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Fig.1 The generation process of electroplating

sludge

1.2 BAMR

HAET5 IR pH (H N 6.7 ~9. 7, )& T-HUEY) i, #%
RO THI 10% ~20% , KX KT 76% . 8% ¥
FEAE ) RS YR R AT i A B, etk BT etk B g



<24 .

b E A & 54 Basik

TGRS IKE I 60% ~90% . 4G /INLBE TS R FH T B R B EESETR, HEE T
AR oo 0 NI O O = 5 i Y ) S B [ e @ B AS ) T WA 22 57, SCRIR AR E % DL G F 8 V5 e e R
B2 30% ~40% , PRk s Aok . A5 e+ ISy Ea U

F 1 E WSS IE R M LA Ty

Table 1 The treatment method and component of common electroplating sludge
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No. 8 4.22 7.27 6.51 — 5.11 — — SEARE eI S b 20
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Fig.2 The XRD pattern and SEM image of electroplating sludge
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Fig.3 The mechanism of solidification/stabilization
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Fig.4 SEM image of high-temperature cured product from electroplating sludge

2.2 HBEWAFA

H i, HL8E T U8 b 4 JE B R DS R i ik &
PASRRR INE SO - BRI JOE SR
(ALESS
2.2.1 {BERHE

M VAR s R BRI A A [W) A 23 Sl il IR
W BRIRIR S EIR AR IR DR

A5 IE T s S oo R i, H DL CaSO, Ml 4 & i
I A AE S IR A LR ARV E D SR R A
PRIZ TS B s e 2 &8 5502, 4
OB ERAE AR R IR S AR BRI R RV Y DA
BB R B AR (185 (a) ) o JE I A R
pH{A (1.6 ~5) , AT BF BR DL B ST A7 AE
T (E5(b)), R, 84 kA KR N
(K (1)) 238 2 S 2 (2) B 742 Bl [ AR Al gk
WLTE , I SE B 5 HoAth 4 8 i 40 15, 78
Frp REREOY A 2l 2 (3) THAE HT it —
AR HE BRSO Y A A S R R R . B,

R Z LR T 2 B4R U 5 B (B 5 (a)) .
TERAR 0T, 8 B R B Rl IR R T gk |
90% Lk EM L R, Z T A ERBEE S (A S
(a)), HAEBOE &R T2 NARE S8, 1t
A, K FRGE T E R pH S B0 Ak A 5 B I B
TE I pH {E G A, B8 TS U8 H s 2 S R K A SN
LR EA T AR DIRE M (B 5 (e))
gL R 422 R, i pH [ £ 4
J& > B BIMERE R

Fe’* +2H,0 —FeOOH +3H* (1)

2FeOOH —Fe, 0, + H,0 (2)
5C,H,,0,, +48NO; +48H"—

24N, +60CO, +79H,0 (3)

SR B IR T 44k v % [ fSe 58 L3kt £ % 4 i )
L, [T R AR AR R pH (B X 4 8 12 52 i, AR i
SV LUBRER A, $5 B RR R B N 4 mol/ L [
F1:10 g/mL S E] 75 min, 4% 58 4R FIEE R IR
Rk F] 94.2% . 96.5% .92.9% 1 95.3% .,



2025 4E 8 HEE 4 M ZRZIUH . RS e TR T A Ak B R I - 27 -
LTS TR O o-oo-—e
L EFe Fc(OII)X Zn(O1T),
953% Fe 4 -
_o} Cu :\ i \Lu(OH
g —— B 97.5% Zn i : ‘
AR 3l ! ! \1.(0H,
93.6% Cu $ ! \ \ )
l . g4 | :
L 98.4% Ni ﬁc_s- 1\
e\ |
B —— KB i ) i ! \an+
-8t ! vl
l 98.3% Te g ey \ A
W2 ) | 4 36 8 10 12
08 ok Ty H
PHIEGS ek "
M5640_ 3 G S (b) Fesk iR &
l 99.1% Cu T e omy Cr(OH),(am)
L33 o
pH=2
P204 —>  EE2 [ K2 & 0.6
N L
l 99.6% Zn JéOA_
i
pH=4.5 02k
0t mms | s = Crz(f)ﬂ)y ‘ ‘
0 2 4 6 8§ 10 12
99.7% Ni pH
(@) B T L AR (e) Cok e

5 WG URARRR I T 2R R A SR IT K e

Fig.5 Schematic diagram of nitric acid leaching process for electroplating

sludge and metal element hydrolysis behavior

SR, AE L R R Bk PR RE TR, BRI R
99% M DRI, BRI 7 L B TS YA A 4 B
HOR EHA — BN H kP2, S ERFEE
KGR MR B 2% . AT RI R
Penm AR R ) PTSC B L S TS e A R A BR

H,0, H,S0,
‘l‘ i P U

.
E?aﬂ: |—>| EiEss

’—4

BE R B2 ES (1 6) i e pH A 5 N ]
I P DR SR AR — Bl al 73 B 8k A0 47 %
s 2 B B AT 5% 42 S AR R A 4
A B3 R AR R FE AN — T e AU, Al 7 10
AL IR BOR B 207 T B PL e, (EAE 52 bR i o

pH=3.2 A ey
BURY &Fe CrifliEY

FURHSE <

o

S Sit —d-

=

H

-
-

0

N
>

272

<

Me(OH),+2H*=Me> +2H,0

fEes l—’| RH |—> & Cu Ni Zn Crifil <—— WS

2 Cu.Ni.Zn Cr.FelliEY

& Cu Ni., Zni il

Bl6 HARILMBIRE L2 nARE"

