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EEmMTEEYRHERPESEENIRKLS pH
ORP [yx %
ER BAIAT,LEH

WERLAERFESRENLERAE TR £, § XK 210095
W 48 B 88 :2007-05-09  F B 1 :2008-04-03

BE AR GERERTE (EARRTFEMEAERBTR) EAREHET (5% ,10% ,20% ) MIRHFRATEYHR , HB I THES
BYARESERNRBBREES pH HMEAATEBE L (ORP) WAHRXRXR. SRRU . ZHTERARARMBRINESRE, EYH R LHE
10d 5,35 5 Cu.Zn F1 Ni {8 i 7T 53 FEH] 98% .99% 1 90% B AP B AP BARK , IR S AR IR ,20% A 40 20 > 10% A 40 28 >
5% EAATE > REMAE. BREYFRIBT pHW TRMORP K EF REHBRESBRFLNERES I, AEF Cu HRBFANZ
pH TREM ORP EF+E N ER A, T Zn I Ni fR M 22 % pH FMA. 58P Cu.Zn FI Ni FIH R EER M pH BEKA K 4.5 15 £F.
MRAEER, EYFRLBEVNEFRIAENR 2R LHRMEN TBAF TR B3R mE R LA A HE.

XBH:BTHFREYHR  ERERTE . ESR
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Bioleaching of heavy metals from municipal sludge by the co-inoculation of two
acidophilic Thiobacillus
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Abstract; The effect of the co-inoculation of two acidophilic Thiobacillus ( Acidithiobacillus ferrooxidans LX5 and Acidithiobacillus thiooxidans TS6) on the
solubilization efficiency of sludge-born heavy metals by bioleaching was studied in batch experiments. The correlation between sludge-born metal
solubilization and pH and/or oxidation-reduction potential (ORP) arising from bioleaching is also discussed. The results show that bioleaching with the
two acidophilic Thiobacillus greatly improved the heavy metal solubilization efficiency from a sludge matrix. Removal efficiencies of 98% for Cu, 99% for
Zn, and 90% for Ni were obtained after 10 days of bioleaching. The greater the inoculum percentage, the shorter the bioleaching time. For example, the
bioleaching reaction time for different inoculum treatments were in the order 20% inoculum <10% <5% <0% (control). The decrease of pH and the
increase of ORP from bioleaching were two important factors resulting in metal solubilization, especially for sludge-born Gu. However, the solubilization of
Zn and Ni derived from sludge was attributed to the pH decrease only. The effect of ORP on Zn and Ni solubilization was not observed. It was found that
the threshold values of pH for metal solubilization were about pH 4 for Cu, pH 5 for Zn, and pH 5 for Ni. In addition, the contents of organic matter,
nitrogen, phosphorus, and potassium in bioleached sludge were, to a certain extent, decreased due to bioleaching treatment, but this did not affect the
application of bioleached sludge to farmland.

Keywords ; municipal sludge; bioleaching; acidophilic Thiobacilli; heavy metal

FPAERIEY. EERAEEREN AR XA B
SHYFS HEERTEKT 50% ~80% MES
WHBERERG AL ERLBEKIEF J& ( Brown and Lester, 1979 ; Lester et al. ,1983). &

1 5|5 (Introduction)
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WE, REZBEBTERITELBESETAHER
BT mg-kg™' , HRAHBIRESLBA Cu.Zn . Ni,Cd
Z (LS ,1999; Bk M % ,2003 ) . FF 5 & 7E—
SR TR B KNG KAHET, K=ENTE
RYELEEREANEE, XANE RN AEM
AL BE DT MERERN 3R, 455 B B9 4 R A Ok
ARSI, 4 % P& H R (Bioleaching, D) Bt #5 24
YIRS AR ) B —FMIEE AR RNEILE
BRFER, ZEARABRAFRENA TR .H
ERBEBRBEE THBRBRERMAKKEY.
FHRE AR B V5 U8 5 Ve 48 A0 BB V5 B K v RE SR AR
RO EAERIE WE B B AT R (Tyagi, 1988 ; J& i
% ,2002; L% ,2004a)  HE AR 2 E T B R
PEBRAT B 9 A 4 E AL /R R L= A B IK pH BREE 4
BRBATESER LI A KM, 7] E S BT ES
MER(RFE—LEU). R, ZEYWHELE)E
WA T HERBARTEAEER, FRRETEIR
B VR SR 4 AN B K, T LB AR 1R 3 T B B AL &
MBRUEFRRENENTEATBEBFRTRERY R
(0 H,S BRI R) MR KBED (B EFF,
2007).
BRAXRBREY Y E LB PR EEBE
e HEEMETEAMBURA—RFEIREE
(g BB AL TR H R ELMBITHE) RE
FEMHE, BEFARERNEHAR FIRFPR
55 VEFY R E R W (Tyagi et al. ,1993;
Tyagi et al. ,1997) S FERARHEEYPHERR

