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ABSTRACT With the rapid development of industrialization and human civilization, the soil polluted by heavy, toxic lead is becoming
increasingly severe worldwide. Thus, it is imperative to control soil pollution due to lead. In this paper, the background, status, and harm
of lead-polluted soil were introduced, and the source, mode of occurrence, and extraction of lead from the soil were depicted in detail.
Based on the current soil remediation technology, three major methods, namely, physical, chemical, and bioremediation, have been
systematically reviewed, and their advantages and disadvantages from the aspects of efficiency, applicability, and economy were
evaluated and compared. Results reveal that the most preferred remediation method for heavy, toxic, lead-contaminated soil is chemical
remediation. The chemical leaching and immobilization/stabilization methods were subsequently introduced in detail, and the
remediation mechanism, effect, applicability, and application prospect of the different types of eluants and curing agents were evaluated
and discussed. Finally, the prospect of cleaning and efficient remediation of heavy, toxic, lead-contaminated soil was presented. The
restoration should minimize the damage to the soil. For the heavy, lead-contaminated soil, the development of the joint remediation
technology is the potential development direction. The mechanism of soil remediation and directional remediation should be determined

as soon as possible. Meanwhile, the research and development of multifunctional composite materials should be strengthened.

%5 B H5: 2021-04-08


mailto:zhangmei@ustb.edu.cn
mailto:zhangmei@ustb.edu.cn
mailto:zhangmei@ustb.edu.cn
mailto:zhangmei@ustb.edu.cn
https://doi.org/10.13374/j.issn2095-9389.2021.04.08.002

-+ 290 -

TRERLF2ER, 26 44 5, 56 2

KEY WORDS lead-contaminated soil; remediation technology; chemical leaching method; immobilization/stabilization method;

heavy lead pollution

1 EGRER/EER

BRI SR NS LA AR S R R R A Ak
PR —, LR KB, 5RARI5Y
FUK RS e A b, 1875 Yea Bl | W T A
Yy o)k T BRI, M A TS e 1) 3 AR (e, i
AR T B B B[], PR AR S ok 2. B N
WG, 5 Tl AR R, R R W) R
AT HE AR, A5 TR KA W ) -3 B, KA
oA SR SR R S T B TR K R R 7
o TE AR S B AR A R 0 B A A R o R
GlEMR SR, FRBEERT 5 gem” MEEKHN
H4 )&%, W: Au, Ag. Cu, Pb, Zn, Ni, Co. Cr I Ni
SRy 45 Fh. (BAERBESI, B4R IZ IR A5
TG 4L It H B A A9 # % 1Y He. Cr. Pb. Cr
MAs ELE. WEYHEEESE SO L™ HEBR
b, REIEZ R TV IE 7P alifk A== 9 5
IR, S E 4R E P EiT R e T
T IS S, WAL A B BA M T, B
T HHER A A Re T, DTS TR R AR S A
. HERERSEGRE BRI, tE
H g 5 | T AL AR OC T iy [R] ),

11 BEELREFTHEMK

M 2014 4 (4 [ 3275 YLtk ol i A A i )5 ]
IR E H A M 16% 35S g bR, 0
Hv5 g o, R E S e LU AL TE 4 R 5 G i
R, AR A JE s ey T AR 4 Tl AE TR
b F. EER OGS A SR, 48k H
AR 33% () b N 37 B2 0l Eh Ak ik . BR L AN

Aoy g, T B0 B B e B AR AR, ¢ TG g

B3 Sy 4 BR A 4T BE T AT 10 A 5 32 2
z—.

