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YANG S5 75 [ LRy 10 B FH 25 85 oK ki, il COR T @Ak 0y L9l B 16.6% B R 1.2%. LI 5
M 5% & B, PR BE RO AY FLAR AT b 36 1 B K, R 4R m LW AR . KV, it 90% B
Pb Fl Zn KSR BB A7 A KR IR T, HIRAFIE S AR AR, FR vk ml ¥ i KK Hh ) S0 S84k 4 sk iR Ak
Y1, MRPBEIR IR A RS54 1Y, ZHAO %60 3 3o A R R Tk BE 25 B K 87.97% 1 Cd; M55
K FHER R fEWe €K 1 95% L i Zn, Pb. Cd H1 81.38% ) Cu; HUANG 45U SR H 7K 5 1 152 1k Bk
A, AEEBR KK 86% 1) Pb. 98% 4 Zn. 96% F Cd H1 62% 1) Cu; MR 2R H € RS TR 1
PRI A AL B, RO P F Cd AR I MR BEREAR T 90% LA b X SERFIR AR RY], FRUEREME K
R PR R 43 T Vs R RN TR 4 JE M AR FE RS M, TS 2 i ah B

KB UTR AR AP &R PR IE W, Sl E R &R B TR R, e A &
Az B AR SRR AT A R e R, B LS B ARG . RIS PN R . 2 AP R
Py R 12t -F B I P 4 A A JHE 7 8 Pt , R R b Y 94.84% 11 A LA s 2R R AR R
L UL RR B AR A BRFR MR S R VR, v 98% By R AEAR 2 nlk o BREEERIA .y, FEr DI fE v, [H
e ) SRR T 23 7 A SRR, T RO AR ROVR B T T R 2 I B A R T DT AR T A JE AT, xR 4
JE BT R IR LG, DT RS M 4 JE A AL BRI . I AECR R DT R R A R R R 2 b e P T A 7
il 8 0 e Ve B i K AR B, RS B T O v B 4 S R A RIS AR A

AR IR Pe - DR R, A RBRIF RIS €K Zn, Pb, Cu I Cd4 P E 4R .
DURSFRAVE N R VR, B2 A S MRk T2, I 0 ©KIR BTG M ROWIES . MM . EE& R A
LA SFEM AR . 382 B TR AR DL U AR VR % O /Y Zn. Pb, Cu M1 Cd, 177 DA R 1 - UL AR
AR R T €K R 4 @ g aT AT, DU R TR T A Ak BN B IR LR S
1 MRERF*%

B A e CORAE A b O R R A be SRk . RO i 200 H W I 4y, 4l
HEAR 105 C HET, MEHETIRRRTE 60 Co Fr A 50 340 4 B 4t

M HEF BB (SEM, S-4800, FRkxUZ4th H 7l fEFT) RAE CIKFEM AR IS, #Wid
X SR AT 4 (XRD, DS-FOCUS, 78 [E /4 75 AXS A R w]) & KIKEE S s A, IR R %
At (MDI Jade 6.5) XF 17 S AL ARIEAT A0 M o K P TR 42 I8 B 1 78 R Yk W U5 19 A7 78 JE 25 R JH BCR
(European Community Bureau of Reference) Mil J¥* £ HU 2 [ B i 17 43 A o 38 i X I £k % 6 )t 15 X
(XRF, S4 Pioneer, H AR St 22 AR M2 CREEM AT R ARG, i B A S5 Fikk
&1 (ICP-OES, Thermo iCAP 7400, 3¢ [ Thermo Fisher Scientific 23 7)) M & #£ 54 Zn, Pb, Cu Fl
CAd TG R W . R E K ik A BEOF I 8 RO o R EH 4| 0 a8, RABS R 2% b i
Wi (HI/T.300-2007) 24 P4 K A5 H 75 1
1.1 T¥RERSEE K SEIE

FRELS.0 g T4 IR 100 mL AR A, 3038 2 A9 8 11 b R 3 i A T 2 g 1) b RV, R Ok
SRR RS P . TRURRA LIS, RIBILEE N 0.45 pm EIE AT 08, WOAE B I UEW S . R
F A G4 B TR & B 63 (ICP-OES, Thermo iCAP 7400, 3% [E Thermo Fisher Scientific 23 ) il &
BT Zn, Pb, Cufl Cd LR MR, UELSFRNERERE EHRRTES BN ESTES
JE A TR RE A T 4 R TR Y L) RN BRTEIR AR . RS BR IR . VRE EL . Rk )X
MR VR AR g, SER SRR .