MIREAL. A5 ELREWR AT SR pH
FEALE R £z (ORP) BB R R B B, HA
FIfhRE R K EY R BORA R, =M # pH T
IR B BE R AR A TERE, X XS T
REBRAA R K. B ok, A KA Y IR b B8
GRESBEERNVATHEXNES, MR A 2
AR IR E A XD B, AR R RE T A
Rl E R T R EME ] RATE (RARARTE
MEALTLRRTE) M ZREDFHRMR, B
WHERTPESRKEREL XS pH ORP %18
B AR AR E SR K pH BED X
VR RER RN B e R i D P IV SR X B
B L0 AR H AR .

2 ## 57 7% (Materials and methods)

2.1 BRRF A AT W bk

WS IR ER B 75 KoK A BT K5 Rk 46
M, % RAZEARAE T ZAERTIEK, K
LA RS 50% ,5RFESRE Cu CE@T,
HEARRARE L BRREG , BRDH 15 RIKGE
THRUNEBRA XRSH, HRKTBRATEY
ik 08

RATHERESREYHRNEREILERF
BIBRAT R AR, N A L 5 % 0 B i B AL B BR AT
TS6 FEALIL BT B LX5 (AL % ,2004b) , 31
BE & RiiE E A YR O R

£1 HRBTSREFER(THRET)

Table 1 The primary physicochemical properties of the selected municipal sewage sludge

pH HER =< e e AR

/(mg-kg™")

& Cu B Zn BN B Cr
/(mgkg™')  /(mg-kg™') /(mg-kg™)

6.56 2.93% 3.52% 1.51% 0.94% 47.8%

12750 994 376 105

2.2 HABHENME JICKLENEHE
WAL E NG R 4B W g R SRR
FFEE TS6 F AL L BRFF B LXS 4B AR 2 ) 3% b
3 100mL B Al SM ¥R 35 F7 B A0 9K 3L R E
Bk REpHBAZE 4, F BCAEAEREKF
180r-min "' YR 3% 5% , R AW pH A5fb. 53557 E
pHER 2 LT, HAH5MN 2 NMEFEP KRR 1oL
B 100mL 76 M B #E R SM A1 9K KGR E A, M F)
KU TR AEEFHE pH B3 2 1k, AT RS
INE Y RIEFF R, 4051 % B 15mL 5 # 40
BRI NEBT 120mL KBRS, % 45- L7

M 6g-L 7" 4RI ANBEVE Y S A1 FeSO,- TH, 0, 7
8CTHRGESR, EZpHFEF 2 DT, #& EEHE
BRERF—K. Y pH F3 2 U THEILRS, T
BRRAGRPIZEIYIERRETEYHRE
R MY
2.3 FREABAENTRAERE

B 200mL X B R T S00mL =AM, RAE
BT EEME DN 5% .10% 20% (AR L) K
BMERAETHRLOHE, FRAEMIXNE. £ Lid
BRPE4g- L MALARREY. 814483 A E
E.ZABAS ZYOHHN, BT 28CHERRBRK
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i 180r-min 'R T % 5% , 3% SR 0 D R AR B B Ab AR
FERWIKG.
2.4 RBEHA

ERFARYT,E 2d B, W 2 H pH fE L
WRJE B f7 (ORP). B J§ 7 12000r - min ™' F & L
15min,0. 45 wm 38 B3 38 47 B R 48 B F Rk
SR BB Cu Zn Ni 3R E (X158
TEERENESRE) UBHNESEESAH
HMBERTESBEN B UIEABTRESRENER
R JeAh, W R 5 AT V5 TR B A A LR XA
B SRR, U BEEYHE LB 5 R A VLR
REBBENER XN BRANRRAERR
H—mBREENE, FRPA B Ho3RA
AHEIIRERE HED AR MBS LE
Bl (#11 H.,2000).

