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B E: b TR A O B AR TS P IR RERCR , SRHENA TS YA R I (R B YRR
AR 412, 81.0, 455 1 115 mg - ke ) . BEBFIRELFN 3 AR U e K B R AL K R i FH B el B 15
d i FHAALEE, BEFR IS I e, G5 SRRIA, PIRPASINFRIEIRE 15 d it FH B KR &4 250 1500 mg - kg™ B,
3 pH REAT S5O T I AR ER . PRSI RIRG 1S d i PR, bR e K T A (R e FH
(P<0.05, 1%6.63% ~ 11.82% ) . THEFFATALPE W2 & T RIBHMA ML (P<0.05, & 17.64% ~ 28.39% ). WiFh
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aod it P TR 2 it i e O B R AT 75| 4 A 05E
IR I 3 U BAE R VR A R 1 T R B R B
1o I AR ER 5 LI SOV ), R

KRB 2022-02-26; FAHH: 2022-05-21

BEE&WB: EEELSILHR (2018YFD0800304, 2016YFE01064
00); FEZRAKRFIEIS: (41471253 ),

&R IRhH (1982-), FEistlit, S TRRIE, #5851
I E ARSI 585 . E-mail: kunyanq@126.com,
EWEE: Z7F, E-mail: lilp@haut.edu.cn,

— 202 —

TR A ST R s 1 ™ 20 Xenidis 25 20 1
5 g 3R L P - Ph=1.5 I A Ca (H,PO,) , * H,0
g%, R TCLP-Ph 2 I\ 29 6.8 FE K 3 4
4.0 mg - L', WHE— M A BRI 2, TCLP-Ph
AT R T Feo 27 P4 U FE A B TE Yy
DL P+ Ph=2 jifi IR — S FIBEIR 280, AbPiss
Jii £ 3E DTPA-Pb 5 1t L2 950 [% I 1] 580 mg « kg,
1M 3% Olsen—P 5 #7F 320 mg * kg™ VA b, BAtHSE
i 120) e S B2 o)y 3388 my - ke B Y5 Yt + LG
2500 mg - kg AUBEIREAES, Hi9% 180 d )5, A+t
2 CaCl, A HEHUAH & 1.81 mg « kg, MHERR
SAS R 5000 mg + kg AUALEE, CaCl, AT HEHL)
o 0.81 mg - ke, it B IR A AL BRAY £ 152
Olsen—P 7 # ik F| 150 mg - kgf1 Db X&YW, &
WNBEX A R R Eh AR 15 Y I & @ i Tkt A T
WF7E, DIt —2eksis Y 3 4 R fae IR .

IKEEPERERRER it A - 3ET 5 58 pH A9 T %,
R AT i SR AR, AT R R
hEHEemA R, BRI, 3 pH K
AIEEMB L A RS, AT IR SRR
e VT WP, RIS Y P A BERREL S A
FORAT AR @A whE, X - emia sihi
A—ERREER T, X8 TR ESEG R
HERORER . SR, TR B R R R A K R S
A pH Fhmr, B KRS BERS T FE 1A 4L
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B XORHI TR R A, L SRS
JEIREE . Hik, WARAETS e HIR I AR LS
i — B A AT IR, AT IR SR e A AT IR
() —Beif (] 5 H S H G m S, AR e SR AR
TE WY H s ik — B ) 2 5 1 ) 3 rpoin A
JK, e HE pH, AR REAEINE SRS
FENE, TR RR AR L S A S B R XU B H Y
AL, A RIS WERRERAS A S R AR R W
HHHMEAK, AT, XEnEi=mrse.

