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A study on gold recovery from gold concentrate using
microwave nitric acid leaching

Lee, Jong Ju
Advisor : Prof. Choi, Taejin
Dept. of Energy & Resources Engineering

Graduate School, Chosun University

This study liberated gold particles from gold concentrate having
invisible gold using microwave nitric acid leaching experiments and had
the liberated gold particles left in the leaching residue. with the use of
the lead fire assay, the gold particles left were coalesced to recover
pure large gold grains whereas gangue minerals were removed as slag.
while to separate gangue mineral from the leaching residue, for this
experiment, ore mineral and gold concentrate samples were collected
from Geumsan, Moisan and Yeongcheon mines respectively. polished
sections were prepared from the ore mineral and then observed with the
polarizing reflected light microscope. this study conducted particle size
distribution analysis, chemical analysis, scanning electron microscope(SEM) and
microwave nitric acid leaching experiment for the concentrate. the microwave
nitric acid leaching experiments were carried out to the three concentrates under
the different conditions with nitric acid concentrate(1-8M), microwave exposure
minutes(3-24min) and the sample addition(30-100g).

After the leaching experiments were completed, leaching solution and
leaching residue were separated with the use of membrane filter paper
respectively. the valuable elements in the leaching solution were analysed

by AAS, and the gold contents left in the leaching residue were analysed
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by lead fire assay. the XRD analysis with the three concentrates
discovered pyrite, chalcopyrite, galena, sphalerite, quartz and fluorite in
the Geumsan concentrate, pyrite and quartz in the Moisan concentrate,
and arsenopyrite, pyrite and quartz in the Yeongcheon concentrate. the
polished sections from the three mines were observed with a polarizing
reflected light microscope, but native gold and electrum were not
identified in them.

As a result of investigating the weight loss rates of the three leaching
residues, it was discovered that the maximum weight loss rate of the
Geumsan concentrate was 68%, 85% of the Moisan and 81% of the
Yeongcheon. as a result of investigating the leaching rates of valuable
elements in the three leaching solutions, it was discovered that Fe was
completely(100%) leached at 3M of nitric acid concentration in the
Geumsan concentrate, Pb was completely leached at 7M, and Zn was
completely leached at 5M. under the 6 M nitric acid concentration
condition, from the Moisan concentrate, Fe was completely (100%)
leached, but 63% of Cu was leached, 43% of Pb and 84% of Zn. under
in the same condition, from the Yeongcheon concentrate, Cu and Zn
were completely(100%) leached, but 96% of Fe and 49% of Pb were
leached.

When the Au content from the three leaching solutions was analysed
with the AAS, it was not detected under these conditions different nitric
acid concentrations(1-8M), different microwave exposure minutes(3-24
min) and different sample additions(30-100g). it indicates that the pyrite
and arsenopyrite were almost completely decomposed and dissolved by strong
oxidizing power of nitric acid and strong microwave energy while gold(Au)
was not at all dissolved under the strong conditions. consequently, the
undissolved gold particle would be probably left in the leaching residue.

As a result of the XRD analysis with the leaching residues, it was
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discovered that in the Geumsan leaching residue, adularia, calcite,
gypsum, fluorite, dolomite and quartz were observed and the peak of
pyrite disappeared at 3M of nitric acid concentration. Pyrite, elemental
sulfur and quartz were found in the Moisan leaching residue, the
Yeongcheon leaching residue, arsenopyrite, dolomite, pyrite, elemental
sulfur and quartz were found and the pyrite peak disappeared at 4M of
nitric acid conditions.

When a lead fire assay was carried out with the leaching residues, the
gold content was recovered from 1.33 times(Au= 2,464.70g/t) at a minimum to
28.8 times(Au= 52,952.80g/t) at a maximum more than the concentrate(Au=
1,840.00g/t) in the Geumsan concentrate. from the Moisan, gold content was
obtained 8.3 times(Au= 452.50g/t) at a maximum more than the
concentrate(Au= 54.40g/t). from the Yeongcheon, gold content was gained
1.75(Au= 27.70g/t) at a minimum and 4 times(Au= 63.80g/t) at a maximum
more than that of the concentrate(Au= 15.80g/t).

When this study applied the microwave nitric acid leaching and lead fire
assay experiments for the invisible gold containing concentrate, the pure and

large gold grains were effectively recovered.
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2AEE ARE FYst F& dAEY A7IA AT

$guatE A9 l(gold bearing quartz vein) g iAo =

toh 2eER o] HHoR dojd T ABel: T4

FlO oﬂ [‘[2

J
JogEol FHEol Ak FFHIWANA F& FRE F

=
FA A (FeSp vl d A (FeAsS) 18]al nFo g 52 (CuFeSy, ¥4

& ARl MANY 2L
g tgoz nfojaEg oy
o] % BH

sete] $ERARER ST, & ASHL o

HPbS) g AdotdH@ZnS)e] FHEM, T2 FFAoly Fu|H o] w7}
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B A A Zolate 53_01‘— Zo| 33}3Ed nEHppmol A wt.%7hA)
o= 3ol ot & UAUF WAL E A 2@ AR ACEM) O =
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2014).