1) W 52 ) () S 36 25 1 Sk R VR EE A 10 YU B [R] 28 60 min B, BRRS R MK R 0.5, 1.0,
1.5, 2.0, 2.5, 3.0mol-L™",

2) & [ LS e 08 S50 A5 R . AEGS RV B8 2 mol- L™ AR U B[] 24 60 min B, BRI [ LE
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5. 10, 15, 20, 25, 30.
3) TEUE U RS2 00 B SE g b, GERRAH PR FE O 2 mol L' FHVR [ Fb Ry 10, B 48V Uit [H] 2 5.
30, 60, 120, 240, 360, 480 min A A8V 43K 2 .
1.2 HSTFASLL
HUTH S B4 s BRI WE 1 R, 1
Hp ] & 5 B B F A B (G1204, KT 22 H

FH B2 TR AR AT B2 1) 0 P 5 7 2 ke e
(GO014, K= iRk F = H AR A R

25 ) Aot M4 B o A

. R BT B R = 5

W, SRR TR R | B
A PN, AT G Rk Lot

E A B R E RV AR WS,
A FH AR e A B S 0L 7= A S T T e 3R 05 5

[Fi] Fsf - B B 1k B AR X A= 1A O, 1B 78 2 [ X B T A [;H%‘%l&qﬁgﬂﬁ
T 0 ol 45 6 0B . LB LY -

PR A JE R KT, K TR R B R A B AR Fig.1 Schematic diagram of the electrodeposition setup
%, JEE A 0.1 mol' L HCl W , P =
JIIA 0.1 mol-L™' Na,SO, W . 75 H UTRUBI [ FF2e iy IR Rl Bt o AR ERAIAE AR, , B A2 R 6 mm
) A2 PR BRI A, o LA PR 53R P iR, T A ) i 2 o A r T R S () 4
2 #FR5iTiE
2.1 BIRBRKRARELER

TR CIRTTR AWM A Mg . afLEN, CRWELETRERHAME Ca. Cl. S, K.
Si. Na Fll Fe 55, KA Ca b4 3B UR F Sk W BFE A 98 10 <0 v ) 1 M ASOUR IR 2 A ML) T 0 A 1Y
A K RIS, SRR AR R A S WA AR BN AR - B S,
RS AR TIEEARD S R 2 B ORPES B2 EE AR, 6% 1 B8R
Fili, €Kt Zn, Po Al Cu i A m , HERtERBE M Cd Wm TR R . X O iy E 4 s
TR LR SR, BHEEYH Zo, Pb. Cufil Cd 1Y i & ¥ B 2 51 ik 3] 9.971. 1.030,
0.620 F1 0.340 mg-L™', LA Pb Al Cd W] 3 ¢ AR 3% S RS20 37 95 e 45 AR ME ) (GB 16889-2008)12)
FE M BR AR 0.25 F10.15 mg- L™, Uiz WK HARRMELSBR G EME. Wi, RAUFR EEXCE
Zn, Pb. Cu il Cd 4 Fh i 4 J& 132 B3

FT 1 WIRIEBRTKIREY XRF 5 #r 45 R

Table 1 XRF analysis results of the MSWI fly ash % (ﬁﬁiﬁﬁ)
Ca Cl S K Si Na Fe Mg Zn Al Pb Ti
36.23 15.82 8.77 4.21 2.21 1.17 1.1 0.762 0.44 0.41 0.21 0.21
P Cr Br Cu Ba Mn Sb Sr Sn Rb Cd Ni
0.18 0.08 0.61 0.059 0.058 0.041 0.037 0.032 0.029 0.011 0.007 0.004

