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and Their Influencing Factors
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Abstract: [ Objective ] This study aimed at accurate assessment of health risks of arsenic (As) in typical soils of China and
comprehensive investigation of their influencing factors, based on oral bioaccessibility/bioavailability of soil As. [ Method ]
Samples of five typical soils of the country, i.e. red soil, black soil, cinnamon soil, brown soil and yellow soil, were collected and
prepared into As-contaminated samples by spiking As at 600 mg-kg"'. After one-month aging, bioaccessibility/bioavailability of
soil As in the gastrointestinal tract of a human being were studied, and its health risk was evaluated by means of in vitro test
(PBET-UF model). Besides, from the perspective of soil properties (soil basic physicochemical properties and As fractions),
influencing factors of As bioaccessibility/bioavailability were explored and variation of As bioaccessibility/bioavailability with
the soil analyzed. [ Result] Results show that As bioaccessibility/bioavailability significantly varied between soils, as As
bioaccessibility ranged from 37.2% to 71.8% in the gastric phase and from 49.0% to 73.3% in the small intestinal phase, while As
bioavailability in the small intestinal phase ranged from 48.6% to 72.1%. It was indicated that from the stomach to the small
intestine soil As was gradually dissolved by digestive fluids, and almost all the dissolved As in the small intestine could pass
through the specific ultrafiltration membrane used to simulate small intestinal epithelium. Also, health risks of soil As through
oral ingestion significantly varied with the soil. Based on the estimated As bioaccessibility in the gastric phase, carcinogenic and
non-carcinogenic risks of As in the five soils varied in the range of 4.28x10*~8.26x10* and in the range of 14.86~28.69,
respectively; and based on the estimated As bioavailability in the small intestinal phase, they did in the range of 5.59x10 *~
8.30x10~*and in the range of 19.40~28.81, respectively. The carcinogenic risk and non-carcinogenic risk was two orders and one
order of magnitude respectively higher than their respective acceptable limit. In addition, correlation analysis shows that between
bioaccessibility/bioavailability of soil As was significantly related to certain soil properties. [ Conclusion ] Oral
bioaccessibility/bioavailability of soil As is significantly and positively related to soil pH, migration coefficients and migration
coefficienty, but negatively to content of free Fe and Al oxides. Migration coefficientg is the main influencing factor determining
bioaccessibility of soil As in the gastric phase, whereas soil pH is in the small intestinal phase. Although free Fe and Al oxides in
the soils are not the determining factors directly affecting bioaccessibility/bioavailability of soil As in the gastric phase, they form
new minerals with As, thus reducing the activity and consequent bioaccessibility/bioavailability of soil As. It is expected that all
the findings in this study may contribute positively to making future field investigations of soil environmental quality of China
more in line with the reality, and consummation of the methodologies for health risk assessment of heavy metal (loid)
-contaminated soil.

Key words: Arsenic; Migration coefficient; Soil pH; Free Fe and Al oxides; Bioaccessibility; Bioavailability
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15 e KR PPAG B AR 00 ) (HT 25.3-2019) BmE %
&S Y 2 DA R, (BABLEL 100%
VER S AR . BXFF A0 M 38 e i 1 S i A4
it B XU ot LAt i Ui o R 52 58 9 ( TCLP)
A BRAR BT - A Y A 28 KURS: AT 8 R HE B Y T
fili, HTCIE CHEEET SOWILRE A XU Ty T Y
fFE . Ak, BT e n A Yl 46 Tk
( Bioaccessibility ) “E#ARME ( Bioavailability ) 2k
AR YR e VA i R DRSS ) v A 38 ke B Y2
(AT (3 A 2 T B 2 R4 A 1Y) - B
FENAR B I8 7 At B8 b Bl g i i TS AR L
B, AR A O W ik — 25 SR AR BT i
ABIEA R LR fRAN (In vitro ) 356 W] Xt A4
T2 4 B DT AL A FR A TR, SRR
T RN AT AR AR RUEE B, © RO A
- T Yy fi R RS DAk A5 T A I BR T
Brz—. Ruby S5 R T 36T AR B2 A 4R BGR
4% ( Physiologically Based Extraction Test, PBET )
B, IR S AN (e 32 20T A T
WARE ) MIHAE R, JRTE RS9 TR )
AL 25 P I AR SR B0 A 1Y T B R )1 42 32 R N 1)
TR Z — o T AE R AR WA OIS i I
L #HUE (Ultrafiltration, UF ) 8 ] £ i i
PR H AL /IN L 1 8 T 3 A W A T 4 A
MG R, 380 T BB AN, B in vitro i
RERUAN K b e 56 3%, I HARR T a5 (28)
G JE 5 YL ) A T 25 A A R B R e TR 2R
JR 12 S A A A