Fig.6 The flow chart of ultrasound-enhanced two-stage acid leaching



- 28 - T H A E &

BREIA

AT T — Bk, Qe P Ik 1R A% 4 TR IR R DA B %of
ANTRI S U P ) 0 335 oy PR 5

SRR TSP V5 U HP R - R DR )
TP 3 B I, HoAZ O 76 T NH, 142 8 8] e A3 4%
A RESIANI] PR H pH AV BBl o 5 v 28 (4) A
N (5) WY SEEUER R R TS RN Ak ik BR R IR
thitih, s REdsin g 48 ((NH, ), CO; . (NH,),S0,)
iR R pH (AARfL T AR > 4 AR 1Y)
B, Xu 251 SR H] NH,-(NH, ), CO, 1k 2 52 P
PSR PR R BRI, T AR WK 7 B
N TERAME AT BRI A 12 Rk 3] 95% L I,
12 W AR AR B o IR R 3. 33% 12, 09%
FEAH AR 588 AR B SOR 3 . ZRBCR AR A

BULE LA AL ETE, AT it N902 7= B4k i
PR Ak 73 B 45 2 Tk % CuSO, FT NiSO, , 4RI, iRk
T AR R R EE R R T T AR A S i AN PR
Py, AN, BRI S H KSR NS ER
Ridfrh Sk EERE D A Sk T RIR
BERAAC R R B = R, X o 5 R
i8] PR 7 ) 8 B LB S R I VR LA S A
X5 B 2 L TS e, ZR R T S HAL T2
(UMK AR E ) B, D4R v 8 5 T A A W R
IE

Cu’" +nNH,==Cu(NH,):" (n=1-4) (4)

Ni?* +mNH,==Ni(NH;)2"* (m=1-6) (5)

ik

NH,-H,0

v

fedutiinges

BT I

v (NH)CO,
Me?*+nNH, == Me+(NI Ix)?

NiSO,

Cuso,

NH,-H,0

A

vooz [ e A T Jenon2
%
i

B7 &G T AR
Fig.7 The flow chart of ammonia leaching electroplating sludge

AR R R B 15 e /N | A A S O B
YT RS R A O 4 AR, R BE Y
FI BB i 2 1) A SRR 1 h A A 4 iR %
VR RN A | — 0 DL UTTE 8 W 28 S B
BRI, SR FH I i AT S B E B S U8 FP R R R
AN BI15k 94, 3% FN95. 7% 1224 B4 Y [l %
BAK, AL 53% 0 BeAh, TS BB TS T b 42 )
PAGRAL P T A7 A, A Wi o i 5 R Al e
BRICERFEANBRIR , I — 2 (2 E 4 T8 AV A B, i
T AR, TR FH3ZER

g5 Lk, W RIS R R (1) Sk ) it
FET 4 B 0 e B 20 B $R I, 8 A PR 4 pH (E 4 5
S RE AR R P P A B 0 o I AN T e S O
T 1 ) B 5 B0 0 T A P o) G A 4 A [ B, AR
SRR 2% 5 R ) DA 2 1) A S [ L R A O
58 LRI 22 A Wy R AR B VR R SRR R R R

T, XTI SR — 2K,
2.2.2  KIE-RIEEATE

KO IRIEIR A R B TR ISR (CaCl, |
HCI NH, Cl %) &4k £k ( Na, CO, .NaOH , NaF %) 7£
ARG N RIS RS I AR B R AR
AR ) EACI 5 K | B e 28 R K T P A 2 — 2
KR T 2SI E, R CaCl, /&AL,
FEL B 75 U HH ] R 2 e S K (6) #% E B CuCl,
1 ZnCl, #5 & 2 W 4> v, 8RR 8 1 A Ak D
(2(7)) MK T ( <1000 °C)MELL & AR P i
OIS BAR S B Ab PR R P A
ALY TE BT U T R TR S A B AL AL E T
IR (9) - (12) AR Cag (€O, )50, 5,
iE—2L i id (NH, ), CO, 3] H, 0,12 i, SEBLS %
B (K 8), X4 CaCl, ¥ il & S 100% , 1¢
1000 C MR 4 h 5 5 BE 5% Y [l 3= ] 43 i) 3k



2025 48 A% 4

ZEELE . AT PR IR T E A AL B BRI ST i

.20 .

RIS e

Zn(OH),,Cr(OH), F1Cu(OH), I UTTEY

Mg

[ ]

ZnClﬁl]CuCl2
HERERS

o —

. | Cx(VI)

