinery ts Quidative Roasting <u-so»> ™
S N
| Oka Oka

Refractory Ore p il i E£U.28: Sulphuric acid §3| EU.28: {3 CZ:Blectricity arid  gh
Mining <u-so> CZ: Electricity arid l'h (6%) ts : mix (production mix) ts

1.25E004 ke max (productnon mix) ts EO ka

Oka 3
. : . US: Quicklime, at  ¢@! EU.28: Natural
H ! i i i plant USLCI <u-s0» gas mixts
v teeseeeo-% Dgcarbonization ph Prsssurs Oxidation ph 3 ke 27.5kg
Refractory Ors il DE:BFStedl i [ Oko peu o P e CZ:Electricity arid Ry
Comminution 888 kg billet/slab/bloom | 1 e eu.ze: {5 CZ:Electricity arid  ghy mix (production mix) ts
Okg Oxygen mix (production mix) ts .
1,25E006 ka . [0kg
10.1kg i0ke Elution-  phiel i
Cyanidation plel Carbon-in-Fp i Gold-containing El ina plel Smelting of p XMl
»
| ulp (CIP) <u-z0> = A d <urzo> 1.5 kg Au-Ag Alloy
F SEDD2 K 2456003 kg 2426003 kg kg
GLO: o GLO: Rail b Flotation pé i EU-28: Oxygen 8 9 s Carbon <u-so> =
Contai (gaseous)ts 0 ke A—— 1.2 ka
ainer ship, transport cargo - <u-s0> 1256003 kg f
1256004 kg 1256004kg T+ CZ:Electricity arid gy 0,0015 kg
§ mix (production mix) ts
i DE:BF Steel i
$ |
Rke 128 ko 0 ke billet / slab /
EU.28: Heavy £U.28: Diezel CZ:Electricity orid  gh Elactecial Cuidationiucsoy
fuel oil at mix at refinery ts mix (production mix) ts 1,28 k
a4 2 25€003ke US: Guicklime,at  ¢O! E£U-28: Dissel GLO.Rail  phh
plant USLCI <u-so» mix at refinery £s  |0,0008 transport cargo -
4,45 kg 12kg
US:Limeztone, ¢@  EU.28: Ocygen §53
CZ: Electricity arid mixghy ot mine USLCI
{production mix)ts <LC>

0ka

(goseous)ts Nation: Sulphuric  p
ioka iOke 13,6 kg [ASid Solution CZ:Electricityarid  gh sk dinery b
7 mix (production mix)ts | Oka o2

- -

, Albion Process <u-sox Pl
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Appendix IT — Calculations of some inputs and outputs of the unit

Pprocesses

All the calculations were referred to refractory gold concentrate with mineralogical

composition presented in 7Table 12 (Clary et al. 2018, 1330.)

Table 12. Predominant minerals of flotation concentrate (Clary et al. 2018, 1330.)

Mineral Chemical formula Value, %
Pyrite FeSz 23.9
Arsenopyrite FaAsS 5.8
Pyrrhotite Fe0.877S 5.18
Chalcopyrite CuFeS 1.0
Quartz SiO2 33.9
Calcite CaCO:s 2.23
Dolomite CaMg(CO:s)2 2.18
Magnesium oxide MgO 2.15
Magnesite MgCOs 5.82
Talc 3MgO!"4Si0.!"H20 5.92
Other 11.92

Calculation 1 — Decarbonization

To decompose carbonates, sulfuric acid is added to mixture of concentrate and water. The

amount of required sulfuric acid can be calculated according to the following reactions:

#$H%" ()%, #$%," (%' #% (IL1.1)
H% o ()%, % L (% #% (IL1.2)
4% [#%0 ' 1()*%. , #$%, ' -*% .’ 1(,%' 1#% (IL.1.3)

The amount of sulfuric acid is calculated per 100 kg of refractory gold concentrate.

1. Decomposition of CaCOs:

9 /< 20" 24090 _)A&BC_ 22k
> < =0 DEE . &

2 13,5670 8



101

2. Decomposition of MgCO3:

9 IFGi< 0" /24@<0 _ HE)!'BC _
> [FG:i< =0 DEE

2 13,5670 8 5.7 kg.