- SR A AT g PR WA RO A R R R
2%, BREAEE L2 B AR AL RN, TSR Y
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R LN E 2 —, Das ZUE I H S + 1
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SRR, gl TA 252 il 9 A T 2 R A B
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Wi FEAE 3P A DR B R AR A, T 5% e 7 £
e v )X RS B HL A T g P A R0 A
HIRAFIE AT, Shiowatana % 2248 7L & Wenzel
SURS SN NP o [ i w2 R oS AN S U e e =
TP Li R g7 3 I 4 a1 A= Wy v] 2k S
AW L 1 O AT 285 e R L A 2 o S A 0 5 R
1M Smith SEPH) S B A4 A 90T 45 1 5 0 A T A 5
g5 AR AR E AL A A A BB A OG . RS RT AN =
v o 55 R ) A T A vk A REOhE 2 ) SEER
W58 AT & I 22 AN () 22 R A B P IS I 458, 3
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AR Z ST b TR B X 2RI 4
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Zr b, AR ET X IR E R b S Gl )
FIFHASMAR (PBET-UF A5 ) 5% 4 ALY
- SR E AT A AN [R] B B A e R
A0 SO XU | I 3 — 20 A 3R A (R
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T 08 2B T 25V A W A AP R S e R 2R, LU Sy il
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5 27%

1 BRIk

1.1 TR ENG&E

ST BIJRVT . b YRR RIS R R AR
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W UL AN Na,HAsO, 7TH,0 977 20 P40 | iR 445
il & A &l 600 mg-kg ! TS Y 35 (K F AR
GB36600-2018M* i1 55 — & iy st i & L B HI(E 120
mg-kg B9 5 A5 ) AR L EEKE 30% LA, B
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i e PTS EES B S T I , LA H ¥ A
100 HFfify R34 HIEAHDCSL I AT 3 IRE & .
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(ICP-ONS, Optima, £ ) M, # KT A B
) 3 — > H 1ICP-MS ( ThermoFisher X SERIES 1I,
) ME . 5 ARAAIE S I in vitro IS A FE
st A B e 0 5 7 VAR A . IR RAE R
X SR (Xoray diffraction, XRD), il
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1%, X SR Cu Ko 585, FIHTERE 5°~80°,
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(2) Wenzel #EZ4I0LSE H AT HIERIRAAIE A
Sy MR Ry k2 —8 Hol 4 e b pmi o kAR
LRI (W), LR (W2), Tk
MG PR E A A GAR (W3), Z5 BB E ik
WESAAM (W4 ) FERESM (WS5), B HEEUIrS
EAZ DAL 0.45 pm JERR, 4CAAAFRFIIAH &5

(3) EBRE: EESRRET, R
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B, 38 DI A A rp o SR 1 AR R R
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PRSP TR
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] F% 30 min WISV K pH, AW ESWIGAME .
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W pH AERiFE. 4 h)g, W 10 mL Wik, i
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/NI W BEWR IS R . K S0 mL B0 TR Ay
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TR AR A IE .04 (UFC800308, Millipore,
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K, BA NI AT/ ESE, %; Cy
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1.6 TIEmXT A MAH0 45 R XU TG
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A ZE FEIRARTT IR 0 A A R XU A 714, OF
3 ) AR AR 1) 3500 DRUISS: R =1 3850 IR 144 7 45
FAE . Horpr, 2o KU 5 AR ) L2 40 R 0
TRER LG E, MAEBURE XS A% BT )L &=
WREZRMfEFE. A, 20 AR E T H
AWFFEARAT ) B B B sl N g By B i i) A 4 ml 25 ¢/
AR . ZE AR T, Y I Y B0 K
Bkt 107 SRRSO RS (fEFE ) Mt 1k,
FRZ AT 8232 1 KU o
1.7 HEHW

KA SPSS 20.0 X AHSCH R #1725 5 W 2 M)
Br (CBLFETCRTAEAS T A4 ALK 2205 22 04, 2L 1H]
KHE/NEE2ZFL (LSD) ZE ). KIRF%
( Pearson ) #H 534 Je % 20 Z2 5T [l ) 43+ . Origin 9.1
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2 R 51