CEMIH R
2 CaCl, ® Ca (Cr0,),0,,

8 GULKBE T AR
Fig.8 The flow chart of chlorination roasting

1 98% 99% 1 96% ', ALK be it BRI T
FAT N Si0, MUK Ir & B OC, JC Sio, I, B2 e
55 NiCL FEBE AT &, SR R R I & Si0,
IR B AR E WA N, Si0, (2(8) ) Bk
FhREpaE Y, T2 s R £ 48
8953 B3 I, SR, 52 BR 6% b 15 48 114 T ol 1) 2L ot
AR TP 7 A2 BR , HLRs e il B, REAE
B,
MeO + CaCl, + Si0,=MeCl, (g) + CaSiO, (6)
Me, 0, +3CaCl, +3Si0,=2MeCl, (g) +3CaSiO,
(7)
2NiCl, + Si0, +2H,0 =Ni,Si0, +4HCl (8)
FeO + Cr,0,=FeCr,0, (9)
6FeCr,0, +26CaCO, +7.50,(g)=
4Cay(Cr0,),0, s +3Ca,Fe,05 +26CO,(g)
(10)
Cr,0, +2CaC0, +1.50,(g)=2CaCrO, +2CO,(g)
(11)
12CaCr0, +8Ca0 =4Ca,(Cr0,),0,5 +30,(g)
(12)
Xiao %V BFST 4t FEANER IS Rl R T, IR EE
W22 650 °C, LA HL AR5 I IR e R 7 A R A A4 ( 32
FYIAH NaF) S B InsH) Be g5 e Cr, O, A
Na, CrO, , #F— Pl it KR v SE s 54 R
VEPEME I B TR L 2R PR, B IR 3835 97, 1%
Tian 55" L NaOH A 7% i3], 3 s 401k K e 5 31
HLUBETS T8 R 99% % T CrO}” 54k, Zhou 45 1A
Na, SO, Hl NaOH TR5 1) S BRI , 388 1od A o I Wi i
AR5 12 DA LB 75 T v B AR, B R IR IA 93.4%
WM 75V T S B 1 e R A A TRT s E 2 S
PR s A i R IR K, A AT 3RE B Xof A S R A A4 (gt B

4 B
2.2.3 ki

K NS S R P 4 B R T R LUR TRA
JER R, &R A SEER A, FEEmET
(>1250 C) #1548 =LY (CuO, Cr, 0,
NiO) iR J5E I LA 2 T0 A A I X HE 7 i

B AR Ak AR LR A TED A R R v, AT Ak
90% ) (0 TG i R CaSO, il (9)
A (10) 1Y 520 A 4K 5% LR CaS A1 428 B ik 9 51
AEAR T PR A I R A A e LA, 75 R T
BT s i A M5 . Wang 2567 0KE B B TS
FeAEIRTE 1 000 C TR A Bk, 575 e b i
CuO AL CusFeS, , #E—7E 1 500 C MK B
R (B9 (a)), I AT, 4 Bl Gk
99.6% , Gu " HRIE G Y, B IGE SR B 4% 4E A
P2 Cr, Gy Cr, Cy Gy, G S5 R A SR TRALY
T LRI (> 1500 °C) , {FF350E L5
EEVEAT o0 B, 30 4% e i v i 4Rk A% TR IR AY
30% 7 BB ST L TERR B AL W AT AR B S
T WAk S 5 R 25 A A i Fe-Cr-C A 4, JETT
R E B S A W 0038 SR AT Sy, A S Il R AR &
72.8% 1 TR, DARR A A I ik TR R A
RS [P R T o] 3 12 9w B T 1 2 ik, DA S
PRAE BSR4 IR

CaSO0, +2C =CaS +2C0, (g) (13)
CaS + MeO + C =MeS + Ca0 (14)

HH LU 7] e 1 Shy 3 T 0] 2 300 4 B 5 11 38
JEME T A A v A TR, LR RO (2 (15))
FEHE Y Si0, AT T U B i R A5 R R IR 0 AT
Wang %570 5@ 1 45 #0 8% B H (C/S) 1.5, 5
1100 °C , 7] 52 34 o B 35 108 v B 8 B %658 89. 71%



£ 30 - T E A & S 4

BREIA

LTS TR E ks PTG R

=iy

|

Y
WA —>| e

HELEIE

A,
bt e
(&)

WE tRe

WS A

REWS

Y

= U
—] =

Y
Kbt

&

A 4

AR
Ak H| S 1550 °C.

<«
<«

BEEAE B

1500 C

|
I
I
I
(a) WIE R T AR &

g

-
=
|
=
i
923
o
=

| | :
PN o
|G KD Caso, 1o
O P P P i 1k
l ‘ GEF i)
\ S0,
Cr-Fe-0
(?”{%J'é{l_!\ E‘l
Fe-Cr-Si 54

(b) FERE IR T 2R &
B9 BRI T 2RE

Fig.9 Thermal reduction process schematic for electroplating sludge

E— 2 X A i R AT R BGE B (9 (b)),
1550 CHHEIRIET %L Fe-Cr-Si & 4 HIE TR
[T, 4% S R 4R = % 98. 7% o Z PR T Fe-Cr-Si &
G 5 e A A R T AR R A R TR LA AR IE
SIBIFEEAL, L T 2 RERER R, ILAh, Tfg &
S AR RO T AT E A R g 4y ik
— Ay B I S BT LS AR R I, H I, RE A
MR T i b G o o 3 SRR ek 0k A B A, HL AR IE
KRR P EH ISR, T i 72 o R AT BG4
JE Ay R JF R i e 5 M L, BB AT AR
(660 °C), Hilt A& &Ml BB SR ES &
(F10(a)) , it — LK T 2 HERE, Xiao 25" 5T
T, g A4, A T 4 R B R
(F(16) ), #orik AB S RFEMA &I S, T a4

A4y R PO 4y (B 10), 4390 J2& Fe-Ni-Al (45 1),
Fe-Cr-AL(f52) AL-Si( 5 3) AT AL( 5 4) , PUFRE 4
YRS EEAE 1300 °C LR, BIFE 1450 °C 05 MR 6L
T, AaBoRin] FE o el SRR, TERILA
T R IR A SR 0. 111% F10. 12 % AbFsK
T2 AT B0 B2 SR BSR4, T 24
BUR R, P B ARG T G ) R i R R
A AR SR IR0 R AT A e, i — 20 4 v 4 il
2MeO +Si —2Me + SiO, (15)

