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x1. ERTETRESN

Table 1. Chemical and multi-element analysis of gold concentrate

Element Content
Au/ (g/v) 18.17
As!% 2.34
TS/% 40. 55
S /% 39. 46
Fe/% 36. 81

R2. EYHEIINGE

Table 2. Gold phase analysis of gold concentrate

Occurrence of gold in mineral Content/ (g/t)  Proportion/%

Exposed 0. 600 3.29
Wrapped by carbonate 0.083 0.46
Wrapped by Cu-Pb—Zn sulfide 10. 810 59.33
Wrapped by limonite 0.028 0.15
Wrapped by pyrite 2.580 14. 16
Wrapped by quartz and the others 4.120 22.61
Summation 18.220 100. 00

R2. WYHESW

Table 3. Sulfur phase analysis of gold concentrate

Occurrence of sulfur in mineral Content/ % Proportion /%

s?- 39. 200 98. 85
s? 0.035 0.09
So+ 0. 420 1.06

39. 655 100. 00

Summation
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A ) TR AR VR R N SRR T HE R I IR A AR R
TS BB ARA R A A EY S50 % W ARAF .
1.3 EBxE

BB R 9K #5270k (NH,) ,S0, 3 g/L, KCl
0.1 g/L,K,HPO, 0.5 g/L,MgS0,*7H,0 0.5 g/L,Ca
(NO,),0.01 g/L,pH1. 6 —1. 8. 7% & il % ft 52 5
o R W ho i B 3R &£ B: (NH,),SO, 3.6 g/L,
KH,PO, 1.7 g/L,KC1 1.7 g/L.
1.4 FERFIFLE

514 27F F1 1492R™ H invitrogen (US) & /i,
dNTPs Mixture ] TaKaRa ( H A) 4277, DNA % 4 fif
t tiangen (R AR A b BHZ A7 B A W) 427, DNA $2 1Y
R 5 & FastDNA SPIN Kit for Soil 3¢ [ Mo Bio (US) ,
DNA 41685 & DNA 4463 F Kit HYK-002 >k [
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i
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8 JEF) 2 (Mettler Toledo, Switzerland) 4 7%, PCR
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Bio Rad (US) , .04l B Hettich (MIKRO 220R,
Germany ) Al Eppendorf ( Centrifuge 5424 R,
Germany) »
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1.5.1 BE&EF 07 3 Mtk 10% # Rl &, 75 40 C.
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Figure 1. The process of batch bioleaching.
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L5 B 7 UK UG R A ) I 1 3R B O 44
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S50 3o AR R R A R dl R IR (RS o X A
R  H AR G T 200 h A4 R (R U R 4E 4
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1.5.3 S04k R B - 34 4R 50 309 17 00 5 1 &R 1 el
£ pH, Jf H 40 A6 85 08 1 = M 4k & pH E 47 I 2
(1.3 -1.6) , i sk bk it ; (W B% 8 h X 27 6 R HUA it
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PVP 1% , pH10.0) , T & YT f5 250 25 g, A
TENP fyE i3, B4 LM pH= 7.
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Soil 2 71 i SR 3R UL P A 4i R B DNA . 58 B R
JE ¥t 3 4 DNA FE SRR A F 1% Byt B B 56 e v vk S
W R .
1.6.2 16S rRNA EFE ¥ 1 :PCR i F2 1 #i 4T DNA
I3 A FH AR B RE S A5 H 10 f5 3B 1K) DNA. 38 4k R
hB1 4 27F 1492R % 0.25 wl, 10 mmol/L. dNTPs
1 wL,10 x PCR 2 pP & 5 plL, Tag DNA 2 & i
1.25 U, DNA Bt 10 wL, B4k 2 #bh 2 %8 50 plo 4t
K4 38 F2 % 4 :95 € 5 min;94 °C 30 5,55 C 30 s,
72 °C 1 min, 3t 30 ME3£;72 C 8 min. ¥ 145 R
FH B 0 W 58 J W ik AT ARG W
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164 B OE T AR A w ket v [ SO BE AL Pk R 80
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2014.4.17) , Jiit 25 d, 3 NIE 2L | W58 G 6 #18
HORE 72 4 HF s A il (R 4) « g5 SR T LLE 3, &
o6 d BB T A Z T B SR Rk
88.2% -92.9% W & b AL AR R4 2 g/t, W LLIA
B Tk AR = 2 K2R .