3. Decomposition of CaMg(CO3)z:

9 :F6 1< 04" > 12 4@50 _ ) A "BC _ 43 kg

2 8 =
/345670 ZuFG /i< =04 DEE

Thus, overall amount of sulfuric acid for decarbonization is: 2.2 kg + 5.7 kg + 4.3 kg =12.2
kg/100 kgcﬂnc~

Calculation 2 — Pressure Oxidation

The calculated values for this unit were amount of electricity needed and amount of sulfuric

acid in acidic wastewater of the process.

1. Electricity

The amount of electricity needed was calculated from the amount of electricity cost. Clary
et al. (2018, 1335) estimated that electricity cost per 100 000 t concentrate was 2 500 000
USD which is 25 USD per 1 ton of the concentrate. The study was conducted in Australia
so price for 1 kWh was taken for that region. If 1 kWh costs 0.08 USD, then 25 USD is a
price for 25 USD "1/0.08 USD = 312.5 kWh/tconc.

2. HSO4
The amount of sulfuric acid presented in wastewater of pressure oxidation can be calculated
using the reactions below (per 100 kg concentrate). Assumption: the rate of sulfide minerals

oxidation is 98%.

Pyrite oxidation reactions:

1) K%' 1(,%, 113%%., " 1(,*%, (11.2.1)
2FeSO,+0,50,+H,S0, — Fey(SO,) ,+H 0 (11.2.2)
FQQ(S04)3+3H20—)F€203+3H2S04 (1123)
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According to reaction I1.2.1:

9 iLv@0"™> 12 @0 _ )& BIEBMY) "BA
2 /3,567,083 Syv— D 19.13 kg

9 /LM@ 0™ /LM@ <0 _ /)& BIEBWEY) DH)0
> /LM@0 ) 'D)E

2 /N670 8 =30kg

According to reaction I1.2.2 some H>SOj4 is consumed while reacting with FeSO4 from

reaction I11.2.1:

9 LM@< 0" /7 4@<0 _ &B'BC

2 8 =97k
13 45670PQRSTIOU > M@0 ) 'DH) g
and some Fe,(SO,), is formed:
9 LMe< "> ILM/@<w0-0 &B"+EE
2 INQ/s670.00 8 e =39.5kg

> ILM@<0 ) 'DH)

According to reaction I1.2.3 Fe,(SO,), from the reaction I1.2.2 is oxidized to Fe;O3 with

production of sulfuric acid:

9 LMy @700 12 4@<0 _ &BMI &MBA

2 /3,567,083 Sy— = - 29 kg

Arsenopyrite oxidation:
LIVW*' (y*%" K% " 1()%, 1(<VWa' 1J,)/*%.0Q (I1.2.4)
1( VWY 13)/*9%0,, 1IIVW%' X()*%. (I1.2.5)

According to reaction I1.2.4 some sulfuric acid is consumed:

9 1Lmyz@"™ 12 4@<0 _ /HE'EBQ/BD

2 8 =17k
13 45670PQRSTI0OU > 2@ ) 'D[& g
and some Fe,(SO,), is formed:
9 /Lmyz@™"™ LMyl @<0-0 _ /HE'EBQY/+EED _
2 INQ/s670.00 8 = =7 kg

> ILMYZ@ ) 'D[&

According to reaction I1.2.5 sulfuric acid is produced when Fe»(SO4)3 reacts with H3AsOa:

9 1Lvy/ @700 12 4@<0 _ /\ 0/&"BA

2 13,5670 8 =5.145kg

> ILMa/ @<70=0 +EE



103

Total amount of sulfuric acid considering produced and consumed acid in reactions I1.2.1 -
I1.2.5 is:
19.13 kg —9.7 kg + 29 kg — 1.7 kg + 5.145 kg = 41.9 kg/100 Kgconc-

Calculation 3 — Bacterial Oxidation

1. Oxygen consumption
It was assumed that bacterial oxidation requires 18 kg of air to treat 100 kg concentrate. Air

contains 21% of oxygen, so consumption of Oz is 18 kg " 0,21 = 3.78 kgo./100 kgconc-

2. H2804 production
The calculation of sulfuric acid produced in bacterial oxidation process was performed in
the same way as that for pressure oxidation reactions. Assumptions: the rate of sulfide

minerals oxidation is 85%; in reaction (I1.3.1) 60% of pyrite is oxidized.