FGSZ+4HN03 = Fe(N03)3+NO(g)+ZSO+2H20 (D

3FeAsS + 8HNO; = 3Fe* + 3AsO& + 25° + 4H,0 + 8NO ()

Anglesite(PbSO) A #AL AHEE 94 Dol sl D o] A
AE. a8l APl xgE UAAPbS)o] FikgA ot () 2
o] &3&|¥tHZhan et al., 2019).

Spr'FSHNOg = Spb(N03)2+2N0(g)+4H20+350 3

D QoA BARE A4 3HSHo] Aakol o)3te] (42} zEo] Hiko] wt
Eoj ¥ tHKaraca et al., 2003; Gao et al., 2009).

2HN03+SO - HzSO4+2NO(g) 4)

o] ke WA Hkgsled (5)9F #o] anglesiteE ¥4 gHoH(Spedden
et al., 1971, Safarzadeh and Miller, 2014).

PbS+2H,S0, — PbSO+S*+SOxg+2H,0 6);

Jiv & A4t galHA FouE HZIAAY o] AFF O E WA
=g %E}(Gao et al., 2009; Jotanovic et al., 2012; Kim et al., 2019; Lee
et al., 2019; Lee and Park, 2020). & vBI7IAAH Fo2 AtEx & 333 =
< "olaEdolE Hibg S A &EtH FEFEo] fAEHHUA Fol
@A &2 fhCho et al, 2020). o]&g AL FHA o} FnujAdMm

F3lg= mlolAE OB URAE & Fete] e At 1o =

2 =
d&all(thermal decomposition)=]= =8Eg- 3-&(hyperactive mineral)e]”] w<&
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analysis(AAS)

Fig. 2-1. Flow sheet in this experiment.
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Table 2-1. The summary of experiment conditions of Geumsan samples.

material experiment condition
Concentration | Microwave
L . L Sample mass

Geumsan of nitric irradiation ©
acid(M) time(min) &
Exp.1 1 15 50
Exp.2 2 15 50
Exp.3 3 15 50
Exp.4 4 15 50
Exp.5 5 15 50
Exp.6 6 15 50
Exp.7 7 15 50
Exp.8 8 15 50
Exp.9 8 3 50
Exp.10 8 6 50
Exp.11 8 9 50
Exp.12 8 12 50
Exp.13 8 15 50
Exp.14 8 18 50
Exp.15 8 21 50
Exp.16 8 24 50
Exp.17 8 24 30
Exp.18 8 24 40
Exp.19 8 24 50
Exp.20 8 24 60
Exp.21 8 24 70
Exp.22 8 24 80
Exp.23 8 24 90
Exp.24 8 24 100
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Table 2-2. The summary of experiment conditions of Moisan samples.

material experiment condition
Concentration | Microwave
. L , L Sample mass
Moisan of nitric irradiation
acid(M) time(min) ®
Exp.25 1 12 100
Exp.26 2 12 100
Exp.27 3 12 100
Exp.28 4 12 100
Exp.29 5 12 100
Exp.30 6 12 100

Table 2-3. The summary of experiment conditions of Yeongcheon samples.

material experiment condition
Concentration | Microwave

Yeong . o Sample mass

of nitric irradiation

cheon acid(M) time(min) ®

Exp.31 1 15 100

Exp.32 2 15 100

Exp.33 3 15 100

Exp.34 4 15 100

Exp.35 5 15 100

Exp.36 6 15 100
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U, AdA R

S 2R 3 AGe s on, g Ao PEs] ARE A
5 A7E AR2 ASsuE 2-2, FAN AHe A% 2L A=
0ok o] LhERY ATHTable 2-4).

)

et

Table 2-4. Latitude and longitude in this study of Sampling sites..

) Latitude | Longitude | Production
Location .
(°) (°) mineral
Jinsan-myeon,
Geumsan Geumsan-gun, 34° 117 127° 357 Gold
Chungcheongnam-do
i Bugok-ri, Hwangsan-myeon, Gold,
Moisan 34° 567 126° 38~ i
Haenam-gun, Jeollanam-do Silver
Suseong-ri, Imgo-myeon,
Yeong ) Gold.
Yeongcheon-si, 36° 037 | 129° 13 )
cheon Platinum
Gyeongsangbuk-do

Fig. 2-2. Sample locations of this study.
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o AEEH
mto)| A2 ojH ANEE AY
=2 nugget effect7} AsHAl o= Y4E A Yo 1822 B
Hojup AdS Jgstr] 9l ARE AHAL w Aol g ex7F =24
dojdth metA Aol AHEE ARE AFHEH] Mol HA NEE FE9
&3 K Dominy et al., 2003; Wang et al., 2016). JHE A 83 A4=
Z2~=306.0D)dd Y 48 vlo]ZZ ¢ o] B(industrial microwave, 2.45GHz,
kWl Euct. A&t aa dae 7)o EEZw ] 9@ vk vjE
2 ddsin. £82Wr|= $57] Aloldl falds AFdst

