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Table 3 Domestic gold extraction plants primarily utilizing the roasting oxidation process to treat gold concentrates™®*
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Table 4 Some gold extraction factories utilizing the pressurized oxidation method both at home and abroad®*”
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2.15%. f#i F& A {74 (Acidimicrobium ferrooxidans
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Table 5 Microorganisms applicable to the bioreduction of
refractory gold ore®®™
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At. thiooxidans FUINEE | - F

Acidiferrobacter thiooxydans TeHLH T/ + +
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L. ferrooxidans ToHL A FT + =

rermomtfidoositins KB o

Sh. benefaciens T FRE + o+

Sb. thermotolerans ToHL A FR A + o+
Alicyclobacillus spp. THLE FE +

Acidiphilium spp. REBGHR I EESFY  + -
Acidimicrobium ferrooxidans LEi] +
Ferrimicrobium acidophilum SRR +
Ferroplasma acidophilum SEFE +
Acidiplasma cupricumulans SR +
Sulfolobus (S.) metallicus B NEE 2! +

S. shibatae-like AT RE FI 3R -+

Metallosphaera spp. HerkICHL L RE A #7E + 4

Acidianus (Ac.) brierleyi TeHL I 37 + o+

Ac. Infemus-like T A F 7 -+

Sulfurisphaera ohwakuensis- Sy + _

like
TE: “+7 FoRAESAAL, -7 FR AR

Ak V. 42k 5 #T i (Acidithiobacillus ferrooxidans, f&j Ff
AFH ). & 1k T 8k o IR OBE TR (Leptospirillum
ferrooxidans, faj % L.F B ) Al &AL AT 1 (Sulfobacillum
thermosulfidooxidans), fif 3# & T " il & , & B4 K
B pH A 1.2~1.5, AfRE &SR R 400, H
B gE  HZ h  Cu®  Fet  Mg” e R B
T HAT T 22, R 5 25 3 R A e i 40 °C,
MR A W3 A AR RRBE T 43S g BRGUAE  (15~
30 °C). FHEERE IR AW (30~55 °C) IR i v BA Bt
¥y (55~95 °C)I"* 7

ERNENA P P Y/ E R S U LEL s 3 N
TR R MF S FIR Y, A LA A AT
2N B A E A T2 £ Z A BIOX®, BACOX®,
Geobiotics®, CCGRI® % 7 BIOX® &4 — I &k
B A EAL T 2, S IE GENCOR 2 R T % , 1986 4F
BN T Fairview T.) ®7, BACOX® T 1994 4E7E
WA Youanmi 48 5 S 3R A% Ry A 0 3R A1
AR AL FHL T 2001 4E 5] A T %4 A . CCGRI®
AR W& E K F B LR BT &, IF T 2000 45
FEAH B B AR T A5 BN, 2 R E A
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#6 EMMRALEMELALEBRERGEET "
Table 6 Major factories utilizing the biological oxidation pretreatment technology both at home and abroad” "

ST BENT % TR H A R 1t pep=in|
Fairview & 8" Barberton Mines ZE(H BIOX® 35 1986 F 4~
Sansu 47" Gold Fields [EE BIOX® 100 1989 £ 4
Sao Bento 41" Yamana Gold [Nt BIOX® 150 1990—2015
Harbour Light 44" Resolute Mining TRICRIE BIOX® 40 1992—1994
Wiluna 41" Wiluna Mining Corporation TRFKFI BIOX® 154 1993 4~
Youanmi 4: 4" Auriferous Mining TR BACOX® 120 1994— 2000
Tambomayo 4%~ Buenaventura Mining Company Inc. e BIOX® — 2017 £4
Carlin 14~ Newmont B Geobiotics“(JE12) 10 000 1999 4~
Tasmania 4" Bass Metals WRFI I BACOX"” 68 2000 £4
Suzdal 44" Polymetal 2 BIOX® 192 2005 4
Fosterville 48" Agnico Eagle Mines TRICFIE BIOX® 211 2005 4
Bogoso 41" Future Global Resources Jingh BIOX® 750 2006 £4
Agnus 21" Pan African Resources ES BIOX® 20 2010 &4
& aRHE (L)) AR ¥ 4 AR A BR A ) PE (AR A) CCGRI® 80 2000 4>

e IR KA A IR R (L ZR3EM ) BACOX"® 100 2001 4
HELL AR 0 LT KA A R THEAF PR (LT RUk) CCGRI® 100/200 (201797/) 2003 &4
EAEXN VLG =4l BRA 7 o (VPR CCGRI® 80 2004 4
Bl 735 PO 2 A A BR S 7] E G T) SR SR B AR 80 2007 &4
sl AR ¥ 4 AR A BRA ) T E (ILZREIE) CCGRI® 100 2007 &4
PEPE I 40 SNSRI ATBR A 7 E (M i) BIOX” 750 2007 &4
Ly I 4 r ] 4 AR AT AT R A ) I (RIEIL) CCGRI® 120 2009 &4

r [ %71 Y

1 AR W AE A AR B
4 A BEEF E

ME A T 4 T A 4B R A ORL AR A, R 25 R
T ) e X 22 T b, K ok i
10~15 pm PAF, 35 B HOK 2 8O0 fofok 9% 5009 $it g
4 UL 1Y) 2 5 T AR, AT TSI IR 4 AR B 4 T
AN TR) 3 30 0 P, A AT R Y B A, SR
TN RS B B T A JB R R A B R, 8 B B AR
TR OO A B SR A A I (P R, T sk e 2k
BTG, A BT AR, W TR
e 245 751 4 A 110 38 i 0[] A A 0 B R R 43 A A, BT LA
/D aok B R B HLAS T B AT 0 o R
— AT B H R R B B AR, T
0 A T, A TR A R B A T AR
XA B4 0 PR — B FAL BE T2, R S A Ak B
TAEEMH

