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Review on solidification/stabilization of heavy metals in solid waste
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YANG Yuyi LI Yingli CHEN Yiting XU Youxiao

(School of Environmental Science and Engineering, Kunming University of Science and Technology, Kunming, 650500, China)

Abstract The massive accumulation of solid waste containing heavy metals not only occupies a
large amount of land resources, but also the heavy metal elements contained in solid waste will be
leached out under the action of surface runoff erosion, rainwater leaching, weathering, and so on,
which will pose a huge threat to the surrounding environment and ecology. The solidification/
stabilization treatment technology can reduce the leaching toxicity or bioavailability of heavy metals
in solid waste, and it’s an important technical means to deal with the environmental pollution of
heavy metals in solid waste. First of all, this paper briefly introduces the concept and effect
evaluation method of solidification/stabilization technology, and then summarizes the research
progress of solidification/stabilization technology commonly used at the present stage, including
cement-based solidification/stabilization technology, geopolymer-based solidification /stabilization
technology, chemical agents stabilization technology and microbial-induced mineralization

stabilization technology. The advantages and disadvantages of each technology are summarized, and
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some opinions are put forward for the development of solidification/stabilization technology in the
future.

Keywords solid waste, heavy metal, leaching toxicity, solidification, stabilization.
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Table 1 Migration and release of heavy metals in different forms
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Table 2 Research progress of cement-based solidification treatment of solid waste containing heavy metals
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Table 3 Research progress in application of GP in solidification/stabilization of heavy metals in solid waste

RIS/ GPIE A K G IRy I L PR /A sE L P —
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Table 4 Stabilization effects of different chemicals on heavy metals in solid waste

BRI R mRE R

f2EZ55) BRI o E =BT
. Dosage of Stabilization rate
Chemicals Solid waste Reference
reagent of heavy metals
Na,S AEWRRVETS e Swt% Cr(VI) 87.4%; Ni 93.5% [72]
FeS Crigys+1 25mgg’ Cr(V)15% [73]
Cd72%:; Cr72%:; Cu82%;
by e A R ’ 5 5
Na,$S BB €K 0.1 mol kg Ni77%: Pb78%; Zn81% [68]
Na,$S BRI 10%wt Cd 86.22%; Se 97.19
[63]
Na,HPO, B BRIk 10%wt Pb 99.25%; Zn 81.76%
NaH,PO, BB R 10%wt Pb 98.42%; Zn 79.08% [67]
KH,PO, Pbi5 e+ 3 — Pb70% [74]
~ 1 2
JeHZE NasPO, RIERE R 10%wt Pb85% [75]
H;PO, BB K 45 mL-kg! Pb99.87%; Zn94.7% [76]
, I, Zn76%; Mn28%; Pb78%;
LR AT (HAP) R RIE SR 10%wt O N POTES
0 Ml 6% bR [77]
Ca(H,PO,),5 R RIE IR 10%wt Zn667%: Mn16%; Pb86Y%:
Cd82%
, Fe/Asi) 5y pHTEG6.5—7.53L FEl P Aska e
FeCl SRR R
eCly AR i AT Lk T96% (78]
FeSO, e A 20%wt As98.15% [61]
53 BRI IK 20%wt Cu84%; Pb89%; Zn97% 79
[79]
Cd K T99.99%; Cr60%;
Mg — = EE AR (TBA) B BEE WK 0.1 mol-kg™! Cu95%; Ni92%; Pb82%;
Zn74%
. ) } Cd81%; Cr84%; Cu95%; [68]
KT, kol
BRACHTR (SGA) B IR 0.1 mol kg Ni82%; Pb80%: Zn78%
Cd64%:; Cr64%:; Cu90%;
5 A A Tl ’ ’ ’
R AR IE R4 (SDD) B BERE K 0.1 mol-kg Ni86%: Pb60%: Zn61%
=Y == (TMT) BB 4%wt Pb: 99.31%; Zn80.92% [67]
_ e e Pb. Zn, CuffsE bR K
Gk SPRECHCHEM (DDP)  RERE WK 1%wt s [80]
zi:%'—‘—"@ ST AN o .
i E(ﬁ;éﬁpfgﬁ%”% B AR €K 3%wt PbFEII100%
i [75]
e BB R K 10%wt Pb94.6%
ZHIE RS R4 (SDD) BRI 5%wt Pb97%; Cd88%
TRRACERILT 5
mﬁ%mﬁiﬁcﬁl)& S e AV 506wt Pb98.7%; Cd99.8% [81]
THRACR I B IR IR BRI R
G 4%; Cd97°
KLY (PAMAM-0G-DTC) LRBERE R 1%owt Pb98.4%; Cd97%
1.2%Na,S+1.2%NaH,P0,+0.8% B A[ffiCu. Zn, Cd. Cr. Ni,
DDTP e LR - PbisZISF b e (66]
CREES DTC+ NaH,PO,+ Na,$ BRI 3%wt XTCAFIPLERE LA T 98% [82]
Na,S+EDTA — 4+ NaH,PO , . .
& I NaHPOs etk 0.4%wt Py, ZoikFISURRRE  [83]

