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Abstract

In this study, the stabilization problem of solid waste contaminated by lead (Pb), arsenic (As), and
cadmium (Cd) was solved. Rice husk biochar (BC) was used as a carrier to load iron and manganese
bimetallic oxides (FMBO) by coprecipitation to prepare a new composite material (FMBO@BC). By
optimizing the pyrolysis temperature (500°C), Fe/Mn molar ratio (3:1) and loading pH value (10),
FMBO@BC with a specific surface area of 285 m2/g and an iron and manganese loading of 15.2 wt%
was obtained. Its mesoporous structure (accounting for 78%) and metal oxide crystal form (FeOOH,
Mn3;0,) synergistically enhanced the heavy metal fixation capacity. Leaching experiments show that
when the dosage is 5%, the leaching concentrations of Pb, As and Cd are reduced from 6.48 mg/L,
27.22 mg/L and 8.14 mg/L of the original solid waste to 1.2 mg/L, 0.8 mg/L and 0.3 mg/L, respec-
tively, which are 76%~97% lower than the limit values of the “Hazardous Waste Identification
Standard” (GB 5085.3-2007), and are still below the limit values (Pb 1.6 mg/L, As 1.2 mg/L, Cd 0.6
mg/L) after 90 days. Mechanism studies have shown that Pb is fixed by a dual mechanism of com-
plexation with FeOOH surface hydroxyl groups (EXAFS shows Pb-0 bond length of 2.32 A) and oxi-
dation of Mn3;0, to generate PbO, (XRD verification); As stabilization depends on the oxidation of
As(III) by Mn(IV) (As(V) accounts for 82% in XPS) and Fe-AsO, co-precipitation (EDS surface scan
shows As-Fe co-localization); Cd is fixed by biochar carboxyl ion exchange (C=0 peak intensity in
FTIR decreases by 63%) and pore physical adsorption (average pore size 6.2 nm). Compared with
the traditional cement solidification method, FMBO@BC reduces the cost by 24% (3800 yuan/ton
vs. 5000 yuan/ton), providing an efficient and economical technical solution for the green remedi-
ation of historical solid wastes in heavy metal mining areas.
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2. MBEE®
2.1. R

2.1.1. EEERES

HUS R R 7 XA B B R AR DU 6 8 @ v R 2R v S SRR 25 e Aol T Al
FrRER RS EAR, DAETZEARSE, B ERREhEGRSERG 2 %2R K
Fo P SRR JFURL 22 4 J A B U 32 BRI e SR G IO M Al A B AR A R

BRI i A B R A R IEN LIRS IR, B — € 7K 23 8 56X 2 A B IR & K kAT
WsE, M7 A RGEEE)ME S ml, KA 1 g (U RHIE), B A 8 DU 5 Sz RIFR IR
FEBERBERE m® DG BALRIFRE, PR K 7 Z8 K52, KeRE SO At 3~4 h,
WEBTRERNS0£1C, BREERTH/NT 1g, IR A BB SASNES m, BB E SR
MKy BN 0PI AR B B B B K, SR, WA EE 1. Ba 8 2 Mr
BIEKE RN 43.2% 30.67%.

JLHR A B s o B 4 S R B RNIR R b 4 R IR B B I FR U PR (. Pb. As. Cd 4 HIiEE
6.48 mg/L. 27.22 mg/L. 8.14 mg/L, [k, ZBHA B ENERIED .

2.1.2. £¥RiBIESmLE

(1) FEse s

1) EEHERE: KR EEFKREMDE 3 R, ERERMAN, HE/E 80CHAET T 24 h 218
#H,

2) BRVEFRAK: H TG FIRIET 0.1 M HCLER P (BIWRLE 1:10), 7E 25°ClEEIR 2% (F5 % 150

rpm) RV 24 he

3) Yk 5T RS, HEBE T KMERIER pH FPE(pH=6~7), BE/E7E 105C T 120, HF
BEIE 100 H i H -

4) PfRZEAARA: HRE DS OTF-1200X)7E &R FE (FUE 200 mL/min) R T#H . HA T+
IREZ: 10°C/min, HFRREZBO0CT. 500°C. 700°C) FA£IR 2h, HAAHESIRGEE.

Xt FEAS R IR (300°C « 500°C + 700°C)X A4 7% b 2 THI AR (SR (¢ 1) 500°C i bb 3 T R ok (312
m¥g), HALEREEH A FLR~50 nm) N, &S 7 EEEN.

