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o OE: AWM A -SSR BB HOR (SA/PVA/ATP) X475 e L HERIALAE 52 BORICR 5 SA/PVA/ATP #3 I
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FEHGA (DTPA $RBU)) JEHR - 0 BESR ; R AR AR A S5 07 S B 25 ( BCR) $R B B3 b R RDEA R 118 T
SA/PVA/ATP Gt | 3 A RS A TE SR AR OCHE ; THIE 7RI 7 B B S S5 o 4 J XURE V41 B, 1R 5T
T SA/PVA/ATP X} HIR4EAEIALHLEE . 455 B, FiE SA/PVA/ATP (38N, DTPA $RIGR Fl B2 R H2 50 A RS 5
BN 1,72 mg/kg F1 0. 024 mg/kg T FEF] 0. 66 mg/kg Fl 0. 004 4 mg/kg; 5 i 55 798 AT $2 A0 A1 AT 340 2
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Passivation remediation of cadmium contaminated soil by attapulgite-
double-crosslinked hydrogel microspheres
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Abstract: In order to study the passivation remediation effect of attapulgite-double-crosslinked hydrogel micro-
spheres (SA/PVA/ATP) on cadmium contaminated soil, SA/PVA/ATP was added to cadmium contaminated soil
with concentration of 3. 72 mg/kg for flooding cultivation, using simulated acid rain, mixed extractant of diethyle-
netriamine pentaacetic acid (DTPA) and triethanolamine (TEA) (DTPA extractant) to extract available cadmium,
and using sequential extraction method of the European Community Bureau of Standards (BCR) to extract different
forms of cadmium in soil. The correlation between SA/PVA/ATP addition, available cadmium and various forms

of cadmium in soil was discussed. The passivation capacity, remediation efficiency and heavy metal risk assessment
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index were calculated, and the passivation mechanism of SA/PVA/ATP on soil cadmium was explored. The results
show that with the increase of the amount of SA/PVA/ATP, the available cadmium content of DTPA extractant and
acid rain extraction decrease significantly from 1.72 mg/kg and 0. 024 mg/kg to 0. 66 mg/kg and 0. 004 4 mg/kg
respectively, the content of weak acid extractable and reducible cadmium in soil decrease significantly from 1. 40
mg/kg and 0. 81 mg/kg to 1. 01 mg/kg and 0. 41 mg/kg, respectively, while the content of oxidizable and residual
cadmium increase significantly from 0. 86 mg/kg and 0. 63 mg/kg to 0. 95 mg/kg and 1. 27 mg/kg, respectively.
The addition of material has a significant negative correlation with available cadmium, weakly acid extractable cad-
mium and reducible cadmium, while a significant positive correlation with oxidizable cadmium and residual cadmi-
um. When the addition of SA/PVA/ATP is 2. 0%, the maximum passivation capacity is 19. 15 mg/kg, the maxi-
mum remediation efficiency is 34. 89%, and the soil environment fall from high risk to medium risk. SA/PVA/
ATP can reduce the bioavailability of cadmium and realize the passivation remediation of cadmium contaminated soil
through transforming the weak acid extracted and reducible forms into oxidizable and residual forms in soil.

Key words: cadmium; soil; passivation remediation; attapulgite-double-crosslinked hydrogel microspheres; form
transformation
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SibON=e7b Ry 2PN NEE SO PN 3 3 =N ]
% (Han et al. , 2020) , H4 @55+ G H M E H
T A Rk =48 1k (Vareda et al.
2019; Huang et al. , 2019) . AL 5 LY
A K & A RO, T B2 o 4 R W A7 AR
TS AR 4 JE 7E I b 03 1, 990 1 i 4 ) o 4
JR BT R, o — AR B 5 R P A8 S AL
BRI HAE I e b2 2 vk O 406 %
2019; 157, 2019) . H3EhEEENIESALILEER
A R BEAL R R HISCR |