3MeO +2A1 —3Me + AL O, (16)

ZE LTI T RS 200 i 0 R A A%
R4 ImliSe e e PR i BT 5 P T4 % AR Y i
518 s b 05, AR T Tkt SRk R A A M D AR



2025 -8 H4 4 1) ZEELE . AT PR IR T E A AL B BRI ST i - 31 -

UK B HE R

[ Element Ji& /%
Al 0 0283
[ Al 40.93
L Si 04.20
Fe Cr 16.64
| Fe 2621
Cr N 09.19
r Ni
Si
o ML,
2 4 6 8 1012 14 16 18

DUSR i [
MM - - =" I
| A\ (e
| GrOY fnic) (hio) (o)) e
| o e = o o - -]
- _!_ . AR
1 .
| CrZO! NiCh o) Cu-NH,
A 1= = Ni-NH,

(e

I~ |

! £ B LTV
1 G0 NIO) | ki
 J—— _; -

Al-Cr-Ni &4

(b) F¥14 4 SEM-EDS

B 10 ZR-HPLER R B YA 4 SEM-EDS [

Fig.10 Schematic diagram of ammonia leaching-aluminum thermal reduction

process and SEM-EDS diagram of product alloy

B A IR A T S B T T IR SR 5 Bk i
o, SR IRGA I B R TR AR A S ek I oz Ty
T 0 DGR T 7 6 5 5 P S om0 A I i R
2.3 #EME

MBMEBAR F 2058 o WL B R A B s

Mg LB e P < S DU R B AL U BE A R, S B

TEART FH B4 ] st 4 ek 4 i 43 B 5 4 Ak B AR
2.3.1 MR

W RRE R (AR il 9 R A A OR AR ) H
ARG B G B T RE T, BT N TR K



.32 b E A & 54 Basik
AR ARAEAE 45 AR s T8 2% 8, Cu( 1) MIFe( 1) UM =A: - OH, i — A2 7 B

L% 5 8 & A W B 3 [ —COOH . —OH Fl4: & BH
F(Ca®* Mg** K* Na*%§), n] il id 3 45 5 A
A s I S P e B MR (11 (a) ).
BRIt , R FH LB V5 e AR i 0 R RS 751) T 38 38 Ak 3 %
IR BEE AEG WB BFF AR A A XU H ), Peng 2570 BF 58 T
FLAE TS U8 28 A () I 08 Ui B2 Ak 38 /s % /i 8 1 K v
Ni** (W PR 45 R s e h 2 5 B 122
W i ) 4 JE BHES F Ca®* Mg (K™  Na® By
Bk B T v o e, (R 0 R B s & B—
COOH H1—OH HY43fifk , 1 0 i iy B 75 JE B 2 2
REkaFs, At 500 CHBLE)E , BB IE Je Xt Ni** i
Bif iR 163. 6 mg/g, Ni** B BR ZAL 60% ; i i i Jin
H,O0, 54 Ryp Ca (1) N4 -0, , 5

(@)

N g 34 m (11 (b)), Ni** ﬂﬁ%ihﬁi
87% ), Tran %" XF L T 0BRSS AL B V5 6 X
Cu( I1) MR BiE 1 B, 2485 SR 3 W, 2 BRI B FL TS
et K Ca 10 ) WEBHRE 7 5558, W B 4 h )5, JE
KCu () &FEAO0.15% ., 52221, Stefanova
AL TR R BB TS TR 2R 500 °C BB T FHAVE WL A 1K)
YRR H PH> T Cu®* Zn® " Ni® 25 30— 114 W B 2k SR
W, P, 8 A TS YV R W BRI, AT R 2
JE K v i) R 4 R B R TS A B 0 R VAR
ek, (E A FE L A 7 U o A v nT R A A A
IR TEMF I R T — L WA E TR AE
[ (] 31,

/?

C a2+
(b)

— g2 | (2" — N
S
— 00~ COO'h —
by /_\‘j q ;_‘..::Nil* \\Niz*
v
= GO0~ {“ I )-FriEmaLh . —} == COO0~ /!
= Fe(IT) /" " H*
o m - |,
- ] ) I h- '
=(Cu(ll) / p' Ni(I el Ni N \\'\“u
P ! ¥
=~ {(OH) *0OH —_ Lo d
S H
CES s e CES Wb CES
1 (a) BBES PR H, 0, B Ni** R BEIEL; (b) HUBES DRI Ni** 7R
Fig. 11  (a) Schematic diagram of Ni’* adsorption by electroplating sludge synergistic H,0, ;

(b) Schematic diagram of Ni**

2.3.2 il AL
GRS A &R A Y miRE: W
KA AEERRER , & B AL I RTERAA S . Ma
AEUST5E it 4 R A LB 2R A Lk (MOF) 8 5 HL 8% 75
TRy gh (i HBA Kie iR IEfM L2 4 @b b,
&R MY B BC L B, IF 0 A i 3R AL
St R TOE TE AR E R4S A A5 il
15 B S AR A0 7F 350 °C B, Ak TE TR I
99.9% , X LTS Je AT AR AR BRI K
VEABIFES il £ CO, Ak, n] BTk Y e v
Hi CO, 5L (1 12 (a) ) . Hou 2617 3 i B b i

adsorption by electroplating sludge

PG eS8 Zn-Cr R & A AL, B F CO, A
il B 2 ; Zhang 251 7 700 °C AY SR B ¥ T4
S B EL B S R AL TR R 2 b, E— A R & 100 ~
150 H il s a8 2. 33% Byi5 ik, Horp
Wk NO iR J5 o N, , 76 300 C '~ NO Hii B 2 35
99.7% (K 12(b) ), Li %0 i i 4Bk B 4 75 e
AR A AR, EZ RN CuCr,0,,  ZnCr, 0,
FINiCr, O, , F7 #5481k 75 F - F i Ak 38 B N, il 4%
NH, (F 12(c)) o B ssTs e ik b h bR 7 2 —
TE ARG A T2 K&, 3 R BHIF AT 4 3
HE TG T )