(2:1:2)
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Fig.2 Mechanism of heavy metal stabilization by organic chelating agent
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B = = ANE (TMT) ), £ e 2 (EDTA) 7 ASEACIIER (SGA) ™ A HLBE IR £ (KOP) )
S, Horh DTC BB R AT ST 5 0B T iz . 1R i [ 00 TR 1 [ A A LB & 0 B T Ak
PR G Jm B ST, A 2 e 2R W oS R A B TR SR B M 2% F T BTG A B 5 57 DCTR, 1Y
0.6% M 5L RET 47 I A& 458 I v 1) B 48 Ja 358 1 vk B8 SR B0 S 6y SELER A o, LB 7 WU E A Wi Y pHL I
Fil A L BE PR IR AR . WIS S e AT WL 5 50 RO AR AL DT e 13 B, B0 5, AW BIFFE A BT &
T DTC B A, IH I TR W i Fe g fLAL 3. AH L T ICHL25 R R A AL 3, A5 AL & AN
X T 4 Jm B AR E ROR A, BEARE IR T R R 2B &, R AT B pH YE N T & B A A B 5
RN, HArdmgy w8 eyl 2 052,
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F T TCHIL 24 50 1 T < T A A T 8 R Al A K A L 245 70 A o 18 AR, A O IF 8 N DR K TE L 24
FRVFIA HILZG 30 52 IE 10 07 ZOR TS E AL AL BT 63 , B 7R ORAIE R 4 R A g AL RICR I [ i i — 2D AR 24
FAVES T, DT ARG 24 70 Ak B A0 AR . e R R RS BB v, SR ATBRAL SN | B IR — SN SR
T RGN 3,4,6- = Fi A1y =0 = g ER AL PR R ARG TR, R B — 2GR R E L S b, IO 4
Ja T e SR R A T I LA 37y 7 G s il s o ) A 24 70 S i 23 5 kg, 8% AL L 8% BRI — U4 |
4.2% LHUA L 4.2% T BRI 4.2%3,4,6- = Fi 4y =8 =4 &k, ARG 52 & 25500 IE A S 58, T 24
BN 1.2% BALsh, 1.2 BERR —SUBAFT 0.8% T B PR 2y, BiAR 1235 [ AIK.

XA 2GR AL ROR, TEIR R TCHLEG R AL B B S 2GR, WFTE—E A R Z AL,
TEALZG AN [E A P v ) o e — B LA — S IR, X TR IR 2% & 2R E &R T R AR
Yy, B — ) —Fh IO AL 24 TR AL A TC 1 A Tk A T A o 4 S I R, HLEAILZG R 7ERR MR IS T AR e OR B2,
BIBA Ty R, ik PR E FORAEAE T R BN 2 2, 33X n] BB 2> 45 i) BRI PR B2l ok — %€ 12 R A7
BLES 30 B v IR T JCHIL250) B sk BE il e, (ELI: I R ML 5 790 A A 25 i A vy, 3k ol G o7 P 32 81 R of
XF TR AR, M A I BF R S5 RORE 1l 92U 1 B MRS E AL RCR, (AR A REIRIE R & 25 1Y
JEAS B BRI — 0 T 50— 24537, X TR 2R B2 a0 s A 25 7 5 AR R, = 2R R 9 5 Kt ok
A R 4 R E ASOR 5 AL B AR . B AR 2RI JE 2 A, A 2 R E AL R IE A AE LA
P AN R 22000 ) TR A 55—, R 6 A o 24 590 70 R 7 Ak N P S 8 o R B R B 85 36 A IS gk,
Na,S 773 T 7K SR )5 45 2B AT B8 19 HoS AU, B 1R £k 3 24 791 i i ) mT B 3 il o] B K A4 Y
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FRIRSRE B 5 25 [ AL B Bp R) A RE 18 B S S8 AR A AR . ik 2 [ S 25 H AT HL 24571
T e HE AR Y A J 55 I 32 BN R B BELAS-
2.4 BAEYIE ST E L ER