S
th o]F wo]aEglo]lB HYE &3 warm upg 5% F JYsATH
warm upe] JYH & Fe A4hgAe wHEA 1000ml FahgS LE 2
7ol Fhste] HAET2AR FHHES 3k Aabgdo] FzETs
Ao F9lol gud F 2E2Wr] sde] HE HAE "SI vlolaw
AolBE FEAA S2H4PS JYsIATHelst viol JolB AihgE
A3, &4l JAYHE ¢ A MBI wntEEA F By

A7y 27} %“35]915}. AEetsE Uiy gE2 adkbkgo] ofs)

Z =
AE AWF=NOE 5719 712 wWlE7E AA, 7k AH 8], 248
T2 A2 aga ME HEES T AR F Sz wEAIZTHEE
2-3). &E4dYe] FRE A AAdEtzad &89 x5 oA

2 = Al(infrared radiation thermometer, 835-T1, Testo, Germany)® =73}
Fa, SSAFES A3 3 Axd A5 dste] FAZALES A5
Tt
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] . = =T
Noai
} ‘ B 1

Fig. 2-3. Photograph of microwave leaching system. a: microwave oven, b:
feeding of nitric acid solution through a claisen adapter, c: reflux condenser,

d: the erlenmeyer flask containing raw concentrate and nitric acid solution.

- 12 -
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2) AfHdY

ntol Az olB AAHEE AFPol Bd T AAZITT E0UeE &=
A3 EESJ/FES o FA ~H(diameter= 30cm, height= 26cm)ol] =% H
ATE o] AF{AI2El sHRCl= Fig. 2-49F o] A& o FA|(filter paper,
No53(1-2um), Hyundai micro, Korea) 33-& A* E3dth &&8939 F7FE
o] e AFJAZHA FAZIE o] &8t &8 10mlE AFH 3,
A& 2 (syringe) ZE(pore size= 0.45um)ZE st} F&olL FFS AT
TER7IE A3 &0 AHA T AAESAI UE HHEE 3x
FTE o83t oAy A AFHIFAL FS AHEHS AT 2H o
FUANAT. AFJA =" Ad" ZFE Z(vacuum pump 2014C-02,
Welch, Germany)E 7§38t o #sh3itt. 04347} TEH ¥ oA 3H =
FE AN dxT|olA 40CT=E 123 AxeATHFig. 2-5). Adxd o3
A AES} AAAE 8 & 28 A5 tiete] F AlEHY ARE
AHgEt & S AR AT

- 13 -
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Fig. 2-4. Photograph of vacuum filtration system using 1-2um filter paper.

Fig. 2-5. Photographs of filter papers. a: raw filter paper, b: leaching

residue and fine particles on the first filter papers, c: the second and the
third filter paper. The scale bar is 30cm in length.
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2. By

D HPAvH 4

AT Bl thate] FETH EAS dotrRr] el AvbaS Alztat
Ak FAANEE FE ZA'SE & g9 3k=u{(Cold Mounting
Resin&Hardener, MCM-AP-Q-KIT, Acrylic, R&B, Korea)E o]&3le] AlHS
AZSR (@RS 3=, grinding® polishinge AA AwlH-S A A
Aok dE dAvkE-e HgakARd v A (polarization microscope, LV100POL,
Nikon, Japan)(Fig. 2-6)= o]&3te] FsldE2 FTHe AT tiste
S e A=

Fig. 2-6. The photograph of polarization microscope.
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2) AxAEA B4
AR AW 4L DA 99 Ba o FEA

AR BN B3

AzxH AEE carbon AEe] gHEHo|xzZe RASIT o] HHo|Z=
&Fuy} AlE holderol] F2AIA HAATH

E-1030, Hitachi, Japan)& ©]-&3te] W58 sttt HAAAWAE LS FAA
A& v] 7(field emission scanning elelctron micropscope, FE-SEM, S4800,
Hitachi, Japan)¥ <AA|Ag]ql 4kabxxH(back scattered electron, BSE,
960593, Hitachi, Japan)< &Aldl 7}&3stdor, AR A E4HE
X(energy dispersive analyzer, EDS, ISIS310, Jeol, Japan)©.Z <333t
(Fig. 2-7). ¥=x=71L2 A} 15kV A/ 10mAdA A5 G4 FHSIA

ot EDS A &AL dxRle] A4 0.1ms ]88t Als EH-S H(point)

F ¥ ”]@on sputter coater,

o
ol

Fig. 2-7. The photograph of field emission scanning elelctron microscope

and energy dispersive analyzer.