4 BRI B h AT S & 2 VR0t
BRI 85 A L IED A ER SR X
(SRINGAE, 2018) . HHlN, T3 & 48P A4 R
DIEA B — SR I | BRI AR AR 1 SR TR 4 M 5
(BCR) DA} Tessier #E2EFEHE (Kang et al. , 2017)
BCR 44 8 4 1T 25 0 0 55 TR IR |l I |
AL DL R B 25 RS PRI 0, 55 TR 4
SECZS A S 0 MV R v Y S 1) e e g R A
STURL 2 T B R SR T R £k v BT O3 4R, 5 R
TR FAAAR e ) AR R A 5 P D A A A
e AR ER U S5 R I, W RN AR O R
VN € o R EG- 78 R X A S 3 Pk =R A v B L R

BN ; ] S A S B e S5 A HLBIE HEE A 2% 5 1Y
W, BB TE IR R MAETE AR IE S R AR T
RERRER A AS s, 72 A SRR T KRR e A2 1 3L
A RO A, o 3 A R Al A8 51 1 i
HERr=9, XML 2RRe05 B S0A S [ WL 4
JEAE A e B 5 AR ZS S 43 A (Dold, 2003 ; Lu and
Kang, 2018) , NW#E FH T K (I FFIR SR, 2022) |
JETIJL(La et al. , 2022) ﬂ]jﬁ%%ﬁ*ﬁ%(])ehghani et
al. , 2017) W4 & PIE ST, FE DT (Wen et
al. , 2016) Fl LI E L JEEE (Golia et al. , 2022) 1
WARHN ) Z N,

IR AT 1 T A — RS B K R e
BR(SA/PVA/ATP) | IZ M BTV W v 10 0 A AR B 1)
W BfE A S, B R BH 2 5 R 68. 5 mg/kg (B) &,
2023) , WIS FE R SA/PVA/ATP 25775
Ye A3 WK 60 d Ji, IR IR — L0 =k
FH. LR (DTPA) Fl = LB (TEA ) YR G 48 BGR ( DT-
PA $RIBGA] ) 43 3R - 3 R4 , i 1] BCR 42
AR SSRGS WA A | T A AR DL R ak i
R 9T SA/PVA/ATP S 1 8 b A5 3 540 o it
WARAE B 25 8 25 B M B G AR 52 i), 28 & PR AN T
SA/PVA/ATP X 38 v i Bl AL R, S 4 RN
FaaT5 e H 0 st Ab 8 2 4L T 4R 3
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1.1 K 38 G AR

TG Y HERAE T U P A SR A A AL
e T S 40 R 131, 07+8. 90 mg/kg 15,32+
4.63 mg/kg.66. 79+13. 51 mg/kg, pH H N 6. 39+

0.01, IS RPEALE R LR 1, Hhm & &l
1.32+0. 02 mg/kg, it ( RS i 2 A FH b 1 2
15 e WU A8 FE AR E (1047 ) ) (GB 15618-2018) H1 X
W i A 0. 30 mg/kg(pH {A 5.5~6.5) , HAth 4R
PIRHEbR . R T BEAFERGEE R R - 338 rh i 1 B A L
HTE TR 0 HE Al A A IR SR AR AT R =R
3.72 mg/kg ALK 3%

x1 WEELTEFEELER mg/kg
Table 1 Detailed investigation results of Cd-contaminated soil
TLE Cd Cu Pb As Hg Pb Zn Ni
i 1.32+0.02  33.69+0.16  54.18+0.89 13.0+0.19  0.106+£0.01  54.18+0.89 229.0+2.78  30.4+0.34

T By 4 1 IR

fifi FH #4938 57 €1 #5 TEA . DTPA | CaCl, . H,SO,
HNO, (a24l) HCl(:84k) .C,H,0H ,CH,COOH .
HF (4% 4l) \HClO,(ft4%4l) \H,0, NH,0H - HCI,
CH,COONH, , KNO, . KOH, Ca (NO,), - 4 H,0,
(NH,),S0, ., MgSO, | i H M 44 (SA) . &R & fi BY
(PVA) NaHCO, M\ &7  FRbr o 55 1 W, 14
SIS, HoAth A 253850 2 R 4 Fr i

i EAL B A48 AALT00 A7 B4 JE T O
AL CHITTAR S A T A 2 B A FR 23 7)) ZD-85 %k
P IEK T8 4 35 A (M T2 S A 2% il i A PR A A |
TDL-80-2B fIli# &5 0obL ( i 2 s Rl2E AR )

