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Abstract ; Incidental ingestion of contaminated soils is an important pathway of human exposure to lead (Pb), cad-
mium (Cd), and arsenic (As). Application of immobilization materials to soil is effective in reducing the oral bio-
availability of metals, thus can lower health risk associated with soil metal contamination. However, until now, lim-
ited studies assessed the effects of direct application of immobilizers to soil on the oral bioavailability of Pb, Cd,
and As. Here, 9 immobilizers were amended to 3 mining-impacted soils collected from central and western Hunan

Province at a ratio of 1% . After immobilization for one month, soils were measured for relative bioavailability
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(RBA) of Pb, Cd, and As using an in vivo mouse bioassay with liver and kidney as the biological endpoint. The
pH values of Zhuzhou black soil, Zhuzhou yellow soil, and Shuikou yellow soil were 6.94, 6.50, and 5.70, respec-
tively. For Zhuzhou black soil, RBA of As, Pb, and Cd were (37.1+7.54)%, (49.0+4.10)%, and (23.1+1.20)%, re-
spectively, and RBA of Pb was reduced by 30.9% with lime application. RBA of As, Pb, and Cd in Zhuzhou
yellow soil was (41.1£5.49)%, (46.5+11.6)%, and (40.7+£9.39)%, respectively, with calcium magnesium phos-
phate fertilizer, apatite, and lime significantly reducing As RBA by 25.0% ~30.7% . RBA of As, Pb and Cd in
Shuikou yellow soil were (74.4+3 48)% , (704+2.92)%, and (81.5+4.98)%, respectively, which were reduced by
114% ~499%, 12.0% ~44.5%, and 7.06% ~45.0% with all 9 immobilization materials, while wood biochar
and lime were most effective. The results suggest that direct application of immobilizers reduced bioavailability of
metals more effectively in acidic soils compared with neutral soils, while lime might be the most effective amend-

ment. The results provide insights into use of in-sifu immobilization materials to control the health risk of heavy

metal contaminated soils.

Keywords: heavy metal; soil; bioavailability; immobilization materials
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5t (ICP-MS) (PerkinElmer NexION300X , 3% [#) 43
Mo BRI BRI E . DKk e 2.5
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Cinetal in liver and kidney, soil

Cmetal in liver and kidney, ref D metal dosesoil
XA AR ref JEHEMEREN . £ BREY A& ALSR , 4351
X LA AR T bR soil &SR AL AT EUR i+ HERE
Eﬁ'ﬁ 5 Crnetal in liver and kidney, soil ﬂ] Crnetal in liver and kidney, ref ﬂ‘j 251% E’g
TR E S L 5 /) BRI B e
B 3 Dhneta dose,soil il D, dose ref /N T3
FIATEYES L S 200 YRR I 2R =,
1.4 QA/QC Figtits#r

WS BRI AV L S RBA 25 R4 1)
3 ANFAT B I Kb o I 22 T X R B,
US EPA 3050B 7 47 1 fif A1 i ICP-MS | & &
SRR B S X BRI HE S5 ) o 4 (E
WUNIST 2710a #EATIH M N E), JTJEE 48 RBA
S iy [ I 5 S NIST 2710a bR ifE 2% W i 4,
NIST 2710a fifi () RBA Ml {EH A(412+13.1)% , 5L
AEWFF IR — 3 #E ICP-MS 2 M it #i v, 4
20 ANFE A R RIS HEA R, RTISOR R 95% ~105%
FFA 414 ] SigmaPlot(10.0 i A)#E47 HI4E, A
) b PRZH 2 ] 1) J 25 1 25 5 (P<0.05)f# H] SAS Sys-
tem(8.0 Wi A) #4753, Kk H One-Way ANOVA J7
B 9EFT Fisher’ s LSD 4347,

D, dos
RBA(%) _ ( x metal dose,ref)>< 100% (l)

2 ZR 51118 (Results and discussion)
2.1 V5 AR

155 HIEREACRAE HW R TP PR 3 X
(F 1), 3 Fh L HERD A RN HR 1Y S v B Y8 [ 53 0
677 ~2 433 820 ~29 678 F123.4 ~526 mg-kg ',
I pH (HYE RN 570 ~6.94, W LLK IR, MRUH B +
15 YRR B e, K B 75 YRR B A RN R