- 16 -

Collection @ chosun



3) XRD &4

AFNE D APF §ES7E dat FEo SAJHE Fetstarat st
Atk ol 3l Eu W FEAAREFAE X-A B4 e XAd-3dE
A(x-ray diffraction, XRD)= AAStATE AHE-HE vl= UET= PANalytical
Ate] X'Pert Pro MRDE ©]-&3th. XA 3™ EAoldt Xde M7z Ee
ARTFEE 7H A Bl G XS AR 3dd AS B A
2(2dsind =n\)< o83l AATEE FHotets BRIt = A n=
A, A= XA 3. 749 BH2Ae Cu-Ke A& olgste] 7kt
40kV, AF 30mA, FARES(scan speed) 2° /min.oZ 3~70° ¢ 20 T3t
4519 tHFig. 2-8).

Fig. 2-8. The photograph of X-ray diffraction analyzer.
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{“/Collection @ chosun



4 Y=EH

0 AR 4% AZ7IE FRIsky] fsted ARA g thste] YEEA
(grain size analysis)S AAISIATE 4 7171 F= MalvernAte] Master
sizer-3000EE o] &3tH oH(Fig. 2-9), 02U oHst ZE&=7](EXLS,
Vivagen, Germany)oll 4l 3%} SF<~(deionized water) 450mlE& B]AHol| 7}sk
of TEEE I =AU olF 5-20%9 EEEU HEF ARE UL
sttt TH% xdo] Ed F HolA WS EAtEE Alge XARS 4F
@ 4 HIE =AYy, AtdE HE AL 53 whE =A3YTh
o]& F (Do, Dso, Dg) o= YEFATE

Fig. 2-9. The photograph of grain size analyzer.
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5 A IFEA

ABJNEY A FFEHS Lotir] Hste Sl E stk AHEE A
= 153 Es|%X|(microwave digestion system, MARS 6, CEM, USA)o]thFig.
2-10). A& 1.00g¥ SH(FA3EAD) 10miE 3702 BlZ287]d 22 Yo,
20 B¢ 200CE 7HE ¥, 207 B¢ 200C =55 AT Ot 208
ol dAANAL. 87] & Wi £E89 FAE AE AR AT 29HA
AR 7MA] e R, HFE AAFo] 20m7}t HES FHSE massE ZF3HATh
4" 825892 HAA|(syringe) ZE|(pore size= 0.45um=E o3t T3
< AAFES7|(atomic  absorption  spectrophotometry,  AAS,  AA-7000,
Shimadzu, Japan)2 233} chFig. 2-10).

Fig. 2-10. The photograph of microwave digestion system.
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6) & A=

= 4& AASY ICPE ol &3te 4%, Yutdoz gt ANsFdFe
oty o]H 4 22 o] AEE AMFHsE A 52 AR FHFLE
Ast7] wEoll gold nugget effect @do] dojur] Ao wekA =2
AT AEo] BESTE R AE7F do 218 EE ¢ /\l%‘ﬁoﬂ
dstE AMES 10.0ge.2 3+ tHMcDonald et al., 1994; Balcerzak, 2002).
NB2(EEZFE) 10.0g, AF3bd(itharge) 35g, 4 th3l(soda ash) 70g, EAt
(borax) 12g, TFAHGsilica) 12g, =3 F&ol g5 o] =7l 7}
st FEolE YE olfre ARV €81 FHE 8§82 o HlFo] F
AL 52 ol E Weirta HFo] dRt JiHe EEEL 9= Qﬂ}ﬂ
5 7] fgeltt ol& ARV EFHANE EUIHES AV R ¥
715 HHEg JEE L150CE 1A7F 308 5 £8AAT olF &§
H €28 AFHA Z 158 < Ad EAA AT o Aol ¥zt
H #YE sdae AR@Gel TS, olF st dF(ead
button)E E&3IFth 5= 72 =7l Y3 950C oA 6083 71
st ' AEo]l =Y WREE FEHES P o] Hd(cupelation) 3kt
7MY Higte] @ & F&(silve bead)S 358 FAS =S, 3H
E Z(heating block)oll 20% &4+ 16mlS F7}ske] 150C & 1587+ &3)%

|07 AgE AASGT J8a 5 JARE 23E ESES 443 AA
371 #18 950C oA Tl 18 59t 7F<(annealing) sttt o] % =3 &
HAE It FHE AFSIATHEG. 2-1D. 359 7 dAE2 A
n] 7 (stereoscopic microscope, SZ61, OLYUMPUS, Japan)o. 2 #-z-3}ith.
g AlEHAA E4E 5 FF2 v 0 2o

—
oQ

ml
41 de i

Gold(g/t) = Gy x (1,000/Sy) ®)
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Fig. 2-11. The photographs of fire assay process for gold content

measurement. a: samples, b: charging in the fire-crucible, ¢: fusion in the
electric furance, d: cooling in the iron mold, e: parting with nitric acid, f:
weighting of gold.
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3. 2% 5 uF

7). #EE B4

D dvbg

A A BN BEH FES

A(Fig. 3-1), Eo|4t AgE A, FEi
A Nee $24, gvEH, $54 9 J54Fig 3-3olth. BE dAnpd
oA ZA F(native gold)oly} AHEH(electrum)> &1