SR R RS DU 45 1 3 A HE A AL TR L Fes
SO,” " Fl i As % S AL HE [ Fel Asy B fn 8°° 7
LG AR B AR A R R DL K As B R
H T X HEAS A S5 A T A 2R S AL 1 0 1 22 575 B AN TR
S 3 LA 25 R AT T—est 307, df Rk 4.
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Table 4. T-test analysis of parameters affected by temperature and lixivium return

Parameters T/C" Returned lixivium /mI,*
40 45 g 0 600 P

Composition of lixivium Fe/(g/L) 30.5+1.2 25.4 2.1 <0.01 25.4 2.1 26.3+1.8 0.12
S0,%" /(g/L) 88.2+2.8 73.8 £5.3 <0.01 73.8 £5.3 77.6 £4.3 0.01
As/(g/L) 2.9+0.3 2.5+0.2 <0.01 2.5+0.2 2.3+0.1 <0.01

Cyanide residue Au/ (g/v) 2.0+0.6 2.0+0.4 0.79 2.0+0.4 2.7+0.6 <0.01
Fe/% 19.6 £1.5 17.9 1.9 <0.01 17.9 1.9 19.4 +2.4 0.03
As /% 0.58 +0. 04 0.6 +0.05 0.04 0.6 +0. 05 0.61 +0.04 0. 65
TS/% 22.0+2.1 19.9+2.1 <0.01 19.9+2.1 21.0+3. 4 0.21
S 1% 6.9=+1.1 8.1+0.8 <0.01 8.1+0.8 7.2+0.7 <0.01
S° /1% 9.7+2.9 8.6+3.3 0.178 8.6+3.3 11.2+6.0 0.09

Sulfur oxidation rate /% 75.7 7.1 78.6 £8.2 0.18 78.6 £8.2 71.9 £15.0 0.09

Gold leaching rate/% 92.9 3.0 92.3 2.7 0.42 92.3£2.7 88.2+5.6 <0.01

Arsenic removal rate /% 84.4 £3.8 82.0+3.8 0.03 82.0+3.8 80.3 +5.2 0.24

" ¢ no lixivium return; ™ : reaction temperature —45 °C.
TG AR &5 SRS W i SRR [ S 2 5 ) A AR JETF i LTt

&S H . T AR SR SR, Tt w22 LT
FACRB I A (415 g/L) i (49 0.4 g/L) LU
F 80,7 (Z5 15 g/L) WK E (P <0.01) , R b B ik
(Z452%) it (29 2% ) LeplA BT R % (P <0.01) , 1
S (Z19%) AT LTF (P <0.01) 5 B ff it 22 6 2 Bt i
5 TR T v T B AR 20 2% (P =0.03) o AR5t AL a1
A BRI YR A A E 5 &R
i IR A G Dk MR R 1 R R R
Jei» 4 A Bt Jei R P JEU A 1) LA PR AER L S° T B s T
B RS R (AR Oy SO, HEANWE) « R 4 1R
AT 45 ST LA S AN A R I S A R R B I

IR A9 PR B o A 454K BB 9 R 80,7 (Z 4 g/L)
W SE T v A (29 0.2 g/ L) iR BRAR ;B ¥ & b A R0
BIL A BT ETb, oA T 0.7 g/t 1 2% M
SR BRL 1% o SR B INER [ AR T R R
AT, A Au R IR B T L 4% - UIHIR
[0S I S A R b % 4 B T IR BT e
T A A B A KRR T g .