Abrahan Barriga X} 74 Bt “F 4t ¥ Salave 3 H [
MEAL S G AE 0 HEAT T8 A0 S + R 55 R 1 S Ak T Ak
L+ AR (CIL) #F 78 ), Hop 4 2R T i
(FeAsS) FH A (FeS,) Hr, 52 W i ol 2 44 (5 il 4
BT o BT Salave i H AN [R18™ 4k )2 18 4 45 7 it / Fif
T A AR SOKIZ &K W 40 2 Upper Zone il
Lower Zone W§ 41, R F A [A] 19 5% (4 iE 4710 56 . %1

https://www.cnki.net

Xf Upper Zone S A 87, 52k HI i 41 & (30 kWh/t) 4K
J& FECIL, [B] i R Y h 50%(Pg=10.3 pm), i i i
30 KWh/t 48 41 JB +pH 4.4 % JE 41k +30 h CIL, Hi %
1k % 84.6%, 4 [ UK AT 15 96% ., %I XF Lower Zone
SHEH, Wit 60 KWh/ti# 40 B (P8 A5 e o B s g
) +pH 4.8 % TR A AL +CIL, 4 [ R 1] 35 95% ., 4%
R BRI AT AR RS,
A R AR A s A 9 SR AR A e AR ) R, L P X
FALP R, TR

B A0 FF OV Xof s A Ak EE A R BT (P R )
KT 4 s — e AL B — S T R A BT .
& EEGE AR T O, 5 aP(2.21%). #i(39.82%).
BR(35.77%) 55, & KE A S H Y71M2-4 AL 37 K4
FEER B AL 41 2= 40 B Pg=2.21 pm, 2R J5 7£ NaOH
flA 40 kg/t, 60 °C T fif #EBE < 24 h, T AL R &
A 1K 84.5%, AHAL T H 4% JUAL R 1 (47.91%) ZCR
BERE . A R X H R B R R e R
™, B SR 41 B ALC—1.5L AU 3 b BE AL (A i N
1.8~2.0 mm K % BK) 40 BE % Po=10 pm, SR J5 {1 H i
AALEEAL L h, BRI G R, 28R LA
) 78.6%.

Tl v 3 A A R A B R e AR S SR SR e
PIAF IS AR, H ol 5 B A, 24 R 300 kW/m®,

-
10}
5 BR S HL A T R LA 20 kKW/Im®, 8k
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TP I BR 1 Bl 3, B i T3k B H bRk Y
BB A, RRE AR AN, AR e 4 O S R T
i 40 B AL A Vertimill® sz 3 R L. 1saMill® 7K - &
#L . Detritor & #L(SMD). HIGmIill®, ALC £ % fip £
Isa i BLAE 707 Hod, 3 12 1) A9 IR M e X3
Vertimill® 37 2 B8 B 1) D) 538 & R 4 kKW/m?®, K758
T 1) e A [BR)  7E 5 Rl 1saMiN1® BB AL f) Ty 5488 BF > 400
KW/m?®, 3 B [ 14 /& g =X 4 P Detritor 15 HL A 2
g o 150 kW/m®, HIGmIlI® f& 2012 4F 1 Swiss
Tower Mills Minerals AG(STM) 2 &) 5 Metso 2\ &)
(Z i Metso Outotec 28 #)) A AETF &, J& & A 40
BEBET (Pgo<8 pm) 19 = REMEFE R R . ALC R F1FP X
Isa B8 HL A 2017 4F piy #7 V138 450 87 b B2 4 B2 #
i %, X2 [ A R A A, TR T Ah
BARZBW Y, R 7 BT E AR AR
M —S T KT MAR OG5 B B AN s - B R A
TSGR NS R T2 R .

4 Ff e b HE 4 B 190 AD BE R R (AR Bk 0L 3E T
Y AR (SRS AR SR ZR G L B R 3R 8 FTR o
4 Fosi A B H AR A R SR T N, R4 A T 20

£7 BHERRBBEBTHAG T
Table 7 Domestic and international factories utilizing
ultrafine grinding technology'®?

i g

[EES W2 et BEHL
(Pgy)/um
Burkina ~ Semafo Boungou s
Faso P £ <63 Vertimill
. Newcrest A . e
Indonesia Gosowong 44" EXN <30 Vertimill
Australia Cracow 44" Kot <25 HIGmIll®
Peru Tambomayo 4= %" EH <20 Vertimill®
Australia KCGM 41" b Ak <12 IsaMil®
Australia ~ Sunrise Dam &#"  Fifb & K6 <10 HIGmIll®
Kazakhstan —Kazakhmys 44" it <10 Vertimill®
Kazakhstan ~ Aktogay 44" SHET <10 IsaMill®
Kyrgyzstan ~ Kumtor 44" SR <10 IsaMill®
Mexico  Pefiasquito 48"  #EKH4RHT <8 HIGmIll®
New A A e
Zealand Macraes 41" Eeeieeon <15 IsaMill
WE O BRTZEAET e <5 ARG
BEHL
ALC-3900L
E SRR ER T SEET <25 JEAL
(2.6 MW)

7 i AN A L D 2= 1 S S i X
i

#8 MAEEH FMAERAIILL
Table 8 Comparison of pre-treatment technologies for refractory gold ores