2.1 TIEMEEY A/ AR
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WAREWE 1. 357 8 B A Yl b
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BB B AR AT 5 PE ( P<0.01), STt A3 rh i A
B EVNG R AP R . XS AR
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b R T LRGN, T R AR A 1 I g
BEAR, VR IRAR AR R . AT — S A
kg A 3 v R A T 2K A %) A A B T B AR AR
i, 0 pH WTHE R HE T8GR, dEm 80T i
(A 4 Mok WA TR B R R, T
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H, e /N By B AR T 4 5 AR e Ak R
o E T (P>0.05), X UEI/ING TR s s i fif
S LB IS, S5 &P RBREs & )5 0
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O il A= 4 ] 451 (15 ) As bioaccessibility in the gastric phase
FOAR AR ] 4P (ZM) As bioaccessibility in the small intestinal phase
@ il (A= 1A 3 (7N ) As bioavailability in the small intestinal phase

a a

ab a

T

100
=
=S
w= 80f
=
Te
S
G2 60f
2
2 ¢
g% 40 |
28 2|
=
<
0
g
Red soil

B2+ s+ PR pit:
Black soil Cinnsmon soil Brown soil Yellow soil
F A Soil type

7 B B R — B B, R R AR R 1R A B 35 22 5#( P<0.05 ). Note: Different letters indicate significant differences between

different soils in the same gastrointestinal tract ( P<0.05) .

P MR B Y B /M 0 A T A

Fig. 1 Bioaccessibility/bioavailability of soil As in the gastric and small intestinal phases

x1 TREARBAEME

Table 1 Basic physicochemical properties of the soils

+ 1 ) N " o RS T
. HHL Y A FH S - 38 e i AT ST WIAMEER T
F# Soluble Ca
pH Organic matter Clay CEC Soluble Ca Soluble Mg
Soil and Mg
/ (gkeg!) / (gkeg!) / (emol-kg ") / (mgkg') /(mgkg")
type / (mgkg ")
AR: o 3.85 5.3 276.2 3.33 4.5 0.3 4.8
LS 435 58.3 246.8 19.84 92.2 6.4 98.6
4 6.75 13.5 86.5 13.11 43.9 7.9 51.8
e 6.28 16.8 213.1 14.01 443 9.8 54.1
FE® 5.91 20.4 220.3 14.17 45.8 10.4 56.2
+HE BRERIRECERE HIRIREGES  RRIRIUSE  WEREBREUSYEE Ui B A AR AR

‘ WAL R
il Oxalate-extracted Oxalate-extracted Oxalate-extracted Oxalate-extracted Fe, Free Fe and Al

Free Fe oxide Free Al oxide

Soil Fe Al Mn Al and Mn oxides
/ (mgkg') /(mgkg!)
type / (mgkg™") / (mgkg™!) / (mgkg™) / (mgkg™!) / (mgkg™!)
AR: 292 933 115 1340 25414 4798 30212
LA 4837 2291 765 7 893 18377 5604 23 981
£ 993 770 297 2060 15970 1633 17 603
Ftge® 2541 858 399 3798 16 035 2 034 18 069
g 4 609 910 473 5992 16 535 1 696 18 231

(DRed soil, @Black soil, @Cinnamon soil, @Brown soil, ®Yellow soil

LR PR S LR TE B BB R R AT AHOCHE (4=0.993, P<0.01), Ui B A ALERER &S
HVERARC TR 3 pH S HATEM B IE  AIERF AN (/=-0.934, P<0.05), THEIEA
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AR VE S T SRR AE /N B Be i A W e] 45 1 R )
AR ARSI A R B3 pH 5 AR a2
IEA N (7=0.987, P<0.01; r=0.995, P<0.01),

i g A AR AR i 5 A AR 0 3 A G (=
—0.966, P<0.01; r=-0.968, P<0.01), JCit7EHHr
BOAR/NA B, 3 pH AN E S sSEY
55 4 e () A2 W v 5 1 /A A R A AR L A
AR DG

232 TIEAPRAAE S 05 - SR A 45 AT
T L 7 B i E o e UL s 2, &l 2a) A,

T RE s Wl m BMRIR OO - (72% ). FR3E
(68% ). BiHE (63%). B1 (53% ). £I4E (49%),
IR 61%. AN[E] L IENERS RAL s AATER E X

a) Shiowatanai%Ze42 Htik:
Shiowatana sequential extraction procedure

° 0S1 B8S2 &7S3 BS4 ™S5
= 100 —
g‘:ﬂ I R 3
2 E %
=< 80t /
Ze
7 8
5 601
Qe
RE 40t
pic
=8
=5 20 r
g ‘g I
£ 0
g B+ -+ TR pig
Red soil  Black soilCinnsmon soiBrown soil Yellow soil

