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The effect of palygorskite modified by acid on stabilization of Cd in soil
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Abstract: To explore the stabilization effect of palygorskite activated by different concentrations of H,SO, solution on
Cd in soil, the authors carried out acid activation of palygorskite by using H,SO, solutions with concentrations of 5%,
7.5%, 10%, 12.5% and 15%, respectively. Stabilization experiments and pot experiments were carried out with the
addition of Cd contaminated soil. The results showed that the active Cd content of soil was significantly reduced by
applying palygorskite activated by different concentrations of H,SO, solution, and that the stabilization effect of 10%
H,S0, activated palygorskite was the most significant. The extracted Cd content of toxic leaching (TCLP) and dieth-
ylene triamine pentacetic acid (DTPA) decreased by 31.11% and 37.33%, respectively. The results of continuous
extraction by the European Community Reference Agency (BCR) showed that palygorskite modified by acid can sig-
nificantly reduce the content of acid-soluble state and reduction state of Cd in soil. The palygorskite modified by acid
could significantly inhibit the absorption of Cd in soil and the transfer of underground part to the aboveground part.
The content of Cd in the surface part of maize decreased by 26. 99% ~43.97% compared with the control group, and
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the content of Cd in the underground part of maize decreased by 15.36% ~27.40% compared with the control group.

Palygorskite modified by acid has obvious stabilization effect on Cd in soil.
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UTAEAR Bl A e [ A0l iy T & e, A IE e
ZAFELEAR FH e ) DR (0 AR Tl B /K HE Tty ok 1)
HAaJE TG H 4", R A R AR AR AR
FH 4338, & 2 R S 4 3K - JE PR 5 o £ 1Y) — K[
(ZHFEE, 20185 MRIfESE, 2019) , BRAEEALIZE /Y
WS R YR G R 15 JMB S AR Z —,
W2 TR PTG GE BRI i 2 A AR R B SR T
MV Z 2R (AR & w5, 2017; Z248°F-4%, 2019)
FIRTH TR 4598 [ A0 2 245 25 R0 (4R
45 2019; Huang et al. , 2020) &R AW 4k
EW)(Zhang et al. , 2019) %%,

UTAER, B 0T WY I AE Cd {559 H3ER 3y
TS T A R G A AR Cd e R
A BRAL A o, Aol LRI A S PR T T A A= A 2K
PERTRTERSVE (B B9 5 , 2017, EIREAE, 2018; 4
%, 2019) , R4 (2019) K, LA XS Cd 4l
BRI ., P E FEAIR Cd B = O = e 1 LR
(diethylene triamine pentacetate acid, DTPA ) #2HUA
i JEdE Cd i s TR S AR TG PRI A e, ZR4L
S5(2018) A, IRINE/ B3 L AN e S P SR
LAY 2 R AT 2 A RS Cd &, A RGE Cd
B IRORIRIRIL 42. 3%, YA 1E N EE L0 Wi —
Fifr, R EAT R4 ROIE E RCR B RS RBR N # iz Al
o AERARAE(2017) WF5E & B, -3 i fin ik 2t e 2
AR Cd {5 A TEAT RIFAMBERCR

ARSCUASZAT R JEA R HEAT TG Ak, X R A i 2
AT T B 5088 43 T (scanning electron micro-
scope, SEM) Fll X 4 £k 77 4 43 M1 ( X-ray diffraction ,
XRD) KM E4JE Cd {55 e T L sl S 56 A
FORMAE LI RS AT I 24 4R T LA X BR TR
AN E 4 T G R BARASOR | DU o R i
I e A T 453 5 Y - SRS U AR A AR , []
WAy b 7 R G 7 A e i ™ ot T 2 A 4
BT

1 5Tk

1.1 TERHE

JKFE 2R H R IE VLA 55 55 1 R TR 2 BB % 4H
VU KT (47°43'54"N, 124°54'9"E) |+ 4% pH i 7. 3, H1
FH(EC) 162. 3 ps/cm, FHE 7238 # & (CEC) 15. 51
mol/kg, B Cd #JE 0. 30 mg/kg, +HEE T B 5H05E X
Ab F AR WP I 2 mm 5 CACL, Bl Cd e
KE 2.3 mg/kg 1Y Cd 15 YK FE £, F 4 H )45 K &
) 70% FE bR 37 90 d Ji, A AR, S it 2 mm
i, AR Cd 5 YL 32,
1.2 BREUHEZANTE