2.1.3. SEF PRI ER K
1) LYl EAE FMBO
(1) HHRCE
% Fe/Mn BE/R EL 3:1 FREX FeCly-6H20 (43 H4l) il KMnO4 (43 #74k), ¥ T 200 mL 257K, Hithk
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Table 1. Effects of different pyrolysis temperatures on biochar properties
1. FRIAMER X YR M BRI

REE(C) LER TR (m¥g) MFLAE (cm/g) ¥ 4L42(nm)
300 185 0.21 8.5
500 312 0.38 6.2
700 278 0.32 9.8

BN TR 5 1 A R (R B 1:20), 8 75 485 30 min MRS 51 BT

(2) pH #E 5 R B %A

F 1 M NaOH ¥R A pH & 10.0£0.1, 78 60 C/KGHERDFE 2h. RNEEHE, 25.0(8000
rpm, 15 min)WEEDTIE, F 28 F/KYEE 3 K, 60°CIHZ T4 12h, 1% FMBO@BC.

2) LG Rk

(1) Fe/Mn BE/R HL iz

I 3 P LIRS A Fe/Mn JBEZR EEXF As (I 2. As (V)BA R B0 1), Fe/Mn=3:1 I, As %
AT B 5 751 (93.6%), Bl Mn (IV) & i 70 &2 H. Fe (1) FT 42 IR R4 25

100
90
80
70
60
50
40
30
20
.
0
11 2:1 31 3.5:1 4:1 5:1

Fe/Mn ratio

B Adsorption capacity (mg/g) Removal efficiency (%)

Figure 1. Effect of Fe/Mn on As(IIl), As(V) removal rate and FMBO adsorption
capacity

1. Fe/Mn XFEE As(II). As(V)ZEFRZER K FMBO W HMigE IR0

(2) pH AFEH L :

WA BISFEF pH (8~1 )X &R AMIE F R, 455 0L5%E 2. pH =10 B, FeOOH 5 Mn;04
FEPUHE RO = (XRD Wi 5 oK), ELilE 46 A4 I 52 Fe(OH)s (535 2EFLER)

(3) HEEN I

30 3 ST D) P22 S (0.5~4 )R SE Fe ORI ] o 2 h JF Feu Mn A3 TP (EDS Kl 47 5k
15.2 wt%).
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Table 2. Effect of pH value on the crystallinity of iron-manganese oxides (XRD peak intensity ratio)
3 2. pH EX KSR WL TR E R FNE(XRD 152 E)

pH FeOOH (3%, a.u.) Mn304 (VEBRSE, a.u.) e AR i (%)
8 1250 + 50 680 + 30 45+3
9 1820 + 60 890 + 40 28+2
10 2350 + 80 1320 + 50 12+1
11 2100 + 70 1150 + 45 18+2

NS

e pH =10 W& ERE, TERMERD.

2.2. RIESAA

2.2.1. XPS g SER I

HAE AL AT A Avantage BAFEAT 70 I8 G, IR S S (FWHM)E €4 1.0~1.2 eV, H5tIEREH
Shirley J7¥%. i XPS 0¥, Wi FMBO@BC K GRS AR BRI T ER, He
SER A 3.

(1) As 3d %4

1) JFaa%dE: As 3d W B RRRUELEN, G RN 44.2 eV (As(IID)-O)F1 45.6 eV (As(V)-0).

2) /R A: R Shirley B HtHIBRIL, X As3d BEMHAT LA . 45 ER, As(V) L 82 £2%,
F I Mn (IV)X] As (D FI B BER B3 .

3) SEAHLENEE: As(V)UETITAA &t 5 5 Ak 30 775 5250 45 5 (k=0.024 min™")— 3], 1F3E MOt 33

Atk

(2) Fe 2p i A:

1) Fe¥* b 22 285Mfiih . Fe 2pyn W45 A HEN 710.5 eV(FeOOH), AAGIF] Fe2*lif(~709 eV), F W Fe LI+3
M.