K XRD $ AR X KK 025 5o AT 4001, A5 R E 2(a) frm . WTUAEH, ©KER
CaCO, Fll Ca(OH), #1, X153 KK LA Wm I mREZWaE 1. Rm, CWKTIAERSY RS LA N
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50%~55%"", T i L TEE IR Y B SR T XRD 2 YRFEEGRRENH
P \ PR o Table 2 Mass fraction of h 1
RESTIERE MM TS B, HE 3 T — 2 5 1 i 5t able2  Mass fraction of heavy metals
. ) in MSWI fly ash mg-kg
AYFREAEDE o PRI, Ak XRD Wl g 45 SRAR ME 43 z - 3 =
n u
S H) ; AN SEER Kk
B AR GO i s e 1 BAR T AR R o= e 2 N

KIKHY SEM 25 B K 200) i o AN Rl F
W, TCE ORI B HES , BRI KA —, BIEIERIR, R 2L, OB R R I K
FeFmi AL, M KR i Rl s v N 4 B BOA 5 iR e R

A NaCl
B CaCO
D 3
D C Ca(OH),
D Ca(ClO),-4H,0
2 E PbO
C
C B
C
C A ;
E EA
10 um
10 20 40 60 80
26/(°)
(a) XRD (b) SEM

2 MSWI k7K # XRD £55R 71 SEM 25 R
Fig. 2 XRD patterns and SEM images of the MSWI fly ash

22 EREIRELINLER

TE KK PE TAL BE A, F A0 EHLIR £ 4% HCI, HNO, il H,SO, % . i T CKBR Ve /™= A= 1y
PH> Il K i Ca> fiE 5 SO, 1o AE B ME 7 91 7 5 €O URE 2 1w, BELAS R 4 S0 1 (R ik — B ik 47 . A
I, H,S0, 7 R k) & A B Y o HC A HNO, ¥ 5 ¢ 25 R vk 265 1% WOl b 1 42 8 10 g
RO MR ) HCL, CUR S &8 s FIE L &4, a0 [PbCLP 5, XA Al T8 & )82 &1
o EELA W A R 2 n e A, 7R B R T T2 B B I HE R R R, AT A
SIRE T, BLA Y LA BTN RE S W IR, CH B T R e AR R 2, DAL
TR ET S, RA SR B UTUR PSR A R & Bk, 2 FHERRAE BRI % W
TURUAL BRI 1 /30 e B2 1) HNO, BT — 8 MUt T Ak KR iR B 48 . B, ik
PO IRAE Jis R AT A5

P 3 T 7RSS TR B 1k 4% 2 5ot T 4 J PR U4k 25 B SR B M () U 52 45 2R o DA T 3(a) Y R VAR B 11 55 i v
A LLAE B 0.5 mol- LAY HNO, I Bk ik i, KK & R 48 0IE H E BRI 5ME, Xh
1% FeAy, X2 R C s F ) HINO, Y e B2 MK . 7R TR AR 0T, Horb iy HY 3 Bl O Hp o o i
B CaCOy Ca(OH), 5 FTTHFE, COUK MURL Y 45 48 A B B IR , 60 22 7 J00RE P 38 119 42 i 3 74T i 1
RIME, e REOR I LBRREAN, X~ R Wi, COREAERNRE RS, IR DR
EK PR TEH E AR LT R BER . ERSRRIKIE N 1.0 mol- L7 B, £ E &8 M LRFHH
P WERE, Hbh CdiEBRERT A 80% LU b, M RIKWUR A 222 454 © 18 2R 19 7 i ak R, X
Xif Uk N B 4 JE B P AME R R R . BEE SRR B I — iR, EEE N KRR ER
Wi, TEMRIKEREE 20mol L J5, E4E LRFNEC I BAT S, F82 5 MR e ik g
X KK P 4 R BOIE OB R K. R R KK AN B AR R R A T AR B, BERRIRIE R 2.0 mol- L
{18 2 A A R T R oM A5 3 o
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B3 RGN €K Zn, Pb. CuFl Cd ERREHE T
Fig. 3 Effects of the different acid washing conditions on removal rates of Zn, Pb, Cu and Cd from fly ash