We2 A JEW T A H R G PR BT, B H R
MIAMABHA R A R, JEAEIES (2013) , DU Ji
W EZT W&ol A 29. 7% A 95 21. 8%
WA 4.9% KA 14.6% A 6.3% Lhlefi 4. 8%,
A8 5. 1% Z WA 5. 3% JiflA 3.2% =tk 4. 2%,
B2 ATRERE G 4, i 4% 200 H B9BURE, 43 50 A e
FE N 5% 1. 5% 10% 12. 5% 15%M) H,S0, I, TR
Feoh 1:10, Fi R EE 2R 500 r/min, 2RI AL 72 h 5k
R EUOE T (TR 100°C) 152 E AT, &
THHUME RE A7 | 145 5 A 100 H B9BRTS L2 £1
BEALAARE
1.3 HxRAZE

030 g 20 5 B ATRL, 23 A 1.5 kg HE4x
IERCE G s L L W0 e e R B e I =t ) e S N
FK 1) 70%i= 1044k 30 d,30 d Ji BURE 2 4lifk 1)
Ry AR e e < B A I TN

PIEAK(Zea mays L. ) AHEAAEY), i F A BE A 4
L HH A ROl Bl B SR A AE T R R IR AR N E AT
AR, Bl 0 R A EOK TR AR R
10 47, AV 5017801850, FEF IR EE N 1~2 em,
FEFhIE OR300 . #8830 d J5, koK, Ml
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W FeAE: BRGSO 1 Cd RYBERASCRITSE 797

FAREY M Cd HHEE,
1.4 B RNE

43 pH {H (/K1 2. 5:1) FH pH 3 (7, PHS-
3C)ME , EC(7K AL 5:1) Fi DDS-307A RLRL G 3RA0
SE R OB L i SRR SE CEC,
1.5 tifd Cd HIUE

50 mL FYESOAF A 40 mL DTPA $2HUR, 5
2 g TRERMRA R E, 25°CFEY 12 h JF#EE 10
min, 4 000 r/min &.(> 15 min, F 0. 45 pum JEFITIE,
DB I S5 W o e EE T E Cd IR, 45
P4 DTPA fREGS & i, B 1 g 1 100 HIfAY A
FFEIAE] 50 mL B0 L EIA 20 mL BEPETR H
S50 (toxicity characteristic leaching proledure, TCLP)
PREGR, 715 18 h, ik 10 min, 7EFE N 4 000
v/ min $H N B0 15 min, F 0,45 wm JEFGSIE U8
I T 7 W 23 D66 BT HIN E Cd vk B, 15 2
TCLP $EHS &1,

TR Cd A BT R B L [ RS 41
4 ( european community bureau of reference ) & H [
BCR #2Hti:, M 7 3 Cd RIS B 2 Ak
AR, A A ST 53 0GR € Cd
A
1.6 HIBABSHTHIE

T4 B AEESICR (stabilizing efficiency, SE, ) ¥4y
LD, H €, o HIEE SRR (mg/kg) ,
C,.. Nl T3 4 )8 1 AT A BOREE (me/kg) .

SE, =(C,.-C, . )/C, *x100% (1)

48 A1E E XK (remediation efficiency, RR,))
A (2) #5372 BCR ER PP (F,) SR
WA(F)) GBS (F,) VA (F,) M (F,) Z
A HEAEL

RR =F,/(F +F,+F,+F,) x100% (2)

R BTEAEYIIAR N 1) 5 5 R 2L (biological concen-
tration factor, BCF) Fl%% iz Z& %4 (translocation factor,
TF) %A (3) A= (4) 5

AR REU(BCF) = MW iR N 4w 7 it/ T

HEJE T Ex100% (3)
Bis ZA(TF) = MY A H 6 )R e/ il
Pt B ¥ 4 5 X 100% (4)