F1 FAARBFINPETRTLRIEERBREMS HFRKE
Table 1 Location and total concentration of As, Pb and Cd in 3 contaminated soil samples
collected from mining areas of Hunan
FEdh AS
) pH As/(mg-kg™") Pb/(mg-kg™") Cd/(mg-kg™")
Sample Location
e R L W ER
6.94 243348 29 678+1 031 526=15.0
Zhuzhou black soil Zhuzhou, Hunan
7Rl W) R R
6.5 944337 9 561485 157+7.76
Zhuzhou yellow soil Zhuzhou, Hunan
K+ WK
57 67.7+13.1 820+229 234+139

Shuikou yellow soil Shuikou, Hunan
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At (pH 4351 6.94 6.50), 7K 1 # + R
P+ (pH 4 5.70),

IMAEEAEH 1 A~ H Z )5, W 50 pH HIY
AL 1), AT A& 3R, BT A B A 700 38 T 4t s Ak o
+ B pH (722 ~8.88) , HAr A KXk UH B 1 19 pH
(A5 M 5 K (8.88) s EH EE WML b MBS Ll Ik A AN
JRAT i bk U 2 4 19 pH {E T 155 (7.15.6.86 ,6.85 FlI
8.02), M AL H AN BEHE =k YN 5 + 1% pH {f; X
TR+ R A ESBEREAL RENE R m KA AN
A1 IR BESR 125 133 pH (705 .6.79 .6.56 F1941),

2.2 B HTRIERAE /DN U YRR SR A S ) 2

W TR 5 AR T 4 i 220 W T W WA o R 5
I R R R s e 4 1 AR A AT R
TF 5 5 B 4 J 76 JHF 0 v B8 %) Jon AR Dy A g ¢
M IEA RS A E £ E 4R RBA B, T

BEAE /N BRI RN B A v e 37 o 4 i AR 2R B AR
KOV Z A 2t e 7, AR i T SRS S AR
Tt SRR M 2.7 ~ 48.6.32.8 ~ 594 £ 0.94 ~
10.5 mg- kg™, & Na,HAsO,(2 ~ 100 mg-kg™"),
Pb(Ac),(10 ~ 500 mg - kg™ )Fl CdCL, (0.5 ~ 15 mg -
kg )RS R e R (18] 2), X IRZE/INRLH Al
BEFTERAE I B JE 04 e B A4 0.12 ,1.06 F71
0.08 mg-kg™), Y% T Na,HAsO,(2 ~ 100 mg-
kg™").Pb(Ac),(10 ~ 500 mg-kg™")HI CdCL (0.5 ~ 15
mg-kg ™ )5, B BRI A RS O v 7 v B fn
HME 1 ~8.25~30 F10.12 ~2 mg-kg™', H5 7%
R RIFR AP R (=099 ,0.94 1099151 2),
2.3 BlAEFIXAS A e h BT FRES RBA (5200
2.3.1  BRAEFIXTRRINE 26 HFI4R RBA B30
TR /NS AT 3 I S R B

9.0 < 85 10
= ) b = A
2 55| @ g0l @ A 5 oo ©
T % =3 =8
=3 3-3 o=
j - 80 j = 75 £2g 8
o H oz 1
s = ., Q —l =
S 75t a £5 700 w2 7l A,
Eﬁ 4 44, Loa EE . o2 =
=% 70 N +E 6.5/ A A A A %i’j 6
o] =] . A o A Ay A A
a E E N N

6.5
S S ERRP AP RO

6.0
A GRS

5
S SRR AT N

E1 RESELFEDLDNAXRMEL (a) FRMEFEL (b) FIKOEL () pH EHF N
4 : CMPF RN ; SF Rn kAL ; KL Fan 08+ WB Fom ARl AW ; CSB R 7e A= Wik s HA FRm R EE KA1 5
Aa FIRBERA 15 Ab FORBEIRA 25 L1 Fom 1K,
Fig. 1 The pH of the Zhuzhou black (a), Zhuzhou yellow (b), and Shuikou yellow soils (c) under application

of different immobilizers for one month

Note: CMPF means calcium magnesium phosphate fertilizer; SF means silicon fertilizer; KL means kaolin; WB means wood biochar;

CSB means coconut shell biochar; HA means hydroxyapatite; Aa means apatite 1; Ab means apatite 2; LI means lime.
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»E 22
e Wil 20
S.E_;D 2\\3{‘; o
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=535 E5S
L TES 0
o S ) ¥r 3 g
Tz iE
'—:;-< 0 » . l ‘ e 1o 7
0 5 10 15 20 25 0
fih 2 2 7 /(g kg -d ) P e