TiAh AR FR B8 h I RERk & 7E 45 °C 0 mL JR |1
BRINAAET (41,1 g Ca0) T AL T 40 °C 0 mL iz
[ N (67.1 g CaO) F145 °C 600 mL 3R [4] 5 s
ZAFF (67.9 g CaO) .
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Table 5. Correlation of parameters in bio-oxidation system

Composition of lixivium/ (g/L) Cyanide residue S Au As
Parameter e 027 As Au(gl) Fe(®)  As(%) TS (%) % (%) I({;d;(’ed :tleddél;n) i?:h(“:;; o (ZZZI)

Composition Fe 1
of lixivium S0,%~ 0.95™ 1
(g/L) As 0.777  0.62™ 1
Cyanide  Au/(g/t) -0.08 -0.06 -0.11 1
residue Fe/% 0.19 0.31™  0.021 0.60™ 1

As/% -0.4™  -0.29"  -0.327 0.46™  0.55 1

TS/% 0.29" 0.35™  0.18 0.57  0.92™  0.337 1

S¢* 1% -0.277  -0.42™ -0.01 -0.3" -0.85™  -0.327 -0.73™ 1

Reduced S/% 0. 11 0.15 -0.02 0.7 0.83°  0.43™  0.88™ -0.54™ 1
S oxidation rate /% -0.11 -0.15 0.02 -0.77" -0.83™  -0.43%  -0.887 0.54™ -10* 1
Au leaching rate /% 0.08 0.08 0.16 0.9 —0.617  -0.44™  -0.63™ 0.26" -0.88™ 0.88™ 1
As removal rate/% 0.21 0.19 0.22 -0.687F -0.56™ -0.58™ -0.57" 0.17 -0.86™ 0.86™  0.89™ 1

©10.01<P<0.05; *: P<0.01.

RS o, AALE R R R IR 22 4155 1] #E &
DU T 25 1 IE AR SG B AR O o Bl AL B A ) T 4L Ak
MR Au WEYIITITEREE S A As 98 7 4L
HBENEEWE — s O T AR AL A DL b As 2 BR A
e Au R R W . AR S T LU BB A AL
FAu R AR As KRR R H IEA KA
TR A4y (i 8k S0, Rl fift) ) th B 1 3%
TEAH G B W IX = 4 8 50 A WP AR RE TR0 48 49 20 AL
P R AE LU 5 10 24 B 0 1) S A R S AR I P A ] A
TR Al DL R BRI S R 2, AR T R PO R R

[ Au b A7 58 &, IR BN R Au 55 Fe.l As,
TS AR J5EZS S & & 2 W IEH ¢, i it 2 Rl ik
SR R ST 5 R &R 1 S Ak R B IE T, T
i R Au b ST B RISk
2.3 FEEZBTEUEBEHESR

DL Bd 56 F R TR 5 5 (40 C 45 °C) LA AT
TC IR [P S8 46 1F EAT 2 A% EL T4 1R 00 30l 2 6
BRI - 40 C vs. JCIR[EIWE - 45 °C ;45 C =& [
0 mL vs. 45 °C =R [F]3 600 mL. P41 504 (o H 5 p
(Dissimilarity) 755 45 Rk 6.

Fo6. REMEBRRAZMEZRTERRNEBERE

Table 6. Dissimilarity test of parameters affected by temperature and lixivium return

Factors Methods b adonis anosim
delta P F P R P

Temperature bray 0. 06 <0.01 10. 83 <0.01 0.23 <0.01
horn 0.01 <0.01 8. 64 0.038 0.23 <0.01
euclidean 27.54 <0.01 10. 28 <0.01 0.23 <0.01

Lixivium return bray 0. 06 0.02 5.42 <0.01 0.09 0.08
horn 0.02 0.02 13.74 0.01 0. 06 0.15
euclidean 29.98 0.02 5.27 0.01 0.07 0.14

DA% v U s 2 $ouk S5 A9 TR
AR [0 48 2% A1 X A 2R 1Rt i 10 5% i B A e vt
(P <0.05) , Hr il B2 foy 56w JE o WY Sk e % 5%
ol RZER ARG mEg it ZR (P EILT
#/hT0.01) ; Ak DCA (8] 2) w] LLfaj HLIK X 73 40 C