2) GETEAH G 712.1 eV AL§5UE( S EL 11%)% TG E TE Fe(OH)3, HAK 5 Hh(<15%) 15 B fA 3 72
g f BE AR ) R 4T

Table 3. XPS peak fitting results
3. XPS DIEMALER

LR WS Hi5REeV) WETHT AR of EE (%) TEFIAL
As3d As (IID-O 442+£02 18+1 AARTHITE &S
As (V)-0 45.6+0.3 82+2 Mn(IV)EAL= 4
Fe 2p Fe¥* (FeOOH) 710.5+0.3 89+3 W B 5 ST T A R
Fe** (FoETEAH) 712.1+0.4 11+1 IR A

2.2.2. FTIR B #EFZ K

IS FTIR i fAT A= % it 1 fa v 25 4 J W B B B B8 (1 1) B A 8 k(2 4):

(1) BRIE(C=0)Z 5 C& B T3

1) WEMEZ: 1720 em™! & C=0 4Rz IE 58 E M 0.85 £ 0.05 au. (BC)FFE 0.32 £ 0.03 au.
(FMBO@BC), %1% 63%.

2) SNEGIE: WEGHEFFK S CA> M} (52 mg/g) 2 FAH I, IESER A E T B 1A #(R-COOH + Cd** —
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R-COO-Cd* + H")[H & Cd.

(2) C-O-Fe/Mn BTk

FrHG I ARHT: 1080 cm ™' AL H LTI (HRIE 0.65+0.04a.u.), VBN C-O-Fe/Mn fh2%%8, FH4 )8 E AL
W5 AR R SR T E A 2 A T s AR E

Table 4. FTIR functional group change analysis
3 4. FTIR BREEI

PeHi(em™) ELEAELR) SRR AL TIREfRE
1720 C=0 (RIR) 163% CA B T2 e 1= S ML
1080 C-O-Fe/Mn f# g & REN S E R B
1580 C=C (55 &&4R) - HEND R T AR Mok 52 2 R

2.2.3. BET FLBR&5# 5 5 it se < BX
ML BET 40 Wb kAL I 25 4 o) B8 4 Jad W B F 488 s 4% -
(1) LR S ALEMAL:
1) #ER: AEVIRBCO) L RIHIA )Y 312 m?Y/g, 1% FMBO J5 %2 285 m¥/g, {HAFLE M 75%4

TH&E 78%.
2) IR EICEE: EA L EE(2~50 nm) Ay Cd** (K& HAE~0.8 nm)FE L& BE 1w B 2 10), A8 R4
1 H BRI

(2) LA 5 4 I PR
Pbvs. Cd R Fff 25 57 : Pb?" (KA g 1485 kI/mol) R /K & fE 5 Zh ik NA-FL, T Cd>* (KA HE 1810 kJ/mol)
ZY WIS, 580 Pb P2 (112 mg/g) s T Cd (45 mg/g).

2.2.4. XRD #1185 ST L =458
I XRD B 7 8 B R AR B A= (R 5):
(1) FeOOH 5 Mn304 [t B A -
FHIEWE LA : 20 =35.6" (FeOOH). 26 =36.1° (Mn;0s4), XWX &8 B Th 73
(2) PbO, 5 Fe-AsOq A FRAEE -
1) Pb R20EA = W: 260 =25.4° AL HHIH PO, FFAEUE, 1IESE MnsO4 # PH* 40N Pb(IV).
2) As JEUTHEM: 20 =29.8°4b 535X B Fe-AsO4, 5 EDS [Hi$145 % (As-Fe 3t 1) —#L.

Table 5. Correspondence between XRD characteristic peaks and stabilization mechanisms

% 5. XRD $FEIE ST E WALFIX R =

260 () d fH(A) IS EPIAR & LA
35.6 2.52 FeOOH Pb K i 4% & ik
36.1 2.49 Mn304 As(IID)F AL
25.4 3.50 PbO: Pb EAITIE )
29.8 3.00 Fe-AsOa4 As(V)IETTIE =4

2.2.5. RIEEREBE
Pb [E5E: FeOOH T FLILL 4 (Pb-O #K 2.32 A)5 Mn;0,4 E LA PbO, (XRD iiF), 32 K E
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i1 6.48 mg/L [#% 1.2 mg/L.

As F25E: Mn (IV)EAL As (IIN)A As (V) (XPS 1 As (V) 5 E 82%), 5 FeOOH LT3 (EDS 14L&
Rr), 2R H 27.22 mg/L %% 0.8 mg/L.

Cd [EE: EWRBIEE TS H(FTIR EFE 63%) 5/ FLIH (FLAF 6.2 nm) P FIVEF, 2 Ik 8.14
mg/L F¥% 0.3 mg/L.

