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Improvement of low-grade chalcocite bioleaching process under
the pyrite-aquatic weed acid hydrolysate system based on
iron-oxidizing and iron-reducing bacteria
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Abstract: [Background] Efficient bioleaching is closely related to the active iron and sulfur metabolism
mediated by microorganisms. Thus, the lack of iron metabolism will restrict low-grade chalcocite
bioleaching. [Objective] To improve the bioleaching of low-grade chalcocite by enhancing iron and sulfur
metabolism and the “contact”. [Methods] The iron-oxidizing Leptospirillum ferriphilum (screened with
the double-plate method), iron-reducing Acidiphilium sp., sulfur-oxidizing Acidithiobacillus caldus, and
the Fe*"/Fe’ -pyrite-fibrous waste acid hydrolysate system (waste utilization) were combined to improve
low-grade chalcocite bioleaching. [Results] A large number of micropores and pits were observed on the
slag surface under the scanning electron microscope (SEM), suggesting the active action of the bacteria.
Fourier transform infrared (FTIR) spectroscopy revealed that bonds such as N—H, C=0, and O—H were
closely related to extracellular polymer substance (EPS), and significantly enhanced absorption peaks of
S=0 and C—O-S testified more intense sulfur metabolism. Confocal laser scanning microscope (CLSM)
manifested that more attached cells and EPS existed in the optimized system, laying the foundation for the
“contact” mechanism. After 40 days of leaching, the concentration of planktonic and attached cells
increased by 2.51 and 5.73 times, respectively. The maximum specific growth rate (um.c) appeared
1.5-5.3 days earlier, and the highest cupric ion leaching rate reached 67.6%. [Conclusion] The
intervention of iron-oxidizing bacteria, iron-reducing bacteria, and exogenous iron-containing substances
strengthens the iron and sulfur metabolism of the leaching system and accelerates the dissolution of
minerals. The acid hydrolysate promotes iron circulation and the growth of bacteria. The increase in the
number of attached cells and secreted EPS enhances the “contact”, thus effectively improving the
bioleaching microenvironment and efficiency.

Keywords: low-grade chalcocite, bioleaching process, improvement, waste treatment
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W FA HLDEA 7 5 30 A5 1 (A s figk 2l R R
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200 r/min PR EEFRE, FERE IR AL BT CN BUREBE
Ky, WEFMRTERFEAE I 2 mL &R
fif R IR 5L (pH 2.5, Fe® 50.0 g/L), F#& Bk i
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Absorption

Thermo Nicolet

SRR BRI, B 2.0 mL 15 3R XA KA
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Table 1 Conditions of bioleaching experiments

il Fe*'/Fe’"  HEFY L) KA FRAF I

Groups (2.0¢g/L)  Inoculum Mineral (g) Pyrite (g)  Acid hydrolysate (g/L)
Gl = = 2.0 = =

G2 Fe®* L. ferriphilum+A. caldus 2.0 = =

G3 Fe** L. ferriphilum+A. caldus 2.0 = =

G4 Fe®* L. ferriphilum+A. caldus+Acidiphilium sp. 2.0 = =

G5 Fe®* L. ferriphilum+A. caldus+Acidiphilium sp. 2.0 2.0 =

G6 Fe* L. ferriphilum+A. caldus+Acidiphilium sp. 2.0 2.0 3.0°

G7 Fe* L. ferriphilum+A. caldus+Acidiphilium sp. 2.0 2.0 3.0°

U a: 3.0 g/L WIHERAEM; . 3.0 gL AKELESMRWE; — AEIN

Note: a: 3.0 g/L acid hydrolysate of leaves; *: 3.0 g/L acid hydrolysate of aquatic weeds; —: No addition

SOT SrHNAE . RV,
B TR A5 G Rk SN BRI TR AR B, B A5 1
R, I IO R S A B R

Cu” WM AE . A HIPRHEIR (1 000 pg/mL)
WATRR R R, WK 0.5, 1.0, 2.0, 4.0,
6.0, 8.0 mg/L, I AAS & LS E XN i
W IR AR, SRR ERERS
3 000 r/min B5.0> 2 min EFRERE, IR
100 {55 IEROCRE, M AFRHEIIZSIT Cu” W

W5 R e s A B P - SR A R Y
IRA 510012 W 3 000 r/min 2.0 2 min {6 )T
K, BWlWASEEMmBES 5% A CRFERBIR
A, KRR . KIBALFLEIIE 260 nm &b
JERE ;B LG I 7K B R I 4k 3 R PR G
AN, LEERREES A CREERBUR
BT AR T UK IR AL B, 0 E AR R A RO, AR
it BB R 5 W' B S T B o R 2R T B S BR
MR
1.6 # B ES TR

W RIS AT . 0 T 155 BOE &
FEEE TS S, A SEM &N &K EIE
S, RS 300-30 ns.