T ] LY S 5 i R e SR 1 5 — BN K L W 3(b) B, S FLTE 5~30 YRR, BEE I
Fe iy, =4 )8 0 KRR R ARG m, AR5 @Mt EAE TR ST 102
Jo W LG BB IR Zn 2 RS R e B R, X CudR ARSI YR 2, T % Pb Al Cd IR H B R
BN, U Zn F Cu WU FEE 2 IR i B4 . FE M B B 30 &b, Zn, Pb. Cu i Cd B £ BR
ROy 5k 98.44% . 86.35% . 74.66% 1 97.46%. %6 7% IS &R R AU FIE R M THFE &, W
[ LE Ry 25 SR BEh A 1E B DR A

B A B ] %) 2 4 R I 25 R R A 52 e 0 BT 3(e) R A VR MR B [E] 3K # 60 min B, Zn. Cu Al
Cd M EBRFBCEEARRE, WHA MR BPM, Mtk er Po 90 LB R A 7E W s,
K B R 5 AR R R E7E 360 min 2 ) . AL JIAO 2508 1932 R IR 45 5, Cu Ml Zn B9 T0TE - Bt
T 5 RO S B A WA G, E R R R AR T e R A I A K B Cu AT Zn Y PR IR
tho [, CAVIGLIA %™ (RN )i os £ 8], Po ¥ BT FEIE W 2212 , X Al REE Pb i= ik
) - 5 L[] A R

FE A TR W B2 A 2 mol-L™ [ Bk oA 25 RN Pk ¥ B[] O 60 min £5 1, R R BE & R KK
95.26% M Zn. 83.06% f4 Pby. 72.62% [ Cu 1 97.85% (1) Cd., FE eI} E] 2 360 min, 7] ¥F Pb Y2
BrFBPETE 2 85% VL o MRUEEIIR R BR VRV €K, fi Pb A£G T FCA 9 [PbCL], X M AEIE—2
$E75 Po 1 2 BR%, (0 F [PbCLY iy A B far HLEL (87 BR 4 8 B 7 nda e, 7E IR 202 R W
DU B, FE AR A HkE i P A€ BAMR 22 18 ATt DA e . IR, RIS R VB 3 A .
23 XIRERGERIEFFMERIXTEE

PR V5 KRB O TE S AN K] 4(a) FE s, XF HCI&] 2(b) BRUERT KK B THOWIE S5 AT LAE Y, BRVESS
R B AN AL IR A BB A B, R RN, ERR AR AR R T2 o 2R R
ok o Xk — L R WK B Lo B B A%, RV AR 2 RO BURL Y CaCO, Al Ca(OH), #h5E £
B[Rl RE 2 B ROK TP R KRR B - (0 CL L Na™2%) , ¥ KK 4 m A B ik, M
AR 5 ARV 5 SRR g, B3R A8 e COK ) B2 AL A FH AR HE T T RE .

BCRI 3 £ BCH €K 5 4w 4 43 4% FLIR 1 B e 5 2 B8 4 o T I8 A A>T AL A>T IR TR A
SR A, HP A AR RS RN AR A F R KBS, RESERREWIES, WERA
Sy R IE A . KL 4(b) FTR 19 €K R BERT G BCRIE A A b ol LUA Y, ZERR UETT K
HORTVA RS O IR, X — 2P U T RO A IR R 22 pPRE T, AURE K RN 55 PR AR ME SR B R
KM ESE ., TERASE T KL E, Zn, Pb Al Cu i n] B ALE & 43N 47% . 33% FiI
40%, i CdWGER] T 84%. X UbHHARALI A €K =, XTI FMR K, MIERELIZ
Ji, X—HERE TR, RESMSH B, Zn, Pb, Cu Ml Cd M5 25 4040 51 5 2] B
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Fig. 4 SEM image of fly ash after acid washing and BCR morphology distribution of fly ash before and after acid washing
2% 75%. 65% Fl 42%. 3% vt W] IR P X KK R3 WMIHE VRRERNESRRERE
AR B AR R 3R i 4 4 e i Table .3 Mass conce.ntratlons. of heavy metal
) o ) X in fly ash leaching solution before