BRmH WA 33 B SET Ty N
PR e WU A
ooy PRSI HRm, s, L E 20RO A I IO e ey HOLERL 4 G008), e
70 CYN TS T YT N P PR s Mo
SRR SR AR SRR, R IR R GREER Ry s MeLaughlin
g FHRFE TR ety oS ot TS e e e w1 (1985)
et (ST R bR AN 5 TR W e e, (s vemder ) CSOR H
IR T FERL A REARRT ) LT TR N e
' ! e m Al Fairview T
e . FURBABIK (14 e g PR A
oy BEDRILRE  SRERREES; & ot ) 0 BT, (1 I (1986). il
EMRAE gy B o 80v 1000 ERMENHEZHG MbE  BiLpme Tl ot HORREK o0
: B AL B A k) MERE
G T T e
sy L e 3 TEARRERER, MBI Ak AT S P . Kalgoorlie "
B (Pu<to gy CICTIIBROE Sy s ngie  ongapn,  OHICEE BRI qgnpim). i
W, RERER BT, a0 TR IS e
) (ALCEEHL)

r [ %71 Y

5 ZiL5ER

A SCRGELRIR T M AL B4 1A 4 Fh AL B R
(Rrbe A ik IR EAIE | AW Ak A %)
BT 5 E e K Tl S I BAR , 5 HH AT 458

1) 5 be AL TR IE 5 Ak B B R B A, AR
LIS PR , {0 AE7E SO, Al As,O5 %5 A4 & AU M HE L
IR, B P T g FR ) 1 HERRIE T o 36 ik P Bk
Tl B 2 FOR ek, T W AR T TSGR, (B
figp- PR 15 e ol A BERE DI AL [ L
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2) N AT G AL 38 R AR AR, AE 5 L R R
TR ALY, A R, HOER B AT (T LA
OISR E) . HHEERFRE R, LLE R, &M
A PR AR AR . X B Ak AR A RAOCR R 1k AR
FoE S

3) AW A ATE I G AL IR AL R S, LAY
AALTRALY), S @I IR AHERD, 4 BT ik
80%~100%., H Fiil b 3 J&] $ 4 (1~4 J)) | T i 1o 14
Z R, FLJG S0t K Ab B A 5 o BRI 5
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YR A & T R S B &7 i, N ER T 24
ML B

4) FEANEER S A AL PR A T 48 sl )
FRAG B OREJEE Pgo<10 pm) ZREE A0 4, 255 # A Mk
(an 5 55 12) A 4 s R A 2 95% D) | x4
REAE ST L A0 S I R vk i R, s,
FEAL T (A0 ALC BEHL) BT K2 B AR T X 1 A1 A 4 A
M

AN, Bl 2 PR TR HURS T A% R Ak 28 55 7 oK
AL B 4 0 T A B A ) R 8 T T L R RE AL T ]
K, N G R ] RS IT R AR ORI . R Oy
ZHE AR R T Can A 4 U4k + R 4 Rk be +
FE SR Ak ) 2 T A BB A R 1) e S B AR S B
P, BRACZE A A B A . SO 7T, T B S &
I/ JOHUR R NG K B Ao R &R 19 2E 7™ g
o UL, P RO TR R (T v i o A R ), 8T
YWy HET, AT B A R P 00 B A el Can
AR L), LI RIE A, WA,
— AR RN B A RE L L, SIAN TR RER S, K
FHBLES 2 2] W0 T2 280, Rk s AR S5 .

%% Xk

[1] ROBERTO F F. 16S-rRNA gene-targeted amplicon sequence
analysis of an enargite-dominant bioleach demonstration in
Peru[J]. Hydrometallurgy, 2018, 180: 271-276.

[2] World Gold Council. Global annual gold demand and
supply[EB/OL]. [2025-04-12]. https://www.gold.org/goldhub/
data/gold-demand-by-country.

[31 XIN Z. Analysts see slower growth for 2025 gold market
[EB/OL]. [2025-04-12]. https://www.chinadaily.com.cn/a/
202502/05/WS67a2c4ffa310a2ab06eaa2f9.html.

[41  PEEWTSER 55 R . 2025— 2031 4 rf [ #5447l 1l 5 F 5%
SRR 5 [EB/OL]. [2025-04-12]. https:/Awww.
chinairr.org/report/R01/R0107/202411/26-628011.html.
Industry Research Report Network. Research report on the
prospect of China's gold industry and market demand forecast
from 2025 to 2031[EB/OL]. [2025-04-12]. https://iwww.
chinairr.org/report/R01/R0107/202411/26-628011.html.

[6] A NRILFIE [ R, T E I A5 2024
[EB/OL]. [2025-04-12]. https://www.mnr.gov.cn/sj/sjfw/
kc_19263/zgkczybg/202410/t20241022_2871217.html.
Ministry of Natural Resources of the People's Republic
of China. China mineral resources report 2024[EB/OL].
[2025-04-12].
zgkezybg/202410/t20241022_2871217.html.

[61 "PEAE. B IES(USGS 2024 4 $i 4 £¢ ) [EB/OL].

https://www.mnr.gov.cn/sj/sjfw/kc_19263/

https://www.cnki.net

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[2025-04-12]. https://finance.sina.com.cn/roll/2025-03-12/doc-
inepkvpc8620154.shtml.

China Minmetals. Minmetals securities "USGS 2024 data
insights"[EB/OL]. [2025-04-12]. https://finance.sina.com.cn/
roll/2025-03-12/doc-inepkvpc8620154.shtml.

The United States Geological Survey. Mineral commodity
summaries 2025[EB/OL]. [2025-06-10]. https://pubs.usgs.gov/
publication/mcs2025.