3 42 (Results)

3.1 HRAEHFRLAE T pH 1 ORP W E 1

AYHR SR IE 3G, FEE B E B FE K, TR R
VBT B BB S, pH FERRR. I 1 R T &
YIRS B ERAR pH B, ATE N R E
K, 15T pH MR B R. =Y R 5 2d,
20% BeRP B ISV pH [H VARG 6.6 2
3K, 10% F1 5% #RE /) pH {37E 4.0 #15.0
Zh B 20% M E K pH RT 10% M1 5% B
B, 25 10d 3 M ME KNG pH BEZ 1.6 ~
1.9 REM AL pH EHBA BT T FHEH B8 T
FrAbEE, 225 10d B, pH {376 3 DI E. BB TSR
FEFERNBRERERTFE, WA TREY, 3
S B B[R] B 5 SR L = 5 3 Y TR T BR R AR AT
BB , AT 8 pH 2838 W 1K , {EL S B 2R B B 18
FHAMAHE.

—— REA
—— 5% v
—&— 10% PR
—*— 20% PR

pH

7
6
5
4 F
3
2
1
0

1 FRESMBMTREWHRTES pH BT
Fig. 1 Effect of inoculum amount on sludge pH during

bioleaching

—— R
—a— 5% HfnE

ORP/mV

—&— 10% M E
——20% f%ﬂ’%l

50 7 2 4 6 8 10

-150 = i/d

2 FREHBMTRENHRTED ORP HRM

Fig. 2 Effect of inoculum amount on sludge ORP during

bioleaching

5 pH THEAMX B KRR ORP LA REY IR
FRERMEAERKEEHEY N —frd. ORP W LA+ £
BEROATEBRUERHERLEAERATERIR
BRERFR U KK ERAE Fe’ RILR Fe'
e B 2 AT L,0 ~2d, R M ER 4 b3
ORP R AL Zh A A F , HARRMAFIH K - 132mV
73] 250mV £ 4. 4d J§ 20% R E K ORP 7+
RFHELHE, T3 NMEMRTE KL ORP 7
AYPRIBRTE T ELR, EEEHTERYE
BRATPE K B 35, o0k S AL U R BT & . Ho
ORP b FHigRE , IR A 20% Hefh b3 > 10% He b b
> 5% BFp AT > R ERP AL

PR 1R 2, R R ORI AL IR (RS
0~2d),pH TREWBK, H 254 K. MR
%0 ~2d ),/ 4037508 ORP JLPAHF,2d 58
WHEMEBR AN, ORP EF BB K, RFE AR
HEROLEHE. A TFHERE—-EEWMHE, 20 €
AFEMELEYBRER pHZRHAKAE,
B i FHEMEW pH AR, M E B R L, 5
BREUMABRS, LSRR IE RN BRE EMK. B/
EBARLE IR pH BB IS, 3R e HER
HAMEIMARBRA —BH 0,555 &5 0 ~2d.
X5 ORP S 0 ~2d I, &b 3 JL-FAHF KR A
W& 7ES50~2d W ,pH BT REEBEMAEYEA
fL BB TR IR 7= B8 L) B A 1R AP IR B8 BE R IR B 3t [R)
ma BT R, WAE 2d 5, M R B R MAYRENE. B
M ORP ZE{L7E 2d J5 22 5 A im B3 8 7 RAAKHIE.

3.2 FRANWEBLIBRTELEN LR

HEEMEAR KB LIZUAHEZR.
B 3 WA, S 2d B, BR 20% R E NG RF
(JuB pH 24 3.10 )Cu B REF 14.4 %5, HE
Sb3E Cu B R (MBI pH >4) LK 0. 7258
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4d B ,20% BEFPE AL IS 6 Cu B H R AT X 76% , 1
M T 3 M b B b R T 40% B )5 LR
REMFHERBRAEST Cu iR HZEH . Bk
R, HEMELAERN Cu BB HBRTRER
B.3MEMELAIEMN Cu WEERTE 10d A 3E
F 8% e , BT REFME 56% . X 754Ut B vE IR

HRAFREBEREST Cu W RER .
120% - —— R
5 8% ——20% Bl R
E 60% |-
S so0% |-

20%

0 1 1 1 ]

t/d

EH3 FAREMBLEXNSREMERIEP Co HREER
HMmEE
Fig. 3  Kinetics of solubilization of sludge — born Cu during

bioleaching with different inoculum quantities

HRERKE, EMFERMAET ,B9RF Zn,Ni Lk
Co ERZEM (LE 4 MES). PRI BIIT 6 )G K
%5 2d,20% BB KGR T Zn R HRFHK 47% ,
M 5% #0 10% #& F 8 5 4b B8 0 H ik 2 15%
24% . BEE R BLRHERT , AL BB R T Zn KE H R
JLIFEL BT ,6d i ,20% AR B AL Zn 13 H
REFBE (99%) , H—ERELFINKXBHE K.
T 10% HEF 8 5% e F & i) 4b 38 W 43 51 76 55 8d
FI%S 10d A X2 99% BB i K. Ni {R H 34
5 Zn M), EFEHT 2d,Ni R H R Zn & ,2d 5
BERERBHERKT ZIn WR B REFHER.

