5526 455 4
Volume 26 Number 4

TEERERFR

The Chinese Journal of Nonferrous Metals

2016 4F- 4
April 2016

XEHS: 1004-0609(2016)-04-0928-08

EF &R

R EMEY

= HIIEFS ML

BE Y, EZLF 2 He L2, Esk bl

w2, £

H2ER L, WBR

(1. R K% PRI L5 TR, KV 410083;
2. FRRE YRS EEE AR, K7D 410083)

B RABMEDR I ECR, L] 4 Ff b BV PG 1

WG 2% ) ity W e 11 (L eptospirillum ferriphilum), W& R =3k
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TR SA A 3L BEphiEh, SEER A RIY R, 45 RRY]: PRI, REER ek
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o, WRHESE 7d N, HRHEREEER] 93.09%.
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1.1 EFREERMER BN F

SR PR AR 2 3 I AR (AN e AT, ERA A
THREHR 1 emX 1 em AATIRER, SR8 IR0 B+
BURE 1.5 min, HE83 07 5 1) 28 BE A0 AR 28 B bRt 2y
WEifioi 2y, I 76~1000 pm ki RIHR, 40K IR
SHERBIE SR EEYAEHESE R, WEES)E
FEHEAE K SEIG A RE, A IR Ay IR 4 e R v o O
(450~1000 pm. 150~450 pm. 76~150 pm)#& /1, &3
LR e TP R R 2E AR BT U 0 ICP-AES 4347,
By R 1) 48 S R 1 PR, A, ER0,
450~1000 pm JB¥#& #8150 4.05%, 150~450 pm B
THIZ N 1.90%, 76~150 pm 2 54 % 0.89%.

R1 SRR SR R T
Table 1 Analysis for metal contents of nonmetal slags used in

the experiment (mass fraction, %)

Cu Zn Al Fe Pb Ca

1.74 0.007 3.46 0.11 0.041 6.53

Sn Ba Cr Mn Mg

0.10 0.33 0.002 0.002 0.48

12 EMRIESESR

SR T 4 PR V8 kP i MR
MR Wl R
(Acidithiobacillus caldus) < V& #i% 4 4k 6% 16 AT
(Sulfobacillus thermosulfidooxidans) KW P K I 1
(Ferroplasma thermophilum)¥) 8 [ Y16 4 B0 E T &
MR

RIMECR G 9K AR K JRHE(2L): 3.0 gL
(NH4),SO4- 2.1 g/L Na,SO4- 0.5 g/L MgSO,47H,0. 0.05

(Leptospirillum  ferriphilum) -

g/L K,HPO,.0.1 g/L KC1.0.01 g/L Ca(NO3),, /T 5 mol/L
) HySO4 P pH 22 2.0 iy s $0n 1% 0™,
T NSEEG IR 4 B A T O AR, At R
TR S5 R Ak St AR LU W AR, W S % R
L1:1:1 A ER R, SRR 0 J7 2O0) B R kA T
. FHRA M AR R N, SO, 10000
r/min, 20 min Z O, R RO I BE A AR i
) 9K K572 FE(pH 4 2.0 ZE43) ', My i 8252 Atk 45

13 PEEREAREARIREMEREPEH

UK

KRR 5 s IR A R E AN R IR 43 3%
BRI, S0 7E 500 mL HEJE AT .
5 A R 5 4 200 mL B4R R 9K VAR RS IR
PP 5.6 X 107 mL™ B, 78 0 44.68 /L FeSO,-7TH,0
2 g/ WG, S0k REAINE S ML 1%,
3%+ 5%; F 5 mol/L ) H,SO, i Ti#I4h pH A 2.0,
45 CHAEIR RGBTSR, HE 180 t/min,
RAMIN— IR ZEN AN 70 PR 28 AR IR 7K 3

14 EBEFZENRMEREREMZHEZRTHNSH

ik

SR FER R RE 775, 78 500 mL HE
FEMHHEAT o ¥RITHIUS pH HIUA Fe REIRIE . Hi9%
T 55 KR ARLAR 0 VR B P H PR 7 4 B A Oy 1 e
R R . kRIS INE 5%. Yl
pH 23SV E A 154 2.04 2.5; WJUh Fe* ik 20 il
BN 0. 1. 3 6+ 9 g/L; FFRIESE S AIBEE H 35,
45, 55 C; MARKAR BT E N 450~1000 pm. 150~
450 pm 1 76~150 um.