PRI A2y . 2024 AFE A AR R 23 [EB/OL]. [2025-06-10].
https://www.cngold.org.cn/news/show-4704.html.

China Gold Association. 2024 gold mining technology
conference[EB/OL]. [2025-06-10]. https://www.cngold.org.cn/
news/show-4704.html.

gk, okE, WPAe, . SURERAESIRRR S L
F[3]. TR A (4R 243, 2020, 30(5): 1131-1141.

GUO X Y, ZHANG L, TIAN Q H, et al. Gold leaching
in oxygen-pressure slag non-cyanide system and its
mechanism[J]. The Chinese Journal of Nonferrous Metals,
2020, 30(5): 1131-1141.

MRIFM, S8, WL, A BT I L) 2L 22 X
Ak PR A B SR A - BB IER [3]. AT (8 )8 (R B 4T),
2024(10): 111-118.

LIN H B, GUO JY, XIE H Z, et al. Test on pressure oxidation-
cyanidation of carbonaceous high-arsenic sulfide-encapsulated
multi-refractory gold ore[J]. Nonferrous Metals (Extractive
Metallurgy), 2024(10): 111-118.

FLEMING C. Hydrometallurgy of precious metals recovery[J].
Hydrometallurgy, 1992, 30(1/2/3): 127-162.

TIG S, RALR, BUYedT, AEL BEMEAL B AR P TR
1L [9). A3 (48 T AL, 2024, 14(3): 63-69.

TAN Q Y, GAO L Q, JIA X B, et al. Biological pre-oxidation
of a refractory gold ore[J]. Nonferrous Metals Engineering,
2024, 14(3): 63-69.

gkdn, Phg, HPRAE, A5 MERLER G T B P AT i
JE I Tl [J]. #54, 2021, 42(6): 60-68.

ZHANG L, GUO XY, TIAN Q H, et al. Research progress and
industrial application of pretreatment methods for refractory
gold ore[J]. Gold, 2021, 42(6): 60-68.

K. v EDE A P 4 0 B i b HOTT R R HOR [9]. 54
2009, 30(7): 46-49.

SONG X. Refractory gold ore resources in China and their
development and utilization technologies[J]. Gold, 2009,
30(7): 46-49.

SRR, BT, SKREFIC. EISMEE S AL B 4 T A
RIS [J]. A (48 (RKEERSY), 2019(4): 56-59.

ZHANG W X, LV J S, ZHANG J W. Technological test on
abroad arsenic bearing refractory gold mine[J]. Nonferrous
Metals (Extractive Metallurgy), 2019(4): 56-59.

PR, B, MTT, 5. ey b iE s it 4l



132

H 54 J@ GR #3845 (https://mete.cbpt.cnki.net/)

2025 1F55 12 1

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

r [ %71 Y

55 [3]. A 4R (R HHRAT), 2016(9): 28-30, 47.
LUO X, LI J S, ZHOU W N, et al. Research on carbon-in-
leaching of gold ore after pretreatment[J]. Nonferrous Metals
(Extractive Metallurgy), 2016(9): 28-30, 47.
TR E L A E G R ML de st 164 ol i Mt
2014.
ZHANG Y F. Modern gold refining technology[M]. Beijing:
Metallurgical Industry Press, 2014.
RHESC, mG, ERECHT, 45 MER S WAL IR 5 VR 0
JE[J]. WA, 2013, 22(2): 59-62.
YU J W, GAO P, HAN Y X, et al. New advances in
pretreatment methods for refractory gold ore[J]. Mining and
Metallurgy, 2013, 22(2): 59-62.
BARBOUCHI A, LOUARRAT M, MIKALI M, et al.
Advancements in improving gold recovery from refractory
gold ores/concentrates: a review[J]. Canadian Metallurgical
Quarterly, 2024: 1-18. DOI: 10.1080/00084433.2024.2441548.
NANTHAAKUMAR B, PICKLES C, KELEBEK S.
Microwave pretreatment of a double refractory gold ore[J].
Minerals Engineering, 2007, 20(11): 1109-1119.

EEV 7| S o oo =R A A8 D0 e e e A W
WY PERE AT [3]. #5453, 2022, 43(1): 91-95.
LI F, WANG X L, ZHANG H, et al. Effect of roasting
oxidation treatment on process mineralogy characteristics of
gold-bearing sulfur concentrate[J]. Gold, 2022, 43(1): 91-95.
T 1% MEAL B 4 AL BB R 23R [3]. # 45, 2000,
21(1): 38-45.
WANG L J. Review of pretreatment technologies for refractory
gold ores[J]. Gold, 2000, 21(1): 38-45.
PR, T, XK, S5 MERL IR i R £h 4 4
T2 AasE (6 HE65T), 2016(3): 40-43.
GUO C H, WANG Y, LIU D X, et al. A novel short-flow
molten salt process for gold extraction from refractory gold
ore[J]. Nonferrous Metals (Extractive Metallurgy), 2016(3):
40-43.
CHEN L, YANG T Z, LIU W F, et al. Developments
of processing technologies for refractory gold ores[C]//
Proceeding of the 4th International Symposium on High-
Temperature Metallurgical Processing, San Antonio, TX,
United States. Cham: Springer, 2013: 545-551.
FRASER K S, WALTON R H, WELLS J A. Processing
of refractory gold ores[J]. Minerals Engineering, 1991,
4(7/8/9/10/11): 1029-1041.
ZHANG Z H, LIU B L, JU JT, et al. Behavior of arsenic and
aurum leaching by roasting arsenic gold ore[J]. Advanced
Materials Research, 2011, 233: 644-647.
THOMAS K G, COLE A P. Roasting developments: especially
oxygenated roasting[M]. Amsterdam: Elsevier B.V., 2016:
373-392.

https://www.cnki.net

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

WA, B, L. MEALIR A FAL IR SR A i
JR[3]. SR, 2014, 30(5): 23-24, 33.