120% -
100% -

—o— RARAh
—— 5% FHE
—a—10% ZF 8

—%—20% EMHE
l l J

0 2 4 6 8 10
id

ZnRHER

B4 FREMBLBNSREWHERIED Zo BH EHH
Wi B %
Fig. 4 Dynamics of solubilization of sludge — born Zn during

bioleaching with different inoculum quantities

ENREER-HREL LA IAK S RN K
10d, Jut,3 A~ Fp AR B Ni R 2K F) 90% &
A, B TREMEEY 59% . ZF R4 Ni R H
RERIBETE2dJFET In, KIER AR RS
—— g

—— 5% EFE
—a—10% &

0% RN E

120% [~
100%
80%

60%

Ni 2R

40% |-

20%

t/d

BSs FAREMBLENSREMHRIED NI RBHEHE
Wi 3 7%
Fig. 5 Dynamics of solubilization of sludge — born Ni during

bioleaching with different inoculum quantities

ME 3 ~5 A LIE W, T = A28 (Cu,
In Ni) B RBE N RETFHRILRA, MRHAL
EMEBRRKGRESRRIRBRENEE. BH4Y
PR A — & KN G (WA KK 10d) , A [
EMENLGHESRER B RZHRIMEFKE. X
VLB, BEE B R B 2R AR, S AE W o TEORF 38 B A K
AR R REE R KR Wik B — 0K F.

ARESRREISHHEARSAFER
Xt¥5 98 pH A1 ORP [ M hr A [F) % Y14 . RIS 3
FRE, GRAR RN Z L B2 BN R, X
MM SR R A £ J0 A |1 3 05 B 1R . i [ )5
TMBRK B RN E R W BEK,XE
AR B B R R 7 A e R/ ET B 2R B i IR S
FAESKMEEFTMEE B ES WBEE
MREELEW, MWAESHEREHAASEE. F
i SPSS Gt 4 H 8k 4 %t B & JB & HH 2 5 pH,ORP
HATMRELNT B EETE. R 2 KW, Cu BB
35 pH f ORP 2 R & MK, AT A ZmEH 7 #
4. X UH Cu B H R 3% pH A1 ORP KW E
M ,pH T BEF0 ORP ) EFH# B B R # Cu &
H,HA pH 3 Cu BB B TR A 54. 5% , T
ORP I TTHRAR A 45.5% . R IL 32 & Cu B H B3R e
RAEEM pH TR, MALAREREGMHB
ORP. i Zn #1 Ni FR MR R pH 2R EHK, 5
ORP AAHE, BEHIXT Zn F1 Ni &R & EZERB
F= pH BYRMA , T ORP (R ma A 3 g2/, K, R &
eSS VR Y pH Bl — /K F , BU AT IR 3032 M Zn
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ANLXRER,TRESFRF Cu 3o LI # AR
R BRAL YT XA AR 2% ,CuS MR K, B KT
ZnS A1 NiSC PRIN ,1996) . B Bt , (X5t 4t BT R AL A
U Cu SE£M R, M AT FEMANTE
SRS HEA, 10 CuS EERUERTENERT
AL T 2 SR A BR BR EE (Chen er al. ,2005). B4R

X5 PH Cu &, RA [F i 78 & f AL JR i A
1% pH B, 4 AT BEB R B R H R . K 3% (1999)
R BFFE R, (LUK A T BRR K75 U8 pH, A
AT ERBAYRER TREE TREML, B
A H,0,% b EALFI R B 5 ORP, WA KK
REESREERBE, X Co THHE.

£2 &£YHERLED pH H ORP W EERE W R RS 17
Table 2  Statistical analysis of solubilization efficiency of heavy metals in sludge and pH and/or ORP during bioleaching

FESWTRBELHRE AR WA )
[EFS Yoy n R?
F P pH ORP
Cu B H % =0.357 -0.182pH +0.0020RP 24 0.951 164.0 <0.05 54.5% 45.5%
Zn B3 =1.477 -0.272pH 24 0.870 120.2 <0.05 100% 0
Ni @l # =1.143 -0.185pH 24 0.935 257.1 <0.05 100% 0

pH TREARESRBRENRARI S, EAR
[F & & 8 ¥ 4f X8 BE & i 2 46 pH (E 20 A 4
Fl. B ESBRBELEE —EMR pH BME, 44
BpH KT ZREN E2BAREAERE. NE6
HE AR W3], Cu B H K pH BEKAH 4 &£
4,7 Zn F0 Ni B B BEMHE, A% 5 AR RAD
BT REHFR KR, Cr R B K pH BEA N 2
(B S # 4 ,2004b; Zhou et al. ,2005). B, &
pH T/, E& B IR R W I A F T S &2 B B
(MZBEHEF ) £:Ni~Zn > Cu > Cr. ZAREGR
Mg RBRAEVHRLBAFEER X.