2025 -8 H4 4 1) ZEELE . AT PR IR T E A AL B BRI ST i 33 -

BEED

€0, o oo
L s

¢ N\
W\, st
‘ o

) €]
CH, CH,CO0H

¢ P o —-——-——— - - - a
& Cuys e

I
I
I
I
1| &Znisle |+ | &Cr5
I
I
I
I

aNITSE

R AL

N[’%F?&/(mg +h~!lemgle)

r CuCr,0, NiCr,0,
ZnCr,0,

B 12 TS o R o

Fig.12 Schematic diagram of catalyst preparation from electroplating sludge

3.3.3 il BURL IR AR AL R

HLBETS e o A A Bk HR A T e o
Kb B AR 4 B S5 4, RIS BR BR A FE I, itk — 2B F
JE i 43 45 K5 40 BORE (1] 13 (a)) P, Carneiro
SO IR YRR HL B TS TR R L LA 1 3 H A
1200 C TSRS, il T Ni(Cr'*, Fe'*),0,
o AR Al A 5 (0 VR £ W) 8 R, FL R e M 2 £
SRS RV BRI AT . SR, R TS TR AR B A
%, AR be 2 S B S IR ZEFA R E , TR
= S RO, T KT A D B 5 R e N
FEDR A B EA R B (Me, Fe, 0, ,Me:Ni** Mn®* |
Mg’ Zn**45) . Weng 25 % FI/K I -FRIZ T. 20K
LTS R AT B X M 5 Ak R S R NiFe, O, 44
Kbt RE, oA Ak 2 6k B P A SR, K B R
Fe( 1) 5Ni(OH), 77 180 °C S i 2k 1% H b4 Ji
NiFe,0, (2 (17) ), #E i i FRIZFE (K 13(b)),
VSN Na, CO, ff L 875 e 4545 i b CaCO, , THERES
Xf NiFe,0,JE AR M, Chen 25 38 i B 4% V5 U8
A TERR VR, 75 300 C /KA 6 h J , il 45t s 46

f B N EAL SR A (Ni, Zn) Fe, O, 28R KR 25
AU 1) HLE TS VR B R IS VR R VR N FeSO, $E41E
Fe’ " JR#E pH (0 9 Bk 5 Ho M 4 Jm W) B i) L oKy
8:1 L 80 °C H 8] 120 min, il & H Cu,Fe,0,, 7]
T B AT R T 00, A8 Bk S AR A e
JEA B e AL —Fh G BT &R (i S e h
AM@EMIREZ T2 To i R BR R i 8
DRI BRI EER R
2FeOOH + Ni( OH),=NiFe,0, +2H,0 (17)
25 FJTIR  AHEE T RS TS Ve R B G Rl
FAR MRMEE AR TR T2 FE , AR 5E, & —
FREREE A G HSAS SR ) B DA A T A 7 s, g
FHETS) R, (HHBETS VR B B A PEXT AR EEL
AR TR, B BARIT R ZAb, T R AR ST HAt 5
Gl H AVG Y TR E Y AR AR
PR R FL A, DL RO B A B4 R B8 Y 52 e A
A,

3 g
rh B Y B f AL (L [P 51



©34 .

T B A &

s

LB TS U8 S s s

@%

(a) Hil & BURHARE

2FeOOH+Ni(OH),=NiFe,0,+H,0

Na,CO,

~

HCL

.y

s

s Bs UE kR

ek

T

-y

NiO/Fe,0,/Cr,0,

)

L prBebe (g id 1 000 °C)

|

Ni(Cr**,Fe?),0

A

—

el

R
NS

‘_;no

PR TR

(b) BRI R &

E 13 gy

5] 8 U S R A LR R

Fig.13 Schematic diagram of Cr-Fe black pigment production from electroplating sludge

SRR TS IR R AL o F LA BT T REoR
[F A R A R AR 30 45 T 7 AL B R AR AR IR X
W, HA M & )m s R 2 8, Rt W IR
KBRS G IRACR IR 2 B R84
Brag i, 2 Fh L ZEAFAE DR F AR R | B U0 TR
PEG VR AT o X B2 Ay H TS e, L 5 IR
DM RME R A, B IR T2 ReFE A 28 5 58 LA,
XFE AL ma s e, e Ok MR R
SRR JORIR G T2, S B BSR4 [) Ak A P
— M TR 2 B T O3 B R I PR UK
[ 27 30k
[1] DUJ W, ZENG L, ZHANG S L,

valuable metals from electroplating sludge:

et al. Complete recycling of
green and selective
recovery of chromium [ J]. Chemical Engineering Journal, 2023,
467 . 143484.
CHEN X, MA R, LUO J, et al. Co-microwave pyrolysis of
electroplating sludge and municipal sewage sludge to synergistically
improve the immobilization of high-concentration heavy metals and
an analysis of the mechanism [ J]. Journal of Hazardous

, 2021, 417 126099.
YU Y, HUANG Q Y, ZHOU ], et al. One-step extraction of high-

Materials

purity CuCl, -2H, O from copper-containing electroplating sludge

based on the directional phase conversion [ J]. Journal of

(4]

Hazardous Materials, 2021, 413, 125469.