LEI Z C, YU J, MA H R. Current status and progress of
pretreatment technologies for refractory gold ores[J]. Modern
Mining, 2014, 30(5): 23-24, 33.

LI, mAlkh, 7, AF L EL e e I R s AL
FEARMIFSE PR K 35 i [9]. #54>, 2016, 37(4): 51-55.

MA F T, GAO L K, DONG F, et al. Research status and
progress in pretreatment and intensified cyanidation technologies
for refractory gold ores[J]. Gold, 2016, 37(4): 51-55.

INEAR, i, £, 55 MERLIN G4 4 i BUIR Tk TR
0] A Oa R (RKRAR), 2015(4): 38-43.

SUN L G, YUAN C X, WANG Y, et al. Current status and
development trends of gold extraction from refractory gold
ores[J]. Nonferrous Metals (Extractive Metallurgy), 2015(4):
38-43.

eI, S, WRRUGY . R T AR L TAL BT 2R
FEIR []. #6545 , 2022, 43(2): 85-89.

YANG X F, LIANG S F, PAN F J. Research status of oxidation
pretreatment technologies for high-sulfur and arsenic-bearing
gold ores[J]. Gold, 2022, 43(2): 85-89.

XUBCAN . [ A A AL 3 4 1 b 40Pk SHUER N T 5% [9]. 1) b
4 JEHET, 2005(7): 5-10.

LIU H Z. Current status and prospects of roasting oxidation
for refractory gold ores worldwide[J]. Metallic Ore Dressing
Abroad, 2005(7): 5-10.

UK. B2 AL TG 0 A AL BT 20 5 IR L gk
J&[J]. #i4, 2020, 41(5): 65-72.

WU B. Research status and progress of pretreatment processes
for complex refractory gold ores[J]. Gold, 2020, 41(5): 65-72.
B AE SR R AR RN — R B A T2 S Pl
3¢ [D]. M - TPYHL TR, 2021.

ZENG X R. Study on gold leaching process and mechanism with
non-cyanide leaching agent and ammonium thiocyanate[D].
Ganzhou: Jiangxi University of Science and Technology, 2021.
PEREA C G, RESTREPO J O. Use of amino acids for gold
dissolution[J]. Hydrometallurgy, 2018, 177: 79-85.

QIN H, GUO XY, TIAN Q H, et al. Recovery of gold from
sulfide refractory gold ore: oxidation roasting pretreatment and
gold extraction[J]. Minerals Engineering, 2021, 164: 106822.
DOI: 10.1016/j.mineng.2021.106822.

LI H, LI Z H, JIN J Z, et al. Pore evolution in refractory gold
ore formed by oxidation roasting and the effect on the cyanide
leaching process[J]. ACS Omega, 2022, 7(4): 3618-3625.
HAAPID A, ZULLAIKAH S, KAWIGRAH A, et al. Oxidation
of sulfide mineral and metal extraction analysis in the
microwave-assisted roasting pretreatment of refractory gold
ore[J]. Arabian Journal of Chemistry, 2024, 17(1): 105447.
DOI: 10.1016/j.arabjc.2023.105447.



2025 455 12 1

H 10,4 J& A #3843 (https://mete.cbpt.cnki.net/)

133

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

r [ %71 Y

THOMAS K G, PEARSON M S. Pressure oxidation
overview[M]. Amsterdam: Elsevier B.V., 2016: 341-358.
EEAL, 2R, EEDT . WU E IR AR U B R
B[] A G E (R, 2021(6): 1-9.

WANG H B, LI H, WANG Y F. Current status and prospects of
pressure leaching technology for rare and precious metals[J].
Nonferrous Metals (Extractive Metallurgy), 2021(6): 1-9.
MCDONALD R, MUIR D. Pressure oxidation leaching of
chalcopyrite: part II: comparison of medium temperature
kinetics and products and effect of chloride ion[J].
Hydrometallurgy, 2007, 86(3/4): 206-220.

MCDONALD R, MUIR D. Pressure oxidation leaching of
chalcopyrite: part I : comparison of high and low temperature
reaction kinetics and products[J]. Hydrometallurgy, 2007,
86(3/4): 191-205.

PAPANGELAKIS V, DEMOPOULOS G. Acid pressure
oxidation of arsenopyrite: part I : reaction chemistry[J].
Canadian Metallurgical Quarterly, 1990, 29(1): 1-12.
PAPANGELAKIS V, DEMOPOULOS G. Acid pressure
oxidation of arsenopyrite: part II : reaction kinetics[J]. Canadian
Metallurgical Quarterly, 1990, 29(1): 13-20.

PAK K 'S, ZHANG T A, KIM C S, et al. Research on
chlorination leaching of pressure-oxidized refractory gold
concentrate[J]. Hydrometallurgy, 2020, 194: 105325. DOI:
10.1016/j.hydromet.2020.105325.

ZHANG L, GUO X Y, TIAN Q H, et al. Extraction of gold
from typical Carlin gold concentrate by pressure oxidation
pretreatment—sodium jarosite decomposition and polysulfide
leaching[J]. Hydrometallurgy, 2022, 208: 105743. DOI: 10.1016/
j.hydromet.2021.105743.

