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Abstract: This study aims to evaluate the passivation effects of goethite (Ge), goethite—fulvic acid complex (Ge—FA), and goe-
thite—-montmorillonite complex (Ge—Mt) on heavy metals Pb, Cd, and Zn, as well as their impacts on soil physical and chemical
properties. The research results show that Ge, Ge—FA, and Ge—Mt materials all have certain passivation effects on heavy metals
Pb, Cd, and Zn. Under the same moisture conditions, Ge—FA material demonstrates the best passivation effect on Pb, Cd, and Zn.
Specifically, under normal water holding conditions, it shows a superior passivation effect on Pb (passivation efficiency of
36.25%), and under waterlogged conditions, it shows better passivation effects on Cd and Zn (passivation efficiency of 28.40%
and 23.43%, respectively). After adding Ge, Ge—FA, and Ge—Mt materials, the bioavailability of Pb, Cd, and Zn all decreased,
and the bioavailability was even lower under waterlogged conditions. Soil pH, EC, and SOM all increased, which is conducive to
improving soil quality and further promoting the reduction of heavy metal bioavailability. By using goethite and its complexes,
the passivation and remediation of heavy metals in soil have been promoted. The research results provide important scientific ba-
sis for the remediation of heavy metal contaminated soil and have significant implications for improving soil environment.
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1.1 EaH

FHIA (Ge)™ : ZERE TR 554 T, ££0.25 mol/L
Fe(NO,), {1 Z i 1 il 1 mol/L KOH, ¥ 15 ¥ ¥k pH
12,70 CHrfk 48 h, HE B F/KIGvE B i o1k,
60 CFHET, BB SR iRy REBIFE | 33 100 H 57, %5 141
TRAESE o

M - IR E G (Ge—FA)™ 3 i U2 &
B s N i, il AN W) C/Fe [1.(0.2.,0.5 F11.5) 1)
AW, UMFSIES Y C/Fe o 43 SIS R e 1Y

B LR 5 TR RAE 2.5 mol/L KOH ¥ , 7ERE 14
PERIAAE T 8 LR ) B i 5 B R VA T2 T TR
] 0.25 mol/L Fe(NO.), 7 ¥, 18 15 % W pH Jy 12,
60 CTHRIL 60 h, 2 B TR 28,60 CTF
BET BRSO RIS , 2 100 B I, 25 AR5
1351 3 FiAS[A] C/Fe LLIMEH R — 5 IR E AW

A -5 A A (Ge-MO) " 4351185 1.5
3.0 f14.5 g WA IMAGE Bk, FEahFE i 5 i
BIS) o 8L, PR T I SE AR T 21.642 9 ¢
Fe(NO;); - 9H.0 , i FI S MiA I L2 0.5 1.0 FT 1.5,
FERR A W T A P A e Al S 0 2 he TR A
W TP 2212 A 1 mol/L NaOH , 24 200 mL , 435 VA TR 14
Z pH N 75,60 CHAL 72 h, B I0TE 128 7K 5 vk
F L3 R/NT 20 pS/em, BT, BB R R AT
JE 32100 H i, %5 A2 T, 15 21 3 B[R] E L i
HY0 -ZWagZ2 6.
1.2 EEFAER

AR CRAE [ )P [ 36 DO AR T BH ] L
PLIPRIE AR 22 T 4 T e H R 3R)2 148 RAETR
JER 0~20 cm, H HEP SERAS BRI Y R IR
AP , 2T RS AR A G 1 2 mm 0, AR
T EmEmp e, ot A& M. HpH N
6.76, 1, 9% (EC) N 44.3 pS/cm, + A HLFE (SOM)
}15.29 g/kg, 4= Pb 41 063.91 mg/kg, 4= Cd & i
}19.20 mg/kg, 4= Zn iR 1 886.50 mg/kg.

MV E 2 FK 3 55AF F T MH S S xF
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B E A R R A5 R
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EOIEERK (RS KR 30%) g K 2Rk 43 4%
P, TRl B s P IR 15 3% 00 a3 1 FR B s IR b
FoKSr AR, 51T 7.15.30.45 F160 d
BURE 1 52 1398 pH ., £ 1€ EC F1 SOM 25 H AL I, 5
o3BT AR & R A RS E B IR
1.3 ¥k

13 pH Z IR -3 pH A A A FLV 325) (HT 962—
2018) 5 INE ; H3E EC S IR 3% i SRAGIIE
i) (HI 802-2016) {9 75 15 2 5 FH KoCr0: 1 H.SO,
AEFR -8 AN TR 590 nm K 72 - 1
SOM ; - it SR FH K T 0B T A, 308 3 L SRy
BB TR R 56T (ICP-0ES) & I d 4/ &
T A S P CA FI Zn & 1S IR CH T A A%
SRR E Rk ) (GB/T 23739-2009) , 5K
FH =20 = W 1L 1% (DTPA ) 1 B, 3 5f F Sk 4 46
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Fig.1 SEM images of Ge. Ge-FA, and Ge-Mt
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Py, e DAFE S BT A A e B A S A 2R