H AT, 2R A ot — T 0 s Je i i,
T — 2 B I5 Y b b ol 1 4 R T e, Attt ATy
B AFHE B Hg 29 1.5 5 i . Cu 340 J7 1, Pb 500 J7
Ml . Mn 1500 J7 Wi . Ni 100 J7 ifi, % $675 Y 4 2> 38
KA KSR R I, G IR SRS
FEE AR, ARAEAH ST, T E 2 E AT
e BB b B R 1200 J5 0, X S 30T 200 120K
LU,
1.2 EERERE

M T B SR b B A 4 R B AH BB 0% | AH B

MBS, LA E SR SR gAY
A=Y . R T R A W RN S ), T
AR, a3+ 5 i 5 4 Ja 285 e a] A AR
Z,RK B R, B R B R K RS, A
R A, Bl AR N 4 Jm w AR AR A,
Z )R N2 T 4w A o e = A P R e T,
T XT Bl A ) 28 4 RN I fi B o o T R R S
HorboJuH A2 AT 1Y 02 8 F PR ER 1Y Pd. Hg.
Cd. Cr L k4 )m AsP®. XX ST 4 J8 o R IR E
A 2k LRGN v BE (52 PR T DU 32 1) B K BR ) 5
k2%t HEHLAA 3 B RE T, BRI | 32 AR P A2 U
W R R AL, M HAE R AT Z 2. ik E
4 I 0 2R VR P AR SR 3 ik 2 O R R, HLE
S5l RZHRIET- IS, KM E SRS A
HKE A F AR, . B BYmeA4, Of
Al fig B G L AR R IR DL K
BE PSRN IR G2 B, R, TR S
15O g R RS E B Iz O, IR S A
M R4 i G

LA, R AR =k (R RK . RS
Py 0 HETBOR BT ™A% B 4 T i, H2, IR EDE
THE SR A= 7 O I R 2 R, Tm] el e ] 4 A ol
S UA S - N = N Y AV 93 [ N A A
TR 2 AE UK, BEAE R &R G AN T
15 K HERL . 15 K EE LA B 5 B VR e (s, A
FRML T —SEAH R A it , (HSOSOF A 3, A
BROfEEREREL S EARELEMER
fathl. L, HEATS Y E LR E TSRS
Yo B EE I Z—.

2 SR L ESR

2.1 TEPEBKRIERTRIRK
TIPS R BT R BRI E N KA, 1
BT AR T FER AT A g T R BT mKCE Y
BRPL BB RIR AT 43O =R, Al & R AL KR
-5, AR T AR RS T, KA A EE KR
T I T S AR AR . i R ACRK
R B AW 2 UL TE v 4R T R b, N 3 T
Ha T E B, PR B 2Ok EFA
FRR. H IR B R A AR
BT 8 (PbS). INEF (ZnS) 4%, T A N L4
e AN IEZ R 3 ~ 200 mg kg !, PEN 35 mg-kg ™.



it

M e e A SRR AT TS Y b T e AU =TT

\

+291-

AR X T A . R A AR
G2 Rl A S R S E A R
BA Z &G, I EEWE ST I RS 6 6.
PRIMRARE . 5 B35 b i 2B 7 R AL 45 Tk, DL
W g | V5 K EE . A% BRI AR I A it A, R
b T CRRTE Y 80% LA L, i it AR W TG IR, #5 5
I ) 35 1 W B 10 2 —— NI, I &l (R A7 3]
HraFE . H M gt T & A P eES
X755 (H (ABVs) Z b, W98 & LR 2 + e 4
5 o e e (i 3 B4 A AE v R R VY B L IX, A 4 T8
M. ATV RIE G T AR A A
AN, 27 N EMEE LSS RS T2EY