W REEREA T S KBr L 1:100
() L R A I AR R B WF RS I R LA S
FTIR i+ 400—4 000 cm™" % K30 BBl P Al 21 AP I i
itk

B 241 it 2 41 23 5 ) (Extracelluler Polymer
Substances, EPS)/rAfi: 7Ei= i H/ /5150 B4
ZEEHR B, 3 000 r/min 2.0 2 min YEER
Je FIJCBRIZK GEEFE i 2 IR Rl B A, SefainA
—HIEFA(DMSO)FI SYTO™ 9 Yekl, 37 °C,
200 r/min #EEIEE 20 min 5 3 000 t/min B5.0> 2 min
WAEETFE, A PBS MR UL S BB D UEED”
#, YA NaHCO; (0.1 mol/L)Fi Alexa Fluor™
594 Yukl, 37 °C. 200 r/min BOCHEF 20 min 55
ODWEETHE, PBSIAERIERE LGB T
KERE, FIH CLSM WE 12 1fi B 1K 5 1% EPS
S AE DL
2 HREWR
2.1 $kEWIERE L. ferriphilum/Acidiphilium
sp.TFIE £ E

NS S 11 A RN S 1 Tl 3R R R b ok 4
PIZERW . Al Tl SO R YRS ST KA 10 4%
Py FEAR BB IR . = 4R B 09 I RE A (pH
1.02-2.35; i Fe3.2-333 g/L; Cu’ 0.6-1.2 g/L).
DI MBI LS OK Bt i SR 5 F 05 S 7 Al
FERRERIAJE T DX-LIX2, WikEREI e,
G, TEM WLEE 4 i 2 AR s BkeR [0.6 pmx
(0.8-1.0) pm], XF&CA: < HA A0 Mo 52 O BUREAR A
Ko & 165 RNA 3 [H % & (MW418095.1) 5
Acidiphilium

organovorum Acidiphilium

multivorum . Acidiphilium cryptum X Acidiphilium
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symbioticum JTFHIAHLEETR 99%, & N H A
FRAIRIEE Ry 94%—95%, Z54 Hid: K45k X 7%
e AT HZ AR R T VIR AT 16 & (Acidiphilium) ,
4 N Acidiphilium sp. DX-LIX2. Acidiphilium
sp. TEM i R ME R BE v Iz A A, MR A 5 5%
P BET 52 HALRR FE, R 5 AAE A IR W U Y
KR

YT RR Mk 25 A 2 11 B B /K e 1A BTLARE 2 400 )
H IR IETE R, EOZ R Fh e R e, ASBESY
FKHM)ZEEFZ X, LS FER Acidiphilium  sp.
DX-LIX2 WICJZEEFRY), VB RK AL v B e 1) ' SR
WA T B2, A8 B S S R R ORI [ 5 K i A=
B A WL B AR Y, LUR W] RE D 5 & XTHE RE
IR AMEIER . FEPARRRA S dTERFALA

100 [

98

98

1

El1 RFERXEM. BERREFERS

91— DX-LIX2 (MW418095.1)
Acidiphilium organovorum TFC (NR 025853.1)
81 Acidiphilium symbioticum (AY632901.1)
95— Acidiphilium iwatense (AB561883.1)
Acidiphilium acidophilum MS (NR 036837.1)
Acidocella aromatica WIB-3 (AF253412.1)
43 Acidocella aquatica Ok2G (NR 159185.1)
73 “— Acidocella aluminiidurans NBRC 104303 (NR 114266.1)
84 56 —— Acidocella aminolytica 101 (NR 025849.1)
Acidocella facilis PW2 (NR 025852.1)
82 Alicyclobacillus disulfidooxidans DSM 12064 (NR 040944.1)
1001 — 4licyclobacillus tolerans K1 (NR 036984.1)
38 Alicyclobacillus hesperidum FR-11 (NR 025313.1)
Acidithiobacillus caldus MNG (KX894687.1)
oo Acidithiobacillus ferrivorans CF27 (EU839489.2)
93 Acidithiobacillus ferrooxidans ATCC 23270 (AF465604.1)
_‘ﬂE Acidithiobacillus albertensis DSM 14366 (NR 028982.1)
Acidithiobacillus thiooxidans ATCC 8085 (KX894721.1)
66— Leptospirillum ferrodiazotrophum HBDY3-31 (KT834983.1) ]

62 ZJ-AU1 (MW021515.1)
4@ Leptospirillum ferriphilum ATCC 49881 (AF356829.1)
Leptospirillum ferrooxidans SRPCBL (EF015576.1)
Acidiphilium angustum ATCC 35903 (NZ INJH01000063.1)

00
88— Acidiphilium cryptum JE-5 (CP000697.1)
Acidiphilium multivorum AIU301 (AP012035.1)

