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Table 1 Indicators of physical and chemical properties of
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A s 7.57 11.90 20.75 1165 1222
1.2 KTk

TERAPREL 2 g 3884 1:10 ERELLAN 20 mL WRIE S T 50 mL 2L T, H HNO, . NaOH 457tk
VB pH, 7E 210 rmin' &35, EMHELL 3 500 rmin' #5010 min, 3 0.45 pm JER, FHRUSEES SR T4
REPDEEL (ICP-5000 ) 433 kEEk Cd. Pb, Zn M54

WRVE R AR B B il 50 . 8 PAA. DTPMP WRUEEBI SR 1%, 2%. 3%. 5%. 8%, F
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1 4 )8 2R HF-HNO,-HCIO, —WaiHfikie, s 4 SRR s BCR %
PARIEEM P, 39 pH R A R RN 5 A ML EAS TR -G IR/ Mm#gE: (NY/1.121.6—2006)
A5 HEE SR SRR HF-HNO,-HCIO, —FRiHle; HIEEZCRHPIGTE (HI717—2014) ;. 4>
W SR FH B0 40 B6 P bE 8% ( LY/T1232—2015-3) Ml 2 5 4= 41 R FH & 40 Ak B i <k O v

( NY/T87—1988) Mz ; A &M . HALHI R HER G R FE- LAk (NY-T1848—2010) Ml o 556 454 fiff HH
Design-Expert 13, Origin 2022, SPSS 27 #4 7ALFEFN 37 -
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2.1 RERERTRESHK

1) PAA/DTPMP AR . WROEFMATU S MBI T 228, oA LS5t 4 )R-
BEA TN RN AT VA AT T R W SE 800 A K7, PAA FI DTPMP 33X 2 Fibk R (R R 45500k
Cd. Pb. Zn %% 3 FPEESJEMLBRFEMEIUNE 1 PR,
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Fig. 1 Effects of concentration on removal of Cd, Pb and Zn from contaminated soil

AT AT B, IR 4 ) 2 PR MR e R AR B S b, R TS SR
BIERr- AR E 4RSS A0 S SRRV e N, KRS E SR B T SR SRR
ISR IARZE &, il 4R B T A PR R BE RO iz i K2, RS B, Hiih RS
JEBBRECE TR SORPUEAS AR LA R (R, TR ATE A S AR H R, IR TSR
F| Cd. Pb Fl Zn MIERRBETEE ., MidEMN PAA (>5% ) T3 3 MESEE THEREM, eh Tt
RYHIES RN, PAA /3 FrHBEREAI SRS ks, IR PAA 548 TE5 G rIRE I,

DTPMP #HER%E T PAA, DTPMP 7EIRFRSMICH 7% BEXE Cd. Pb. Zn fRBRFST51A5] 81.9% .
75% . 67%. FEFHEM, FREHEG, AN AR FRuAa vl sefa kel Aol e, EaagEl! &M
DTPMP () ESP /NG FIRREAY O JiFJEH, ERE PO i P 54 S TR A AL iE . oMy
TR TFHISIEH DTPMP 54 8 5 TR RGRECA 5, X EH DTPMP i A HUBEA (-PO,H-) Wl fE
5Hcd', Pv. 2ot B NE YRR ESE LRE, HEZELEN PO S SRE T RAMA R
N, BEE4EE TS P=0 Wi i TR EE AP0, Hit, DTPMP FEKEEASTEH ZESEE
T, AYUBERE: &R A Re e M F s A VU RRIE A SO A A in=Y . DTPMP PRI 7E S AR
S BHRATE Z A B A A0, RIS 548 B FIE AR A EE, H Cd. Pb. Zn BRI,
EEABUMECT P3P LR PEREFH B 7 Ca®" . Mg SR SR R AR G RN, & masahal, &
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7% BHRERBRR KRR

