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Abstract; In order to obtain the concentration of contaminants in the fine particles and their bioaccessibility in hu-
mans, the concentration distribution characteristics of hexavalent chromium in PM,, and PM,; fractions of chromi-
um ore processing residue-contaminated site was analyzed. The Unified Bioaccessibility Method (UBM) and Inha-
lation Bioaccessibility Method (IBM) were adopted to measure the bioaccessibility of hexavalent chromium in the
stomach, intestine and lung. The results revealed that: (1) The content of hexavalent chromium and total chromium
in PM,, and PM, fractions were mostly lower than that of PM,,, fraction. The accumulation factors (AF) of hexa-
valent chromium and total chromium in PM,, fraction were 0.080 ~12.297 and 0.008 ~0.261, respectively. And the
AF of hexavalent chromium and total chromium in PM, ; fraction were 0.019 ~5.721 and 0.005 ~ 0.342, respective-
ly. Compared to total chromium, there were more hexavalent chromium accumulated in fine particles. The lower or-
ganic matter (OM) content might lead to a significant increase in the AF of hexavalent chromium. The percentage
of hexavalent chromium to total chromium in different fractions were 2% ~ 17% (<250 pm), 21% ~98% (<10
pm), and 22% ~82% (<2.5 pwm), respectively. It appeared that in the finer granularity of soil particles, hexavalent
chromium account for a higher proportion; (2) The bioaccessibility in the stomach stage of hexavalent chromium in
the PM,,, fraction measured by UBM was 0.0301% ~0.9483% , with an average of 0.4821% . The bioaccessibility
of hexavalent chromium in the intestine stage was 0.0018% ~0.3934%, with an average of 0.1578% , which was
about 0.33 times lower than that of the stomach extraction stage; (3) The bioaccessibility in the lung stage of hexa-
valent chromium in the PM,, fraction measured by IBM was 2.52% ~41.50%, with an average of 14.47% . The
bioaccessibility of hexavalent chromium in the PM, 5 fraction was 2.40% ~ 88.12%, with an average of 48.86%,
which was about 3.38 times higher than that of the PM,, component; (4) The total carcinogenic risk level of hexa-
valent chromium decreased from 2 430.04x10~° to 125.83%107° under consideration of the bioaccessibility. In addi-
tion, the carcinogenic risk level of hexavalent chromium in the respiratory pathway was 5.04 ~176.38 times higher
than that of stomach and 10.92 ~ 10 198.00 times higher than that of intestine in case of oral intake, respectively. It
is indicated that respiratory was the most critical exposure route for hexavalent chromium carcinogenic risk. To
conclude, the reliability of the health risk assessment was improved significantly, with the determination of the bio-
accessibility for hexavalent chromium in the fine particle fraction of soils.

Keywords : hexavalent chromium; PM,,; PM, ; bioaccessiblity; health risk assessment
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Table 1

Physical and chemical parameters in soils

PM, 5 #1l PM,, 24153 F7

L it \ .
e feke) Kk ik mg kg ™) AU it img ke ) Bt F 3 H /%
nn g-kg
pH : Total Cr/(mg-kg™") Cr /(mg-kg™") Percentage of PM, 5 and
Samples Organic matter
o PM,, components/%
Ag-kg™)

PM,so PM;, PM, 5 PM,s PM;, PM, 5 PM, 5 PM;,

S1 829 6.70 742 20 125 44 4 27 1096 3039
S2 972 7.14 3 040 81 116 101 55 42 13.86 3203
S3 849 5.80 1 450 364 154 22 273 127 538 1458
S4 9.70 1950 15 900 2611 1137 2 560 2 557 739 545 19.80
S5 1024 29.10 4 870 214 23 834 135 16 750 2171
S6 1035 6.78 11 600 96 251 549 44 134 7.17 19.79
S7 8.90 523 272 71 93 17 27 43 6.74 1929
S8 10.68 7.75 22 800 1789 562 2 620 1291 249 581 15.68
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Fig. 1 Accumulation factors of total Cr and Cr** in PM, and PM,, fractions
3.0
L]
2.5+ -
Particle size<<250 um
I 3=-0.017x+0.631x-2.851
2.0+ R*=0.436
T~
52 1s)
g7
-
O
K 1.0
m
0.5+ @
of wmu®
1 1 1 1 1 1 1
4 8 12 16 20 24 28 32