1.2 SIBHH

MM EEf (ATP) &l Mg, Al & 3 19 ik iR +h 41
B, HA AR 5 1 B8 28 5 fE 7 R B BE ) (Liu et
al. , 2018; Qin et al. , 2019) , fb22Xh Mg, Si,0,,
(OH),(OH,), + 4 H,0, ASEEIETEY ATP KI5 T
HRA T, SR X SRS H 2l
B4y M : Na,0 0. 70%  MgO 7. 68% , Al,0, 8. 50% .
Si0, 40.44% K,O0 1.47% .CaO 15.96% Fe,0, 5.02% .
SO, 2. 25%. TiO, 1. 38% . P,0, 0. 53% . %% % &
16.17%.

SA/PVA/ATP [ %5 7575 FREL 0. 9 ¢ 1 SA |
1.2 g PVA 1 0. 8 g ) NaHCO, FHe#f 1, Jin A
60 mL Z&IBK , A 60°C fH IR /K V8 73 1 $1 7 . )
IFFREC 1.0 g ATP THEpRH, il 20 mL 2818 K, 8
PP L b J5 28 E A FEH A SA [ PVA Fl NaH-
CO, IREW T, AR 2Lt R B 3 h, SR )5 8 2 1H
W HAh % F) CaCl,-CH,COOH ¥ & v B 1% 181 4k ik
Y, F43 A5 K 2 08K gk, TBOA 8% 35 LA 5

T4 24 h A3 BIE G KL,
1.3 EWH*E

TE50 g 505 RN 3. 72 mg/kg B9 HIEFIMA +
BER R 0. 25% 0. 50% . 1. 0% 2. 0% HJ SA/PVA/
ATP, [RIBH SO0 R, A Fl Ab BESE- A7 3 £y, FEiRS)E
IMAZEIR K Z KA T 4 1 em, 35 BAREEIR, K
BB 60 d, WIRAERR 7 d HEdE 1 IR, IEAKTA TR 28
R R B K53, B & 45 5 BT+ 51 A g it
200 Hiffti, F DTPA $EBGA AR R [ 322 R
P O Fo 10 4R 0 R TN AR 40 i (R R M AR,
2010) ], MR 3 F AT WS R I 2 D -1
ey (GB/T 23739-2009) 5 ¥k HEHL, I 22 + 1
AT RS 45 (53 52 1R TR 4 A RS 47 F DTPA
PRPCE RS . R EIEMUTAY 13 e
BT LT ) (GB/T 25282-2010) H 214 .
RN | £ TR 53 ) B R A 98 v 55 TR P RS L T
WA T AL AR AR AR R - R - &
IR - = AR VR R, HIEARIE SR A &
B IO I A
1.4 HELEFZE

BEALIXT I 4 8 1 B OR o sl A = B
SRR 4 AR PR AN 18 $Ook i i, SA/PVA/
ATP X4 1 Bl Ak 25 i 45X (1) 115 (R B0 55,
2015) :

Cap=(C,-C)V/W (1)

i Cap HEILA R (mg/kg) , C,.C. 739y + 54l
AEHT I SR 55 R 42 IS & i (me/L) |, V N S ORI
AFL(L) , W N SA/PVA/ATP & (g) .