A S P UE (MIMP) 2 A Wy R b i WL IR, AR b B — S B R 7 5 3 ) 25 1F 1 (A
FFR pH. ) B A St 2 AR T BT B 1 (CO5™. PO, SO45) 5 42 Ji B 145 & I iU E
14 6 Je ERDUHE . 783X e i R (ol A 2 b 2 H ) BT ) B35, 7 A0 3 7 ) TR D 1 ) B = 2
PESSL A RERIHLRI AN 3 BoR, 6 5, BT A HURY, 7 A DLHE P AR A b %, X — i Fe g
INT ARMLSNPR S B, BB e i T OCHE. U, B AR S b R AN AR A o3 ) 3R S Wy T R A%
MOORCRS AR, AR M BRI ORTRAE, SR IE R AR B T, MRVE R T — BRI AR iR,
HLRE M 5 X SE 25 5 1Y B B B TS, TR AR R TLTE, AN TTTAT SRR AR T b A A% 1) 1 e BE, L Ah,
i (E SR B 2R i ALVE T A A0, £ 40 P BRR i fE .

@ 4> )8 FH 2 ¥Metal cation Q\]L-\ Acid ion
@ HAh B & PExtracellular polymer substances
HHLEE AW Organic polymer
hd " HHLR
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Fig.3 Microscopic mechanism of mineral precipitation induced by microorganisms™
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B BRBERE O™ L B, Bz BT W 32 A IR A T (UPB) | W Eh VA % 14 (PSB)
FBR R ER A J5 T (SRB) = K2, 5 B AT R (14 8 4 & Ao A H R 23 32 3 A 0155 ik R Eh DU R
(MICP) . T 2L ¥if 3 W R EE DU E AR (MIPP) Rl file A Wy i R R 48 B R (MSR). %6 5 #83d 1T e
PRI LA K 3 F 0155 S 25 0. vT LA 30 5 200 T 4 0 1 T /KA AR L IS 9 (IR 3R L A LB IR 3 ) 2
UPB FI PSB F#Z.Co AL, T XS T SRB MM 7, 18 4 A7 LA 1 BE 1t 52 #1555 19 S8 AL 38 I S B AE AR W) 1k
HOR P EAE .