2 RTINS

2.1 ERiEMHEEAR HIEBH RN

TRE MRS AL 2 A7 AL FHEE ) pH {35 5% X
HEAL, R 7. 5% 10% 11 H,SO, V5 WG fusi 26 1 ik
PHE Y pH A 535 = T HABER I fL 3 2 A b B4, vk
FEH 5% 12. 5% 15% 1) H,S0, RS L 26 41 4k
KAL) pH EZ [ JCH] i 22 5 (Liu et al. , 2018),
WeIT g 12. 5% 15%H9 H,S0, WS A2 ik ok
FEt 0 BC BT HABAL L] . CEC 2P 30
BRI [ 5 0 1 T 4 T B i — A LS AR, CEC {E K
o, BRI B Gy (B ARSE, 2014) , CEC 7E0I
AT RIS A 5 T R CEC 311K
FHABIA T BRIE e 2 A i 38 Ui 4% Cd V5
YU XU 5B A (Wang et al. , 2018) , HEH 7.5% |
10% 1) H,S0, #3264tk K RS £ 19 CEC {E
2 T AR | SR TS Ak 2 i H,S0,
FE 4 10%M} CEC FYMER K (FE 1),

x1 BRELEEALE CdTLEIIEEAER
Table 1 Physicochemical properties of Cd contaminated
soil treated by acid-modified palygorskite

AbF pH {H EC/(uS+em™)  CEC/(emol - kg™!)
CK 7.52+0. 04 468. 67+4. 04° 16. 34+0. 07"
AP5 7.2320. 09° 422.33+3. 06" 16. 600. 03°
AP7.5 7.37+0.05" 401.33+4. 16" 16.74=0. 03"
AP10 7.42+0. 03" 414.67+6.51" 17. 080. 04
AP12.5 7.2520. 04° 389. 33+4. 16" 16. 68+0. 03"
AP15 7.2420.02° 383.67+7.57° 16. 650, 04°
F i 16.66*** 106.76* * * 105.53* **

T FBIARE/NG FRER R A B R 22 53 W3 (P<0.05) 5 * RoRTE
0.05 K WA, * « FIRTE 0. 01 /K- EH B EME, = = =
FIRTE 0.001 ZKF-_EAR R EAHSE

2.2 BREIEZRHLTES cd MEMBERS

ST RELE ) DTPA $EEGS Cd &4 8 % T HAbdb
PHEH  BEAE B2 A TR TS AL BT H,S0, R EE Y3,
DTPA S Cd &= 5Em A 53, WEEh 10% 1)
H,S0, % 1k ¥ 26 £ 56 1k K % £ 9 DTPA & B
ACdE &, B FE T LAk B H, S0, i 1k bk
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kB K ARG 0 DTPA RS Cd &8, 5 R4
AR 37.33% , WRIE N 5% 7. 5% 12. 5% 15% 11
H,S0, VWS A3 26 A iAok A8 1Y TCLP $2HUES
Cd 5 1t b 2 AR T %k B, 43 5/ 13, 33% ,20% |
15.56% 1 17. 78% , 3% = T H,S0, W h 10% 40 34
B 3 (Wang et al. , 2017; Liang et al. , 2019) , BE&E
P ARG AL T H,S0, ¥R (38 in, TCLP #2572
Cd 5 1SS0/ 3G IR0/ ), 8 3 2 A0 TR T Ak T H
H,S0, A 10%F DTPA 2B Cd 7 ik Bl /)
fEH(E 1),

Cd it /(mg-kg™)

DTPA

Bl 1 S Ak Cd s g R h AR AR RES
Fig. 1 Cd bioavailability in Cd contaminated soil stabilized

by acid-modified palygorskite

2.3 BEWEZAR SEM #1 XRD

IR 2 B DA R R AR AR I A AE , B
WREER IR 7E W W A BRR S5 4 . TERRTG LIS
B R IR SRR S A AR AR T Oy R, HLAL B
2, i A R JEE 4 348 KT BN B A, AT R A
HBRIG A I FERE I 27 T B 2 T 25 o, 2k A i BliA
BRI (1 2) .