TEARFU BN 5% B, PAA X} Cd. Pb. Zn B ZBRFREm, /000 68.8% . 53.6%. 44.9%; A[FF
DTPMP 7EME IR 4@ i R P AL BRI, PAA KPR R AP F AR 5 B2 PAA J—FhIlfy s
YRR, HARILERER] (-COOH) FEKIFI T LI B RIER B TR S BT, PAA BERUEIETTLA
HZMAEF (Fln, ca®, Mn*, Zn™ il Fe’" ) FEiERHE i /e R U= B sk, et 4
THIFELET, AN, HFEZNEANNE, PAA S LUERESGY), 1E8AERET, RIS Tl il
MBS A, PAA RSB ESREY, REZE P LR S&EHET cd” . Pb?' L Zn? Bk
HEA AR AAE EENEH . DTPMP MELAHM RS G RER T PAA SEAESEAH EAEH], DRICHXT EE4E 8 bkt
BT

2) pH BYSEM . 358 pH (B AT R0 34 20, (I AnIpRy e A B . T4 T A AL - - A
PR 4 e ey 2 R AR50 i+ e s R I BN . R UONAE pH<3 B, RAEVIRILI LA
PSRBT FIE (-COOH ) |, &JE-REWHEWRMIE R, X4 pH>9 i}, HUEHESEHIRERIIE, ~
S, ik, AF5EHE T PAA il DTPMP 7& pH {H>N 3~9 BfE4RAYEBRECR, 45 0AE 2.
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Fig. 2 Effects of pH on the removal of Cd, Pb and Zn from contaminated soil

MIE 2 ATAE S, 24 pH i 3 85015 9 B, DTPMP AYE 48 HRFEK, X Cd. Pb, Zn B
SN 81.4% . 69.5% . 68% s XM TAK pHE F HIRER, &R TFacerkig, bl pH F e HEkm g
TRk s SRR A pH (HIOIS TS, PAA 78 pH=4 % Cd. Pb. Zn B mlE, 6k
F| 66.2% . 50.1% . 39.4% AE#E pHAH T, PAA #E2RAEMGAR L, BT FHUR MR S ZE#
-COO-¥aZ 5|t PAA KW I TtERsE, EE T &EMHE TS5 PAA MZE . A, MK pHMET, HE
Bl PAA ifil, £ PAA Ey~AEHZIER MY, 78 pH=3 If5{2 PAA f1 Cd*", Pb*" . Zn® Z[aAIAGHER:, ¥4
TNT 4R T A e e B W SRR S . AR R BIEE TSRS F (pH=4 ) PAA M/ HEHXT H 4R
Cd* ., Pb*", Zn* 1R Rik, 1 DTPMP 7 pH {E A 3~5 {B RPN {434 R LBRECR, BitEErss
(pH=9) , PHRMARIERINT T4 JE 1Y B i 5 AR

3) Mt sgn . IR E SR OCR IR AZ A g sg ), 5N 3 fs . AR 3 ITLLE
HH, £ 0~15 min, PAA 1 DTPMP X 3 FPEE 4 J@ (1) LBRRauag fin, BEAE AR A AE K 2] 240 min, 2FR
FRINIRZE A TRE . FEIREEBRIEL, EERTUKIAES . B P i E st 6505 Shm 24
VERIA T S S e, B MR A B, 5 TR S BRI E SR TH RS2 Bk, esies
B T2 FEMVERYAT 60 min, AREMEEYIFTGEY PAA . DTPMP %56 I8 L A4t
i, EEERaRET, FERTEMER, PAA. DTPMP S8REELSE R AR S H LG REEEF. 4
60~240 min, PAA X} Cd. Pb. Zn BEERR FTH3] 70.8% . 54.6%. 47%, DTPMP X} Cd. Pb. Zn fJZ:FR
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F LT 84.9% . 77.7% . 69.3%. FEHUWH SR ARG RIHA B S B R ITE S 3 L 1w s, %
RSB AR 60~180 min Sbkie A e bk ]
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Fig. 3 Effects of reaction time on the removal of Cd, Pb-and Zn from contaminated soil