Chemical reactions are the following:

115"~ % 1(,%, '110)/*%0" 1(,*%, (I1.3.1)

1% )" KIJ/*9%.0" (1%, ~_13*% " (%%, (I1.3.2)

1% ) ' 13,/*%.0g!, XJ*%, ' 1% (I1.3.3)

113%%., " % ' 1(,*%,, 113,/*%0" 1(,% (I1.3.4)

X% 1%, 1()*% (I1.3.5)

IIVW*' XAI9% " (%, 1VW%' (,*%, (I1.3.6)
5 () )

According to reaction I1.3.1:

9 @0 /2 4@<0 _ )& BI'EAHE4 07) "BO
> /M@0 +I'D)E

2 13,5670 8 =497 kg

In this reaction, Fe>(SOa)s is also formed, which reacts with pyrite in further reactions:

9 /M@ 0" /LMy @<0-0 _ /)& BI'EAHE4 07) "+EED

> va ID)E =20315k

2 /NQ/5670.0 8
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According to reaction I1.3.2 pyrite reacts with half of the amount of Fe>(SO4)3 produced in
the reaction I1.3.1:

9 /LMyl @<0-0"" /LM@0 _ /)E RDH) 07D)EO

2 8 =0435k
INO3Z0 > M/ @100 \I'*EE g
The amount of sulfuric acid formed in this reaction is:
9 /M@0 12 4@<0 _ /EAGHIICBA
2 13,5670 8 == =2.85kg

> LM@0 D)E

Besides that, some amount of Fe2SO4 is formed to participate in further reaction 11.3.4:

9 LM@0d"™ /LvM@ <0 _ / EA&HD/DHIDH)0
> ILM@0 D)E

2 ING670 8 = R.265 kg

According to reaction I1.3.3 pyrite also reacts with half of the amount of Fe2(SO4)3; produced

in the reaction I11.3.1;

9 /LMyl @<0-0"" /LM@0 _ /)E RDH) 07D)EO
> LMg/ @<70=0 +EE

2 /o508 =3.05kg

And some amount of Fe2SOq4 is formed to participate in further reaction 11.3.4:

9 1LM@0"™"™ 1LMe@<0 _ /&EH)T&IDH)0
2 /N670 8 = OF =11.6 kg
> /LM@0 )

Also, elemental sulfur is formed according to this reaction, which further reacts with oxygen

and water and forms sulfuric acid:

9 /M@0 /@ _ /&&EHDT) &) 0
27508 — ~ DE
/LM@O )

=1.62 kg

According to reaction I1.3.4, Fe2SO4 from reactions 11.3.2 and I1.3.3 reacts with sulfuric acid:

9 /tm@<0"™ 12 4@<,0 _ /CAIH ¢ DDROY) "B
> LM@<70 +I'DH)

2 /34567O!PQRST9OU8 =6.4kg

Finally, elemental sulfur from reaction I1.3.3 reacts with production of sulfuric acid:

/@™ 124050 _ /DR ON"BAO_ 5 o, kg

2 13,5670 8 @ )

Arsenopyrite is oxidize according reaction 11.3.6:

9 1Lmyz@"™ 12 4@<0 _ / EEHHE0/BD
> ILMYZ@ D[&

2 13,5670 8 =2.96 kg
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Total amount of sulfuric acid considering produced and consumed acid in reactions 11.3.1 -
I1.3.6 is:
4.97 kg +2.85 kg — 6.4 kg + 5.96 kg + 2.96 kg = 10.34 kg/100 Kgconc.