6 BAE T MIMP i 5 4 J& A2 L7 19— 2B 7 5 ], MIMP X 2 4 J iR E Bl o 3 FfiE
LB OIS DTTE . WM B G DL SRR T S vy, oy, 00 sl 0 i e S AR 007 e
AT LA 1 MIMP X 5 4 8 (58 A 530 i v] 15 5] 90% LA L, {H H 4 & vk B (38 Iy A e Ak A AR R
M), 33k = 2 2 DR DAy v A B2 ) < T 2 400 o) 40 T A A RO, e A, T]— 40 T 0 AN [) 4 s 10 B AR T DR G
PE B [\ I AFAE 22 57, WAEAL S Pb, Cd., Cu W E & JRIRG YD, K Po> iYL A tEFEY 2R R,
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Table 5 Overview of microorganisms commonly used for stabilization of heavy metals
Jemy HLAY R R S0 LU T H A S35 3k
Type Typical strains Mechanism of induced mineralization Conditions Reference
TR
UPB X HElwaat ] CO(NH,),+3H,0 ¥ _, oNH+HCO+OH" TREE25—35 C; [90-91]
PRI M2 (aq)+CO5* (aq) —>MCO; | pH:7—9;
TR A IAT B
oS AN Eh+H,0 2% | po,HPO, WL 2040 °C;
B AR 2 AL " i} _ Y -
PSB B T M?*(aq)+PO,*/HPO,* (aq) pH:247; ‘ [92 - 93]
B —MPO,OH/MHPO,/M;(PO,),| A B S AR ERR AL
YA - .
N CH,CO0+2H+S0, —HS +2H,0+2C0, Zf“é;ﬁ%i?i‘g :Ei
SRB I M?(aq)+S* (ag)—MS] Rt A 1:55—60 °C; [94 — 95]
Lt I AR M?(aq)+CO5* (aq)—>MCOs| pH:5—10;
} ’ JREIALE
% 6 MIMP 76 8 4 J& £a € 1k 5 T i I8 F i
Table 6 Research progress in heavy metal stabilization by MIMP
Al HEY EIENGRY) FaERE R R L =) S35 3CHk
Type microbial Solid waste Stabilization rate of heavy metals Stabilization mechanism/product Reference
Cr(TM): 99.95%; e AL TR
WRZFATE  Eemi gL Cu(10): 95.90%; Cuy(OH),CO3. ZnCO;. NiCr,0,. [87]
Zn( 11 ): 86.59% FeCr,05., ZN5(CO;3),(OH)g, CaCOs
FEVEINE EAETTR T Cd:65%—98% JE . CdCO,TTHE [98]
[GRa) L) Gk Cd:80%—99% Cd5 CaCO; Y FLTTIE [98]
o W o o, JEHZnCO;. CuCO;, PbCO;, CACO;,
Wik LA Eeminye b Poi100%: CI00%; Zni96%; oo, ficoco,iiit. FHEBRIIBA (99
C0:92%:; Ni:90%; Cu:90% CaCO S A 1)
ure (ECACOIH I, L
, . o o NifECaCO; 1Y ftsh HLIE, IF-L
e . SE UL 2R M A 0, 3
IEFEZETATIANSS 45 Yy 4 Nif] S B FEAIR T 90% NICOLIE A BT [100]
Cu: 55.5%—93.5%;
Hg: 52.9%—60.6%
Pb: 56.9%—86.7% y TR g e It
- . A B AL I BRIRER TIVE SR A At
: R34 ) . 0 % s 2
L ICAT T TR IR Zn: 22.6%—35.2% T AT 1 4 B [89]
Ni: 34.9%—35.8%
Cr: 6.9%—11.7%
Cd: 13.3%—30.4%
VSN GG St Cu: 58.2%—75.8% CuffG LR Cus (OH) 3PO, A [101]
PSB WAEMEAMNE EeEiTgE Pb:97.9% FIPby(PO,),, Pbs(PO,);OHLHE [102]
- . . TE BT B A MgHPO,(H,0)s [E fL 2
FE PR R Pb;97.7% B 50E; POk 4 Pbo(PO,), [103]
TR A T4 ) ) ) . A R A A
AT TR LR Cu: 100%; Zn: 100%; Pb:84.62% HA&BILA T B AL EmIAYIITE [94]
) - - YT XTCAAT A L B
o S T ISR YE T . o
WERESETATERICAO1  EE A i5 Y e Cd:29.25% CATEICAS FICA-xH,PO,ILE [96]
PR MO A X R AsERIE S LB 29%3E N ZE69%;  PoAIAsH; (b M e M #57 (PbS) | .
| SRIRE 7 Poskt A LAY EO0%  HEHE(AsS) Bl #E (As,Sy) 04 [88]
NRRIBRATIR  &JdiRH) 5K Cu: 100%; Pb: 100% ) " N
. e — ’ SRS P 4 A i YIHE
s e A Cd: 98.5%: Zn: 90.69% EEBSHAIPNEBRAYTE  [104]
PR R g T R P kAR
W& R A AL BT 1 " . . TR IR, FREE T A B
PTG B PO I g, Pofzai iy (0

Yyl
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JRUAE H AT MIMP AR TE 5 4 i AU A0 J7 GRS 14 N B ARCR, H AR 12 i et 5 T4k 2
R e ) — 5 T R ) T AR, (LR TR B R Dy SO AR T s — S ) AL A A
S, T RIS i R S 0 2 R P 4 A ) B il A A A AR, (R S B 0 T o [ A
PEWI AT REAL T pH. il R L THRBOK L B IR B Z SEIRET, A IRET ARl MIMP £R
e DLt R . LR, 5 At AR fb B R AH B, MIMP &b 3 B2 R FE B G, 18 R Y b 3 0 A
MIMP HZA 452 bR ST G Bk A i, 25 R0 h Bk = MIMP SR BT (947 AL A4 RHIR, IR Al 2250
Kt MIMP Ffr 5 B4R, Ak B BAR K R Jon.