4) R AsEm . B R ORI RN E S8, MU S SR REBRCRA G, hHZE
PR BE AN EZEHFNERM, G550 WE 4 Brs. MSEREH 155 BGCY 1:25 8, PAA. DTPMP X} Cd.
Pb. Zn M EBRHREETHE, DTPMP Xf Cd. Pb. Zn IEFRFEATIEF] 90.7% . 77.3%. 86.3%. EWRILAILL
BN, IR SRR Al L AR K, EERERIRES IR A Z LB S5 E 48 Cd. Pb, ZnfE
FHo HERRECAN 1:10 BEAE] 1:25, ZHBRECRIERAT 15%, WA, SRR =2 0 25 4 m ikot
B, SRS R R A BRI, I, 2R ABFAIERRGEN R, AT HHEsen et
LR 1:10,

5) IR SAAL AT . AT RSM X I 347004k, %% PAA . DTPMP {£
UM, pH (EFMHEAMIT R GRS B, Cd. Pb o Zn MRS NRE, LAy [ 55
i E 4 JE Cd. Pb. Zn KERZEAHUNNE S PR ER R A 5ab:, 150 TR ib s Smfii
T, #E PAA IR R ES)E Cd. Pb. Zn KBRFBRAESM N BB E=5%, pH=3.79, #flH]
[i]=124 min; DTPMP HUERGA T 4R Cd. Pb, Zn ERRREAELIEN . REME=7%, pH=3, Al
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—®%—Cd —®—Pb —4~—7n —=%—Cd —®—Pb —*—7n
b F 3
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Fig. 4 Effects of solid-liquid ratio on the removal of Cd, Pb and Zn from contaminated soil
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[]=120 min, K [ #F—L400E RSM BRI AT R 2 REREEETHNESR

SEbE, TERAEME S TR ek f AR A Table 2 Measurement results under optimal elution conditions
ﬁiﬂ”ﬁ%é%%ﬁi?ﬂ“ﬁv %%JQ%% 20 %EP}X%(?E PAA#’FH‘E@IE DTPMPM‘*HE%IE

[ TN | _*"LFE Sl 42 3 = N ] - - : :
RS BB BAL , M RED mom e soui o sy Sauly s
0.66%~2.81%, FHAMI R AL LMEE A AT % % % % % %
/TTE(JO Cd 67.4 68.7 2 86.9 84.7 2.54
22 MGtRTE LR HRESBIRESS R P 507 521 ’g N Nis
*'%‘E'I‘Eﬁ*ﬁ Zn 46.7 45.6 1.3 71.6 71.1 0.66

1) WRVERTIG H3EERE . WRUERTE XY
AR AT DL B LR W BE R A SR e 3 AT, 28 2 MAFIIKEES . pH R T 1.01~1.21 A7, X
FIBERWMRVERIA B 2lRPE, PAA MIFRIAILAIFA DTPMP B9A WU LA 7EM S ok Fare Hagerh, HikRirhig
BILARSOA K TP S R A B T, SN MMER S50 pH hssmtE ), HEeR . SR EL
fb (P>0.05) . +HEAHUT TR EE T B RG HEA 3 £ (P<0.05), AL E e nT 3 in -+ 5%
HHUT RS, 4 DTPMP AbBS T3S B sk waE e, HRE—7 2 DTPMP fil[ G
WAL IR A R FA e 38, 5—TJ7 i DTPMP #keisfb 7 P EUA ROmELS, (i B i o0 B
FRKTLw. 251, PAA Fl DTPMP k)G S350 i 5 e /N, rIVE S BAR bkt fl . HARER T
PAA, DTPMP HiE FHANIBE R 15 e 15

R 3 KRR DRB IR

Table 3 Changes in soil physical and chemical properties before and after washing

A pH  AMlFBiNgke") £FAgke") LWigke") £gke") HEE(gke") HEE/(gke™)
JE b+ 757  11.93+0.43¢ 0.86+0.06a -~ 077+0.04b  17.06£020a  29.12+0.32b 227.83+0.52a

PAAYE G 135 6.36 30.31+0.11b 0.75+0.02¢ 0.71+0.02b 17.17+0.13a 29.63+0.35b 227.47+0.71a
DTPMP#EIE 4% 6.56 33.99+0.09a 0.81+0.03ab 2.9+0.03a 16.96+0.11a  251.58+0.47a 225.67+0.81a

TE: FIFIARE/NG 5B R AL BRI 508 53 B3 (P<0.05)

2) EEEILE 0 . AR HBGEHER BCR $2E0 A e ke /i fm 239 Pb. Cd. Zn IWIESS
(E5) , sk i H T as T MUY h s 7EA 8o R MBS AR sh MR wkpknT 148 (CK)
Cd, Pb. Zn FEPR RS (F,) M REE (F) 748, Cd. Pb. Zn ( F+F,) 555 96.2%
95.9% #195.8%, W4EAZ (F,) FERER (F,) SHE/N.