GUO S, WANG H M, LIU X M, et al. Approaches for the
treatment and resource utilization of electroplating sludge [ J].
2024, 17, 1707.

CAO C C, XU X X, WANG G Y, et al. Characterization of ionic

Materials,

liquids removing heavy metals from electroplating sludge:

Influencing  factors,  optimisation and  reaction

mechanisms [ J]. Chemosphere, 2023, 324, 138309.
ZHOU ZX, LIUTB, WU JX, et al.

strategies

Preparation of copper-based
catalysts from electroplating sludge by ultrasound treatment and
their antibiotic degradation performance [ J]. Environmental
Research, 2023, 216 114567.

WANG H M, LIU X M, ZHANG Z Q. Approaches for
electroplating  sludge treatment and disposal technology:
Reduction, pretreatment and reuse [ J]. Journal of Environmental

Management, 2024, 349, 119535.

XUYE, B, FEOF, S BTSRRI IR b B AR 5%
[J]. S5, 2022, 41(8) : 585 —592.

LIU Wei, JIANG Shanqin, JIAO Fen, et al. Progress in research
of resource-oriented treatment technologies for electroplating sludge
[J]. Electroplating & Finishing, 2022, 41(8) . 585 —592.
WANG X C, DING CY, LONG HM, etal. A novel approach to
treating nickel-containing electroplating sludge by solidification
Journal of Materials
Research and Technology, 2023, 27, 3644 —3654.

with basic metallurgical solid waste [ J].



2025 48 A% 4

ZEELE . AT PR IR T E A AL B BRI ST i

- 35 .

[10]

[11]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

MAO L Q, TANG R Z, WANG Y C, et al. Stabilization of
electroplating sludge with iron sludge by thermal treatment via
incorporating heavy metals into spinel phase [ J]. Journal of
Cleaner Production, 2018, 187 616 —624.

ZHANG Y X, SU T, CHEN H Y, et al. Stepwise recycling of
Fe, Cu, Zn and Ni from real electroplating sludge via coupled
acidic leaching and hydrothermal and extraction routes [ J].
Environmental Research, 2023, 216 114462.

XU W, LIU W, ZHU H C, et al. Highly selective copper and
nickel separation and recovery from electroplating sludge in light
industry [ J].
24 367 -374.
NIKFAR S, PARSA A, BAHALOO-HOREH N, et al

Enhanced bioleaching of Cr and Ni from a chromium-rich

Polish Journal of Environmental Studies, 2015,

electroplating sludge using the filtrated culture of aspergillus niger
[J]. Journal of Cleaner Production, 2020, 264 . 121622.
YUY, GEJ H, WU Z, et al. One-step extraction of CuCl, from
Cu-Ni mixed electroplating sludge by chlorination-mineralization
surface-interface phase change modulation [ J]. Surfaces and
Interfaces, 2023, 37 102535.

TIAN B Y, CUI'Y C, ZHAO ], et al. Stepwise recovery of Ni,
Cu, Zn, and Cr: a green route to resourceful disposal of
electroplating sludge [ J]. Journal of Environmental Chemical
Engineering, 2023, 11(3) : 109767.

B B AE N WO I IR - SRS T 5 Ak B S v S e
SE YR T LR 1], BA71R,2023,39(6) :27 - 32,
38.

WANG Chen. The comprehensive utilization process of copper-
containing electroplating sludge and copper-containing materials
by oxygen-enriched side-blown submerged combustion smelting
and oxygen bottom blown continuously converting[ J]. Sustainable
Mining and Metallurgy,2023,39(6) :27 -32,38.
WANG H Y, JIAO S Q, ZHANG G H. Preparation of
ferrosilicochromium by silicothermic reduction of Cr-bearing
electroplating sludge [ J]. Journal of Sustainable Metallurgy,
2023, 9(1): 303 -313.

XIAO Y, LI L, HE J L, et al. A metallurgical approach for
separation and recovery of Cu, Cr, and Ni from electroplating
sludge [J]. Science of The Total Environment, 2024 171130.
CARNEIRO J, TOBALDI D M, CAPELA M N, et al. Synthesis
of ceramic pigments from industrial wastes: red mud and
electroplating sludge [ J]. Waste Management, 2018, 80: 371 —
378.

PENG G L, DENG S B, LIU F L, et al. Superhigh adsorption of
nickel from electroplating wastewater by raw and calcined
electroplating sludge waste [ J]. Journal of Cleaner Production,
2020, 246 118948.

CHEN D, HOU J, YAO L H, et al. Ferrite materials prepared
from two industrial wastes: electroplating sludge and spent pickle

liquor [ J]. Separation and Purification Technology, 2010,

(22]

[23]

[26]

[28]

[29]

[30]

[31]

[32]

[33]

75(2): 210 -217.
ZHU S Y, ZHANG Y X, XIN L, et al. Near-complete recycling
of real mix electroplating sludge as valuable metals via Fe/Cr co-
crystallization and stepwise extraction route [ J]. Journal of
Environmental Management, 2024, 358 120821.

thil, JeaIC, BOEDY, . MR TRG SR SIS TR IR IR ik
A BB B RS 12 ()], 096, 2023, 32(5) : 94 -98.
XU Zhe, QIANG Zhiwen, LU Jinfang, et al. Recovery of
valuable metals from high chromium mixed electroplating sludge
by acid leaching and its reaction kinetics [ J]. Mining and
Metallurgy, 2023, 32(5) . 94 -98.