+ w°l FEA Z2 B7IAA FEHE EAEk7] diel S0
Ao g Azt B3, F4bd4E dupgdd d4bs HUbskA A4
o] dojwttt. ol dr|AoA= #ES7] AH YA R SR
HA7] WEo = ALsH T
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Fig. 3-1. Polarization microscope photographs of Geumsan gold ore. Py:
pyrite, Cp: chalcopyrite, Gn: galena, Sp: sphalerite, Q: quartz. The scale bars
are 100um(a, b and c) and 200um(d) in length.
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Fig. 3-2. Polarization microscope photographs of Moisan gold ore. Py: pyrite,
Cp: chalcopyrite, Q: quartz. The scale bars are 500um(a) and 100um(b) in

length.

Fig. 3-3. Polarization microscope photographs of Yeongcheon gold ore. Py:
pyrite, Cp: chalcopyrite, Asy: arsenopyrite, Cct: chalcocite, Q: quartz. The
scale bars are 500um in length.
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2) 4=&4

g AR Y= AV st st d =14 (grain size analysis,
Master sizer-3000E, Malvern, United Kingdom)< 3ttt S8 =S ddx
A T YEE SAH&YH d=ERAES & AF F4F ASE D= 5.6um,
Dsp= 78um Z12]3L Dgo= 185um=E YEFGFTHEIG. 3-4). Bol4t AlS+ D= 12
um, Dsp= 28um L8] 3L Dgp= 81lum=Z YEF S H(Fig. 3-5), 3 A5+ D=
0.18um, Dsp= 1.78um L8] 3 Dgp= 22um(Fig. 3-6)= }EFTH

Distribution density
PCT under cumulative

Size(micron)

Fig. 3-4. Particle size distribution of powdered sample from Geumsan. solid
line: residue distribution curve, dotted line: cumulative distribution curve.
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100

Distribution density
@ [++]

o+

Fig. 3-5. Particle size distribution of powdered sample from Moisan. solid
line: residue distribution curve, dotted line: cumulative distribution curve.

100

Distribution density

F 80

- 60

- 40

F 20

Fig. 3-6. Particle size distribution of powdered sample from Yeongcheon.
solid line: residue distribution curve, dotted line: cumulative distribution

Collection @ chosun
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curve.
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3) XRD

FEo| ESAFHE Fotslr] Hal BFA R thete] XAH-FJHEA S A
o B4x21E CGuKe AE o]&dte] 7HSHY 40KV, A/ 30mA, FASE
2° Imin.o.2 3~70° 9] 20 FZH& BT HFAEE XRD #4382
A AR A A, MeA A FHAM P MY FJ3EFg 3-7) B
ojab NgE: FHEAMI Y ¥ IE2Fg 3-8 1E FH AlsE FuH
A, FEA 9 A9 93EFg 359 EUg F Ao AA@e Aol
=5 AT F Aoy, XRD E4dA= 1

=

"

Q,
o
=)
ae)
2,
>

‘
31
o]
0
rot
ol
i
il

g2 Fsha.

Py

Py

L I o e o o £
5 10 15 20 25 30 35 40 45 50 55 60 65 70
2Theta(Cu K alpha)

Fig. 3-7. XRD pattern of Geumsan concentrate. C: calcite, D: dolomite, F:
fluorite, Py: pyrite, Q: quartz.
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Py

5 10 15 20 25 30 35 40 45 50 55 60 65 70
2Theta(Cu K alpha)

Fig. 3-8. XRD pattern of Moisan concentrate. Py: pyrite, Q: quartz.

Py

2Theta(Cu K alpha)

Fig. 3-9. XRD pattern of Yeongcheon concentrate. Asy: arsenopyrite, Py:
pyrite, Q: quartz.
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&
o
>
ofh
k)
L
A
&

T glth olggt olfuiEol Al
T ANRE BFESIAS AFEAREES 33 2o opA E(acetone)# F5-3)
AA71E ol&ste 33 AFH = FRFE U2 A1, Adx" ARE
carbon AZ¢ <FHEo]Zo] AT o] YHHo|ZE ATuy AR
holderol] F-2A|# HAA v FZ8 7](on sputter coater, E-1030, Hitachi,
Japan)& o] &3t WMo IH AT WAAENAL FARAAARE T QA A
2]l sukakebd xHback scattered electron, BSE, C960593, Hitachi, Japan)S
Ao ThEst o, AP EAL oA E4HEA(energy dispersive analyzer,
EDS, 1SIS310, Jeol, Japam o 2 Faalgich E4z42 At 15kV AF 10mA
ANA Az Y-S FHsIHTh EDS AAEALS AARle] A4 0.1me ©]
g3l AlE ZHEE Hpoinh)EA 9 Warea)E4] dtRod, B4 A=

the3 2ohFig. 3-10, Fig. 3-11, Fig. 3-12).