O RE R, %W (G )E A RIFE P&
T e L TVE (R R G 10) . TEM 53 /R T A
20 5 AR EUR R (K 0.7-2.5 um, HAE
0.3-0.5 pm). % 16S rRNA it [l 5 23 A B ik
ZJ-AU1 (MWO021515.1)5 Leptospirillum ferriphilum
ATCC 49881 HIMEEHEIT 100%, 454 A4 A ALHHAE
%4 "N Leptospirillum ferriphilum ZJ-AU1, ¥ 2 7
il 55 3R 4 % RO AN P A EA T IR LR, MEGA
51 MERGLFRWAE 1B FiR.
22 ETHEN/ZERETR MERMAERET £
iz
221 HWR IR KA

I 2A B, BHETY Fe’ e AR L
FIFAETRRRI R RN . G1 J G3 4143l H

Group |

Group Il

Group Il

Group IV

Group V

Group |

Figure 1 Phylogenetic tree, morphology of cell and culture medium

T A WRKIERLEA . 1M 2: Z1-AUL R3EI% TEM B85 3: ZI-AUL WRIES I 4. BUZ A SR 5 A 6: DX-LIX2
BB TEM EH&. B: RERKEW . $55Pi)7FH SRR GenBank #5385, 4330 EMECTFIUERITE 1 000 22 |H
4R

Note: A: Morphology of cell and culture medium. 1, 2: Microscope and TEM images of ZJ-AUI1; 3: Liquid medium of ZJ-AU1; 4:

Double-layered solid medium; 5, 6: Microscope and TEM images of DX-LIX2. B: Phylogenetic tree. Number in parenthesis represent the
sequence’s accession number in GenBank; The number at each branch point in the percentage supported by bootstrap
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>

Ferrous ion concentration (g/L)

T 15

B2 FRZRHAREFEFEUSHETL

Ferric ion concentration (g/L)

Sulfate ion concentration (g/L)

Figure 2 Changes of main biochemical parameters in different leaching systems
T A WARE TIREE; B: BRE§TIREE; C: pH; D: BiFRHE TURE

Note: A: Ferrous ion concentration; B: Ferric ion concentration; C: pH; D: Sulfate ion concentration

M Fe” N S0 Wi G580 Fe” s s, His
B L. ferriphilum 473N Fe* (M T %
G5-G7 ANEAS IR SRR iR R AN FE B 248000
£, TYEmAER FHRE TIEK Fet A LK
K, KIN P WEREL 1.4 gL 58T, G6
o G7 4 5 1) Fe™ 7P R F BRI it JEUE A
A L. ferriphilum FACTEYEAEHEAR RPTTEIEIR ;
HAKA Fe E A0 S5 R, W 2.0 g/L
M2 1.1-13 g/L JaOREFAIXAR S FFAE/ NG R N I
. B 2B HR4 Fe Uk E BANRIRRE T Motadh,
Fe' il o T S5 4/ EPS 45400 o 5i2
R PR A B SR BE IR, AR AR K SR
VERAE BRI . Hirh G5-G7 41 Fe e T I%

R RE R, I e R TR AR AR OG . A F
FER W RIEVE R 18 (Acidiphilium  cryptum) TEARTR
JFE ST I SRV AR BRI, FELE R RUE A K
AT AL A A B 0 I T A SR S ARE A B i
PR AT, G4 5] P MkBEH 6.5 g/l
FHE TS5 gL, HENHA Acidiphilium sp. 53 fiid )5
BRIERNELLZ P2 Fe™, JREWE L. ferriphilum
WA, X G1 HHASHAHAL, WK ILA
Ve PSR i 850 L 4 g TR
222 AYngHS RS

T2 A AR Tl A R R K i RE T
T, FHRBAER pH FHE, A (CaCOs)EA4%
F 5 T 2R AT A2 2 4 A b 11 32 22 G R R0 M
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F, GEEM, BIOIEAEYTEE G141 pH U
TRAEHE S, AR A R pH 1.8-1.9 YEFI P
i(E 2C). HAR pH B AR TR, 1
T A. caldus /- FHBACH N, B TR GE
V5 JBRE R I B AR RIS, RIS IR R pH FRE
FAT D DN . A G2 T G4 41, G3 41 Fe* fER
ST S BTN, U A R R A Ji
TEHLBRAL Y (RISCs) (AR I = A 2 i f, 12
AT GAHpH E T G2, 24 dJ5 2L BEES,
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Figure 3 Changes of main biochemical parameters in different leaching systems
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Note: A: Planktonic cell concentration; B: Attached cell concentration; C: Specific growth rate of planktonic cells; D: Specific growth rate of

attached cells
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Figure 4 SEM images of mineral residues in different leaching systems
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Figure 6 CLSM images of mineral residues at different stages in each leaching system
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Figure 7 Leaching efficiency of different leaching systems and bioleaching model of low-grade chalcocite under the
pyrite-cellulosic waste acid hydrolysate system

T A BIETHE; B: S TRINE, C. WO LT 4L S AR R 2 AR LV SR LR iR A

Note: A: Cupric ion concentration; B: Cupric ion leaching rate; C: Bioleaching model of low-grade chalcocite under the pyrite-cellulosic
waste acid hydrolysate system
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