As exposure dose/(g-kg!-d™")

|5 /(gkg'-d™)
Pb exposure dose/(g-kg™'-d™")

and kidney /(g-kg™)

=z
00 05 1.0

-+ b AR Y S A(grke™)
Cd concentration in liver

1.5 20 25

AR (g kg d)
Cd exposure dose/(g-kg™!-d™")

40 60

o0
(=]

2 & T Na,HAsO,(a) .Pb(Ac),(b) 1 CACL(c) 5W $AFISRTE/RATAEFI B AR H EY
RENMSREFNEEMEEEXXER
Fig. 2 Linear relationship between As, Pb, and Cd concentration in the liver and kidney of mice exposed
to Na, HAsO,(a), Pb(Ac),(b), and CdCl,(c) with corresponding metal exposure dose
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L7 VU ol el ) 1K TR | D= U =S R A SR i)
RBA, 1] L& B, 586 A0 B K 1 2 FIA K AT K
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I A2 PR A AR DN B 1 1) pHL Ry 6.50 , B AR R AR
NES
2.3.3  AEARFIXT K B A HTRIES RBA 19 RZ I
BEALHT, K 1B £l BT RBA 43518
(7443 48)% (704+2.92)% F1(81.5+4.98)% , W%
BRALJS K O3 i A A4R ) RBA(E S), T L& 3R
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x@;gz? SRR W PP PN
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S S X 50
e < (@)As i e ab 2 |OPb 7 " é (c)Cd i
ﬁ '*5 80 abc bed ﬁ Lg 64 be be 5 ’B 40 b
:gé é‘ d ﬁ:é ? b b b b r%’é 2 be be be be
g :;; 60} ot < bede E z 8 be T " e Tz 30 . be
= of T == K= c
HE 40 f i S 3 #HE 20 c
- m 2 = 8
55 2 €5 4 £33 10
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Co&g’;\é SR WP RN

B3 9 FhEELFHENM 1 A RIEHINE L 5 (a) S5 (b) FI4E (c) AT EMBRE(RBA)
T A AR 3 HAl S /N BRI F- 24 {H 7 1 O 22 ; Control 3R % HR , CMPF R RE5EERIL | SF F/RAEIE , KL FRoR &t 1,
WB R ARG W) B¢, CSB FRmMBTE M5, HA s AR IR AT, Aa FRBEIRAT 1, Ab FORBEKA 2, L1 F/R A1 K ;
B AR TR 7B 4 2 H R AN [R) b B2 ] 19 22 5 AN W Jl (P>0.05)
Fig. 3 Relative bioavailability (RBA) of As (a), Pb (b), and Cd (c) in Zhuzhou black soil when the

soil was added with 9 immobilizers for one month

Note: The relative bioavailability in soils were measured using an in vivo mouse model; each bar represents the mean

and standard deviation of three independent mice; CMPF stands for calcium magnesium phosphate fertilizer; SF stands for silicon fertilizer; KL

stands for kaolin; WB stands for wood biochar; CSB stands for coconut shell biochar; HA stands for hydroxyapatite; Aa stands for apatite 1; Ab

stands for apatite 2; LI stands for lime; bars marked with the same letter indicate insignificant (P>0.05) difference between different treatments.
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Fig. 4 Relative bioavailability of As (a), Pb (b), and Cd (c) in Zhuzhou yellow soil when the soil was

added with 9 immobilizers for one month

Note: The relative bioavailability in soils were measured using an in vivo mouse model; each bar represents the mean and standard deviation of

three independent mice; CMPF stands for calcium magnesium phosphate fertilizer; SF stands for silicon fertilizer; KL stands for kaolin;

WB stands for wood biochar; CSB stands for coconut shell biochar; HA stands for hydroxyapatite; Aa stands for apatite 1; Ab stands for apatite 2;

LI stands for lime; bars marked with the same letter indicate insignificant (P>0.05) difference between different treatments.
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Fig. 5 Relative bioavailability of As (a), Pb (b), and Cd (c) in Shuikou yellow soil when the soil was

added with 9 immobilizers for one month

Note: The relative bioavailability in soils were measured using an in vivo mouse model; each bar represents the mean and

standard deviation of three independent mice; CMPF stands for calcium magnesium phosphate fertilizer; SF stands for silicon fertilizer;

KL stands for kaolin; WB stands for wood biochar; CSB stands for coconut shell biochar; HA stands for hydroxyapatite; Aa stands for apatite 1;

Ab stands for apatite 2; LI stands for lime; bars marked with the same letter indicate insignificant (P>0.05) difference between different treatments.
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