A JE T e IR IE AR 32 B 1 HE pH Y55
SUE R, DIHE T8 maem (ar, . 355 ) 8
1, v L pH A H T REARE & 8 i i AT
P, T pH FEARIIA AT 02 2E LA 5 4 1 i i
Rk 7 22 R Tz A TR E A
HuIX, AR S &1 M pH B, L, X Tk
PERR . Ao gL, TR e pH RIS IR SR
ARNERZS I N TR L3, XSRS RSO
IRV T IEAOAE ST MR LR R Y A, B
FoA RN B JE s Y DR IB R HA H S

AHITFE ) H BRI ER IR R AL KRS €
Brf T g IR R R, KR ACNIEE
JE A B AKX B R A RCR IR, A
JRYEE G JE i g IR E B R RS

1 #REFE

1.1 R

RIS T HER AR A SRR TH 506 Hr b fHE Ak
M, HHERAH L, REERE N O ~ 20 emo £
BNt 2 mm 5, RAEWA. AN
JRIE R, BHURSER 197 ¢ - keg', £
B R+, pH (H,0) 4795, HS%K (EC)
>4 0.826 mS * cm™ , Olsen—P & & M 17.0 mg * kg_l,
Cd. Cu. Pb FlZn & 5t 53 5l hy 412, 81.0, 455 F
115 mg « kg''s 5 HHEFRBE R RARE > X, %t
HEY) Cd F1 Ph & A3 THE(E Y 6.87 F1 2.67 1,
[ Cd &2 HIE A 1.03 4%, Pb SHHME T4 6
{8, Cu flZn & EHMCTIIEME.
1.2 W5k

AR N N TR, RAARN 500 mL
AIERIAR TR T, IRIGAL BRI 1, AL BRI 4 4
FAE, BANELZHART 1 400 g 566 KH,PO,
FA K [Ca (OH) , | ¥ Fr ik ). Broxd id
(CK) 4b, Hpabrd 35tz 1 it Hwkm a4

W, WA, RG], SRIGTEALEE PLIA
PL2A i PL3A 9 38 482 3¢ 1 it it FH A KT IR
G5, ARFE BT AL BE S KRN 15%, E ik
THEFR10d )5, FrA AT IR EEOK, 15 d BREE AL
P PLIB, PL2B Al PL3B % -3 MAR (8], 423k
| A BOFRA 5T, A A B HE K 2
15% WIE K3, MR85 30 d, B2 RIEEFK
K —K, DRI SR E e . B imEm
TR 20 ~ 25°C, PRFRIEH G REAE K.
Fz1 AR

bS] KH,PO K
i “%f@:) (g - k) TR 7
CK 0 0
p 526 0
PLIA 526 250 5 KH,PO, [FI}jiti FH
PI2A 526 500 5 KH,PO, [H]fFiti
PL3A 526 1000 5 KH,PO, [FfjE
PLIB 526 250 KH,PO, Tt 15 d it
PL2B 526 500 KH,PO, jiti )5 15 d it
PL3B 526 1000 KH,PO, it H1Ji5 15 d Jiti

BRI, ¥ AR ENL, BT, b
BE, k2 mm i, IRGHA), sl 25: 1501
(mL:g) /K4 il + 38 pH (E AT 5% (EC) ;
FH NaHCO, $2H¢, FHE bt A 3w & i
DTPA & BRI 42 I H A RS E 4R, M SiCL %
T (0.02 mol » 17') HREHL Ca I 28 o 585 5, 2
U o 43 ) S i O R i - (5
TAS-990 ), DA LI BA-AE S 4B 3k, Wl
IS5 3Gk 26 ],

1.3 Fdlkba

XFREANFE i 3 AN I R F31E, A
Excel 2019 F1 SPSS 19.0 #4788 70 4r, 7 22k H
Tukey 7%,

2 HBREH

2.1 34 pH A G
ANTRI AP A1 pH AL 3R AN 2 fiR, S5%F
WEAHEL, PRPRBEIRERALFE (P) FIBERRER A At FHAIG
H A KA (PLIA) () pH R TX5 B8, Hoe db 3y
pH 247 B b FF, B0 Ab B 22 5715 5] 0.05 1) i 2 K
Vo FHEAE AR, A K SBEFRER IR 15 d i
ALER 5 pH 02 5 T RIEi b3 ( P<0.05 ),
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®2 FEAIELIER pH RS E

CK P PL1A PL2A PL3A PL1B PL2B PL3B
pH 8.03£0.06cd 7.90+0.08¢  7.95d+0.04e  8.06+0.11c 822+0.03b  8.05+0.02cd  8.22+0.03b 8.38 £0.03a
EC (mS-em™)  0.90+0.03a 0.88 +0.02a 0.86+0.02ab  0.79+0.02cd  0.80+0.02¢  0.78 £0.04cd  0.80£0.03bc  0.72 +0.04d