120% -
AZn
100% “s -
A Cu
B 80% - B8 N o Ni
ﬁgéow A o
™ 6006 1
J]ﬂ AoA
H 400 L £
il Avo
A
20% Y SN
0 1 L l ‘AAél 1 a1
o 1 2 3 4 5 6 7
pH

Hé6 SREMHFERIESD Cuo.Zn NiWBHEE pH HE
xR
Fig. 6 Correlation between solubilization efficiency of Gu .Zn and

Ni derived from sludge and sludge pH during bioleaching

LUEREYTIBLE AR R, HB L RITE,
B E A F B CulZn A1 Ni 7] B JE 3k B 12750
mg-kg '.994 mg- kg~ F1 376 mg- kg ' BEA% F] 255
mg-kg ™' \10 mg-kg "'l 41 mg-kg ' EH. RIBAR
BA2 ERXPHIBAERBS R, LBEBRATA
MEBEREEERBKESKESS% ERH (BRE
RE) B, ZBEHFNEREAIESENRD

W, AR B S B is 47 i AR B EE K S B R B
HELB Cu.Zn Ni I EEKAN 716 mg-kg ™' .46
mg-kg ' .55 mg-kg . E4 /B Cu.Zn 1 Ni LFRER
R(BBEIEY W RERMBEE B KIS, 5 R E
HAESRRABSABNGRITELRENE
AVH) 43X B 94.4% 95.4% F1 85.3% . SIRFES
BEEMRTHRRAN G S oEH R ERME
(GB4284 - 84) ,REE R E 2 M H T 15 R K 4L
FIA.
3.3 AYHERNGRANEALERSOES
EYHELEMBRNEIE.2A .28/
2HEZER —EZM (K 3),10d B4k Bt E A
FHERERFEINERE.2EA. 2BN2HNTETH
14% \28% \36% 1 31% ;X Bt TS5 RAEYWHB L
Prbdk BT 15 R & & W1 1 2h 3 ( Benmoussa
et al. ,1997). A MR LG, BFRA IR S AR
Z,X5FERTHERREHEA(RFEFE L) A
M, EEBFREINTMERRE -BEKRT 40%
(GB18918-2002). X T RE R R N A=W B L ERKE
W R MR BT B O AR B A W B AR, X AL RE B
FEL ARRBERAHENY. 750, £ R e EE
GWEEEFRREZ — BEREVHEB LA BE T RS
A B HEEBEIER,ENKRAAEEHRLE
BFERBERFSESEBRARAEZEMEFHANE. ZT W

£3 AEEYGHRLBVESREEARMRESSPHEL
Table 3 The content of nitrogen, phosphorous, potassium, and organic

matter in the sludge before and after bioleaching

& LN £ £ o
FHRAGFE  47.81% 3.52% 1.51% 0.94%
FREFR 41.12% 2.53% 0.97% 0.65%
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BJ5 R pH, WA 78 {53 A AR R A K S+
AT AL 2.

4 #5118 (Conclusions)

DEERBTHERIFEHREAERERTRE
HTEYPFELE, THEREGSRITESBHNE
H.20% B EAAER pH BFEIKERPR T 10% F
5% BFp R, E 5 10d 3 FEME KI5 pH #E
F1.6~1.9. 15+ Cu.Zn F Ni & 1] 4551
K F) 98% ,99% 1 90% .

2)BERAEY YIRS ET pH 1T B ORP ¥
R AERRKBELEETESRBHBE. HF Cu
iK% W [l AE 3% pH F &A1 ORP EFHIXE A, T
Zn A1 Ni (8 W F 23 pH T FEREKS) ,ORP [
WA AT N, B IRH CuZn F1 Ni FF 46 KiEER 1
M pH BEXAR 455 £A.

3)10d AW TR AR F5RF AR .2
R BN SETH 14% ,28% 36% 1 31% ,
ERNEAAEEFERELEEHNERAEASFEKA
B , AR H A .

REMFEEEMAIH(1965—) Z WL EEF. ZEMN
ERFYURBRE SRR RAMEN KECEETE
WA .
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