H 4 /B E AR (RRm) #2240 (2) 11 (F 384
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2022a) TRALAILE , BEZE SA/PVA/ATP ¥ & 36 i, B2 19 A
RRm=[C,/(C,+C,+C,+C,) 1x100% (2)  DTPA $2EUNSR & BB T B, oK N RN

BB PEMT TR B RAC) T PEAh L3 rp E 4
JE IR EE XS (AE3E4E, 2022, B384, 2022b) , 3%
A (3)HHE, RAC 195 F4r28 0. <1% KT XK,
1% ~ 10% Z 8] A AR KUK, 10% ~ 30% 2 [] Sy v 45 K
K5 ,30% ~ 50% 2 [8) A 5 KU , >50% Ry i i KU
RAC=[C,/(C,+C,+C,+C,) ]x100%  (3)
(2) (3)3H €, .C, .C;.C, AP N T RRALI |
AR TS SRIE SN S B, I EdE R
JH Origin VEI&, SPSS #EATAH M54

ZER51HE

2.1 SA/PVA/ATP Xt +IEH LAY ME
FRTR AT DTPA $2 I 33877 350 2454 0 45 51 14

2

1 FioR,
0.030 Vi
& —m— FEE R |
= —A— DTPAHEHRL
20025+ \b J16 -
E 14 %
E 0.020 - a . Y &
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Fig. 1 Available cadmium content in soil extracted by simula-

ted acid rain and DTPA ( significance level of difference is

0. 05 and identified with a, b, ¢, d. Variables with the same

letter are not significant )

PR I HR B 4 5 1240301 R 0. 0240021 .,0. 014
0.010.0. 004 4 mg/kg, Bt IEZH 5 0. 25% Kb FHZH 2
6] 22 S A B 2 Hi A Ab B4 5 %0k MR 20 2 1) 25 Sk
FALERA 2 ) 22 S ARAR 3 DTPA 4R B A 50S
RS E I 1.73 1. 54 1. 44 1. 23 0. 66 mg/kg,
Bk 0.25% 5 0. 50% b BRAH 2 0] 22 7 AN I 3, HiAq kb
HeHZm A SXMAZmERERE 5XF

81.67%F161.85% ., SA/PVA/ATP WU INFEAL T +
SRR PR ELTE M R AR A R S AR B i i A
K, BRFNIEH AR A G b R EH R, A
UECHIIBR IR pH {0 4. 60, X458 137 H B A TR,
TEBR i A5 F T (A TR XoF = SRR 1 Ak 1) 52 il 348 2 AN B
ZM., DTPA FEMU A RS & it IR W R IR &
TN 72 A%, T LA A b o HEA R} 0 4 e i g )
(FHEE, 2019) .
2.2 SA/PVA/ATP X +EARRESREH RN

TEE SR A RS RSP SIR
J T EREIR R HIE A RS2, 2R F BCR X 3
WSS T RO M 25 R LR 2, R
Tk 3,72 mg/ke , X BRI AS [A] 4b B 20 A 4508 S 60
BRI 3,70 3. 67.3. 64.3. 61 .3. 65 mg/kg, i
2354 0.05.0.02 ,-0. 01 ,-0. 04,0 mg/kg, &
BAERT G 55 B2k

WK 2a BT 7, 6 0 55 1R 32 BOAS & & 40 1 ok
1.40.1.37.1.31.1. 29 1. 01 mg/kg, HMM# KT
0. 50% HY AL FRZH 5% B 22 5 B ) BR 0. 50% 1 1. 0%
AL HR 2 A1, H AT AL B2 2 () 25 57 i 3 Bl SA/
PVA/ATP ¥ NS A3G N, 55 12 $2 US4 2 8T R
POREZ BT 27.43%, 08 RS &0 N
0.81.0.50.0.52.0. 42 .0. 41 mg/kg, 4 4b P40 5 %F
MRS B B PERT 1.0%A 2. 0%4h, HAhb
PR 2z [a] 22 53 . 35 5 [WIME  BEE SA/PVA/ATP ¥ N
E ORI B s S N S SR S AN N 2
T 49.33% ., W] AEALS S 4 0. 86.0. 91,
0.91.0.92.0.95 mg/kg, #-Ab P 4H 2 [] 25 S By BN
{HFR X A2 22 5 0 35 B %5 SA/PVA/ATP &
g, Ak EmEEEE LA, R R EHAT
10.24% , BB & 7308 0. 63.,0. 89,0. 90,
0.98.1.27 mg/kg, AbFRZ 55 X} HELH 2 M) # A7 Jb 25 22
5L BRT 0.25%F11 0. 509% () 4b B 20 A A 45 41 =2 6]
LR RE BEE SA/PVA/ATP R 1Y 19 ok i 7245
Was bR E RE LT 101.6%,