X HEARE TS 2 B, 7E 26 24 8.2°.19.9°.20.7°,
34. 8 43. 4°BfHIE N M R A7 (A) BAFIEIE, 7E 20 K
11.4° 20.7° 26.7° 36. 1° 50. 6° B A7 3 ( Q) M4
fiEiE 7€ 20 2 31. 3°BHE N 1 =41 (D) FFRRIE I, 76
260 7 8.2° .19.9° 41. 3°FHT J 11 25 BF (M) B IE I
TE 20 4 24. 1° M i 4k de Ay (C) MR IEIE, 76 20 2
26. 9°BIHE A (F) BUFFAE G , 3 26 3282 ¢l 01
A A% A f  Habk G A KA YR,
TEBRIE A 3l 2 A7 B R A0E W P 457 8 20 50 A A T
AL, UL 2 A7 (1) SR AR 25 A TE R TG AL 5 I F R &
AR T MR A (S5 AE (E1 3)
2.4 BRTEIEZRHLTEDS Cd HES

STRRLH L1 rp Cd 1 FEAEIE S MRS, H
UONFRIBEAS TR RS, EALAS & R MK, IR 16 1k
WA MR RIAZS Cd 15k 2 Cd ik, S
HRZUAH G, R 6 Ak e 26 A it fin J5 | RV 2 LR RS Cd
FL B34 8 3 T R, FRIE 45004 < 41. 6% (AP10) >34.9%
(AP12.5)>29. 0% ( AP7.5) >27. 9% ( AP15) >22. 5%
(AP5) 1 51.8% ( AP10)>48. 0% ( AP12.5) >47. 6%

E 2 AREMERRE LA SEM E

Fig. 2 SEM image of different concentrations of acid-modified palygorskite
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Fig. 3 X-ray diffraction pattern of acid-modified palygorskite
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(AP7.5)>41.0% ( AP15) >25. 1% ( AP5) ; 5% 1 25 Fb 3l
Y 2 T, IR AK IR A 90. 4% (AP10) >76. 6%
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Fig. 4 Morphological distribution of Cd in Cd contaminated
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soil stabilized by acid-modified palygorskite

2.5 BREMIEERHLTIEF Cd HIREREE

A ARG AR W] LA e A
REX 4 i TG Y - HE R AL BRRSCR S [R MR B R TS Ak
S ES R Y T Cd BEEECR (SE,,) Z1H)
FAAE E 225, AP10 HATAL R R Bl i K, i T
PR A2 0 I (%) A P B A R 1 (3 v xR
H(E2),

BRI e 3Erh Cd (AR A SCSAS EIE
R FRIE A3 2 A xS e R 3 ) Cd HA R
BEARRICR , W BN T A TR & (3R 2) .

2.6 EREMEZANEYEKT Cd EEHFM

FRTE L2 B I A BB B AR T 6 K Hls - 3843 1
RS> Cd 15 i B 43500 R 26. 99% ~43. 97% F
15.36% ~27. 40%, T KM FEB5 ) Cd & & &
FH R4 Cd B &, WA IR fh 3 2 A i Xt
MR 3 Cd i & i i 2 8 T Ah A BRA ) 75 i
Mo 1B Cd A R A K EBOH R, A
R IWRIE A 10% 10 H,S0, 1532 A1 % E K
A R R A Cd % R ROR B WA S, A B X
WRAL4 I BRAR T 43. 97% F1 27. 40% , FoR e N
12. 5% H,S0, TG AL 26 43 Ab B, AH E Xt BEZH 43 1R
T 41.09%F127.03%(E 5)

PR A 2 e i e A2 i F R B A K, S50 IR
AL, BRTG A 26 47 A BRAH 1) 5K 35870 Fnts
T E Y R . H,S0, VIR N 10% iy b
PR F KD b T 2 v T A AL A, 5 X R A
b4 55. 43%, H,S0, W E R 7. 5% . 10%
12. 5% (A RLBRZH F K b T #8418 oA 22 5, 34 B
FHE TR (K 6)

Tkl AR A R A R O A RO
18 REA B 2 R ot BT 1,80, vk RE 38 Jin &
P T RS B, fE H,S0, Wk EE R
10% FRTE LY 2 A AL BE T | ok B3R w42 R4k
R AR R B8 R A A B B/ IME ( Chen et
al. , 2018; Mg¥%%  2018; Dai et al. , 2019) , SXFHRZH
AA G AR 44. 27% 27. 76%F1 23. 34% (£ 3) .