S, RZ IR A R A A R (381.57mg kg ),

11 TAF P A8 B B e (I (24.40 mg kg ™).
22 ESHHBEERE

H E, A4 00 I I B 53 S0/ IR
(25 VF IR L, B0 o FE 4R B R 8 3 A A fi
FEARZ 2B £ 0 . FE4 5 YL i3 B, R
FNE B X, BT L350 3 F 0 Al AT o AR A
RN A B IF Y - RSO 4, 35 F] 1.2 ~ 23 mg,
o & A7 KA A TE PR AU, X AR A TR KRS
HENE AP B LERELT, il
S, B TR A 100 pg L™ BT 200 pg L7, H
1Q V- ¥ T B2y 2.6 43, [A] It 25 52 mw JL 25 8 ) [
Bel 2 RE T . e W AE S L W . BR TV R AR A
FERW], of 5 0 5 AR A& H,S B AL PbS,
fifi H,S 2% AR i I 855 3h 09 A L 3 i S Wiz 3h
F1, B BRI | 0 [ s AR 5 TR B, 4 A
B2 8O AR A S T RR Y ek R,
T B R BT 2 A AR RSN AR R RS
R ph A 25 WA SRR, 55 h e ik
A0 5 4t 2 3 3k R WPk . 2T 2R A A i i BEL T
M £T 8 [ (Hb) =904 0, 1 BT 2205 R E, 4%
F iR AE T R I e L O R AR AL IE T e AR Ak, 5%
W i 2 AR B AR ), B R B I & TR ANA ., ™
R W iy e AR 1.
23 TERBHNBERSRERAZ
231 TIEHEMRAAIES

TR TR 5T 4 AT O [ Ak
SIS, S R V5 YRR BREE A LA M
THM A EREVN LR B E M A
0. +2. +4 LUK & S, Horb+2 A ST
s+ EALS R TR E, A A, 7E LR
SR RE R AR, R £ P A AL 2 A
B Ay R ARG W, £ LI PbCO;. Pb(OH),. 5%

Pb3(PO,),. PbSO, S ME Vs BT X AEHE, A D& 1Y)
PbS. TIEHET RIS W B, HAEE R ot
TR a7 - F1 B X 0 e AR . R A LR
XTET R 25 G AE R . SRR ) 0 1 W B A
A 2 R 2 U, G Po>a] AW B AR 2 L
RS H B LY E Ca®', APTRAE B T
o, W R (1) ~ (2) Frs 200 B LAY Rl AT R
PR 22, & Fhig ik A 38 B 4%, 46 KE 50K
FR B EARTERIE b, Bl ) R R RS
TR TR
Pb%* + Al,Si04(OH), — PbSiO; + Al,O3 + ZHZ )
1
Cajo(POy4)(OH), + xPb* * —
(Ca(10-x)Pb,)(PO4)s(OH), + xCa** 2

232 G YL SRR IE

T [ W DAL, AN R 38K b 3O 1 Y - g
B 22 AR K, TR (R IR BT i A 4 0
5 g KBS 48 1 AR i (1017)) (GB 15618—2018) Fll
(PR s o B P M 1 17 e U 8 1 b 1
(RX47))(GB 36600—2018) Xf + 4L & 43 S T
AR R AE , PEILFE 1 AN 2. [R) iF (A 16 I 4 28 5ol s
e B RS ) M T R R A, H
FRUEFEVERR 5 i (TCLP) M2, 3= Bk S mg-L™".

R A S KU E

Table 1 Risk values for soil contamination of agricultural land

Risk values/(mg-kg™")

Farmland soil Soil pH
Screening value  Intervention value
pH<5.5 80 400
5.5<pH<6.5 100 500
Paddy field
AT 6.5<pH<T.5 140 700
pH>7.5 240 1000
pH<5.5 70 _
5.5<pH<6.5 90 _
Else

6.5<pH<7.5 120 _
pH>7.5 170 —

F2 BRI YR

Table 2 Risk values for soil contamination of construction land

Screening value/ Intervention value/

Contaminant (mg-kg™") (mg-kg ")
project
TypeILand Typell Land TypeILand Type II Land
Lead 400 800 800 2500

233 TR
Y R A YR, R A
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Table 3 BCR extraction method

Step Operational definition Chemical reagents and conditions
I Acid fracti To al g aliquot, add 40 mL of 0.11 mol-L ™' HOAc; shake for 16 h at 22 °C; separate the extract from the
cid fraction solid residue by centrifugation at 3000 rad-min"" for 20 min.
]] . . To Step 1 residue, add 40 mL of 0.5 mol-L ™' NH,OH-HCl from a 1 L solution containing 25 ml of 2
Extractable reducible fraction mol-L™' HNO; (pH=1.5); shake for 16 h at (22+5) °C centrifuge at 3000 rad-min "' for 20 min.