Ge . Ge-FA Fll Ge-Mt ) FT-IR % [&] UL [&] 3., Xf
Ge I 7 , 635 . 795 1 894 cm™ 4b 1) 4 1iF 1§ 5 Fe—O
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2.2  Ge.Ge—FA #= Ge—Mt %I +3& 22 AL F 6 3% vh)

T HER TR IS 60 d RUERIEVERR IR 1 fios, 4
J& 5 YL ) )5 A S PSS R, 7RI Ge .Ge—FA il Ge—Mt
Ja L3 pH Ak 4R . FEIE R REK T, Ge.Ge—FA
F1 Ge—Mt 1) 1- 45 pH {EL 437138 i 22 6.81 . 7.12 Fi1 7.24,
FEFE K AT 20 38 n == 7.01,7.22 F1 7.30, Hifr,
Ge-Mt7E 2 FlK 43 25 AF N 3G R B K. 60 d B3935,
TIEEC WA FIFR B4 . BAACRUL, IEH RK A&
T +EEEC /SN Z 110.1..118.1 F1105.8 uS/em, i
WE K S R 43 s N 2 61.2.63.6 #167.4 wS/cm, +
8 SOM B 7E IE # FF7K 2545 43 5 0 16.41 ,17.34 F11
16.55 g/kg, Ifi 76 W5 /K 5 14 F 43 51 24 16.82.17.06 Fl
16.36 g/kg.

*1 $HLiEFRE1TEApH. ECFISOM

Table 1 pH, EC, and SOM of soil after passivation treatment

Koy oA A pH EC/(uS-cm™)  SOM/(g-kg™)
Ge 6.81 110.1 16.41
EWHEK Ge-FA 712 118.1 17.34
Ge-Mt  7.24 105.8 16.55
Ge 7.01 61.2 16.82
K Ge-FA 7.22 63.6 17.06
Ge-Mt  7.30 67.4 16.36
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Ge.Ge—FA fll Ge—Mt 35 3% 60 d J5 , 1 1E 3 7k 51
T, 23RS Po & & 43 HIREAIR 2 358.03.261.15 A
298.26 mg/kg; FEMEIK ST , HHEARGEE Pb & it 43l
FAA 22 355.62.,289.26 F11294.63 mg/kg., TEIF 5K
WK SR 19560 d I , Ge X 4 Pb AYAIAL SR 7y
51k 12.60% F113.19%, Ge—FA B 5L 3505 N 36.25%
F129.39%, Ge—Mt B 4l {34 %4 27.19% F11 28.08% .
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(VR IR [B) PR HEARS | 3 2508 P B 3R AIG ., 3L
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IKAFEAE N BB SCR  Re

Sf 39 CA T 5, N Ge . Ge—FA il Ge-Mt 15 3%
60 dJ& , FEIE R FKSME T, RHEA RS Cd & 2415
FAR 2 6.73.5.62 F16.22 mg/kg; TEWE K 514K, 3%
A RS Cd F 4y IR 2 6.31.5.29 Al 5.43 mg/kg.
FEIEH FEK R K T, Ge BT AL R 1 8.89%
F114.56% , Ge—FA 1 &l {L 30K by 23.90% Fi1 28.40% ,
Ge—Mt 45 16 2 % g 15.81% H1 26.46% . 3 1t 154
itk 2 Al LA ), % Ge . Ge—FA Fll Ge-Mt X
+- 5 Cd /Y Bl Ak 0R Bl 15 SR I ) AE 4K 8 T AR
E, HAEAA TR K 53 251 T Ge—FA 19801k 2% 2 5k
SR T Ge Fl Ge-Mt, 73 41, 78 A [] 1) i 1k #4 e ik

PR KA A0S Cd & & EEMK T IE
WK S . HrT W, Ge . Ge—FA il Ge-Mt — #
FH HE , Ge—FA 75 #E 7K 25 41 XF 138 Cd 1 i Ak 4 i
S EE

2t Ge ,Ge—FA Fll Ge-Mt AbHillE 37 60 d J5 , TEIEH
Bk 0 F A S Zn & 00 AR & 235.63
214.93 Fl 229.24 mg/kg, ¥ 1k %K 4 5 4 4.02% .
12.45% 1 6.62%; FE#E K T, THER WA Zn 10 & &5
B AR 20 216.97 ,187.99 Fl 204.24 mg/kg , 5l {54
RN 11.62% .23.43% F116.81%, i, K &4+
1 Ge—FA I S IL AR