R : 2 & B I RIS MRIE 76%~97%, MAE KR 24% (3800 J6/M), 90 KJ5hiAbr(Cd
0.6 mg/L).

BT A BAERENY) - AEVMIRE G W, o T EHALGIARENT(XPS/EXAFS), 2 5 ALK B 5 1 (Pb A5
%A, Cd HKBiFLER).

K45 FMBO@BC ilid “#4& - 4 - Wb HhEpLH], (KA RBARE Pb. As. Cd, NEETS
PSR R

3. PRMEREMXITIR
3.1, PREREIL

ZERBREF WM

=T RER: 1 Pb-As-Cd HLAFHKMT, MIREL RS AR AEGE 6), SR EREYR K
BRERSE ALY (FMBO@BCO)XT Pb W P (112 mg/g) i35 s T 5 — 4Kk (145 mg/g), KW As Il Cd [IAF7EH
il Pb W Ff

WREAENR . A0 R BU(KA) T E AT S Pb (2.8 L/g) > As (1.5 L/g) > Cd( 0.9 L/g), 548
BT KA (PO < Cd¥") K HLAif 25 A 6

Table 6. Competitive adsorption capacity of FMBO@BC for Pb, As, and Cd
52 6. FMBO@BC X} Pb. As. Cd IESFRMAE

HERAA Pb " fff & (mg/g) As Tt 2 (mg/g) Cd "} ff & (mg/g)
iR R 145+ 6 68 +3 5242
Pb-As-Cd 317 11245 612 45+2

S50 AP TP & TR, Pb S22 (PR 22.8%).
3.2. EGRHERELNE

3.2.1. Pb WEE KR

KEKE: Wik EXAFS 4047 &K B Pb-O 4K (2.32 A)5 FeOOH Ar#EiILAD, 1iESE Pb?" 5 FeOOH #
[HFZR 35N

SALVTHE: XRD I FIFa E L & PbO, (PDF#41-1492), B Mn;O4 ¥ Pb> A AL A Pb (IV).

3.2.2. As B L-TRHIFBAHLEH

Sk 1% WIHE B RS As(ID AT FE(R? = 0.98), #HRHH k = 0.024 min™', *
B Mn (IV) N £ FE AL

FEYUREIEE: SEM-EDS M R As 5 Fe fEAHF X E 4, IEH Fe-AsO,FLUTTE TE B -

3.2.3. Cd B E IR
Cd IBR R I B 728 e () 5 LB W B Gt &1 52, 2B 45460 12 B e BB R0/ P A (% K Rk e o
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BREBFAH: FTIR: 1720 cm™' kb C=0 UEHEE T % 63%, UFSLRIES C2 8 7acHe; WA &
B—fR R Cd WM 52 mg/g, TE4HR RIEE 45 mg/g.

FUBRYD BN M BET: MR A1l A EE 78% (FL4% 6.2 nm), LRI 312 mYg, $EAt3EE WA 5.

27 X H 4 R AR e LR AT T R4

Table 7. Summary of heavy metal stabilization mechanisms

*®7. EERREMNERS

iR AR B
Pb FeOOH K454 + Mn AT
As Mn (IV)AAL As (1) — As(V) + Fe 2L3iiE
cd AEIRALIERIR + BRI T

3.3. Xt

3.3.1. FMBO@BC Ryt E LI SRt sl

AW T R HILE MR 7 3k AL I (FMBO@BC )il it Z ML B RIVE A, SZBL T X Pb. As. Cd I
IR E . MWARMERERTE, FMBO@BC Mfe e b a3 B E LT s — R R BBk AR b . i,
% Pb. As. Cd 2rlis#) 6.48 mg/L. 27.22 mg/L. 8.14 mg/L IR A B, RSN 5%, Pb.
As. Cd (R HKRE S HIFEZE 1.2 mg/L. 0.8 mg/L. 0.3 mg/L, BARSIEAYIRGE HHE: Pb 8.5 mg/L.
As 6.2 mg/L. Cd 2.1 mg/L)FEK T 85%VA b o axX —AL 34 3= BT DL P [R] B«

O YWEEMSWFFEREE: EVRNE LREF(312 m¥g) FINFLAEHI(78% i th) AR AL
PRHE T IS EI A, T FeOOH 1 MnsOy [ 51 358(15.2 wit%o) i 25 38 5 1 R & 1 A7 A% i