*2 BRENEEAHEN Cad TR LBEPHURE(SE, ) FIEERE(RR,,) %
Table 2 The stabilization efficiency (SE,,) and remediation efficiency (RR,_ ) in Cd contaminated soil stabilized by
acid-modified palygorskite

B4 CK APS AP7.5 AP10 API12.5 AP15 F{H
SE,, 0.67+0.01° 0.72+0.01¢ 0.76+0.01" 0. 80+0. 01° 0.76x0.01" 0.7320.01° 87.32° % *
RR,, 0.230. 02° 0.32+0.01" 0.40+0. 5% 0. 46+0. 03" 0.39+0. 03 0.39+0. 07* 11.44*

W # FORTE 0.05 /KF LEEMIC, « + RIRTE 0.01 KT BB EFIC, « * + FRIRTE 0.001 KT FAR B AHIC,
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Fig. 5 Cd enriched amount of maize planted in Cd
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contaminated soil stabilized by acid-modified palygorskite
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Fig. 6 Dry weight of shoot and dry weight of root of maize
in different concentrations of acid-modified palygorskite
x3 AREREBREUHEZAVLEDERNEERH
(BCF) #1%51iz Z % ( TF)
Table 3 BCF and TF of maize in different concentrations
of acid-modified palygorskite
sl BCFyy 3y BCFyy sy TF
CK 0.256+0. 003" 0.354+0. 001" 0.724+0. 007"
AP5 0. 1870. 004" 0. 3000. 001" 0. 624+0. 011"
AP7.5 0. 151:£0. 002 0. 268+0. 002 0. 562:0. 003
AP10 0. 143+0. 002° 0.258+0. 003° 0. 555+0. 013"
AP12.5 0. 155+0. 002 0.257+0. 003° 0. 603+0. 014°
AP15 0. 171+0. 003° 0.274+0. 005° 0. 623+0. 006"
FAiH 761.40" ** 536.69" 117.69%*

H: FFIRFE/NG TR R A B ) 22 5 8.3 (P<0.05) , = KR e
0.05 /K LW EHE, = = F/RTE 0. 01 KV W R EHE, « * =
FEIRTE 0. 001 7K AR B EHE

H,S0, &R N 5% 7. 5% 10% 12. 5% 15% 1% 1k
I 2 A7 A B TR X Cd B B 4 R (R T R
H; H,S0, IEIHEE N 10940 P i 2% T HAB AR 1%
eI 2 A Ab B oKX Cd 1Y 4R R B0 N 1,80,
TR IE N 7. 5% 12, 5% R TE ALk 2 47 Ab b oK
Xt Cd & A R B E LT H,S0, R IE N 0.5%
15% AL BRAH s BN H,SO, R R 15% 1R TE 1L
P2 Ah R FORXT Cd 1Y 4R R AU E LT H,S0,
VSRR E R 0 5% AL AT . oK I R840 & 45 R 5L
ZESEIR F (P<0.001) . H,S0, ¥ KIE N 0.5%
7. 5% 5% BITE A3k 25 40 Ab B b oK% Cd 1 4
B E ST H,80, W] 10% 12, 5%H4b B
20 H,S0, TEIHEE R 7. 5% TR G AL 3 2 0 A B
FOKXF Cd s R E R LT H,S0, IR 0,
5% 15%RIAb BRA ; H,S0, ¥R E R 15% IR TG 1L
P2 Ah R FORXT Cd 1Y 4R R AU E LT H,S0,
RN 0 5% AL BRYL ; H,S0, IR R 5%/
BRI AT hb B RN Cd I E R EH R T
X REAL
2.7 XSS