Calculation 4 — Albion Process™

1. Electricity

The amount of electricity needed for this process was calculated in the same way as for
pressure oxidation. Clary et al. (2018, 1335) estimated that electricity cost per 100 000 t
concentrate treatment was 2 300 000 USD which is 23 USD per 1 ton concentrate. The study
was conducted in Australia so price for 1 kWh was taken for that region. If 1 kWh costs 0.08
USD, then 23 USD is a price for 23 USD "1/ 0.08 USD = 288 kWh/tconc.

2. Limestone consumption

The chemical reactions of the Albion Process™ require the addition of oxygen for oxidizing
sulfide minerals, and limestone for continuous neutralizing of the acid formed by reactions
of oxidation. Assumption: 93% of sulfides are oxidized in this process. The chemical

reactions are the following:

Pyrite oxidation:

I35y " Mo N (%' H#SHY, 113% "%(" H#S% "1(%' TH#% (I1.4.1)
Arsenopyrite oxidation:

1IVW*' K% " J(y%' 1#$#% d 1IIVW%' 1#5% "1(,%' 1#% (11.4.2)

According reaction I1.4.1:
9 1LmM@o™ ;< -0 _ /EB&M& BN C'DED

2 jef 6.0 8 > 1M@o HD)E =37kg
According reaction 11.4.2:
9 "> < o | ERJTHEO) !
2 ef 6620 8 IMYZ@ ™ |1 < =0 _ /EB& THEOM/ ) 'DEB _ 33 kg

> ILMYZ@ ) '"D[&

Total limestone consumption by the oxidation reactions: 37 kg + 3.3 kg =40.3 kg/100 Kgconc.



106

3. Oxygen consumption

Oxygen consumption was estimated in the same way as limestone consumption:

According reaction I1.4.1:
9 /LmM@ 0™ 1< 40 _ /EB&M& BOM/ DO'&)0

216,08 — va D =16.3 kg
According reaction 11.4.2:
2 16,08 9 1Lmvz@™> <40 _ /ERZIHEOV\ 1R)0 _ 5 4 ke

> ILMYZ@ ) "D[&

Total oxygen consumption to oxidize 100 kg of concentrate: 16.3 kg + 3.7 kg = 20 kg/100
kgconc~

Calculation 5 — Neutralization of H>SO4 Solutions

Neutralization of sulfuric acid with lime can be described by the following chemical
reaction:

H>SO04+CaO+H>0=CaSOM2H>0 (IL5.1)

Mass of lime (Mcao) required for neutralization is calculated as follows:
Mcao=(56" My,s0, "C)/(98"1P) (I.5.2)
where 56 — molar mass of CaO,;

P — mass share of active lime, P=0,6.

Mcao=(56 "1100 "0,35)/(98 "0,6) = 33,3 kg/100 kg H2SO4 or 333 kg/t H2SOx.
Thus, the amount of lime required for neutralization of acidic solution from pressure
oxidation process is:

41,9 kg "33,3 kg / 100 kg = 14 Kgcuo/tore.

And the total amount of CaO required for neutralization of bacterial oxidation solutions is:

10,34 kg "133,3 kg / 100 kg = 3,44 kgcao/tore.
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Calculation 6 — Roasting
It was assumed for sensitivity analysis that besides minerals listed in 7able 12, concentrate
also contains organic carbon (5%), which in oxidative roasting conditions is oxidized to

carbon dioxide according to the following reactions (Thomas and Cole, 2005, 414):

1. Combustion of organic carbon:

2€150+0,] g0~ 2CO(g) (IL5.2)

2. Combustion of carbon monoxide:

2C01g0+0,/ g0— 2CO4(g) (IL.5.2)

According to reaction II.5.1, combustion of 5 kg carbon results in:

9.0 /< 04 HYC
2 /e60 8 8

- 5 = 11,66 ke.

According to reaction I1.5.2, combustion of 11,66 kg carbon monoxide results in:

2 /e6,08 2 0P lica0g DM[C!"!H = 18,32 kg of carbon dioxide per 100 kg

>/<0 )

concentrate.

The correlation between organic carbon content and CO» emission in oxidative roasting of

refractory gold concentrate is summarized in Table 13.

Table 13. Dependence of COz emissions on organic carbon content in the roaster feed.

Organic carbon, % 5 10 15

CO: emission, kg 18,32 36,64 54,96