T =T AE/ NG FHRERRTE 0.05 K E2ER B

AN [A] Ak 3 43 v 2 0] DLE 1, 5 %
M, AP+ SR T T 0.02mS - em’
(P)~02mS - em (PL3B), #AZHFiAET 0.05
M) 7K. X T AR A K PR AR, [E]F 15 d
Jiti FH 4 A 3 - 458 e S SR A T [ st FH A b 28, HL
AL H2E R B2 (P<0.05 ).
22w EE

ANl A A A S B 1 TR, T LLR
b, % it Tl Ak P A S WA AROPE A R T R
(P<0.05 ) AHIFIA K FHHE . i Asy ] AS ] g 25 Ak 28
L, K SHERIBE 15 d AP~ 3 (PLIB,
PL2B ) - S5effAa Rl k2 s 1 X6 7 W) i it FH 1) A 38
(P<0.05), £1 K%~ 250 F1 500 mg - kg™ B, ]
B& 15 d i A AL 2+ 558 Olsen—P H [] st FH 2001 25
44.0% F1 19.0%.

80

o
Ly

60| h

40 +

S F(mg - kg™

20} o
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CK P

PLIA PL2A PL3A PLIB PL2B PL3B
AbBE

1 RE4ME T EERA R
T INEFRERRIZRAE 0.05 KV 258, T,

W T 1 7 A A BRI 28 AN FE S A SR o i

(y) 543 pH (x) MEMADE, SRATN A
y=41.28x-277.89, r=0.7802, P<0.05 (1)

A PR PLIA + 4 pH AX HL AL P 55 0.05, i 4h
FH PL2A F1 PL3A + 3 pH 43 5 L 4L B P %5 0.16 Al
0.32, ik, AFEALLFE 1 pH )£ R R LA B
RO B 2 S R I AL
2.3 THIEESEARSE
231 4@

KA B A A 2 s, AR 2 \]
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LB, AS[R]Ab P 4 40 A 5ot 3 1 38 I 1 X AR
(P<0.05), [FEF, AKSWEERERRIRE 15 d e,
SR A PR B AR T R AR R ( P<0.05 ),
FApa K D=0, AR, HmA
BOME MR, SXTREAI L, ALBEP. PLIA, PL2A,
PL3A. PLIB. PL2B. PL3B ARG S TR T
4.69% . 7.13%. 15.38%. 17.03%. 15.52%. 20.99%
F126.84%. 1 7K FH 5 4 250, 500 Fl 1000 mg « kg
mF, IR 15 dE AR, A R S A L
[i5] B it FHAIG 9.03% . 6.63% Fil 11.82%
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b
B2 AELLETERERSE

232

AN A 3 - R AT ] 3 B . AR 3 T
DAE H, AS[R]Ab 25 4 R A kot 3 i 2 I T 0 iR
(P<0.05) , B tamiab B ] + 980 a0 o i 3 22
5 (P>0.05),

233 %

ASIFIALEE 4 A R I 4 s . 5% RE AR
I, P. PLIA. PL2A. PL3A Ab¥ A 2 & &
S5 FRET 0.06. 0.22, 0.34 F10.40 mg « kg™, i
PL1B. PL2B Fl PL3B 3 /> &b #8F A 8501 LX) 53
B ETFT 095, 0.69 F10.20 mg * kg F& PL3B 4h,
A A B 55 0 IR Y 25 53 23K 51 0.05 19 1 KT
SRR IR e e AR G, TR 15 d iR,
HAPARE R E TR (P<0.05), S5 ahitimi Al kL,
QEFE PLIA . PL2A F1 PL3A +3EA RS 00T
% T 4.86. 8.97%. 10.70%, 4t ¥ PLIB. PL2B il
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PL3B 435l BT+ T 32.85% . 24.37% F1 8.43%. f1 /K
& A 250, 500 1 1000 mg « kg™ B, [6]f% 15 d Jife
JFH B[R] st i FH A A 8508 B 143 51 1 Tt 28.39%
26.80% F1 17.64%
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5 AELETEREERME
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235 45
ASE b B A S A S A 6 TR . 56 REAH
He, PLIB AbFRA R85 & i i 25 T B A IR A K