3 B4R EAE AR R EE (Future prospects of solidification/stabilization technology)

S R T BETE R E AR S AR ORI ST R, OF RS T B B B AR A AE AR
ZAb, AR B R B E, T LUBE X 4 1 25 T AR R R 1Y & e Uy o). SR A5 T

(1) 7K e Hk [T ARG e AL EOR s 7 Y Rl e iRrP AT 50T, IF R = P A& (o (R K Je b BT R 1
SZ IR S A, DATEOR R R AT D) 2a v fig M i & Jm AR e A Pk RE Y [RII, #F— 2P Bk Je F i, 380
W15 5, LAIA B REAR KU [ A /A2 A A 33 A0 itk e 300 K 2 W 0 22 2 i) HL Y. [ml sk, 1 o s ST K e ]
ik 78 v e [0 5 T 4 8 B BOWRAT Ay, ik 78 vh i G R AR AR IS O, A A B LA, A R T — 2 R g
Hb 2 4 K 8 ] 5 T 43 A LI A K i 4 S Xk K WE KA SR B S e AL, ISR BB R P i 4 e K e ]
JE 54 Jm 1 VERE.

(2) 1 J57 25 0 35 [ b /R 0 A B AR s X0 48 e IR b ARk 11 0 B A~ AR M AT RS 114 1) AT
5%, A B T4 55 M R S W W E AR IR, (i GP MR ARk . B4 A 7= AR e AL i AR R T
fE. ULk, G N AT N G2 N SR AR T 4 Jm 6T GP AR IR BE 52 ), AR A RIFN S TS o
(1) H 45 Ja X GP AT He 5 B (04 5% i BIL ) SR, O o B — 475 it R 3 — 97 T 5 1)

(3) k2= 25500 e AR R b2 245500 AR 0 AR AR I 5 0 | iy R0 O ) K e, DRI TE R kb 2 24
VAT ST 5 10 v S /DL 2 TR 83 Ak 2 24 70 T RE X PR B — 5 e, (W] I E— 2 R TR e
A7 Wi PR B SRR BE T, 56 T & B 2 B W BRI E 1, T B T-0F A A BAR [m] i 2 51k
REAI S BB B A LS 5 0], SO EX AS [R] A ) . A [) 8 465 T b 2k, il ik R i S 9 90 - FR TEHL 24
FVHA BL2 ) B e I FE, A SE BSOS 1) S AR Ak S B 48 i i I Rl e L.

() AR e (L BR : Qi th 31 2 X 2 3 45 55 1 BT B A 1if 32 PE 9 i Ak 20 187 5l 2
RN TRAR Ym0 AL A0 T AT 32 Pk, B DR H R BE IS T T A T Ak 1) 52 e PR 8 25 . DR M —
S T It T G2 P A BB R 3 e T 1 5 1 O AR UG AE W i 43 0 ) il O T T MIMP 2 Ak
Qb B, BRT A7 2R R B Ak 3R 3. OARIE A 5 W v B B BT AR RS 10 R R 3 1 A W AT
W AAR e AL B, Gk ] SRB AL B R h & AR = Y E 4B R0, H UPB Ab3 Ca 5 REAR & A9 by 56 be
B, B AHZ AR B b BB AS i FEEATR.

DL b3 ) A 1 A& 30 [ Ak e A BRI 1 K e O 1), AR, H R R AR e A HARATT A AR K
(0 s ). FEFR IR, BRoK Je B [ A /BE AL F RS, HARFOR R 25 BRI = W B, RS2 AL
A SEBR I, 32 2 PR R 37 FR T3 S AR B B T 458 a4 A R AR B 7 S B iy 37 5 i 0R Z4 1
BRAEVE. RIS, BT AT 84k /A A B AT 7 PR 85 v (8 R e MBS , X AR AR 1 ™ W 7E 2 2 36
Fi b 0 KRR E PRI 2 AR RN PRI, R A 1) [ 1 /82 5 A B R N X PR 5 T T TFAH DG 5E.

4 %51 (Conclusion)

[F] b/ A Ak 3R A R il D i 4 S A 02 ) B 5 i) A ) i R R T B, AR S Sk [ kg
AR BIME S SSCR VM I AT T R0 21, 456 ARk A SCWE SR 20 1 B A i A R
Yo 4 Ja [ Ak e AL BOR IR 9T E i, A 45 K U8 5 b s Ab R | b BT 3R G W 1 Ak e A
AR AR 2R R E AL ER LR A Y0185 S AR E IR, B T & IER B9 AL BB i gE R
I BAFAE AN JE Z AL, FF5T R 28 T AR T AR & e J7 1) . A48 BUA BF 5, H & 0 16 /48 e
AEHAR 4 58 ST 1 1 43 TR Fe e AL RICR, (HIER 5 AR, 52 BRAERAE 1 A S e P15 v (9 RS AR 1 55
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