CIGAN B. Lead-zinc-tin'80: proceedings of a world
symposium on metallurgy and environmental control[C]//
TMS-AIME 109th Annual Meeting, Las Vegas, NV, United
States. New York: The Metallurgical Society of AIME, 1979.
FLEMING C A. Basic iron sulfate: a potential Killer in
the processing of refractory gold concentrates by pressure
oxidation[J]. Mining, Metallurgy & Exploration, 2010, 27(2):
81-88.

K& PR Ao BTN Hs A Ak T AL % v AR 4 B
¢ [D]. &b R R, 2022,

ZHANG L. Study on pressure oxidation pretreatment and
efficient gold extraction for Carlin-type gold concentrate [D].
Changsha: Central South University, 2022.

WU J, AHN J, LEE J. Gold deportment and leaching
study from a pressure oxidation residue of chalcopyrite
concentrate[J]. Hydrometallurgy, 2021, 201(1/2): 105583.
DOI: 10.1016/j.hydromet.2021.105583.

HISKEY J B, SANCHEZ V M. Alkaline pressure oxidation of
a gold-bearing arsenopyrite concentrate[J]. Mineral Processing

https://www.cnki.net

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

and Extractive Metallurgy Review, 1995, 15(1/2/3/4): 61-74.
SRANTT . AL BB i R SR A R LR 0], A
J& (iR ), 2021(6): 66-71.

CAl C K. Pilot-scale continuous test on pressure pre-oxidation
of refractory gold ore[J]. Nonferrous Metals (Extractive
Metallurgy), 2021(6): 66-71.

B od . mil Bh RS S A A AR O B AR T2 AL
PERFSE [D]. dbat : Jeat B4R, 2022.

RUAN S F. Study on process and mechanism of arsenic and
sulfur separation by pyrolysis of slurry electrolysis residue
from high-arsenic antimony gold concentrate[D]. Beijing:
University of Science and Technology Beijing, 2022.

LEE S, SADRI F, GHAHREMAN A. Enhanced gold recovery
from alkaline pressure oxidized refractory gold ore after its
mechanical activation followed by thiosulfate leaching[J].
Journal of Sustainable Metallurgy, 2022, 8(1): 1-11.

BODUEN A, ZALESOV M, MELAMUD V, et al. Combined
bacterial and pressure oxidation for processing high-sulfur
refractory gold concentrate[J]. Processes, 2023, 11(11): 3062.
DOI: 10.3390/pr11113062.

LEMOS F D A, NASCIMENTO M, MOREIRA JUNIOR G R,
et al. Recovery of gold from refractory ore employing pressure
oxidation[J]. REM, International Engineering Journal, 2025,
78:230116. DOI: 10.1590/0370-44672023780116.
SURIMBAYEV B, AKCIL A, BOLOTOVAL, et al. Processing
of refractory gold-bearing sulfide concentrates: a review[J].
Mineral Processing and Extractive Metallurgy Review, 2024,
45(6): 573-591.

LA R MEAL IR 4 A 1 R UL AL B R 0], A s
(EHEFRAT), 2012(9): 38-43.

TAN X F. Pressure oxidation pretreatment technology on
refractory gold ores[J]. Nonferrous Metals (Extractive
Metallurgy), 2012(9): 38-43.

SOTO-URIBE J C, VALENZUELA-GARCIAJ L, SALAZAR-
CAMPOY M M, et al. Gold extraction from a refractory sulfide
concentrate by simultaneous pressure leaching/oxidation[J].
Minerals, 2023, 13(1): 116. DOI: 10.3390/min13010116.
GHASEMZADEH H, PASAND M S, SHAMSI M M.
Experimental study of sulfuric acid effects on hydromechanical
properties of oxide copper heap soils[J]. Minerals Engineering,
2018, 117: 100-107.

PAN W, YANG L R, JIN H M, et al. Experimental study on
microbial desulphurization of sulfide ores and self-heating
simulation of ore heaps under ultrasonic and microwave[J].
Process Safety and Environmental Protection, 2022, 164:
435-448.

NATARAJAN K A. Biotechnology for environmentally benign
gold production[J]. Horizons in Bioprocess Engineering, 2019:
263-299. DOI: 10.1007/978-3-030-29069-6_14.



134

H 54 J@ GR #3845 (https://mete.cbpt.cnki.net/)

2025 1F55 12 1

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

r [ %71 Y

i, A, 7, S I AT WA AR L
FEAB S BUR J i [9]. B4, 2016, 37(4): 51-55.

MA F T, GAO L K, DONG F, et al. Research status and
progress of pretreatment and enhanced cyanidation technology
for refractory gold ore[J]. Gold, 2016, 37(4): 51-55.
MCNEICE J, MARZOUGHI O, KIM R et al. Gold extraction
from refractory sulfide gold concentrates: a comparison of bio-
oxidation and neutral atmospheric pre-treatment and economic
implications[J]. Journal of Sustainable Metallurgy, 2021, 7(3):
1354-1367.

LAESSON L, OLSSON G, HOLST O, et al. Pyrite oxidation
by thermophilic archaebacteria[J]. Applied and Environmental
Microbiology, 1990, 56(3): 697-701.

FOWLER T, HOLMES P, CRUNDWELL F. On the kinetics
and mechanism of the dissolution of pyrite in the presence of
Thiobacillus ferrooxidans[J]. Hydrometallurgy, 2001, 59(2/3):
257-270.

SAND W. (Bio) chemistry of bacterial leaching-direct vs
indirect bioleaching[J]. Hydrometallurgy, 1999, 51: 115-129.
WA MEAL IR AR 1 SR W AL BB KR e L A S
WF5E [D]. Kb dhpg K2, 2022.