T, AS[E]E A a) 2 [ 258 o e e B 22
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8.
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CK P PLIA PL2A PL3A PLIB PL2B PL3B

Pl
Eo6 AELLETEEHERE

W5 it W 11 7 A Ak B 28 A RE I A R A
(y) 5SEHEHEES &= (o) MERMEMSE, S3m
A FE

y=—37.43x+269.42, r=—0.6787, P<0.05 (2)

IR (1) 5 (2) M, R (1) MHEXR
BOE A, UL pH X SR S A R R 2 L
LA RER
24 LIS E AR AR DG

3 NFTARES 3 DTPA JRBCS E 48 & &
5 438 pH FAE ROBk & B A OGS R . W 3
ATDAVA Y, T35 pH FIREA M) 4 Bl 4 8 A AL
PERYSZ I ANTR] . - pH FIUA 08 5 & 5 5 A 30U
TEEREAMELR (P<0.05), HAMHERETE
U, HHEA ST S A R Z A R Tk
KKFR, 0 pH B2 /INTA7 08 & s 2 [
B, AR AR S AR SRR
r (/N R0 5 A SO 1 UM G
R IR RO AZ pH (E I B0 Y
M4/

K P AR ARt A =X T it FH 0 1) B
15 dJtiF ) FORE S o AT A e S ek
AR AR, RN 4 B, IGER W LIE
W, PTG s S s e A A 5 e
HEPRIR E] ) 56 R A B RAR L . PRI IS fin 791 [R] B it FH
BF, pH X R MR B E 5 m (P>0.05),
A w5 S5 b 3 R G, SrCl—Ca i
5 R R B IR ARG . ARSIl 15 d
it ST, B 350 5 Wi BRI A e MR 28 3] 0.05
) 35 KOF, TS pH A 8085 1 2 83 TR G
( P<0.05),
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x3 IEBEEAE (y) SpH (x) F Olsen-P B () BLKMEEXME (n=32)

pH Olsen-P
Jife r P g r P
cd y=-0.528x+5.31 ~0.807 <0.05 y=-0.00518x+1.30 -0.818 <0.05
Pb y=-19.00+246 ~0.337 >0.05 y==0.476x+117 ~0.869 <0.05
Cu y=0.132x+8.32 0.069 >0.05 y=—0.0007x+9.42 ~0.350 >0.05
Zn y=0.561x—1.29 0.186 >0.05 y=0.00743x+2.87 0.254 >0.05

R4 AEIETEESEFRE ( y) 5 pH. Olsen-P #0 SrCl,—Ca G2 (x) HEMEHEXME (n=12)

Qb x iR r P
WAL . A K RISt FH pH DTPA-Zn y=—-0.5604x+7.36 -0.477 >0.05
Olsen—P DTPA-Zn y=-0.0079x+3.26 -0.592 <0.05
SrCl,-Ca DTPA-Zn y=1.01x-2.96 0.691 <0.05
WERRER . AR 15 d ] pH DTPA-Zn y=-2.22x422.0 -0.936 <0.05
Olsen—P DTPA-Zn y=-0.0044x+6.50 -0.294 >0.05
SrCl,-Ca DTPA-Zn y=-2.036x+15.08 -0.745 <0.05