To Step 2 residue, add 10 mL of H,O, (pH=2-3), digest at room temperature (22+5°C) for 1 h ; heat to
m Oxidizable fraction 85+2 °C for 1 h; add another 10 mL of H,0, and heat to 85+2°C for 1 h; add 50 mL of 1 mol-L™' NH,OAc

(pH = 2) and shake for 16 h at (22+5) °C centrifuge at 3000 rad-min"' for 20 min.
v Residual fracti To Step 3 residue, add 3 mL of distilled H,0,, 7.5 mL of 6 mol-L™' HCI, and 2.5 mL of 14 mol-L"' HNOj;

esidual fraction leave overnight at 20 °C; boil under reflux for 2 h; cool and filter.
4 Tessier WF4RIGE
Table 4 Tessier sequential extraction method
Step Operational definition Chemical reagents and conditions
. To algaliquot, add 8 mL of 1 ol-L™' MgCl,; oscillating at room temperature for 1 h (200 rad-min™");
! Exchangeable fraction centrifugation for 10 min (4000 rad-min™").
. To Step 1 residue, add 8 mL 1 mol-L™" NaAc (pH=5); oscillating at room temperature for 1 h (200

s Carbonate-bound fraction rad-min™"); centrifugation for 10 min (4000 rad-min™").
m Fe—Mn oxides bound fraction To St.ep 2 residue, ac.1d7120 mL 0.04 mol-L™' NH,OH-HCI; heat to (85+2) °C for 4 h; centrifugation for

10 min (4000 rad-min™").

To Step 3 residue, add 3 mL 0.02 mol-L™' HNO; and 5 mL of H,0, (PH= 2-3); heat to (85+2) °C for 2 h;
v Organic-bound fraction add another 10 mL of H,0, and heat to (85+2) °C for 3 h; add 5 mL 3.2 mol-L™' NH,AC; shake for

30 min; and centrifuge at 4000 rad-min™' for 10 min.

. . To Step 4 residue, add 3 mL of distilled H,0,, 7.5 mL of 6-mol-L™' HCI, and 2.5 mL of 14-mol-L"' HNO5;

\ Residual fraction

leave overnight at 20 °C; boil under reflux for 2 h; cool and filter.
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Table 5 Comparison of various soil remediation methods

Remediation methods Advantage

Weakness Application status

The process is easy to implement,

Extra-soil method and has quick and good effect

It has a high cost and induces
secondary pollution.

It is widely used in the 1990s
and has been phased out.

PhySIICZ.ll The operation is simple. the It can only be repaired in a small area It is a new research topic, but
remediation Electrokinetic . perati npe, and surface layer, and the repair effect is  few studies on the treatment of
L. environmental impact is small, and . . .
remediation . . uneven. It easily corrodes the electrode lead-contaminated soil are
the soil structure is not damaged. L . .
and has lower remediation efficiency. available.
e The process is easy to implement and The soil volume increases after The main method has been
Immobilization/ . . . . . . s ST
s has a low cost. It can deal with a high ~ immobilization. This remediation may applied in industrialization for
stabilization . . . . . L
method concentration of contaminated soil and damage the structure of the soil, resulting the remediation of lead-
; reduce the toxicity of lead leaching. in dead soil and secondary pollution. contaminated soil.
Chemical
remediation i
. [t can radically reduce the total lead o i clay ol s difficult, which . . 4
Chemical content. The remediation is simple to ) It is the main method for treating
. i . may damage the soil structure and cause . .
leaching operate and exhibits low cost and high S heavy lead-contaminated soil.
. the contamination of the eluent.
efficiency.
It has a long cycle, slow effect (usuall I
L & cyele, . .( Y It is still in the stage of
Phytoremediation L need to harvest plants), and it is greatly .
. L . . It is suitable for large areas, . . experiment research and does not
Bioremediation Microbial . . influenced by environmental factors. The . . .
L. environment-friendly, and low cost. . . : apply in dealing with lead-
remediation contaminated plant and microorganisms