1.5 HERNFJPREYZHEFEEIRSIZEE

ERp T

SHAAMIG EYR T T2 3 L fidE R pvgsH
WATY KRS8 . BB RA NS 44 2L (R B 9K
WA ZREL, BERhE 1.3X10° mL™', ¥shn 2 g/L #
i, Mk RERINEN 5%, BHAERYILG pH. ¥IiG
Fe? JHUR IR e 05 970 35 W AT 2 B A 5 6 465 L
o PEFEEE 350 r/min, SR HUEE S SRR I 4
IR, BERAMINPI IR TR K

= R £ pH S%Abid 5 LA (Oxidation-reduction
potential, ORP)X: ] PHS—3C %Y pH 15 ; & Hi I
BRUFEOBCUT H0 00 5 5 0] 285 A S SR FH U 2 2
TR EEIE I E s Fer K B R B Eh AR SE Bk 4y
T BEEDNE o



930 hEA SRR

2016 4F 4 H

2 FR5118

21 ARKEMERZMENRHIE

B P AR (AT < = R T
VTR HORD Fe TERRIEAR R T I %Ak 43 1 F (i
KA FT7R)o APl [ FR4E RR b
(¥ Fe’ R bt Fe* (X QG)IT7R), MK FE 42 A
(1 A B AP SR IR AR o AR G W T I 7 2
BRI i <) 28 IR I B e, B A K 32 3
R, RO TR S S Pby Cd
S5 T < e TN AN R R ARG AR, 1 233 R
(MR AR e th X Bl e A e B AR
DRI, B i Bl B on v AR B R e e A Y T 52 R LAY
BRI SBT3

2Fe* +Cu’—2Fe*'+Cu*" 1))
2Cu’+4H"+0,—2Cu* +2H,0 ®))
4Fe* +0,+4H — B2, 4R 412H,0 (3)

B Ao AN [R5 43 38 s 1 i A it v o
o B 1R il B A Ktk . ikl
1) T WL, 1% JE T 4N g 28 KA s i, AR
AR A 6 d, R K4NMHcE N 3.20 X 10°
mL ™5 i R RIS R S%I, AR A K2
BT 2 1A, R 10 d ZEA ENRRE I, SoRdl
HOHIE ) 2.17 X 10%,

Bl 1(b) T HE R 4 & pH 5 ORP 24k
k. i 1byrr WL, A 5:i% R E N r4A R pH
L5 ORP AR RUEAHEL . #A R pH B 5E TG T
#, S%IRE PR R pH &R0 (e 2.0 247, —Ji
T, TR R S IR R, e o ik R
Z A AR pH PRI TR Fe” MM 2 — AN IR I it
B 3)IR). MkEEE Fe'' () B8, TR HI LK,
XA FER AR FE @) G)FI6)FTR). H1T 5%
Gy R AR AR KA 2218, AR TR
FRIRE AT LSS, BUERR pH ORFFAEAR B = 7K
o

Fe’+H,0—>Fe(OH)*"+H" 4)
Fe(OH)*"+H,0—>Fe(OH), +H" ®)
Fe(OH), +H,0—>Fe(OH);+H" (6)

TR MR R ORP J £ UYIHIZENE BTt hY]
PR ETF SR WA BIRGE RS 5%KEZ NI ORP

He i 2 600 mV o X -5 A 41 B AR 2 2 D)AH
KMo (RSN E T Fe? (4 b ke,
I HANBE Pl KA Fe’ 484k Cu 2B Fe* 1%
FALT Fe AR . mfin b gl B i = /e H
XF Fe' AL Cu B Fe* 1 — @ MAEIfER, Brbiik
Z ORP I BEARAFRRSE . 1T S%IRE 1A SR pH Al
S, A FIT Fe IR fif B e Bl A5 e 1) AR ik
(=R (7)), #3145 ORP AR
Fe(OH);+S0,* +Fe* " +H,0+K ' —>KFe;(SO4)(OH)s+H"
(7)

Bl 1(c)fn iz hid B it s g 2k . el ]
1) HH, ANESERBERE FHBgkSREET
Felath. 1%5 3%M M Rgk & /B AEE, EiR
W, RRERS, BEEPOE R, BEZETRGE:
5% I R B i P BRARX 2%, R AR,
W BIRE A 1.88 /Lo IXHRSAHN AR R T 40 1#
ARG AR R pH AR A EFEAR—SUT) . 40 E2E
KA FIEAF AN, WK RS, N Fe'
KRR s B A0 B AR KN B, Ak A e,
AR KR Fed TR TR, )1 S BB ST 1 A 1
R AR pH EI N, XS AR ERBL A it 25 7=
A2 AHIAE