A A5 C AT S A AR 2R T AR AT /08 3R PR DL
AR A R AE R A AR R DO AN T
I UL 2 AP X A R 5 i KT 3R RS
2.4 SUKANBERELSHOWN

XZE SRR NN AT REIFRS
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Figure 2. Detrended correspondence analysis (DCA) of parameters in bio-oxidation system affected by temperature (A) and

lixivium return (B) .
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B o 6% » AHAME 99.32% - 100% ) - AT /2
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3. REEBMEEAR
Figure 3. Bacterial community structure of mineral-oxidation.
5T 97% M AHBLPE, X 287514 2 5 A OTU,
Hoh A caldu R S. thermosulfidooxidans % [ 2 A
OTU, L. ferriphilum /5 1 4~ OTU. R4 ~A X:C =
0 - (n/N) ] x100% (e, N by ¢ 51 i 50 B s 40
n h OTU $ i) » 480k 549 AR TR v e SC 1 ¥ 7 6
HE IR 93,67 % » U W) SC I (1) BRI L T FF b b
T PP AL A B UL, BT R A A

IR 25 by e R e < HA) RN i A LR RE P Am
W2 R AN o B I L P A HEAT LR R A IR R 4
REWUE 4 Fros.

Horbs Av caldus 52 B R B3 H LI — 2R 4l
W BEAS S A 1 38 JR S I E LA A ), Herp o
S fh 2 nl LA fE Fe? ™, A K pH S M 1.0 2.5,
i pH K 1.5. 5 Leptospirillum spp. — ¥, At
Caldus £ 40 =50 C [{ i gz 2" o 5
4, Foucher %5 R ILi% 14 /& 45 C I 85 b 3 21 6 41
P v, I FoA AR5 w35 .

L. ferriphilum J& " & W& $A 8 TR AL BE B 7% - i S
A4 B BE 8 A A8 J5 TG HLIR Ak 45 W LA A3 28 K T
i (0 e Bl AR KU B 37 °Cs — RN TR
AR Y R AR R M b R N
(40 C) A EEAEFH AR - S, thermosulfidooxidans
SRR Bl A KR B 53 CLpH Ju A 1.0 -
2.5, fcddi pH 24 1.5 3X 38 41 17 BE 6 40 10 W2 2%, B
A TCFR AL O IR RE A T R g ARG 5y b
SIH0UE W5 2% B AR R4 A RSB IR R Fe T, ]
A0 gL .

S 6k i 4 U K Ar. Caldu 5 L. ferriphilum 41
A5 T LA s kT A R A% . Franzmann
% gk 5 92 B A1 Ratkowsky J5 FEBIF 50 T 3 B % JL Fl
W IR A A B AR R B S S 45 2R s A
Caldus 7£ 48.8 °C It % S° () 4 4k 3 %35 8 5 K L.
ferriphilum R S. thermosulfidooxidans %} % ££38.6 C
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Figure 4. Phylogenic tree based on 16S rRNA gene sequences of mineral-oxidation bacterial community.
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Condition optimization for bio-oxidation of high-S and
high-As gold concentrate
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Abstract: [Objective] To study the effects of temperature and lixivium return on the concentrate bio-oxidation and rate of
gold cyanide leaching. [Methods] The bioleaching of a high-sulphur (S) and high-arsenic (As) refractory gold
concentrate was conducted, and we studied the effects of different temperature (40 °C and 45 °C) and lixivium return (0
and 600 mL) on the bio-oxidation efficiency. The bacterial community structure also was investigated by 16S rRNA gene
clone library. [Results] The results showed that both the temperature and lixivium return significantly influenced the
oxidation system. The temperature rising elevated the oxidation level, while the addition of lixivium depressed the
oxidation. Dissimilarity and DCA (detrended correspondence analysis) indicated the effect of temperature on oxidation
system was much greater than lixivium. The bacterial community was comprised by Acidithiocacillus caldu (71%) ,
Leptospirillum ferriphilum (23% ) and Sulfobacillus thermosulfidooxidans (6% ) indicated by the clone library, and the
OTU coverage based on 97% sequence similarity was as high as 93.67% . [Conclusion] Temperature rising to 45 °C
would improve the oxidation efficiency while lixivium return would decrease it. This study is helpful to provide an
important guiding value for the industry cost optimization of mesophile bacterial oxidation and reduction process.

Keywords: high-sulphur and high-arsenic gold concentrate, continuous bio-oxidation, leaching rate of Au, rate of sulfur

oxidation, detrended correspondence analysis (DCA) , 16S rRNA gene clone library
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