AHLF (gkg™)

Organic matter/(g-kg™")
B2 PM,, AoHENREAMBEENUSKE

Fig. 2 The relationship between or

SRIMT, AN [ RE A2 v 7S 5 5 80 4% 9 Lk 31 oG
RERWL TN A, B B3 AR TR R
%£<250 um, <10 pm K <2.5 wm By 1 5 kL
oS B R L B A R 2% ~ 17 %
21% ~98% 2 22% ~ 82% , £ W AH % T KL i ki
M5, A0k () 8% T8 22 3 DL oS A % 19 08 X A7
e, MWD EEEEN —-FIESE

ganic matter and Cr®” in PM,,, component

SEAE AR T, B B 32 B A AR BN R Y A
FHEABI R A, A B 1 7 % 68 07 5 LAk,
A% B RSP B AR ORE AR B i o IR B AR AN
PRI DURRATE Rl v, A AR SR A BUB M, L,
20 BURL T Y S B 5 A R AR R B B B R A R AL
%, Hy R W A B 7S A % I 32 A D S s A
JRCIS: Aty £ — 4 2207 1



282 EOR OF M Oo¥ R Fl145
100k RZPM,,, C(Cr*)/C(Cr)

TR

RO

X

60

40

ISR B R TR E 1%
C(Cr)/C(Cr)/%

20

S1 S2 S3

2.2 A SR YT gk
2.2.1 A& AT 41

P SRR A 7 B R B Bty ] 25 P B Al 2
PEANER 2 Fs . |13 2 AT S B A I B B
AT EE P RE 2 /I8 T A SRR L TR S R T
JE X R WA AL RGP RIS 8%, RIS AR
PR MEAR 35 A4 8 BR5E rh A W] BE 58 A i, T E A 2
NP B AT R o R A B 7 A i, DAL, 001
T4 A A W] 25 Pk, I LA Sy Bl xo A AR f B XL
B AT PR R AR R b 20, (K I B B A

EEIPM,, C(Cr*)/C(Cr)
ZIPM, , C(Cr*)/C(Cr)

RS

X

R
Samples
B3 AEAEFANE G SEEEG

Fig. 3 Percentage of Cr*" to total Cr in different particle size fractions

AR B 1 A AT g 1 22 SR, o, B B
k1 0.0301% ~0.9483% , 211 F 0.4821% ; % B Bt
7 0.0018% ~03934% ,~F-FI{H 0.1578% , 20 H B
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*2 BEHMBWEMEREMATEENRER
Table 2 Bioaccessible concentrations and bioaccessibility in stomach and intestine

IS i
RS b o S B B TR I Q) T b B )

B (CHMmg-kg™)  FAHRBERE(ACE)(mg-kg™) T HBio,)/% (mg-kg™") "2 (Bio )%

Samples  Cr®" concentration in  Extract concentration of Cr®" Bioaccessibility in Extract concentration of Bioaccessibility in

soil (C,)/(mg-kg™') in stomach (((Cr®"),)(mg-kg™') stomach (Bio,)/% Cr%" in intestine C(Cr%"),; intestine (Biog;)/%

Amg-kg™)