A Soil type

(P<0.05). HHIE 2b) AT, BB REL w H i BRAR
WA (79% ). 158 (71% ). B3 (68% ).
+ (57%). 2148 (52%), “F¥HR 65%. A[F 14
[ iE 78 R A w AETE R 22 5% ( P<0.05). Shiowatana
AR EUE M Wenzel 1 22 2 UL A b W Fh 28 it 1)
Oy HT R RAT L A 3k s Tk, TR A5 R
BONEER, FEAHBEIUEZ 4%, WO JUR 2SR A s
Yo+ I IR KRR AL T B2 5%

T R ECS  HEAE B H BOF/ N B B A
AL AR A B AR DG A BT 4 S L3R 2. TCIRTE
HIBR RN, TR s, TBRE w1
5 5enp i) A W] o Ve A SO AR AR A B IR
AHEME .

b)Wenzeli% 4L EUE
Wenzel sequential extraction procedure

OW1 BW2 z2W3 B8W4 ®BW;5

£ 100
=< L
Ik
=2 80
Bu=d
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T+ Soil type

TE: S1~S5 73R SR . RZWMER, SRR G AT . A545 5 S0 KR SR W1~WS 735 3m 3F L 1 e B A
A PR B AN | JCE T S 45 R R AR AL A5 5 A | 25 SRR AL 2 5 AT S BRI AS T . Note: S1~S5 represent water-soluble As,

surface-adsorbed As, Fe and Al associated As, Ca associated As and residual As; WI1~WS5 represent non-specifically sorbed As,

specifically-sorbed As, amorphous and poorly-crystalline hydrous oxides of Fe and Al associated As, well-crystallized hydrous oxides of Fe

and Al associated As and residual As.

B2 e AT 25 B o R ) L A5)

Fig. 2 Fractions of soil As and their proportions to total As
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Table 2 Correlations between migrations coefficients and bioaccessibility/bioavailability of soil As in the gastric and small intestinal phases

Al 50 (H) g A=yl 54 (/g ) YA RE (Mg )

As bioaccessibility in the As bioaccessibility in the As bioavailability in the

gastric phase small intestinal phase small intestinal phase

2R " 0.999" 0.965™ 0.989"

iF
TR RE 0.980"

0.987" 0.960"

*%, P<0.01. ®Migration coefficients, @Migration coefficient,.
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R3I TEMMEMARE/EMANESEMEZMNS TEYI

Table 3 Multivariate regression analysis between bioaccessibility/bioavailability of soil As and the influencing factors

PR 4 177

Dependent variable ( Y) Regression equation

A AT A (B) ©
B ERI AT YE (N ) ©
Bl EIATRE (N )

Y=-0.382+1.545MCs
Y=0.174+0.085pH

Y=0.178+0.082pH

Determination coefficient ( R*) Significance (P)
0.997 P<0.01
0.978 P<0.01
0.989 P<0.01

T MCs Wi R KL s ( migration coefficients ) BY4AE . Note: MCs stands for Migration coefficients. DAs bioaccessibility in

the gastric phase, @As bioaccessibility in the small intestinal phase, (&)As bioavailability in the small intestinal phase.

24 TEEMEYATEE/ EVEREERHWA

BEAEE

Zie LREERATLUE 4 R ARy L1 fh
ENRE Wi i R ] b A A R S
pH. IFEAMMSREE . TR s LEB R w
KAEFY) . TEIHERS 2 R R m L mEE, +
HEmpLE S B B A el gV SN s B Be g A ] 4
PEAE WA SRR T R 5 3 e R A s o -4
pHo T DAL AR, XA A= 1y T 45 /A 0 A 3k
1Y) - S 1] 22 S A T IR T

158 pH 5 - R Y A ) AT 2n kA AR AR
TEM T IEA S, X5 Das UM HRIE R PG —3,
H pH 2520 - SR /N B B i A= 9 a] 25 /4= )
AN EFHE T, L3 pH M RKEZHELSEE T
AR TG PEA B R KRB0, 3% pH B,
TR AT £, IR I B Es , fEaE
TR T RS, e T e R A
AL R, RZIMR . B pH e £, I
et 0 26 T 25 M/ A O A v 5 TG 1232 pHL AR AR
FOLT e, HLA G A ] g e A A SO A

BRI s MER R w5 HIEM A Y nT 24
PEE WA B EAAAEN 035 TEAH G, HIE RE s &
S+ SERTE B B B AR T PR E R
Shiowatana % £ H7% A9 S1 1 S2 5 Wenzel i# 2241

WOER) W1 A W2 i eI 2 25 006 Ve de s, Jd
16 LRI PR T 5 i 280 A AR AL BR
Birh, XSERAFIE AR B SR 2 i e A
b, BEm g AR, R, JER8 REL s FIE
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Fig. 3 X-ray diffraction ( XRD ) patterns of the uncontaminated red soil and the artificial As contaminated red soil
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