TEX 4 FEsr, Fy IR AROE | s E AR i H i 2 2 gy e A AR R ey, 7
THEp R AT R AL, SRR . PAA KPEE R HIERESH Cd. Pb. Zn 1 F, KERFHE 55%, f#

100% [ F, \NF, [ JF, ERF, 100% mr, \NF, _IF, EAEF, 1009 [mr, N F, JrF,EEF,
R R e . O T T 70" [
AMINAIIY S e
80%} 80%} ML 80%}
) ) )
2 600} 2 600t 2 600}
4 =
= 40%) = 40%} = 40%}
209} 209} 209}
070K PAA  DIPMP 0%k PAA _ DTPMP 0%k PAA _ DTPMP
AR TT = LSz yiEa JSLiysEa
(a)Cd (b) Pb (© Zn

Es5 MHARESRDRPEESRITSSH

Fig. 5 Morphological distribution of heavy metals in contaminated soil before and after washing
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3FESIE F, TF 16%~69.9%, H PAA W KIEREIERESF Cd. Zn 1 F, BiEs sk, Hd cd i F, 1
LB 90% . MET PAA WYE, DTPMP ks HIEFES T Cd. Pb, Zn 19 F, I EBRFIKIESETL,
WK 90.8% . 82.2% . 90%, HIfHIERESH Cd. Pb. Zn i F, BRIt m TR, (A Er 2L
SERISE SRR Cd 1Y F, R, 5 CK MHL, PAA F1 DTPMP iKBEIG F, il F, 4150 S Ecsin,
EA 0.9%~16.5%, MK -7, DTPMP MEExs ket 3 FEa@ay LT,

2) HHEESRRETERMAYI TR YE . 2 FRTERIAL RS 441048 T B AR BR T 2 - HaH e
HIsENR, IR T RS F, A F, VR IR RGS R 7, LB (Fy+F, ) By Hefgla] T+
gerh E 4 B AL WA T EEFIEEMESY . 22 PAA B DTPMP Wik G E 4R ENE (1) FEEW FTE (M)
AL LA 6.

& 6 al, JELh 3R Cd. Pb. Zn 9 L {HM 0.10, 022, 0.13. % PAA 1 DTPMPkUEIG I, fH
PIFAEARIRREE T, RIIMUES &R sk 5 s G s, ATl a E R IT R R AIL, XU
Refik . JBA +4Ed Cd. Pb. Zn B9 M KR M 0.88. 0.28. 0.79. % PAA. DTPMPiHUE/S Cd. Zn )
M BIEANFEREEEREAK, 170 Pb WA THE, RTRERLMIEE LN &R 2 S S L plicbmi T fe %
B WE, R L MR M (SRR SRS AL AR R A R E YA S
fi%, HIEPFRNESETFRE. B BCR UFHER, I, Fl M, (HAZERIHT, PAA F1 DTPMP #kik)5 3%
i Cd. Pb Fl Zn FFI RS KRR

i 0.47

Y} 0.65

4+ 0.80

FEH DTPMPYE S b 31
PAATLALHT
O Jsth+g

EEE 0.18 @ DTPMPE 40 B _EE===========================================H=EEE§ 0.82
PAAYEUALFE cd % 0.79
PR }0.87
0 0f1 012 of3 0f4 015 0 ofz 0f4 016 ofs 110
AL M fE
(a) WRBEALRIRT S R E M (1) 21k (b) Wk B BB (M,) 22k