S1 44 0.165 03750 0.045 0.1023
S2 101 0.165 0.1634 0.045 0.0446
S3 222 0.165 0.7432 0.045 02027
S4 2 560 4373 0.1708 0.045 0.0018
S5 834 5.693 0.6826 0.045 0.0054
S6 549 0.165 0.0301 2.160 03934
S7 174 0.165 0.9483 0.045 02586
S8 2 620 19.470 0.7431 6.638 02533
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(AR T 5 TR R R IARAR . SR, Yu S5 PY7E X%
T YFR I R 5E o R B, AN e 15 i B BE LA 3K
BRI AT 43R 53.8% Al 42.9% X R
M T % R a HLAL o AR AT S, Y )
HOIA A5 T A S AT AL 434 s B W T st I )
pH PREE RN B A HLIR 2 A T 7S 8% il R
W AT ARG T 1 B, i AT R S
ARFFLE AL, BAb, Yu 252 BTt E B, i
T pH [T, #5700 SR 2k SR AL b K
B, - 5808 L ITE , S BOLAE I I B T 451
BB,

BIRTEAR pH K@ A WL & = A5 LT, 7S i
B AR B AE S SO AE W O B AR ] 45 P
K, SR, A6 L T T e b, AR S A 4% 1) 5 B
L T B BB IR TR RE 7, W0 iR R B S A 4 AT
A gEa B ORGRE S:35 S W 2R G R R R A, AT AE AR

MR fEE . FSMs et fe h A7 e
HILASBEEAE HXt As Pb F1 Cd % & 4 @15 H 1)
AT PSSR I AN AR 58 Al TS 8, xS i
B A B  M 38 Io iHE A T TR AR BIFSE
2.2.2 NIRRT AR R AT 25 PR

3R A A A i I S A T 4 e R T 45
n3 3 K 4 s, HEAH,PM,, Fl PM,; 45
H R 7S A 5% il B B 8 A 0 T 45 P 43 0l 2.52%
~41.50% F1 2.40% ~ 88.12% , “F ¥ {H 45N
14.47% 1 48.86% , MARFH Ky PM, ; iy ] 451k
BEET PM,,, FHZH PM,, 19338 ff, X F%
JE PR RIAR /N R TR 1 b 3 THT R K, 5 ARV 4%
fiAsE A 43, 75 B 8 1 I AT et B R, AT 3 T
PM,; BRI YA AT 45 1 o WEORH FE THRLAR B R 1 it
KL T BRI/ IN U B 25 ) 5 ik DT 98 A R0k
We, T HARSCHF SR BURLER AR | 875 ) AR 3]

&3 PM,, A ERATAMEREMATAENLER

Table 3 Bioaccessible concentrations and bioaccessibility of PM,, component in lung

I R S A % TR IR (O ), M(mg kg ™)

Extract concentration of Cr®" in lung

BE PM,, L4 U & ik (C,)(mg kg ™)

Samples  Cr* concentration in PM,, (C,)/(mg-kg™")

PM,, #H3iti Be A= Wy vl 251 (Bio, /%
Bioaccessibility in lung of PM,, (Bio,)/%

( ACr*),)(mg-kg™)

S1 4
S2 55
S3 273
S4 2 557
S5 135
S6 44
S7 27
S8 1291

1.66 41.50
6.16 1120
687 252
126.50 495
698 5.17
5.76 13.09
7.11 2633
141.52 10.96

F4 PM,, 5T BT AR AN AT 4 M i 5 R
Table 4 Bioaccessible concentrations and bioaccessibility of PM, . component in lung

RS PM, 5 45 S ik & i (C,)(mg kg ™)

Samples  Cr%" concentration in PM, 5(C,)/(mg-kg™")

JITV r 7S A R 4
FR(AC))(mg-kg™)
Extract concentration of Cr®" in

lung (C(Cr*),)(mg-kg™)