&l 2b 7 %k IR A3 v s PR AR IR AT B |
AT A SRR T A4 o Lo 3R 38% . 22% \23% Fil
17% , SRS IS o H e K, il d JE A R m] S A 2
B B, R S A N, BEE MRS I
BN A TE A HR 0 o L & AR AR Ak, 55 R 48 ICS AR AT
AR o L T B AT AR AR o LU R A RS
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Fig. 2 Effect of SA/PVA/ATP on the content (a) and percentage (b)of different forms of Cd in soil
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W RS A T E AL S R S, AT R 4 A
RS, SEBUR TS Y IR R IE A
2.3 MREAmMENTEENSRE.SESREEEN
K5
2P0 PR RO SIER M E RS SA/
PVA/ATP &S hnde 17 A S PE 43 #r, WL 3 ol LU

L APRHAS I 5 R RN B A RS 4R  DTPA 42 LA
RS 59 R 4 B A AT 3 i 2 A 1 A O R B
512 -0.98 ,-0.93 —0. 87 F1-0. 86, ¥ 54 i & 11 A
K AR E SRR L R 0. 94, 2
et IEAROC, RUARCES MBS mI 25
PR A G

DTPA $2& 057 5 55 2 45 U 49 1 A OC R
0. 93, M IEAHDC ; 5 AT ik S 2850 1 AH OC R BCh
0. 72, 5 o IEAR G ; 5] S Ak A TR s AR I A OC

*p=0.05
1.00
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FeEER [ 098 ERINHEN / / , \ \ 0.60
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Fig. 3 Correlation analysis results of available cadmium, different forms cadmium in soil and material addition
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IR IR A 7 it BRI T DTPA $R I & i, 1
HEIWARZ R HA MR A S, 45 53R
- RS R T R 5 R R S RN T A
JEAS AL A T B AL AS R i 2 Y

PR Y 55 PR PRI 5 ] SR A e R R
FE AR 5 2B k-0, 82 FI-0. 92, 54 5 & 1 A
Koo PIIR RIS AT R A A4 AR T A A A 5 R
3 -0. 93 F1-0. 86, A% 3 A G, 45 Ak

— LR LR AR E T RN RN
SA/PVA/ATP {418 v 55 TR RS 50 F AT 38 JR 25 4
i) ] R AL A B RN AR S R T #E AR
2.4 SA/PVA/ATP Bt L REETEM

BiAb 25 Cap 1T HRIEAN AL 70 X 8 4 8 14l
LAV N PN R L L R A i S @ S
%, 2018), Mk 2 nTLUE Y HE SA/PVA/ATP i
IR N, Cap 2 EFHEH HHRNS IR R 2. 0%
i, Cap 353 19. 15 mg/kg, I AOGALRE i

& 2 SA/PVA/ATP SHREHISENU B E S EREMKEITMN 45 HI T
Table 2 Effect of SA/PVA/ATP on passivation capacity, remediation efficiency and risk evaluation index of Cd

FHRHA I %

Blifeigtn F
0 0.25 0.50 1.0 2.0
Cap/(mg -kg™") 9.82+3.70 16.74x3. 68" 10.49+2. 28 19. 15+0. 55° 5
RRm/% 17.05+0.27¢ 24.24+0. 36" 24.79+0. 55° 27.08+0. 29" 34.89+0. 04 703
RAC/% 37.55+0. 27° 37.3820. 07° 36. 06=0. 48" 35.76%0. 27" 27.80+0. 10° 423" "

T FFRORITZENTIIGETT A« + o+ FORAE AR 22 54 2.3 (p<0. 001) .