Zi b WA B ] A HERS |, Ge . Ge—FA Fll Ge-Mt #4
BHEIE B Rk R K 2544 T YRR A RS P
CAd M Zn &it, Horp X[ —4 ok, Cd Fil Zn 4L
RCRAE AR EAE T & X TR AR, Ge—FA 7E4H
[ 7K 43 2544 F % Pb .Cd 1 Zn O EEALSCR Bed:

2.4  Ge.Ge—FA #= Ge—Mt *F 13 & 2 J& T 4| /A 69
EAL)

B 5 AT, 5 SE gl AR L, 2858 Ge . Ge—FA Fl
Ge—Mt Ab 3 J5 Pb /4 v] I HPEREAR, 1E 8 KK 554 T
Pb AT M4 IRAAR 1.19.2.00 F1 3.07 /N 43 45, 76
TEK S T35 0 2.84.3.19 F14.35 4 F 23 . W T
CA M & , 76 1E % KK S48 T 40 Bl B AR 1.79..3.72 il
2.86 1N A 43 AL, TEMEIKAAE T 4300 R 2.04.4.93 FI
409N AH ST . XTF 2 IER RS T TR
PEFEARIE 43510 1.42 .2.09 F10.62 A 4345, 7EHE K
SR 90K 1.73 . 242 FI 216 D EH 2. 4503
B, it & Ge .Ge—FA it & Ge-Mt, £¥ 1E # 7K 73 Fl v
IR FIREA BRI TR 4 0 A vl R R

3 it

T GRS YA S T pH
THEEWY) ISR SR T ac e F R
AR Hor, 13 pH 2 H 4 B TE LI P AT R PR
VAR E N R 22— W 1 4 R
RCOR BN R, ERBAERMEAET FEU
B IR AR MAEE S5 W 2 DL S A e 4
GRS, CATR R, a5 145
pH AR A 38 5 4 1 A A Ao 2 S A i
FEHLH, BN Ge.Ge—FA #il Ge—Mt Ji7 , 13 pH
T T B B RE AT AT RE S T R % pH
A R PR

WF5E &I, FEAR IR AR BT, 49847 %08 Cd Al
Zn F AR KA MF O IE B RR A R AR X ] Ag
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Fig.4 Effects of Ge. Ge-FA, and Ge-Mt on soil available Pb, Cd. and Zn

IE ¥ §§ /K == CK —=— Ge —o— Ge-FA —— Ge-Mt IE 7 § /K == CK === Ge —e— Ge-FA —— Ge-Mt IE i £F 2K == CK —=— Ge —e— Ge-FA —— Ge-Mt
HiE K -v-CK -m- Ge -®- Ge-FA -4- Ge-Mt i /& -v-CK -m- Ge -®- Ge-FA -a- Ge-Mt  jff /K -¥- CK -m- Ge -®- Ge-FA -4- Ge-Mt
72 94 40
92 F
s 68} S = i
< 5 90 e s ¥
2 = e
i 188 f 4
um 64 ] il 38
=S B 86 [ E -
= = =
= 60 T 84 =
£ S gnl S 3t
56 F 20 |
i i i . i i 36
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0
i/d td
(a)Pb (b)Cd (c)Zn

[E5 Ge. Ge-FAMGe-MtAf - 3EPb, CAMZnn] F) F £ i 52 il
Fig.5 The effects of Ge. Ge-FA, and Ge-Mt on the bioavailability of Pb, Cd. and Zn in soil

W1, ) Cd {5 e L P IMAZRSEM)G R MR L A CARARPERRR . 350 MK S T L i
b TR JFRAS (R T A A RS el ST S EAE BT RN MEIE L T A TUNE , TR
ASMEAL, FEMfE A Cd th ] S AS M SRR A A AR R T IR EE AR S K sE R



%8

RIMVE,E HERY RESESUNTREESEMNL 131

KA T, - AR TR ER BT 1 AR 4k, B S AR I
HAL37 1) A% T BB R M) - A W R PO 4544 AL RRD
TIfg , ik LeAR A v] BE (AT REXT 3 5 4 Jm A s
B BRI AZ B>

AHFFE R FH 1Y Ge . Ge—FA il Ge-Mt 4fi fk. 4 L 75
2 Ff K 43 25 T AT R R R JE b R A+ 398 S35 Pb
Cd M Zn &8, Hord %t 3 Fdtkl, MK 00 F
() Ge—FA X} +3¢rp Pb . Cd #l Zn [ EEAL SR fe . 43
MR, — 5 1 1] BE S Ge—FA (R IR G5 H SoH LS 25
[T W T 5 E D 2 N S 2 e O w -
& JE BB o — I, B LR 5| A Ge-FA &
EYEAHEFENRIE A, IR FILE Xy
BB B AL T W BFE R Ak 2% B A TS PR 0, B 3
WE SR GIE NS G M I E SR A%
i, NI REAG T 35 42 S 1 32 RS P A0 AR A s

WF5T B, Ge 1B R BRAREF 2R 14 A6k ot PR A1 £ 458
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