3 it

3.1 R A I 5 20 T e R AN A S R S R

TIRETG R A, AR XL E M AT AR
g AR T R, R E  E EETR
SE LA S BT A A R B B L ARG
e, pH ORI RICRS S A A e A [
e (1), (2)], MRREBEIX LY, K FEH
(¥ -39 pH T o TSR A R Y3 i ) T 2
YEHT. eI EtE ] 1 A oot LA 24
PERO PR AR 1 202 R e A A A
HEVE F 2 A0 B it JH RS - s i £
IO F IR RS 2 (55— i, K
HR BB 2 R B P A ) SRR TR AR < [ E
JCBREATR U T, AT 0 - 48 X 1 e A I B2
P, A B0t S A R R it + 45 pH T R
G A RIS AR T B IR . AR5,
ARG BERRER R A -3, AR A AL
BB RZ M-S BRI 5 A1 K 23T B AN TA] (T&]
1), HBFFEBMAR, 7EEMEHET, AKX}
A RO S A AR, R
AN IR ARG AR (1), XK
W, FERARA KR, T A K% 3% pH (95
WA/ (322, A1 AR LA Xof B B 4y 2 22k
YERIN 3, MAER A TR, R 2R K A5
S B SEIURL S WA B B D S VR T ASBIESE
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A RS W IR ER TR A it A, 398 pH (AR T A1 [
B A R SRR ER ] FE 15 d S FHRE (F2), 4%
pH BARET, A= S8 67 P Ay A ol I AR 1) 2 A4
B

PRRR A 700 18] o it FH Ao 398 pH 48— 3% [ B it
MBRTEAR (F2), XoTReZREEHE, AKS
3 N R A RECAKTS E BREE—E
FREE B e P r s, Ik, Wniaked oh i it
A K G FERA TR IS T RAE AR B, AT BE 2 5 47 M i B
X — [,

Bl 3 B, i b 3R] 1 3% DTPA-Pb & &2
[i] 14 22 5 A 38 B 0.05 1 5 3 K. AR D& a3 2 B
(F3), HHEEVARNES HIEREA REI AR DU
KK R HIEREA R ZE R, PRI
B 15 d it e, HAEREA R, A
AT RCPE SR R A K5 35 148 pH B, (]
I, XERM, B S5A KEE 15 diHE, A
TR AT R 1 T s o R R e A — A ik
YEM .
3.2 U A T R L BRI A R A

AN [T A BN - S AT R s /N (LS )
A Hr 2B, 5 pH R S X+ 58 &k
WA B EEmW (£3), —MBih, LR
ML 3 A A M E R R, 3L
JE SR 14728 Ak 2 X - SRR A At 7 A B X
A RE & A B 5% Fp i R R AN IR it FH 5 1R £ 1 pH
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FBEAG R AR A I A A S 52 e 4 A 0 i) o
JEA

PR AR ) bR 15 d it 0 AR o T R A
Bk, o it A R AR T - R R
T P ey P e P XA ) A 5 e AT — 2 A RIS A
HOCE4), WFEm, 439 rb i v i A7 20k vl fig
S GECE A A SRR Y AR, M
Brivss R, PIZERRIH LT, [Al— gk
ARXTEER FAE R R R (R 4)s Y PF RN
[ B it P B, Sl 5t 5 A R I A
X (P<0.05), TilaIFE 15 d it FmE, X fh G A
KRIFALEE . XATRES —F R IARE, 558
TE BRI A %ot - S i W S E A O, LB AT
R IG5 BIE R Ca=P AL S 2 A1 (W B . 25
TR F IR 15 d AR, KR ERE i
THERIERZ , TR Ca—P AL SR /D, WHEE
PR EVERIZS S s IR 15 d DA, A RN A S35
+ 5 pH Fhi, R R, TR
R R B R FE G 5 . SRR AR IS0 [R) B 1S d it A
ik - SR AT R v T D i ) %) S R T e — 4
it

398 pH S SR A SO R 2
ARG RBER T — (B2, %3, %
4), WL, Awtgerh, BRPEIRERE 15 d i
IHE B 5 pH RN A SO Y ek T - s 1 A
FE o AT R KB R R X R Re 1
L R E VR — A R I R T e P
fpmEREh ' Y (Bl 2RSS R R Bk
PERERRER A TR AE e TG AL T ARG
AT, e Sk 32 3 + 5 pH MBka
SCPERI AU B (2 3), UL, KPR R Rt
A 585 X - R A R s i B TR A A
B INAN pH FEARRUR 22 5, ER SR pH T,
B8 1) o A 2 0 X R s PR 4 R A B ik, {H -
pH BARIS, W2 MUK PER CdHPO, ™ BLSC
wik [ 14 ] 5AMIET L, Sk [ 14 ] At 1 4
FRE SR 38.8 mg - kg, TS A R A
BT AR T 2.56 1%, ABFSE bR i
IR SR 154 me - ke, MBS THEA
SO LT R R A 318 fiF. AN
K PR it B0 1 pH Y T HECR . I
I, FIREH TAIF I KRR S 200 1 a2 &
i ETHIREE R, AHIESE xR A B R A