. . taminated soil.
are difficult to deal with. contaminated so1
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VR AR A5 0 S BUR IS W (WV), R R & AR
(PASP)., FeCl; ik, LAY MR — s E A5
TN G, K S E W EEHT A 1000 mg-kg ™
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T), SR ERE SRS YRR EE. KNE/
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X A 1 b R AR S e A RS R e, D IR
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Bl 1 Na,EDTA ¥R LI DTPA ATER AT RIS AY SR
Fig.1 Effect of concentration on the removal of DTPA-extractable lead
and cadmium from the contaminated soil using Na,EDTA™*
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Fig.2  Adsorption of heavy metals by citric acid on the soil particle
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Table 6 Comprehensive comparison of various eluents for the remediation of lead-contaminated soil

Type Advantage

Weakness Application status

It is mainly composed of HCI and other
inorganic acids, and it has a high remediation
efficiency (>80%) for higher concentrations
(>0.1 mol-L™") of lead-contaminated soil. The
process is easy to implement and has quick effect.

Inorganic
lotion

It may cause soil acidification and seriously
damage the soil structure. The eluent may
cause groundwater pollution, and its
practical application is limited.

It has been gradually phased out,
and there are few practical applications
in lead-contaminated soil now.

It can form a stable water-soluble complex

It has poor biodegradability and ion

It is suitable for the remediation of

Amﬁ(?]al with Pb*" by chelation, and it has a good selectly ity, and it can significantly lead-contaminated soil, and
chelating . deteriorate the soil structure and . . .
repair effect (60%—80%). EDTA has good . . developing chelating agents with
agent stability and can be reused. chemical properties. It may pose a ood biodegradability is necessa
y health risk due to its toxicity. & & y Ty
The remediation effect is slow because L L
. . . . . It is suitable for the remediation of
It consists mainly of small molecular organic it needs to be leached repeatedly. Owing . . .
Natural . . . e . P lead-contaminated industrial and
N acids. It is also self-degradable and does not to the weak complexing ability with Pb™", . . .
organic acid agricultural soil, and it has a good

cause secondary pollution to the environment.

the removal rate of lead is low (< 60%),
and it is very expensive.

application prospect.
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RN (3) ~ (6) Frs. — MR UL, B 5 f B i 1Y
T WAL L A B 1 [ BOR . B TR IR
Rt A TR, BEIR AR UUVE 0T A2 JLAD PN PR P B,
T 1 Wl T R 0T 4 5 1Y [T 3R W 1, (HL
MEVE P W IR 0 I AGE R 23R = pH, XS A AT
Tl R A DL UE 14 26 1, X4 B R R T &2 W
Cajo(PO4)sXa(s) + yPb? * —
Ca(10-y)Pb,(PO4)Xa(s) + yCa® * (3)

Caj(POy)Xa(s)+12H" — 10Ca*" +

6H,(PO,)"+2X~(X=F. Cl. OH) (4)
10Pb?* + 6Hy(PO4)™ + 2H,0 —
(Pb1oPO4)¢OH,(s) + 14H ™" (5)
3Pb? " +2(P04)*~ — Pb3(POy), (6)

LA B R 6 2 4K A WKL /K8 S5 BT T AT
15 YL [ AL 18 52 5 2 0 — P L AR A RE, BORE T AN
MIRTIEE . 7 RS T — S H T T R

F7 SBEBPRME LR BT SRS R

Table 7 Research results of the remediation of Pb/Cd-contaminated farmland soil by phosphorous-containing materials