HUANG Z S. Research on continuous biological oxidation
of refractory concentrate and comprehensive treatment of
wastewater and waste sludge[D]. Changsha: Central South
University, 2022.
HUANG T, LI
applications of chalcopyrite and pyrite bioleaching in

D W. Presentation on mechanisms and

biohydrometallurgy: a presentation[J]. Biotechnology Reports,
2014, 4: 107-119.

MUBAROK M, WINARKO R, CHAERUN S, et al.
Improving gold recovery from refractory gold ores through
bio-oxidation using iron-sulfur-oxidizing/sulfur-oxidizing
mixotrophic bacteria[J]. Hydrometallurgy, 2017, 168: 69-75.
SASAKI K, SUYAMA |, TAKIMOTO R, et al. Completed
extraction and recovery of gold from double refractory gold
ores by thiourea after bio-oxidation of sulfides by mixed
cultures[C]//Proceedings of the 63rd Annual Conference of
Metallurgists (COM 2024), Vancouver, BC, Canada. Cham:
Springer, 2024.

JOHNSON, BARRIE D. Biomining-biotechnologies for
extracting and recovering metals from ores and waste
materials[J]. Current Opinion in Biotechnology, 2014, 30C:
24-31.

Ffl, FIF PR T AR A T A T i R R R
). W5l B 5405, 2021(14): 93-94, 96.

WANG J, WANG F, et al. Development and application of
bio-oxidation process in gold industry production[J].
Inner Mongolia Science Technology & Economy, 2021(14):
93-94, 96.

https://www.cnki.net

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

T M O A T 4 B A0 T ATk A Mk T Kk e Ty
[ [3]. WiF, 2008, 17(2): 63-67, 83.

HUANG H H. Industrial application and development
direction of bacterial oxidation for refractory gold ores[J].
Mining and Metallurgy, 2008, 17(2): 63-67, 83.

4 B AR S HORTE B 4 Tl AR 7 g i T BAR Bk
JEFH[I]. 54, 2008, 29(10): 36-45.

GAO J C. Application status and development trend of bio-
metallurgical technology in gold industry production[J]. Gold,
2008, 29(10): 36-45.

WATLING H R. The bioleaching of sulphide minerals with
emphasis on copper sulphides: a review[J]. Hydrometallurgy,
2006, 84(1/2): 81-108.

kg, or. MENG 4 M. dbat: A Tl i,
2006.

YANG H Y, YANG L. Microbial metallurgy[M]. Beijing:
Chemical Industry Press, 2006.

ZR AR AR L ME AL B 1 2R ) HE B A R B S T2
5T [D]. TFH : ZRdb k2%, 2021,

LI J F. Research on the basic theory and process of biological
heap leaching oxidation for low-grade and refractory gold
ore[D]. Shenyang: Northeastern University, 2021.

SPPENCER P A.
on the operation of a plant treating refractory gold ore[J].
International Journal of Mineral Processing, 2001, 62(1/2/3/4):
217-229.

ARRASCUE M E L, NIEKERK J V. Bio-oxidation of

Influence of bacterial culture selection

arsenopyrite concentrate using BIOX process: industrial
experience in Tamboraque, Peru[J]. Hydrometallurgy, 2006,
83(1/2/3/4): 90-96.

NEALE J, PINCHES A, DEEPPLAUL V. Mintek-BacTech's
bacterial-oxidation technology for refractory gold concentrates:
beaconsfield and beyond[J]. Journal of the Southern African
Institute of Mining and Metallurgy, 2000, 100(7): 415-421.
PENG J B, YAN W M, BAO X Z. Expression of heterogenous
arsenic resistance genes in the obligately autotrophic
biomining bacterium Thiobacillus ferrooxidans[J]. Applied and
Environmental Microbiology, 1994, 60(7): 2653-2656.
BRIERLEY C L, BRIERLEY J A. Progress in bioleaching:
part B: applications of microbial processes by the minerals
industries[J]. Applied Microbiology and Biotechnology, 2013,
97(17): 7543-7552.

BRTT, TR, SR . MAEYIRRG A M]. dbat: 1R
okt RAt:, 2003.

YANG X W, SHEN Q F, GUO Y X. Microbial
hydrometallurgy[M]. Beijing: Metallurgical Industry Press,
2003.

SRERE, Bk, AEM, S BANPEEYLR TR A
KRB B EHE , 2006, 22(3 T 1): 123-125, 127.



2025 455 12 1

H 10,4 J& A #3843 (https://mete.cbpt.cnki.net/)

135

[86]

[87]

[88]

[89]

ZHANG G W, HUANG S S, LI Z Q, et al. Research status and
development of ultrafine grinding mills[J]. Nonferrous Metals
Processing and Metallurgy, 2006, 22(Suppl.1): 123-125, 127.
ERAVL, A, XU A RO TEMEAL P40 )3
HI[J]. %4>, 2014, 35(6): 54-57.

WANG Z J, LI L, LIU Y C. Application of ultrafine grinding
technology in refractory gold ore[J]. Gold, 2014, 35(6): 54-57.
PSR, ZERbR, OGN . BN P (1 R AR 5 30
R[], 9 LLHLBE, 2012, 40(12): 4-10.

CUI R, LI M L, WANG G H. Application and research status
of mine-used mixing mills at home and abroad[J]. Mining
Machinery, 2012, 40(12): 4-10.