B 1(d)FT7R g3 e R R AR R AR e i 2k
HE L) RTEH, B IR RERIE IR, BN
BRI AR, BBl AR IR A 87.05% 78.38%-
T1.79%. T INE RS, BN TSR s A
FI TR AR, W O, . 1k, &
HH A 2R T BRI AT I AR A, VA Sl ST R
Fe* /Fe™ (IR, A= iy B B il 7 o6 /e R R 1
BB AER, B 1 REEng iU, SClk[17]9h 3R
18, Cu 5 4 B S0Ah 4 1 o 1) FR B A Pt 25 5
Wi LR o EEL AR e R S 1 JRE s (U 92 L SR A X e
i, (HZ B Co* kAR . R E
YR B BN 4y 3 SR v v (1 6 B A T AT

22 ¥tz
IRWETEH, 5% a0 ik R EIR N AR A K2 R T
B, H R 2R A REIS B T0% A L, T
h T DR EEYIE 5%k REIREE N IR
M, IR TR SR WIE pH. HI4h Fe* Uik g
T FORLAR) FIARALIIE 5 o I 2 BT 7R AN R 4E pH(1.5
2.0 2.5) ANFEHIEG Fe* FURIKIZ (O 1. 3+ 6+ 9 g/L)-
ANE B FRIRE (35, 45, 55 C)H AR KRL42
(450~1000 pm. 150~450 pm. 76~150 pm) R [ % = i
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Fig. 1 Variation of bacterial concentration, pH, ORP, total iron and copper recovery during bioleaching in 500 mL flasks

RHELE. WL, I pH 1.5, Y14 Fe* ik
1 g/L. 45 CHEFREA N IR AU . A kAR
7 450~1000 pm 15 76~150 pm 438 H 25 .

TEAFE W AR YNSRI N, BAKMHILE pH
ARTH] Fe™ IR S os B Suiie A m,  dERRR
HH A 2R AR R PRV B TR BE 3k HE Al 2 A )
(195 WG Fe* Mk FEHE i 28 3g/L I 5 iis o
K, HBESSHE S Fe® At 4k A K. #i
SCRRAROE, BARMYILE Fe® IRIER, ¥R Fe' e
IKFEZ G, B AR Fe’'5 Fe(OH); KN4 R
Y. K2, @ FeRE NS TE MBI RER,
M MR [ S BT O, & M) Fe? IR AR
BT RE A A AR . Ak, AEFST BT 4 ik
JEE 5 AR RT3 I () B R AR L K PRA, A
b, IRINEARIREE Fe® SAESEILE M) Cu B R
HH.

BT BRI R e — SRS AR, S i
AR, fscs PR E] 55 CRIFRAME R
Bk TR, HWSE B & s CLie ) A T
3 RV AR T, 7 R R A TR Uk R v 1
MEiE s B i 4 b FE g Pase iy v 10 2 e 2R KU

FE, 45 CHFRFAT AR TIRA M A KR,

R ACRLR N H AR 22 5 I JRUN T gy
& JE A AR AN [FPRLAR M R 0 18 3 AT S 1 TR AEAS [FDRLAE K
R BRI FREA G G P8 3CHk[23 24 4kiE, £
B AR TR RE REAN ], S A AR rp 4 i A 8 FE 5
e JB AN AT T AN SILVA 2520 1o > 375 i sz B i
GG TR W B0 2 s AR b AR HH R, 25 SRR W FH
L 2 TR 2 B T A A 40 T R PR I 32 o
FEAR T 25%. HH T /KRt sf /b Es
JETE SR 4 8 R, (79 450~1000 pm Kifz
A R AR 2 )

2.3 MUK HETHHAERE

PR S th AR B AL T2 S50 H T
2L PR R R T, I8 R 3k R v ) R e
%, FERBORSEE R AT R 2R o K R WG pH
BN 1.5, Y14 Fe® IR IE N 1 g/L, S0 5%k e
VR, HAlAAT I 1.5 Frik. AEOKSC TR 1)
120, MERBAR pH. ORP. BIRE. 5 Tk
FE WRRES ¥ ROk s, BUSE 24 h U — IR