I AHT AT DL S B SRR A B 3R Cd )
f2FIEAS BRI DL TR E 5 Cd a2 e
YEAE—E AN (Guo et al. , 2018; Saqib et al. ,
2018; Wang er al. , 2020) . pH {4 DTPA 2B Cd
i TCLP $2HUE Cd &g SAbAS Cd & i JRiES
Cd Fra R0, SELS Cd & BJRA Cd & i
SIEASG, HAHSCTEY R W3, Ui Rt %5 pH [ A9 F%
1%, Cd TS 2R R RIS A FIIR SR AL 72 Ry e e 1
FULSFIFRIE S (&5, 2018; 7Kl 2018; H
145, 2019) , EC 5 DTPA $#2HUZ Cd & TCLP 42
S Cd & & RIBA Cd & RE Cd &2 Ak
A Cd Fri JRES Cd & BB ( Eamss,
2018; A%, 2019) . CEC 5 DTPA #2£HUZs Cd &
it TCLP $2HUS Cd & RIES Cd & it B JRA Cd
T ES Cd FE ARIES Cd A B R ARG
(P<0.01), H#i B9 Cd EERSMES Cd & & 8
JRAS Cd & 2 W A, A SCR B 5 0. 946
10.974, 55 Cd & FRES Cd S EERER
FHX(P<0.01) , BRI S Cd F LA RS Cd &%
SRS, S A A S Cd B AR R N (Fei et
al. , 2018), ML F#E Cd WA &S DTPA $2HUE Cd &
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i TCLP $2HGS Cd & JRIFZ Cd i b5 Cd
T A Cd S RIES Cd S EA WA O
(P<0.01) (Wen and Zeng, 2018; Wang et al. , 2019) ,
Mo T E AT T8 S DTPA 425U Cd &4 TCLP
PEBGS Cd & RIES Cd & RS Cd & A

B Cd SR FBESCG SEADEMHEEHE
(P<0.01) . #h 555 DTPA $2HG8 Cd & & TCLP
PLEUS Cd & RGBS Cd & BN Cd 8 A
kB cd SR BESNCG EEADEMEN
(P<0.01)(F4),

R4 CAESEHRUIERBUER ERERRR EERB BERENHEXRL
Table 4 Correlation between Cd morphology and physical and chemical properties of passivated soil, maize growth,
enrichment coefficient and transport coefficient

Eitan DTPA-Cd TCLP-Cd PRV RS A PRI

pH 1 -0. 009 -0.082 0.279 0.233 -0. 409 -0.194
EC 0.652** 0.575" 0.864** 0.889* " -0.862% " -0.872* "

CEC -0.797 " -0.843% % -0.778** -0.761** 0.687" " 0.795"
BCFyy 455 0.925" " 0.860 " * 0.946 " * 0.974* " -0.889" " -0.976* "
BCF gy w51 0.913** 0.833" " 0.977"* 0.993"* -0.938" " -0.992* "
o ST E -0.914** -0.879" " -0.949" -0.926" " 0.884* " 0.952" "
RS TE -0.773** -0.668 " -0.814" " -0.855" " 0.825%" 0.825" "
TF 0.915" " 0.867" " 0.849" " 0.89 * * -0.761" " -0.905" "

W o FORTE 0. 05 K- F W EAHDE, * « FIRTE 0. 01 K AR BEADG, * + « FIRTFE 0. 001 7KV FAR B EHC,

(1) Jiti iR % ki 2 A1 il i 25 A AR - 98 rp A5 2
A Cd i BRI b e 26 A b Cd Bk CR
5 e X IR 3 2 W s AL B H, S0, ik
JE - 10%, 1380 Cd A EEAL SR el

(2) WA [FHe B B9 H,S0, S AL r 2 1
Yrfiedn 2 5 5 1 CEC A, Y3 260 IR 1k i 1
H, SO, N 10% ), T4 CEC {E 7 ; Cd 1k
SRR, HERREE Cd & i A Cd
FE R ERC, AS Cd SEARES d 525
FHEM, Cd TGV ARG AR, M A R TS AT
FH H,S0, WM K 10% 0, HIErPRRAR Cd & &
A I 3, AH EE T X FEZH A 34. 5%,

(3) SXTHEZHAH LL, i i AS [A) vk BE 1Y HL,S0, %
TR Ak ) 3 25 A BE T A ) T YA TR
TG4 H,S0, WM FE N 10% I5F % oK Ml | &5
a1 % e i N L 3 € NS S S DO R
3¢ Cd PEIACHCR IR 30 Al % 4 7= A E 3
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