SUN J X, ZHOU W B, ZHANG L J, et al. Bioleaching of
[71].
Environmental Management, 2021, 285 112133.
HUANG Q Y, WANG Q W, LIU X M, et al.

copper-containing  electroplating  sludge Journal  of
Effective
separation and recovery of Zn, Cu, and Cr from electroplating
sludge based on differential phase transformation induced by
chlorinating roasting [ J]. Science of The Total Environment,
2022, 820 153260.

XIAO Y, LI L, HUANG M H, et al. Treating waste with waste:
Metals recovery from electroplating sludge using spent cathode
carbon combustion dust and copper refining slag [ J]. Science of
The Total Environment, 2022, 838 156453.

WANG HY, LI'Y, JIAO S Q, et al. Recovery of Cu-Fe-S matte
from electroplating sludge via the sulfurization-smelting method
[J]. Journal of Environmental Chemical Engineering, 2022,
10(5) : 108266.

WENG C Z, SUN X, HAN B, et al. Targeted conversion of Ni
in electroplating sludge to nickel ferrite nanomaterial with stable
lithium storage performance [ J]. Journal of Hazardous Materials,
2020, 393, 122296.

SOPHIA C A, SWAMINATHAN K. Leaching of metals on
stabilization of metal sludge using cement based materials [ J].
Journal of Environmental Sciences ( China), 2005, 17 (1):
115 -118.

ORESCANIN V, MIKULIC N, MIKELIC I L, et al. The bulk
composition and leaching properties of electroplating sludge prior/
following the solidification/stabilization by calcium oxide [ J].
Journal of Environmental Science and Health, 2009, 44 (12) .
1282 - 1288.

ORESCANIN V, LOVRENCIC MIKELIC I, Kollar R, et al.
Inertisation of galvanic sludge with calcium oxide, activated
carbon, and phosphoric acid [ J]. Arhiv Za Higijenu Rada I
Toksikologiju, 2012, 63(3) : 337 —344.

CASTANEDA BOCANEGRA J J, ESPEJO Mora E, Cubillos
Gonzilez G 1. Encapsulation in ceramic material of the metals
Cr, Ni, and Cu contained in galvanic sludge via the
solidification/ stabilization method [ J]. Journal of Environmental

Chemical Engineering, 2017, 5(4) : 3834 —3843.
ESPINOSA D C R, TENORIO J A S. Thermal behavior of



- 36 -

v E A E & E

BREIA

[35]

[36]

[38]

[39]

[40]

[41]

[42]

chromium electroplating sludge [ J]. Waste Management, 2001,
21(4): 405 -410.

YIN F, XING P, LI Q, et al. Magnetic separation-sulphuric acid
leaching of Cu-Co-Fe matte obtained from copper converter slag
for recovering Cu and Co [ ]J]. Hydrometallurgy, 2014, 149,
189 - 194.

WANG H Y, LI Z F, MENG Q, et al. Ammonia leaching of
valuable metals from spent lithium ion batteries in NH;-(NH, ),
SO,-Na, SO; system [ J]. 2022, 208.
105809.

ZHOU Z X, ZHANG L J, YAN B, et al. Removal of chromium

Hydrometallurgy ,

from electroplating sludge by roasting-acid leaching and catalytic
[T].

Environmental Chemical Engineering, 2023 . 111754.
HUANG R, HUANG K L, LIN Z Y, et al. Recovery of valuable

degradation of antibiotics by its residue Journal of

metals from electroplating sludge with reducing additives via
vitrification [ J]. Journal of Environmental Management, 2013,
129 586 -592.

WANG H Y, ZHANG G H, CHOU K C. Recovery of high-grade
copper matte by selective sulfurization of CuO-Fe, 05-Si0,-Ca0O
system [ J]. Journal of Materials Research and Technology,
2021, 13 1676 - 1683.

BB, IR, PR, 45 BRIGE 2 SO 55 89 2 i
RS AR (1], BBk, 2017, 52(3) .82 - 87.

QI Qisong, XU Anjun, HE Dongfeng, et al. Carbothermic
reduction for recycling of iron and chromium from stainless steel
slag[ J]. Iron and Steel, 2017, 52(3) .82 -87.

QIU F, WANG W S, CHEN G, et al. A sustainable method for
chromium recovery from synthesized stainless steel slags [ J].
Journal of Sustainable Metallurgy, 2023, 9(1) : 66 -72.

YUAN S, ZHOU W T, LI Y J, et al. Efficient enrichment of
nickel and iron in laterite nickel ore by deep reduction and
magnetic separation [ J]. Transactions of Nonferrous Metals
Society of China, 2020, 30(3); 812 —822.

PENG G L, DENG S B, LIU F L, et al. Calcined electroplating
sludge as a novel bifunctional material for removing Ni( 1) -citrate
in electroplating wastewater [ J]. Journal of Cleaner Production,

2020, 262 121416.

[43]

[44]

[45]

[46]

[48]

[49]

[52]

TRAN T H, TRAN Q M, LE T V, et al. Removal of Cu ( II)
by calcinated electroplating sludge [ J]. Heliyon, 2021, 7(5)
€07092.