PM, 5 443 Hli B
HEWI AT 451 (Bio) )%
Bioaccessibility in lung

of PM, 4(Bio,)/%

S1 27
S2 42
S3 127
S4 739
S5 16
S6 134
S7 43

S8 249

18.62 6897
24.00 57.14
26.32 20.73
17.70 240
12.69 7931
2291 17.09
24.57 57.14
21943 88.12
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SMASKTR 75 M0 55 A A5 B U B 11 ] o e e
SR R b S S B VR B I TR DG,
Fedh S4 76 PM, s " EA RS /S 80 B2 AR T
FERT AR T 25 e A%, AR 2.40% R B
SMITRWE MR R IFA —E AR & A 4
P, 3% 2R TN [ R 5 oS 8 A7 AR R
A BIANE] T B T 2 4 Ja A2 AR (7
e #E Ve, D3 o0 BORL LR AR AL & 5524
2 X 4 JE (VA B AR g, P, R S+
B E AR SRR, BRI EARE Y4
PR, A 2% A s BUAR KA a3
2.3 FNHVESEIT X AR RS DT ) S )

3 LA 3 7S % B AR AT 25 vk B K oS
W ek BEAE Ry R i VR 3, 44 IR HI25.3—2014" 1 3 f
BT TR A+ EER X 2 Rl R IR
AU B KU, X L2 R T AT

(DHZ T HEA 3 o — 35 e ) 0 B0 KU, R
ATFRIH5E .

CR,, =OISER_, x C,, x SF, @)

KA CR,, FRA DA LN FERE T H—5
QI BRI, JCR 4 ; C, o IR IS Q) ik
i, mg-kg™'; SF, M £ 5 A BUR AR+, (mg -
kg™ -d™)" HUH 0.5;O0ISER,, F/R& kA TR
#E it kg (kg-d)™", HAHE AL “HY 25.3—2014”
sk A AR (AL,

Q)W IR v B — 5 Y Wy 1 50 XU
KT OTE

CR,, = PISER,, x C,, x SF, )

1 CR, FRIRMA ORI T 5 S 8 T 81—
15 YW BRI, T ; C,, o 5 Y i)
WeRE ,mg-kg™' 5 SF, IR A B RHR I F, (mg -
kg -d™) HAFE AL CHI 25.3—20147 [ff 5% B
Y252 (B.1); PISER, 7R W A + 32 Uk 9 1) +
HREE kg (kg- )", HitH AL W “HY 25.3—
20147 B A HRIAK(AT),

TE% BN A Sh ME AT YR TR
mn AR R XUBS R A T35 TR A5 SR an e 5 Fos, W
5 AT EE IR AT SRR ETE SR A
B9 AR 2 S0 XU 23591 Ky 47 .44 %107 ~ 10 255.08 x
107 il 5.52 x 10™° ~ 476.85 x 107, - 4 {8 4> 51
2 430.04x107° 1 125.83x107°, —FH 2= 7 W F
1M H. 7675 AR T S PR SR WP IR A28 7™ A i ik
R XS A 8, S 28 T4 ALY 5.04 ~ 176.38 £i5(H) .
1092 ~10 198.00 (1), Fe =i A 22 2 DR, 7T
UL AHLE T2 B 7S U 8 6 AR g i i 7 R 2
SR SRR AR, HANSRAL L R R S S
Wi TR B AR hy 2 B0 VAR R SR AR AT XU PP, 4 1 45
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Ry T R R B R AAL | B8l £ B XU DE AN A 435 SR
RN, JUHIE XS 7S 28 1B A 1) 22 58 XU DA
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8 AN RAE a5 XU (L F 8 32 5 T 300 K 1070, i FE
AT 45 R R R B SR T AT R R, XS4 .S5.,S6
1 S8 3X 4 A~ i I XU {1 W e T P 42 52 IRURS: B 7K
107, 35X EFE S 8 WP A R JEAE R
B, SARVFF SRR, V2 AR ERI S A A Y
W K — I RAE A R KBS B 48 4 A 2%
FEIRARTTEAS SN N A A 5 77 A AU B RS A ¥ Y
JEE B TS Y, 7S B R AR P A T R R AL
ISR ANRERE Z A0