6 MEAERRESRIEEN (L) Bt (M) B
Fig. 6 Changes in heavy metal stability (/y) and mobility factor coefficient (M;) before and after washing treatments
23 DRBERKRITE
AE X8 BOE T oo R F B AR Y by %4 EBEE, PAA 71 DTPMP i B S EM £ &

IEJ%UEZ , 3{%(‘343%}33%% 555(5 ﬁi%ﬁ‘@%ﬂﬁiﬁﬁ% Table 4 Eri values of metals in raw soil, PAA and DTPMP
AHLEEE, AT S i o 4 i X A AR A S i washed soil

F1B4, PAA I DTPMP It His 5 388 7 XU D E)

F 4. 4TI, FHGTHE Cd /Y E R 22502, FE c " 7
ﬂﬂ&%mﬁﬁ; Pb 1) £ 114"7" ﬂ»jii%}ih‘ll(j; JEU 1 4 2250.2 114.7 7.7
Zniy B R 7T, ORIEAR. SR camie o

B A REAR, e DTPMP HRUEREAR T 3.2 1752 DTPMPIRE Lt < sl )s
PAA HUESE Po FHESRIAE XU AR S5 7R X - : : :

W, 1 DTPMP #3EHF Pb SFZXUR RIS . I TGE LR T R S SRR n P 2SI b SRS F 4
J&, B T AT MRy, MR KRR
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3 Z5ip

1) 2 P BT A U R TER) PAA . DTPMP X5 4 3R ISR S DTPMP>PAA, L PAA,
DTPMP 7EAHIRIRE X 54 8 AR BRI S 4, 25 BRI A Balit it p o 7™ B A -1 — k5 e, Al
% 1E DTPMP {ERH HUMYER] (41 EDTA) 4.

2) BTN R AR PESE R A RSM DG4k 56 31E 2 B S 55 40 B #5300, AR XHR 224 0.66%~
2.81%, PAA FERFEMPESRM X Cd. Pb. Zn KBRFESHINIA 67.4% . 50.7% . 46.7%. DTPMP fr itk
WRPESRIFFXF Cd. Pb., Zn BIZEBRZBEDAINTIE 84.7% . 75.8% . T1.1%.
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Comparison of biodegradable chelating agents PAA/DTPMP for leaching
remediation of Cd, Pb and Zn composite contaminated soil

LI Xue, WANG Xudong', ZHANG Bihe, ZHENG Jinsha

School of Environmental and Municipal Engineering, Xi'an University of Architecture and Technology, Shaanxi Key Laboratory
of Membrane Separation, Shaanxi Key Laboratory of Environmental Engineering, Xi'an 710055, China
*Corresponding author, E-mail: xudongw7904@126.com

Abstract Aiming at the problem that traditional leaching agents are prone to secondary pollution, two new
environmentally friendly reagents, polyacrylic acid (PAA) and diethylenetriaminepenta-methylenephosphonic
acid (DTPMP), which are highly efficient, biodegradable and low-cost, were selected to systematically
investigate the ability of the two leaching agents to remove heavy metals from the soil. The differences in the
morphology of the soil before and after the leaching were investigated. The stability and mobility of heavy
metals in the soil were calculated by using the incorporation strength coefficient (/;) and the mobility factor
coefficient (M}). The soil before and after the leaching were evaluated by using the potential ecological risk
index. The results showed that within a certain degree, the removal efficiency of drenching grew with the
increase of concentration and contact time and the acidic condition was more favorable to the removal of Cd, Pb
and Zn. Comprehensive economic and technical factors, the optimal solid-liquid ratio of drenching was selected
to be 1:10. Compared with PAA drenching agent,; DTPMP showed superior treatment effect, and its removal
rate of Cd, Pb, and Zn was up to 84.7%, 75.8%, and 71.1% under the optimal conditions. In addition, PAA and
DTPMP leaching agents mitigate leaching-side effects on soil chemistry, effectively reduced soil heavy metals
mobility and bioavailability, greatly improved heavy metals stability, and significantly reduced the potential risk
of soil heavy metals pollution.

Keywords soil leaching; heavy metals; biodegradable chelating agents; soil morphology
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