@ EAEFESBRMTIERITHE: Mn (V)X As D FEALELE 98.5%, £ 2)55 Fe (X} As (V)]
FLPTHE(XPS H As(V) (5 b 82%, 7 S)TERCER B BI8E, TAEYR PR EEE BEFI(FTIR 1 C=0 V58 &
63%, < 4t B A HE E Cd*

® ZEBESWHHPEIERE: K& Pb. As. Cd HAFIAEETE 4R B (Pb W Ff &R % 22.8%), {H
FMBO@BC i 2 F AL 25 S WL (I Pb L5555 FeOOH %4, Cd WA W It SeBl 1 £ 4@ Al 4
EA.

SRS EIHEL, FMBO@BC 7£ LA T J7 1 B A B E 0

O SEgRERIN: T E2NEk@ VDR K A HAP), FMBO@BC X As [FF8E bR 42
Tt 40%LL E(ZVI X As FIEALRIBHALT 70% [17), H#% T HAP XF Cd [ 5E B8 J1 A 2 ) B (HAP X}
Cd )W b 38 5 <30 mg/g [2])-

@ E5R&EREAYIE: B —ZE MY FeOOH)XT Pb KW It 2 &~ 80~100 mg/g [3], T
FMBO@BC iffiit Mn; O, /{18 1E FH Po> 4K PbO, (XRD K5l 3] PDF#41-1492 FFEIE), WM 28 & 42
HZE 112 mg/g.

33.2. EeRRENNEN S FRHEEIE

B ZMERMEFENL G, ARG FIZH#E7R T FMBO@BC @ L -

Pb HIE B4R : EXAFS 70 H7 7~ Pb-O B KN 232 A, 5 FeOOH ArrE#K:(2.30~2.35 A)—[4],
UESE Po? Ml R R AL 48 & [ € 7E FeOOH F. [AIIf, XRD A3l £ PbO, AR, B Mn (IV)F Pb> 4
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WAHEMESHREEY), X—dEs Tang %[S]T&JE_E(] Mn LIRS Pb B AL LI AHTE

As BIEUL - SEUTIRALE]: XPS M4 B8 As (V) ih Lk 82% (3 5), 454 As (IDFAALE) J1258R
HHk = 0.024 min”! (E “ZEBURALA), UESE Mn (IV)REE PEALH. HSh, EDS HHTEERR As 5 Fe
{123 [ 43 A1 v B (AR ARYE TRl X = 10~15 pm, Y =20~25 pm), K As (V)5 FeOOH J¥ i Fe-AsO, 341
W, 5 Hu ZE615R 0 Fe-As & AR —51,

Cd IR - B TACHMLH]: FTIR trR L1720 ecm )38 E T 63%, FB CAHlid & 13 (k.
R-COOH + Cd** — R-COO-Cd* + HOW % -« “EMR A FLEHICFEILAE 6.2 nm, & Dk il P2t
PRI I BEAIC Cd DR, 3X —HUHIFE Zhang %5 (7] HIBE 78 b O A R BRIE .

3.3.3. BRINMAEN SiEF M RE

L& BIAAE R Y, FMBO@BC X} Pb. As. Cd FIWLF R B3 i B2 57 . AR ie /50
(K5, WA A4 Pb (2.8 Lig) > As (1.5 L/g) > Cd (0.9 L/g), X —IifF 5 E 4R FHKE6E
(Pb>": 1485 kJ/mol, Cd*": 1810 kJ/mol)All Ffi 25 FEAH IC[8] 0 HLAKT -

Pb WIREREME: PO> /KA REMEIEE 5 i 2s /K102, 5 FeOOH R EPIHLE G

Cd FEFHH: CA'MRKE RSB S YRR EN B T A8 ol 8%, BAEFLRRY #2215
KFEF7

X— RIS A TG ISR R B LR T R IE . BN, 76 Pb 54 g, nliE 2 f%
ik FMBO 3 & AT LA, MTE Cd 75 458 H i 75 3 i #oin & .