STEFANOVA R Y. Sorption of metal ions from aqueous solutions
by thermally activated electroplating sludge [ J]. Journal of
Environmental Science and Health, 2000, 35(4) : 593 - 607.
MAJ L, LI C H, HU L Y, et al. Structural regulation of
electroplating sludge by a metal-organic framework synthesis
method for an enhanced denitrification activity [ J]. Journal of
Material Cycles and Waste Management, 2021, 23.

YUAN H R, DENG L F, CAI X X,

electroplating sludge to produce sustainable electrocatalysts for the

et al. Recycling
efficient conversion of carbon dioxide in a microbial electrolysis
cell [J]. Electrochimica Acta, 2016, 222 177 — 184.

HOU H, XU S C, DING S Y, et al. Electroplating sludge-
derived metal and sulfur co-doping catalyst and its application in
methanol production by CO, catalytic hydrogenation [ J]. Science
of The Total Environment, 2022, 838 . 156032.

ZHANG J, ZHANG J Y, XU Y F, et al. Efficient selective
catalytic reduction of NO by novel carbon-doped metal catalysts
made from electroplating sludge [ J]. Environmental Science &
Technology, 2014, 48.

LICY, DING S'Y, ZHANG J, et al. Ball milling transformed
electroplating sludges with different components to spinels for
stable ammonia under ambient
conditions [ J]. Chemosphere, 2022, 296 134060.

GARGORI C, PRIM S R, LUSAR M, et al. Recycling of Cr/

electrocatalytic production

Ni/Cu plating wastes as black ceramic pigments [ J]. Materials
Letters, 2018, 218 341 —345.

2Rk, AR, RN, S5 S VR R BRAEURISE )], B
fRAET, 2013, 33(10) : 62 -65.

LI Lei, TANG Wei,ZHU Yuanbo, et al. Study on ferrite process
of electroplating sludge [ J]. Modern Chemical Industry, 2013,
33(10): 62 -65.

CAO C C, YU J, XU X X, et al. A review on fabricating
functional ~ materials by electroplating

sludge:  process

characteristics and outlook [ J]. Environmental Science and

Pollution Research, 2023, 30(24) . 64827 —64844.

Research progress of the technologies of resource utilization and

harmless disposal for electroplating sludge
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(School of Mathematical Information, Shaoxing University, Zhejiang Shaoxing 312000 )

Abstract; Electroplating sludge, a hazardous waste generated during the treatment of electroplating wastewater,

poses significant environmental hazards but is rich in heavy metal elements such as copper, nickel, chromium,

iron, and zinc, making it a valuable secondary resource. Currently, many scholars have conducted research on the

harmless disposal and resource utilization of electroplating sludge. Harmless disposal methods primarily include

solidification/stabilization (S/S) and thermal treatment technologies, while resource utilization mainly encompasses
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hydrometallurgical ~leaching, pyrometallurgy-hydrometallurgy —combined processes, pyrometallurgy, and
materialization. Solidification/stabilization technology is significantly effective in solidifying heavy metals in
electroplating sludge. However, the addition of solidifying agents increases the total mass and volume of the sludge,
thereby elevating landfill burden and costs. This method is suitable for electroplating sludge containing various
stable pollutants. Thermal treatment technology can improve metal fixation efficiency and achieve volume reduction
of electroplating sludge, but the treatment process causes environmental pollution and increases the porosity of
sintered products, limiting their reuse. Additionally, it leads to the waste of valuable metal resources.
Hydrometallurgical recovery of valuable metals from electroplating sludge includes acid leaching, ammonia
leaching, bioleaching, etc. Acid and ammonia leaching can recover multiple valuable metals in stages, but acid
leaching faces challenges in pH regulation for separation and adaptability issues with ultrasonic-assisted processes.
Ammonia leaching requires careful control of ammonia volatilization, while bioleaching is constrained by microbial
strains, resulting in unstable leaching efficiency and cycles. The pyrometallurgy-hydrometallurgy combined process
converts metals such as copper, nickel, and zinc in electroplating sludge into corresponding chlorides that volatilize
during roasting, and transforms chromium into water-soluble phases for recovery during leaching. However, this
method is limited by corrosion issues with roasting equipment, restricting its industrial application. Moreover, the
high roasting temperature leads to elevated energy consumption. Pyrometallurgical processes utilize high
temperatures to reduce metal oxides in sludge and recover them in the form of multi-element alloys. Different
reducing agents can be selected based on the composition of the sludge. The key to this method lies in selecting
appropriate additives to form a low-melting slag system. Materialization technology primarily uses hydrometallurgical
or pyrometallurgical techniques to targetedly convert metal elements in electroplating sludge into functional materials
such as adsorbents, catalysts, and pigments. This method features a simple process, easy operation, and is more
environmentally friendly and cost-effective for resource utilization, showing broad application prospects. However,
due to the complex composition of electroplating sludge, in-depth research is required to investigate the migration
patterns of other heavy metals, chlorine, organic pollutants, sulfur, and other potential hazardous substances
beyond target elements, as well as their influence on the performance of target materials. In practical resource
utilization processes, the selection of technological methods should be based on the composition of the sludge. For
single-component electroplating sludge, hydrometallurgical and materialization technologies are prioritized to reduce
process energy consumption and equipment investment costs. For complex multi-metallic electroplating sludge,
pyrometallurgical recovery technologies or combined pyrometallurgy-hydrometallurgy processes are preferred to
achieve resource utilization while avoiding environmental risks associated with multi-metal separation in single
hydrometallurgical processes.

Key words: electroplating sludge; hazardous waste; harmless disposal; resource utilization; solidification/

stabilization; thermal treatment; materialization