B 3(a) o W IO 4 s A K 26 . ] 3(a)
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Fig. 2 Comparison of maximum Cu recovery rate under condition of different parameters: (a) Different initial pH; (b) Different

initial Fe*" concentration; (c) Different temperature; (d) Different particle size
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Fig. 3 Variation of bacterial concentration, pH, ORP, ferrous iron, total iron and copper recovery rate in amplified experiment
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AW, RA R AR B AR IE N RAF, HRR
553 d WP RIEAT BRI, 5 7 d AN E I,
B IR EIE ) 6.70 X 108, 3X 5780 A & b gl <
O, M TR T IR R AT — 2 R R,

Bl 3(b) T AR A 2 pH 5 ORP A24H 2k .
I 3(b)nl L, A% pH 5 ORP A A & AL
P, 3 dRE S doalEhR pH F#E ORP LT+
BRI B, 3X 5 B B4 e Ak 10 AR KA —
£, IR IR pH FREAE 1.88 £i4i, A% ORP
iEF] 613 mV,

Bl 3(c) T A ISR AR 58 P Ak B S Bk ik AR
feiigk. BB 3(c)nl W, WPAKE IR RO Nk
B, RS AN, TR, R B
PERS U (ERHET 5 d I, EAIRIEHS A R R,
ZJage Bk, T 5 d Bk R Fettig %, H
pH X, 250 I Fe® UK i e i 2 a4k
F pH FRAE, 4 Fe™ MK B DU 2674 — 52 (il
YERT, H.2idk R vh & 7 1 /b &t 0 gk th vl 4 R
Wi

Bl 3(d)FTR IO &R AR R A 2k . il
B 3@l W, HE RS 7 d MR EKC
93.09%). AHATA — 534 i AR H

RIS IR RIE AT XRD b, 35
XRD % WK 4. Bl R SR, B E 2SR
A 60.8%( 5 & 2> $)Ba(S04) 5 39.2%( i & 73 %)
KFe3(SO4),(OH)s, HHF 1 AT, JRFTER IR AR 7 ik R v
S — 2 RmINIGE Ba, NIk, KllE] Ba(SO.)IiE
SEA BN TR H R SRR B A ek R, [
K ZR pH>2 AT R AR AL B PRI W) i
WAE R, E— R LA T FRERR .

= — BaSO,
* — KFe;(SO,),(OH),

24-1035>Barite-BaSO,

Hul..l“l.lt.\..l.;nu[ !
22-0827>Jarosite-KFe;(SO,),(OH)4

1 R,
10 20 30 40 50 60 70 80
20/(°)

4 BRMZHER XRD i
Fig. 4 XRD patterns of slags leached

3 it

1) R I AR T3R8 IR 53 306 I (0 22 770 4 8 i e v agk
ATHWESRR MU, TEYIAE 5% 07 18 R W
AR H A B R HAKCE, lid SIS (WG
pH 1.5, ¥I4h Fe* RRIKIE 1 g/L, IR 45 C),
TERFER AR R PRt 7 d IR PR AR AT B
5% 93.09%.

2) XRD %27, &2 H R S A i R ek
WRFRGCEY, 52 R LRAAT T RREE .
N TRk RE R R, R SRR
B AR I RLED . oy B R I dE b g . 43k 2
WA S AR AT S5 T7 T T, B A de
AR R B A R R MR AR, IRk
PR ORI FH AR I — R SR (A T AT (R T %
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Parameter optimization during
micro-bioleaching slags separated from waste printed circuit boards
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Abstract: According to micro-bioleaching technology, four moderately thermoacidphilic strains, i.e., Leptospirillum
ferriphilum, Acidithiobacillus caldus, Sulfobacillus thermosulfidooxidans and Ferroplasma thermophilum, were used as
mixed culture to recover copper from nonmetal slags, which was separated from waste printed circuit boards(WPCBs) by
water power shaker. Firstly, the bioleaching experiments with different concentration of nonmetal slags in shake flasks
were carried out. Then, the effects of initial pH, initial Fe>* concentration, incubation temperature and particle size on the
bioleaching were investigated. Finally, under the optimized conditions, the bioleaching experiment was conducted in a
stirred tank with volume of 3L to achieve system amplified. The results show that the growth of mixed culture is good in
the existence of nonmetal slags. Besides, under the conditions of initial pH 1.5, initial p(Fe*") 1 g/L and 45 ‘C, 93.09%
copper recovery is achieved in 7 d in the amplified system.
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