B

rlo

At
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100um §1 15.0kV 15.0mm x800

Fig. 3-10. SEM image of sulfide, halogen, and carbonate minerals in the
Geumsan sample. Dotted line of square is EDS analysis area. The scale bars
are 50pum(a,b and d and 100pm(c) in length.

Table 3-1. The results of EDS analysis from Fig. 3-10.

Element Atomic% Total
Fe 24.22

1 area S 7578 100.00
Cu 15.07

2 area Fe 20.08 100.00
S 64.85
Ca 25.43

3 area F 7457 100.00
Ca 15.41

4 area C 4.43 100.00
O 80.17
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Fig. 3-11. SEM image of sulfide, tin, and silicate minerals in the Moisan
sample. Dotted line of square is EDS analysis area. The scale bars are
10um(a) and 50um(b,c and d) in length.

Table 3-2. The results of EDS analysis from Fig. 3-11.

Element Atomic% Total

1 area Sn 100.00 100.00

2 area e 2 100.00

3 area > oo 100.00

4 area Fse giéé 100.00
- 31 -
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3 15.0kV 15.1mm A s s OkV 15.1mm 1)

Fig. 3-12. SEM image of sulfide, tin, and silicate minerals in the
Yeongcheon sample. Dotted line of square is EDS analysis area. The scale
bars are 20pum(a), 30um(d) and 50um(b,c) in length.

Table 3-3. The results of EDS analysis from Fig. 3-12.

Element Atomic% Total
Fe 19.98
As 34.68

1 area Au 912 100.00
S 43.22
Fe 34.75
As 24.74

2 area Au 169 100.00
S 38.83
Fe 76.25

3 area S 9375 100.00
Si 25.54

4 area 0 7446 100.00
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SRE L REY

A GFEA
ABA T A EAS Ldotir] St gEsE stk AREH A
133} B3] (microwave digestion system, MARS 6, CEM, USA)2 ©]-&3}
At Grds] & 2o &80 tiste FEIHEe dAFTERVE =

Astg o Axl= &3 ZriTable 3-4),(Table 3-5),(Table 3-6).

Table 3-4. Chemical composition of Geumsan samples by AAS and fire
assay.
unit: mg/kg

Elements(mg/L) ~ Au™ Ag Cu Fe Pb Bi 7n

Contents 1,840.00  839.71  9,087.76  228,379.30 4,242.93  164.73  2,305.17

FAfire assay for Au.

Table 3-5. Chemical composition of Moisan samples by AAS and fire assay.

unit: mg/kg
Elements(mg/L)  Au®™ Ag Cu Fe Pb Te Zn
Contents 54.40 1,681.66 2,541.68 353,570.22 3,144.83  675.79  5,653.38

FAfire assay for Au.

Table 3-6. Chemical composition of Yeongcheon samples by AAS and fire

assay.
unit: mg/kg
Elements(mg/L)  Au™ Ag Cu Fe Pb Te Zn
Contents 15.80 76.23 19,721.45 444,346.19  9,269.82 23.97 125.00
FAfire assay for Au.
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t}, mlo]a 2 olB ALLE AF

AT ABA RS ] mlo]laz ol HAAEE AL Y
| 278 A ABEAEE, nfo]g2 Yol =EAIZH A
A7), Bolak AR (FHsE), 94 AsFEAsE) A7 2438 13

%l
Rew &, FAZLEE, TEHEEE U 2234 vdeH 2o

il

o

]_

O

2
£
ofo
e
(i
)
2

]_

o

Zt APEAEE mpo|A 29 olB AL e <l
59 A AAEH2ad §E8999 255 A9 2=A(nfrared
radiation thermometer, 835-T1, Testo, Germany)Z =433ttt Ad2d 3
N & F ARl ALEET EETF, vlo]lA R o]lB ZAATEo] Ao

452 eEl ke AL & & Ao, ArAstEel Beldta

h £E8 LEXH
AYe AYF F APol 3
&

SEZRFE gste] 40C 12417 B9 AxgY. 1 &
= < A9 T4 AlEE Exp.23 KIEF
ZF 90golA AW 68%2] FAZAESE HYI, Holi AZE 6MoA
FH AlZ T3, 6MolA A 81%9]
ZaeS Btk F4 A8RE SME A% 68% FAZAES
th ol & Bl At Wkt FslFE oj9dd FA, MY o]
Akl ¥kt A] ke FEC] TIHASS ¢ T AR eH(Table 3-7), =
b G AEe it & ukgsts FegER AR AEYIIL oF
A

A7 W& FAZAES] =55 AT & A HTable 3-8, Table
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Table 3-7. Weight loss rate and temperature variation on Geumsan sample
by microwave nitric acid leaching.