A-KZJEE AL, AR, R B AR AR m A ),
SN FIFF & 9], EANG @8, 2007(6): 11-15, 38.
ANIMADOU A K, LI C G, YU T. Development and
application of ultrafine grinding technology in Anglo American
Platinum Group Company of South Africa[J]. Metallic Ore
Dressing Abroad, 2007(6): 11-15, 38.

GOMEZ SANTIAGO M, MARTINEZ-PONCE M A, ORTIZ
LARA N, et al. Ultrafine grinding of a refractory ore and its

[90]

[91]

[92]

effect on the gold and silver leaching[J]. MRS Advances, 2025,
10(7): 868-873.

SRANT . L i B Y AL 3 4 4 17 68 240 BES 42 4 i 0 W 5 [0,
1R T2, 2020, 40(6): 108-110.

CAl C K. Experimental study on gold extraction from high-
sulfur refractory gold concentrate by ultra-fine grinding[J].
Mining and Metallurgical Engineering, 2020, 40(6): 108-110.
WA R Bl T R B R R A0 R B T S 3],
A (4R |, 2022, 45(2): 45-47.

YANG J W. Experimental study on ultrafine grinding and
leaching of gold concentrate from a gold mine in Longnan,
Gansu province[J]. Xinjiang Nonferrous Metals, 2022, 45(2):
45-47.

VEBIER, A, BURME, 55 COMEYLIEANE PR o SO
A AR T BN [I]. A a8 (T 54), 2020(5):
86-90.

XU XY, TONG W, HUANG D F, et al. The advantage of
ALC Mill in fine grinding and application in nonferrous
metal concentrator[J]. Nonferrous Metals (Mineral Processing
Section), 2020(5): 86-90.

r [ %71 Y

Research Progress and Industrial Application Status of
Pretreatment Technologies for Refractory Gold Ores

ZHU Xingfu', ZHONG Shouguo®, XU Chao', DONG Zhonglin®, LI Guangsheng', WU Jintian?,

YANG Xinhua', JIANG Tao’, XU Bin’
(1. Metallurgical Laboratory Branch of Shandong Gold Mining Technology Co., Ltd., Yantai 261441, Shandong, China;
2. School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China)

Abstract: With the depletion of easily extractable gold resources, refractory gold ores have become the main
source of gold production, especially in China, where they account for over 60% of total gold reserves. This
study aims to comprehensively review the principles, technical progress, and industrial application status of four
major pretreatment technologies for refractory gold ores—namely, roasting oxidation, pressure oxidation (POX),
bio-oxidation, and ultrafine grinding—with the goal of identifying key developments, performance characteristics,
and future directions. Roasting oxidation is found to be a mature and widely applied technology for sulfide- and
carbon-bearing ores. It thermally decomposes encapsulating sulfides and carbonaceous materials at high
temperatures, thereby increasing gold exposure and enhancing cyanide leaching. However, its environmental
drawbacks— particularly the emission of SO, and As,O,—pose significant challenges for large-scale adoption.
Advanced variants such as two-stage roasting, fluidized bed systems, and microwave-assisted roasting have
been explored to improve energy efficiency and reduce pollution. POX is applied under high-temperature and
high-pressure conditions, typically in acidic environments, to oxidize sulfide minerals such as pyrite and
arsenopyrite. The technology achieves high gold recovery rates and immobilized arsenic as environmentally stable
compounds. However, its high capital cost, complex equipment requirements, and poor adaptability to high-carbon
ores limit broader application. Industrial plants in the U.S., Brazil, Russia, and China (e.g., the Shuiyindong POX
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plant in Guizhou province) have demonstrated successful implementation with capacities exceeding 2 000 t/d. Bio-
oxidation utilizes acidophilic bacteria to oxidize sulfide minerals in gold ores. It offers environmental advantages by
avoiding toxic gas emissions and shows promising recovery rates (80%—100%) in sulfide-rich ores. Nevertheless,
the method is constrained by long pretreatment cycles (one to four weeks), limited microbial adaptability, and
the need for costly wastewater treatment. Emerging hybrid strategies such as BIOX® + thiourea leaching and the
use of engineered thermophilic strains have demonstrated improved efficiency and lower environmental impact.
Ultrafine grinding is particularly effective for finely disseminated ores. It physically liberates submicron gold
particles by reducing ore particle size to Pg<10 pm. While this method alone can significantly enhance gold
recovery, its effectiveness is further improved when combined with oxidative leaching techniques. The high
energy consumption and wear of grinding media remain as key cost factors. Various industrial-scale applications
(e.g., 1saMill®, HIGmIll®, and China's ALC mills) have validated its performance globally. Comparative analysis
indicates that each pretreatment technology has specific advantages and limitations. Roasting is technically robust
but environmentally constrained; POX delivers high recovery but involves high costs and engineering complexity;
bio-oxidation is environmentally benign but requires long residence times; and ultrafine grinding offers mechanical
liberation but at high operational costs. The selection of an appropriate pretreatment process must consider ore
mineralogy, environmental constraints, capital investment, and expected recovery performance. Future developments
are expected to focus on hybrid pretreatment processes (e.g., bio-oxidation+ultrafine grinding, microwave
roasting+POX), cleaner leaching reagents (e.g., thiosulfate, thiourea), microbial strain optimization, and intelligent
equipment systems. The integration of green, cost-effective, and high-efficiency pretreatment technologies are
essential to support the sustainable development of refractory gold resources in the context of increasingly stringent
environmental regulations and the global push toward low-carbon metallurgy.

Key words: refractory gold ores; roasting oxidation method; pressure oxidation method; bio-oxidation method;

ultrafine grinding method; industrial application
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