I, miSCHR [ 14 ] g vE ISR B pH AR
HURTHAEAE

AIRILREW, AN it PR A
A K, X H3E pH . EC FESEAME B AN R 5%
M (F2), XFhHEdE . S YE IR T R AR
AR RN (14, B 5), Heilshie
THAPRTS J A R IE LI 2 ¢ - kg™ BATK, L
WEEH T AL BEX TR A K O BEER AR
FEA R A 10 g - ke AR, HE 4K
ZEI AN 0 R, T AR,
e A KA 0y F <G T A R I, A R 4 7 24
HE

AW RRY], IR 15 d 7ET5 9 et
BRRRER LA IO B I AS E RCR I T RIS T o fEte
PR NE - EFEARRAERR D, A HEEE
KRG HEHTPIRP AR E TR, DA/ NS /N R g AR
R TESLPRRIINS, A ARYE T A 20 S iR /N
P, DA N1 Bt AT /N2 A R A R BEAN A

AN
4 Zig

ARWFFELE R, SRR LR AL K [ s it FH A
b, 3 ERE 15 d ST s A Kk E 4w i 4+
5 pH FBEA BTy, DR 1 S A e e 21
SR IEVERT o PRI N0 B] Bt FH T 5 | - 4
AR R LT, 2 EFERATEE . R
T IR, b B ER AT, 1P 15 d
Jiti F 1000 mg - kg™ WA K, St RN R 4R
MRS E SR o A K S BEIR R AN [l it FH O X5 |
LAY 58 pH A RCEAE f i 22 5 R AN W] AL #
X - A e P2 S R A

S 3k
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Immobilization of heavy metals in calcareous polluted soils with lime and phosphate

QIU Kun-yan', ZHAO Yi-fan® *, XING Wei-qin> *, ZHAO Lin-lin', HAN Ke', LI Li-ping > (1. Jiyuan Ecological
and Environmental Monitoring Center of Henan Province, Jiyuan Henan 459000; 2. School of the Environment, Henan
University of Technology, Zhengzhou Henan 450001; 3. Henan International Joint Laboratory of Environmental Pollution,
Remediation and Grain Quality Security, Zhengzhou Henan 450001 )

Abstract: To investigate the effect of lime and phosphate on the immobilization of heavy metals in lead-smelting polluted
soils. A lead-smelting polluted soil (total concentrations of cadmium, copper, lead and zinc were 4.12, 81.0, 455 and
115 mg  kg™', respectively ) was amended with phosphate and lime (250, 500 and 1000 mg * kg™') and the lime was
added simultaneously or with a 15 d interval with phosphate amendment.After incubation, the soil was analyzed. The results
indicated that, when lime was added at 250 and 500 mg * kg™' and with a 15 d interval with phosphate amendment, soil
pH and Olsen-P concentrations were greater than those when they were added simultaneously; when the two additives were
added with a 15 d interval, the DTPA-Cd concentrations were significantly less ( 6.63% ~ 11.82% ) than that when they
were added simultaneously ( P<0.05), however, the DTPA-Zn concentrations of soils amended with a 15 d interval were
17.64% ~ 28.39% greater than that without the interval ( P<0.05) . The DTPA-Ph and DTPA-Cu concentrations were not
affected by the way the additives added.Judged by the variation of soil Cd and Pb availabilities, amendment of the soil with
phosphate and 1000 mg * kg™ lime with a 15 d interval is the optimal immobilization method for the soil studied.The results
of this work suggest that, the methodology by which the phosphate and lime are added into soil is crucial for the cadmium
immobilization in polluted calcareous soils.

Key words: lime; phosphate; soil; cadmium; lead; availability
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