experllr.nent dry weight(g) weight loss rate(%) temperature (C)
conditions
M 35.63 29 86.60
2M 26.33 47 87.50
3M 26.64 47 86.00
M 26.48 47 85.10
5M 24.46 51 86.00
6M 23.44 53 90.90
™ 23.84 52 88.80
8M 23.21 54 95.00
3min 30.15 40 56.30
6min 28.77 42 63.60
9min 27.25 46 73.10
12min 24.95 50 85.20
15min 23.48 53 91.70
18min 20.72 59 93.40
21min 20.61 59 95.00
24min 19.52 61 97.20
100g 38.79 61 98.20
90g 28.90 68 98.00
80g 26.09 67 94.20
70g 24.23 65 94.70
60g 21.75 64 96.50
50g 18.49 63 96.70
40g 15.29 62 97.00
30g 11.72 61 95.90
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Table 3-8. Weight loss rate and temperature variation on Moisan sample by
microwave nitric acid leaching.

experiment , ,
N dry weight(g) weight loss rate(%) temperature (C)

conditions

M 79.17 21 78.60

2M 58.30 42 82.90

3M 43.47 57 83.50

aM 30.58 69 83.20

5M 17.11 83 86.60

6M 14.94 85 89.40

Table 3-9. Weight loss rate and temperature variation on Yeongcheon
sample by microwave nitric acid leaching.

experiment , ,
N dry weight(g) weight loss rate(%) temperature (C)

conditions

M 78.05 22 62.90

2M 53.08 47 73.80

3M 31.70 68 79.80

4M 27.16 73 84.40

5M 21.65 78 85.60

6M 19.30 81 94.60
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2) 8EE

o] AZolH HAHEE AdEA WE AP a5dL SEES
dotr 7] 98 gol tigt %%‘5’119] %Q%i ShEkS AASE =A3H%
o 8892 nlojaRdelB HAiEE Aol FUa ARLFS ¥
< o &89 IFREC] A 0:13’/}/‘]3:@0”/‘1 FAZIE ol &3t &=
£ 10mlE AH s, AAA(syringe) ZE|(pore size= 0.45um) = o 7}3F
&S AHEEATH

224 & Pp, 7Zn, Cu, Fe, As 183l Auol™ AFA Fol| tiak A 3
FEAE EdE A4Y & §&8dd i3 &EES ZASIAH. w4 A

He% Mol g 8% Hlow, volaRd

EE AR g8 HAsS AT
T A%t Pbe Asbesx M I8]3 ZAAZE 15804 $d8F HAS
<= sttt sHARE Cus A& 7HE 90g, 80goll ARt ¢-d3s &&=

o 8Me| At rolA 40%4ol §EHA Ftee At

Rol4k Al&(Table 3-11) A¥e A4bsE 6MolA Ferl Sd8F =3l
o, Cue 63%, Pbe 43%, Zne 84%2] &EES HEIY. 9 AE
(Table 3-12) A3t= AAibsS 6M oA Ferl 96%9] &EE&<, Cue
100%9 §=E<S 183l Ase 49%9] &E&<5 Hilow, Fdibsx 2M =
Aol A Zno] #¥8&E HAFS FUsAHh

3 sYoE B EW, BN 28 RalGFe T vio|ang
OB oUAeE Byem Auk M3 S egkon, SEUF R

Hopsle Aoz AndEn.
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Table 3-10. Leaching content and rate for the elements on the leaching
solution(after 0.45um filtration) of Geumsan sample as a function of nitric
acid concentration, microwave heating time and sample addition amount.

M
2M
3M
4M
5M
oM
™
8M
3min
6min
9min
12min
15min
18min
21min
24min
100g
90g
80g
70g
60g
50g
40g
30g

Fe Cu Pb /n Au
wt.% LR% wt% LR% wt% ILR% wt% LR% mg/L LR%
4.24 52 0.06 14 0.08 38 0.04 39 n.d
5.25 64  0.07 16 0.08 38 0.06 62 n.d
10.30 100  0.08 18 0.18 84 0.08 78 n.d
998 100 0.09 19 0.20 93 0.09 87 n.d
9.03 100 0.11 24 0.21 99 0.12 100 n.d
10.30 100  0.15 33 0.20 96 0.12 100 n.d
10.76 100  0.17 37 0.20 100 0.13 100 n.d
10.96 100 0.18 40 0.23 100 0.14 100 n.d
897 100 0.04 9 0.22 100 0.10 100 n.d
886 100 0.07 16 0.21 98 0.13 100 n.d
9.00 100 0.10 23 0.19 90 0.13 100 n.d
9.20 100 0.15 33 0.20 93 0.13 100 n.d
9.78 100 0.24 52 0.22 100 0.13 100 n.d
10.53 100  0.28 61 0.23 100 0.13 100 n.d
949 100 0.30 65 0.20 96 0.12 100 n.d
10.70 100  0.35 78 0.23 100 0.13 100 n.d
6.43 100 0.80 88 0.63 100 0.30 100 n.d
834 100 112 100 0.71 100 0.32 100 n.d
1191 100 1.34 100 0.69 100 0.30 100 n.d
14.37 100  0.49 77 0.35 100 0.20 100 n.d
1893 100 0.42 78 0.31 100 0.18 100 n.d
22.65 100 0.33 72 024 100 0.14 100 n.d
24.47 100 0.25 68 0.17 100 0.09 100 n.d
26.29 100 0.19 71 0.14 100 0.07 100 n.d
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wt.%: weight %, LR%: leaching rate %, n.d: not detected.
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Table 3-11. Leaching content and rate for the elements on the leaching
solution(after 0.45um filtration) of Moisan sample as a function of nitric acid
concentration.