ik, ZESHS N T . SR H P and after acid washing mg-L"!
2 R R Ok R IS, BERRVESS T o P ST
(e iﬁ’ I Pb 1030 0.0952 0.25
i _IU%EH, @ﬂ(ﬁ'ﬁﬁﬂ%%&hﬂ@* Pb fll cd 0.340 0.00006 0.15
Cd ) Ui e B2 39 0 2 i T (AL TR B3 U ) e TRV LRI R ) (GB

15 4 = H AR 1 ) (GB 16889-2008)° Rl 2 M 12 16889-2008)P W i fyFi (1 (A st th RE 152 th 7 v A 2% oo
.EE. WR B E R, MRS K P& &4 W2 ) (HI/T 300-2007)P91] #535 H W8UUT RE 1 1] 0 e 1 SO B vk 2
Ja T HE R B R R BRI, AR TR . PR UEJS A RO AT B4 A A T 4 3 O A o A7 S 4k
PR, nT AR R RGBT R R
2.4 TKIRERGEIR BEVER TR

S VA LT AR B AR T TS R ok 1 P B A e R AT AT L B RO TR PR A T R TR AL B
Fir R U W Y Zn. Pb. Cu Fl Cd T &8 Wk B 43 5 ok 95.08. 50.79. 13.23 F15.61 mg' L', [l 5(a) /& 1E
FL U AR (15 4 h Ao B ) 4 S IR ma i I e 25 51 . T AR, A 4R B 1 1 iR 5 ik
SIEAHZE ) RS, ORGSR T ORI AR O B 2%, R VR A A B AR A
B, BRUE PRI AL & A 52 e 1 4 ORI 4 0T 8 1, Qs v CUk BE 3 v & il AR A A i i o
FrhEs, FEE Zo BHT PO, 3B S B A HL R I Zo 09 LR AR, AnAE R R Sy 6 VI RE ] 1k
27.89%. TEMRVEE WP &A KSR H, JEH W HHEE h R, HaES5E8RE FaE RS H
FIMAFTFEEOH, XhSRERES BRI, E B TR RN T, REERT &S
fe= g O v a0 N o (A i A N T 75 =M B ) 2S00 S0 N4 D 2 i e g i A Ay
F)PM, RAH—REEE, BTN A GBS IiTT . EHRERN 8 VEF, Pb Ay HIILEAT & ik
96.15%, i J7 HE AR FF 54 . Zn7E L IE A 6~12 V X Ja] P [8] e SR TH 5, M 27.89% 42 75 &
90.68%, X KWW EREE, EERESEMNT &BEE FIBTEEFMmM, ik 7 CIX Zn #r
WA AE N . fEHRE N 14 VIE, Zn, Pb, Cu Ml Cd A9 [ i 3R 43 513k 8] T 95.80%. 99.04% .
79.95% M 90.37%, ALPLIS PR W Zn, Pb. Cu Ml Cd 1) 58 4% 5 &2 ¥R 43 9 0 3.99. 0.49. 2.65 Al
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Fig. 5 Effects of different electrodeposition conditions on the recovery rates of Zn, Pb, Cu and Cd
0.54 mg- L', V3AHEW R HERE R, A UrSL4e m i A T I ] i) H 0BRSS B4k B 2% FH 2 1
T, AT 7 S0 R A B S B I WROR TR e R A EC R AL 3R B RO PR T A5 2R R A o