1852 550% RRm R PEA A0 A A6k 14 S5 B 7 FHLA
B (2 2%5, 2022) , MARIBERCRREE SA/PVA/
ATP FR 0 A 338 v B S8 80, 240 R AR i
2. 0% W& & %0 % e = i 34. 89%, 5 %t
(17.05%) FHELIG N 1 104. 6%,

RAC 7] RITPAN 30 h B 4 TR IR SEXRS . thk
2 A1 RAC 5 SA/PVA/ATP ¥ hin 5 W 3% 1 A1
X, XTHRZE HIEAY RAC (HM 37. 55%, J& i KU

AN

158 /° b\o

s N o N

\ 1 SO U B

watem j N/

..’ O-“""“ "ye ? 0--.-.
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H‘O'_(\é_'—- | =g,
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JUE (Ke et al., 2017) , WSHI SA/PVA/ATP 235
A B RAC Bl A BHZS ISt () 388 in i 228 9 B AR
{HEZR IR 0. 25% ~ 1. 0% RAC (R AR /N, BhdE
RBSAT I 2 AR . MR &N 2. 0%, i 37. 55%
AR 2 27. 80% , P4 1% JRURS: B AR 22 v XU (10% ~
30%) .
2.5 SA/PVA/ATP 3HERI5E L HIE
SA/PVA/ ATP X} 4% i) B 4k L 28 40 14 4 fr 7R

A o
Fe/Mn-0-Cd

Kl 4 SA/PVA/ATP Bk AE R Fais e g pLE
Fig. 4 Mechanism of passivation remediation of cadmium contaminated soil by SA/PVA/ATP
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SA/PVA/ATP 2 UM M A7 kg SRR 18 3L SE B 7K 35 e
fooek , e HA ER I BNEER, LA 2, &
AERIFRERREGE T EERA, MR
Al I i G0 R A7, 2 B U AF FE AT A B B KT Na® |
Ca® Mg™ , AT L3 ik # v 5 | g 0B 28 46 1 FH W o
Cd* H1 Cd(OH) " EEB AT B I & A By FR I AR BL 1]
VISR AR RN, 559 R 32 OS5 i 25 2y il i 111
MR AR AR ) RS S 4 VR O kE SA/
PVA/ATP FW A 5 A 52 50 2 78 i K S R #4709,
T E AR A TR, B LA SR 40, Bk AR
I PR 285 7 e, B A S A 1 W e 1) 0 (RT3 i 2
B BB M Sl W SA/PVA/ATP B BT W 4% 5 40,
T R AR Z SR R £ ATP
FHEAE 5 HAS G AR ATP B 2851 %
FIFE SA/PVA/ATP T 5 /K& 2% 1T I 1Y FEFE AR
FLAFE e BE SIG MR LS B IR LA A W, T4 fin
T R A PLEE A A, R AL AR AR S IRV
JKBFTE] A 60 d, i 525 14 i H, W2 B0 A - S A0R % 1T 3
FAAERRIR ER T DA AR I JFAE R T R AR ST 4 B i
(A, T BB I B HOVE T A B RETR AR S A% T, DT
fsR S,

M MR E L g DS S A ER
B A A T B 3 R AR R R R E 1R (59
PR 2 SO T F1 AT ok IR AR ) W BfE 3 SA/PVA/ATP
e A ] SR T A R AN R T A AR A AL, T A A
(3, SRR S e R IR EE B &

SA/PVA/ATP #2475 4 48, -3 rhBifl
FRFR A DTPA $2 A S M & MR K T
81.67% 1 61. 85% ; 1 1 55 iR 45 UGS F ] i J 28
R R R R T 27. 43% 1 49. 33% , A] &4k
ATNER 50 0 ) B KIG AN T 10. 24% 1 101. 6%,
AN 45 SR SA/PVA/ATP J HOiR N 5%
T ARSI SN AL, MRS
K BlAL S TR OK B AR e R R U
W FF, SA/PVA/ATP X8 OB 51 85 128
e 45 Ve FH A 48 v 55 R H U 40 R T 38 i 2 4
T ) ] SR AL A R AR A AR AL AL, SE BRI Al AL
SA/PVA/ATP J&—A~HA7 h TS A 15 Y 58
Bk,
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