Broadway 25" 7E X 4% 5 Y A 38 0] 25 PR 1 F 5%
W I, AR b 25 1 T 8 0 - A T 4 S E
(Soil Guideline Values, SGV)>4 200 mg-kg™" , M #E%
JERl A PE N E 2210 SGV {1 Bl A 850 ~ 31 600
mg-kg™ KUK S8 2 A, RUL, A= ] 4R kA
S — AV S XU () LS b, R T A R R
AU DA ARG At B2, A i 10 95 G 3 il o XU 45 3
BT R AR

25 b (D)ARRPRLAR H 75 A 56 R0 A 3% 1 Wk B2 53 A
FETEZE S O UKL /N N A f R AT 1 5% T
VBT, BEBCA I R AR 20 43 E AT AR T) 28 40 1) 4t
SRS DA Rl 8 OB (2) 35 A B ) A S A
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1E 5 W S o Be 0 A= el 250k 5 SRR TETHAL R
girf,PM,,, 7E 5 BB AR ] 5 M o B
FEWFIE RS, PM, s 7= AE AT 588 PM,, &7
) N R IXUSS: P-4k 25 SR R B, DA AT 45 PR VR FE A Ry
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Table 5 The health risk value before and after considering bioaccessibility of Cr®" (Magnitude: 10™°)
SR U (L B BETHA) B0 WU (LA AT 25 Pk BE AT
Carcinogenic risk (calculated with total concentration) Carcinogenic risk (calculated with bioaccessible concentration)
IR N
Z IR AR LR U &
; FEITREA PRI et SRR P
T " AU WU (' BirB) . RS (At BB 4O
BUE XU (CR,)  BURXUB (CR ) (kB
Samples KU (CR) (CR) (CR,;) KB (CR)
Carcinogenic risk Carcinogenic risk . ) . L (CR4i) ) o ) .
Total carcinogenic Carcinogenic risk Carcinogenic risk ~ Total carcinogenic
by oral ingestion by inhalation . . . Carcinogenic risk . . .
risk (CR) by oral ingestion ) . by inhalation (lung) risk (CR)
(CRy) (CRy) by oral ingestion
(stomach) (CR,;) (CRy)
(intestine) (CR ;)
S1 34.54 12.90 4744 0.13 0.04 535 552
S2 7929 177.36 256.65 0.13 0.04 19.86 20.03
S3 1743 880.34 897.77 0.13 0.04 22.15 2232
S4 2 009.60 824548 10 255.08 343 0.04 40792 41139
S5 654.69 43533 1 090.02 447 0.04 2251 27.02
S6 43097 141.89 572.86 0.13 1.70 18.57 2040
S7 13.66 87.07 100.73 0.13 0.04 2293 23.10
S8 2 056.70 4163.05 621975 1528 521 45636 476.85

TE RS “HY 25320147, AR & AR BOR XURL 245 T PM, o 4533530 A4 5 5 B0 XU Shy 11 J3 5 A TP IR I A i 28 B0 RG22 f

IRAREE WU h Tk 2 BRI A 7 (ABS ) B4, Jakit 4T,

Note: According to “HJ 25.3—2014", the risk of cancer caused by respiratory pathways is calculated based on PM,,. The carcinogenic risk is the sum

of the risk of oral intake and respiratory inhalation pathway carcinogenesis. Carcinogenic risk of skin contact cannot be calculated due to lack of dermal

absorption factor (ABS,) parameters.

JEEATE g e i e A 380 ) B XIS, L o I IR e A2 ™
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TIPSR 7N 5 7 A 30T DXL 179y
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TR SR EIURIAI R IR, X AR e KBS DA 45 R AT
HRERI, PG PM,, I PM, N EEAEN
PRI AR 254, IR A5 ek APt BRE XL
BEAT P, o 37 3t (0 RS A 4 BT LR

Bt R I T IRBLAR AP A F AT RIS B RAT I A
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