FERLE R 16 VI, HL TR ) 6] 5 43 J@ 2 - Wl ORI s2 i an 14 5(b) e . WILLE L, 4R
B8 (TS 8 B TR ST ] ) B T T, AR PR UCARISE LA 4 h B SRR BRSO, RPN RN 2 2
AGR B o FL TR SO W FF AR B, PR TP 4 T S e v R, A R T A 6 AR
Z, XAMFEIEE FRICRAIELT . (0 SEFR GO A RSN &, — J7 i R PR 0RO N B[]
BE, -l ae R MR E R S AR ER H . HY 5UE B R, e B Ak,
AR NS E AR T AR, FEE SRS IR EAT I 18 . B R A I,
HH T H, BT H A v v BB R ARG, A SR B N b, A R S A T AR R A B
W, X S TE 2~4 h i [A] 0 FE EE JE [AC R  HG Jon  Fs [) A S T R BOR PR 45 R — B .
3 g

1) AR VE R REA LB WP I B A i, H L BRI BERE R M . WA FL Lk A N T 1% 3 i
PR . TERSPRMRE M 2 mol- L7, Y IE Eb Sk 25 AR M 95k ¥ s R] SR 60 min S, R VB fE 2 BR KK P
95.26% 1) Zn. 83.06% 11 Pb. 72.62% I*) Cu 1 97.85% 1) Cd.

2) FRUEAE RO Y B G R H RE PR AR 1~2 DB g, TG AR b SR SE 7 v G 4a
FrifE ) (GB 16889-2008) ZL3k, 1] DL B ek A AL 16 B 3 I S F A7 08, n) AR D R fa 1 1 AR it —
ABHIRAC T R R, 356 Tz 38T A i i NI A 28 B AR AT B

DR =ZF W MMEIAR, TEHR KR 14 VEF, BUT 4 h A [\ 05 iR % 28 W 95.80% 11 Zn.
99.04% ) Pb, 79.95% i Cu F190.37% () Cd. AbBEJG B AG & A —EREwENE SR, HolH
IR 3 751 14D R T A 30 PR

& Z X wk
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Recovery of heavy metals from municipal solid waste incineration fly ash by
the combined acid washing and electrodeposition technology

LIU Jiahao', MA Honggin'?**, GU Xingpeng'

1. School of Chemical Engineering and Technology, Tianjin University, Tianjin 300072, China; 2. Tianjin Key Laboratory of
Chemical Process Safety and Equipment Technology, Tianjin 300072, China

*Corresponding author, E-mail: hqma@tju.edu.cn

Abstract The municipal solid waste incineration fly ash is classified as hazardous waste and will cause serious
pollution to the environment if disposed improperly, owing to its strong leaching ability and high toxicity of
heavy metals. Herein, the combined acid washing and electrodeposition technology was used to study the effects
of the nitric acid concentration, liquid-solid mass ratio, acid washing time on-the removal rate of heavy metals,
and the effects of electrodeposition voltage and time on the recovery rate of the heavy metals from the acid
washing waste solution, as well as to evaluate the leaching toxicity of the treated fly ash. The results showed that
95.26% of Zn, 83.06% of Pb, 72.62% of Cu and 97.85% of Cd were-successfully removed from fly ash after
immersing and washing for 60 min in nitric acid with concentration of 2 mol-L ™" and liquid-to-solid ratio of 25.
Meanwhile, 95.80% of Zn, 99.04% of Pb, 79.95% of Cu and 90.37% of Cd in the acid washing waste solution
were recovered at a voltage of 14 V and 4 h of electrodeposition. The continuous extraction and leaching
toxicity tests of Zn, Pb, Cu and Cd demonstrated that the content of easily leachable components of the washed
fly ash decreased, the proportion of residual state materials increased, and the leaching mass concentration of
heavy metals met the requirements of “Pollution Control Standards for Domestic Waste Landfills” (GB 16889-
2008), as thus, the acid washed fly ash can be directly landfilled or used as a non-hazardous waste solid for
resource utilization. This study can provide a reference for the removal and recovery of heavy metals from fly
ash.

Keywords municipal solid waste incineration fly ash; acid washing; electrodeposition; hazardous waste;

heavy metals
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