Fe Cu Pb 7n Au

wt.% LR% wt% LR% wt% LR% wt% LR% mg/L LR%

M 78 22 007 28 0007 3 0.04 8 n.d
2M 1925 54 012 48 0.010 3 012 22 n.d
3M 2117 60 011 45 0.015 5 024 44 n.d
amM 2711 77 013 33 0.022 7 0.34 60 n.d
oM 2918 83 015 60 0.037 12 039 70 n.d
6M 3622 100 016 63 013 43 047 84 n.d

wt.%: weight %, LR%: leaching rate %, n.d: not detected.

Table 3-12. Leaching content and rate for the elements on the leaching
solution(after 0.45um filtration) of Yeongcheon sample as a function of nitric
acid concentration.

Fe Cu As 7n Au

wt.% LR% wt% LR% wt% LR% wt% LR%» mg/L LR%

M 750 17 098 50 640 18 0.008 68 n.d
2M 1774 40 147 76 866 24 0.020 100 nd
3M 2224 51 149 76 1328 37 0.027 100 nd
M 3153 72 1.8 97 1281 36 0.022 100 nd
oM 3573 81 184 95 1593 45 0.032 100 nd
6M 4232 96 199 100 1731 49 0.034 100 nd

wt.%: weight %, LR%: leaching rate %, n.d: not detected.
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CaCO3+2HNO; = Ca(NO3)y+H,0+COxq ©)

FeS;+4HNO; = Fe(NO3)3+NOg+2S°+2H,0 (10
2HNOs+S’ — HS0,+2N0y 1D
Ca**+S0,4+2H,0 = CaSOy - 2H,0 12)

w3, Aol TFH P40 vlo|azgoln AakgEe oate] (197

[e] =
2 X371 dA=E 4 doHbrahim and El-Hussaini, 2007).

CaF2+HZSO4+2HZO = CaSO4 . 2H20+2HF(g) (13)
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Fig. 3-13. XRD patterns of leaching residue from Guemsan after microwave

nitric acid leaching as a function of nitric acid concentration. Ad: adularia,

C: calcite, G: gypsum, F: fluorite, M: muscovite, Py: pyrite, Q: quartz.
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Fig. 3-14. XRD patterns of leaching residue from Guemsan after microwave
nitric acid leaching as a microwave heating time. A: anglesite, Ad: adularia,
G: gypsum, F: fluorite, M: muscovite, Q: quartz.
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Fig. 3-15. XRD patterns of leaching residue from Guemsan after microwave
nitric acid leaching as a sample addition amount. Ad: adularia, An: anhydrite,
B: bassanite(CaSO, + 1/2H;0), F: fluorite, G: gypsum(CaSO; * 2H,0),

M: muscovite, Q: quartz.
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3CuFeS,+20HNO; — 3Cu(NO3)s+3Fe(NO3);+6S%+5NO+10H.0  (19)
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Fig. 3-16. XRD patterns of leaching residue from Moisan after microwave
nitric acid leaching as a function of nitric acid concentration. Py: pyrite, S:
sulfur, Q: quartz.
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Fig. 3-17. XRD patterns of leaching residue from Yeongcheon after
microwave nitric acid leaching as a function of nitric acid concentration.
A: arsenopyrite, M: muscovite, Py: pyrite, S: sulfur, Q: quartz.
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Fig. 3-18. The stereoscopic microscope image of gold particles in the
leaching residue from Geumsan sample as a function of nitric acid
concentration on the filter papers by lead fire assay. The scale bar is
0.5mm(5/10 millimeter) in length.
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Fig. 3-19. The stereoscopic microscope image of gold particles in the
leaching residue from Geumsan sample as a microwave heating time on the
filter papers by lead fire assay. The scale bar is 0.5mm(5/10 millimeter) in

length.
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Fig. 3-20. The stereoscopic microscope image of gold particles in the
leaching residue from Geumsan as a sample addition amount on the filter
papers by lead fire assay. The scale bar is 0.5mm(5/10 millimeter) in length.
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Fig. 3-21. The stereoscopic microscope image of gold particles in the
leaching residue from Moisan as a function of nitric acid concentration on

the filter papers by lead fire assay. The scale bar is 0.5mm(5/10 millimeter)
in length.
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Fig. 3-22. The stereoscopic microscope image of gold particles in the

leaching residue from Yeongcheon as a function of nitric acid concentration
on the filter papers by lead fire assay. The scale bar is 0.5mm(5/10
millimeter) in length.
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