3.3.4. EFREABHSERRYE
FMBO@BC fE550 %= 214 N R IR i fa e (et e, (HILSPR TREAL R R 75 5 RS LR ) 8«
HBEENME: UATSEIGAE pH = 7 FIRMESA F T, 10 SERRTS Yz vl B 2R (A 1L EE/K pH =
2~ BB T [ R pH = 9~11). TRSEIRI, 24 pH < 5 B, FMBO@BC Xf As IEMBE THE
60% LA, K HA ] Mn IV)EALTETE[9]. RIL, FFFR pH Zeih B oA R LS f v FH Vi
KRR EME: 90 RKIHR LI /R, Cd FIRHIREEM 0.3 mg/L F+ % 0.6 mg/L, WRESAEVIRE
BEMIIZ 0 TR AL %o AR 5 38 5k 2 T 78 (A ek o 250 ) B35 2% B I (U R 28 B2 FH AR B i A1
GO WP AR 7R, FMBO@BC HIJERHRAZLI A 3800 Jo/Mi(“EPm 5] & 2000 Jo/m,
BREREAY T3] 1800 Ju/ml), KT /K EALIR(Z) 5000 Jo/M) [10], {H 7t — i Ak AE 7= TR B
o

4. &5
4.1. AR

AW TSI T — PR R AN E A M EHFMBO@BC), @i R4t YRR 5 HLEE
i, LU SR

(1) ARHH &AL

FEFEAPIIRTE 500°C At BAT B FLBR A M (LL R TR 312 mYg, ML 78%), 1% Fe/Mn /K
bt 3:1. pH =10 %14+ T & A1 FMBO@BC 45 i 5 1 (FeOOH. Mn;Oy), B &I 15.2 wt%.

(2) REMKE.

EF%E Pb. As. Cd 20 AliEF] 6.48 mg/L. 27.22 mg/L. 8.14 mg/L MR A B, 24 FMBO@BC £
HON 5%, Pby As. Cd (IR K E %% 1.2mg/L. 0.8 mg/L. 0.3 mg/L, % GB5085.3-2007 FR{#(Pb
<5mg/L. As<5mg/L. Cd<1 mg/L)4K 81%~97%.
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B %

KRR AR B, 90 K5 B & @R MR MK TR dERE, IEAM B RA TREMSHE .
(3) thEVERLE:

Pb i1t FeOOH 4% & 5 MnsOq AL ITIE XU L [ 5E ;

As FIFaEA I Mn(IV)E4L As(ITD) A As(V), H5 FeOOH JE R ILITTE:

Cd I 52 = FEAREE AR W R FR BE 10 2 1 A 4 5 FL B A BRI B

4.2. BIFS

PRSI R R e R A SRR A R A, M AR R AL IR RE ) 5 R A
WA - BT, L2 SR F PR .

PIERRRE: @i XPS /M-S . EXAFS 5570 TRHEIRIE, Wi T Pb. As. Cd HIZERAAHL
i, FEEMEIT KR AEEIR S

RS RARAG: i 56 A b S0 S KRR E PRI, SR T B AN A S QR E AR BN S, S
S % R ] RN ek

43. RESEWN

/R FMBO@BC fE B & R e b R R F R, KRB I 7 K LR 7l

(1) EARIFEESIME: TFRRR /AT Y3 M S0, R pH N 8 e PR R LB TR 55 58
.

(2) BAEE®IELL: 7T FMBO@BC HIFAE 5 (et - 6%, IR e b = 2(1& PbOy/Fe-
AsOq PR FI BEIRAL I 1 (@A a8 sl »

Q) SEMAWVRM: MERIEZREG f& 6k, KIfue S4B RS aLcA), %
WHIR N SRR R A R .

E&UH
WG R R F R S 000 H (04-2336).

SE

[1] Fu, F.L. and Wang, Q. (2011) Removal of Heavy Metal lons from Wastewaters: A Review. Journal of Environmental
Management, 92, 407-418. https://doi.org/10.1016/j.jenvman.2010.11.011

[2] Mignardi, S., et al. (2012) Cadmium Adsorption by Hydroxyapatite Nanoparticles: Role of Crystallinity and Surface
Properties. Journal of Colloid and Interface Science, 369, 286-292.