Total Pb content/

Addition amount

ilizi i Remediation effect/%
Stabilizing material pH (mg-kg ) (mole ratio) emediation eftect/% References
Ground phosphate rock 15.2-54.3 (TCLP)
Bone meal 5.17 158.76 P/(Pb+Cd) = 0.01-0.42 8.7-41.3 (TCLP) [56]
Superphosphate 0-34.8 (TCLP)
_ 95.69(Sulfuric acid & nitric
Superphosphate 5.22 397.90 P/Pb=0.6 acid method) [57]
Micro-sized hydroxyapatite 99.7 (TCLP)15.3 (Tessier)
. . 5.61 67.2 P/(Pb+Cd) = 1.35 . [58]
Nano-sized hydroxyapatite 99.3 (TCLP)15.2 (Tessier)
Monopotassium 77 (CaCl,), 57 (TCLP)
Phosphorite 4.94 625 P/Pb=4.0 78 (CaCl,), 54 (TCLP) [59]
Hydroxyapatite 69 (CaCl,), 60 (TCLP)
Monocalcium phosphate 99.8 (TCLP)
. . 8.0 956 P/Pb=6.25 [60]
Sodium dihydrogen phosphate 99.6 (TCLP)

B IR R A1 R B 4 7E 135 Pb 5 Y [ 5 fL IR B
T8 R KR, BT RS e R
A2 1Y WA R R BERR . WL Eh A R
B AT LA 38 sk W B0 R B A 4 L U S AN DT U A AL
P ey, OReaE R E 4R IR T,
OB I E 4R Ts de kB R AR
— s (HOR AT SR A A — S ) R 40 [ AR R0 AN
—, WA LA pH XHE B RO S K, 1= B
PR BR e R R GE— b e, 25 AR 07 2k (Lo an
TCLP Fl CaCly) ¥z HACR 22 00K, B ET K& /) 3¢
1R AR TP T B 52 AR R A R [ A B R it ]
i, EBE IR AR A B S R 1 S I Dy T Y
B g 4 3 FOA 4 R 0 R X B RHE
SETR A EAE ST, X0 R o R B R Eh
RN, A .
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Table 8 Compr

ehensive comparison of different curing agents

Curing agent Advantage

Weakness Application status

It has a higher efficiency (>75%) and
quick action because it is very easy to
form precipitation with Pb*". It can
slightly improve soil fertility.

Phosphate

The soil volume increases after
immobilization, and it has a high
cost because other metal ions in the soil
have a great influence on the
immobilization efficiency of Pb*".

It is mature and has been widely used
in the immobilization remediation of
lead-contaminated soil.

Because of the big specific surface area and

rich interlayer structure, it is easy to adsorb

Pb** and has a low cost. It can improve soil
properties and has a wide application.

Clay minerals

As a rich natural substance, some of
them have been applied to the remediation
of lead-contaminated soil.

It has a long cycle, slow effect (usually
needs more than 30 d), and is
accompanied by secondary pollution.

It can significantly improve soil

It has low efficiency, which can be improved

by modification. The remediation efficiency There is a lot of research about biochar,

Biochar activity. It is green, recyclable, and

it has excellent performance.

of Pb*" is greatly affected by biological
characteristics, environmental conditions, etc.

and it has a good application prospect.
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Table 9 Remediation of soil contaminated by a high concentration of lead

Remediation Remediation Total Pb Original leaf:hlng Remediation leachmg
Scholar technology materials content/ concentration/ offect/% concentration/ References
(mg-kg™) (mg-kg™") (mg-kg™)
Jhao et al Immobilization/ Cor?posne fmegl":“o“ 5500 116 (CaCl,) 7044 (CaCly)  34.29 (CaCly) [69]
A0 €A Stabilization method | O SUPEIPIOSPhAte, 1010 (DTPA) 51.49 (DTPA)  489.9 (DTPA)
humic acid, and fly ash
Zhane et al Immobilization/ Composite remediation 3497 o ?r(;cst(if){rfssliltl:; - [70]
& © stabilization method of bentonite and lignite .
increase)
Basta and Immobilization/ Diammonium
McGowen  stabilization method  hydrogen phosphate 3150 21.0(TCLP) 98.9 (TCLP) 0.231 (TCLP) (71
Composite remediation
Guo et al. Chemical leaching of HCl and 7500 — 68.35 — [72]
rhamnolipid
Immobilization/
Lietal. stabilization method Biochar 12410 38 (TCLP) 92.1 (TCLP) 3.0 (TCLP) [73]
Biochar
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