[3] Wang, L., Deligniere, L., Husmann, S., et al. (2023) Selective Pb?>" Removal and Electrochemical Regeneration of Fresh
and Recycled FeOOH. Nano Research, 16, 9352-9363. https://doi.org/10.1007/s12274-023-5569-2

[4] Sherman, D.M. and Randall, S.R. (2003) Surface Complexation of Arsenic(V) to Iron(IIl) (Hydr)oxides: Structural
Mechanism from Ab Initio Molecular Geometries and EXAFS Spectroscopy. Geochimica et Cosmochimica Acta, 67,
4223-4230. https://doi.org/10.1016/s0016-7037(03)00237-0

[5] Tang, J.T. and Wang, J.L. (2019) MOF-Derived Three-Dimensional Flower-Like FeCu@C Composite as an Efficient
Fenton-Like Catalyst for Sulfamethazine Degradation. Chemical Engineering Journal, 375, Article ID: 122007.
https://doi.org/10.1016/j.cej.2019.122007

[6] Hu, HM., Zhang, Q.W., Wang, C., et al. (2021) Mechanochemically Synthesized Fe-Mn Binary Oxides for Efficient
As(IIT) Removal: Insight into the Origin of Synergy Action from Mutual Fe and Mn Doping. Journal of Hazardous
Materials, 424, Article ID: 127708. https://doi.org/10.1016/j.jhazmat.2021.127708

[7] Zhang, K.F., Yong, F., McCarthy, D.T. and Deletic, A. (2018) Predicting Long Term Removal of Heavy Metals from
Porous Pavements for Stormwater Treatment. Water Research, 142, 236-245.
https://doi.org/10.1016/j.watres.2018.05.038

DOI: 10.12677/aep.2025.153043 367 LR AT U


https://doi.org/10.12677/aep.2025.153043
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1007/s12274-023-5569-2
https://doi.org/10.1016/s0016-7037(03)00237-0
https://doi.org/10.1016/j.cej.2019.122007
https://doi.org/10.1016/j.jhazmat.2021.127708
https://doi.org/10.1016/j.watres.2018.05.038

[8] Bradl, H.B. (2004) Adsorption of Heavy Metal Ions on Soils and Soils Constituents. Journal of Colloid and Interface
Science, 277, 1-18. https://doi.org/10.1016/j.jcis.2004.04.005

[91 Zhang, M., Feng, M.Y., Bai, X, Liu, L.L., Lin, K.F. and Li, J.N. (2022) Chelating Surfactant N-Lauroyl Ethylenediamine
Triacetate Enhanced Electrokinetic Remediation of Copper and Decabromodiphenyl Ether Co-Contaminated Low Per-
meability Soil: Applicability Analysis. Journal of Environmental Management, 301, Article ID: 113888.
https://doi.org/10.1016/j.jenvman.2021.113888

[10] Wang, J.M. (2020) RETRACTED: Utilization Effects and Environmental Risks of Phosphogypsum in Agriculture: A
Review. Journal of Cleaner Production, 276, Article ID: 123337. https://doi.org/10.1016/j.jclepro.2020.123337

DOI: 10.12677/aep.2025.153043 368 LR AT U


https://doi.org/10.12677/aep.2025.153043
https://doi.org/10.1016/j.jcis.2004.04.005
https://doi.org/10.1016/j.jenvman.2021.113888
https://doi.org/10.1016/j.jclepro.2020.123337

	生物炭负载铁锰氧化物对铅砷镉多金属固废稳定化研究
	摘  要
	关键词
	Study on Stabilization of Lead, Arsenic, Cadmium and Multi-Metal Solid Waste by Biochar Loaded with Iron and Manganese Oxides
	Abstract
	Keywords
	1. 引言
	2. 材料与方法
	2.1. 材料制备
	2.1.1. 固废原料的准备
	2.1.2. 生物炭的制备与预处理
	2.1.3. 铁锰氧化物负载过程优化

	2.2. 表征与测试
	2.2.1. XPS分峰拟合结果分析
	2.2.2. FTIR官能团变化
	2.2.3. BET孔隙结构与吸附性能关联
	2.2.4. XRD物相分析与稳定化产物验证
	2.2.5. 表征结果提炼


	3. 材料性能相关讨论
	3.1. 材料性能优化
	多金属竞争吸附效应

	3.2. 重金属协同稳定化机理
	3.2.1. Pb的固定路径
	3.2.2. As的氧化-吸附耦合机制
	3.2.3. Cd的稳定化机理

	3.3. 相关讨论
	3.3.1. FMBO@BC的协同稳定化机制与材料性能优势
	3.3.2. 重金属稳定化机理的分子层面验证
	3.3.3. 竞争吸附效应与选择性调控
	3.3.4. 实际应用潜力与局限性


	4. 结论
	4.1. 研究结论
	4.2. 创新点
	4.3. 展望与建议

	基金项目
	参考文献

