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Abstract; The influence of soil physicochemical properties on toxicity threshold (ECx, x=10,50, the effective con-
centration causing 10% and 50% inhibition) of added Cr(VI) to barley root elongation was investigated in 11 rep-
resentative Chinese soils. The results indicated that the phytotoxicity of Cr(VI) was affected by soil physicochemi-
cal properties significantly. The toxicity thresholds (EC,,, EC,,), which were calculated by log-logistic curve and
Hormetic dose-response model, ranged from 827 to 241.34 mg-kg™' and from 2.87 to 124.65 mg-kg™', respective-

ly, representing 29.2- and 43 4-fold variation among soils. The results of correlation analysis showed that iron oxide
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content, aluminum oxide content, pH value and organic carbon content were related to the toxicity threshold of

Cr(VI) to barley root elongation significantly (P<0.05). Aluminum oxide content and iron oxide content were the

most important predictors of toxicity thresholds (R*=0.448 . R* =0.429). The unary and multiple regression equa-

tions between soil properties and toxicity threshold were developed. When incorporating iron oxide content, alumi-

num oxide content, pH value and organic carbon content into regression models, 70.1% variance of EC,, and
60.4% variance of EC,, can be explained respectively, which indicated that the toxicity thresholds of added Cr(VI)

can be well predicted by the models based on the main soil physicochemical properties.

Keywords: hexavalent chromium; soil; phytotoxicity; physicochemical properties; threshold
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FA) S M) A 5 Ko P B 25 I
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QAL 25 B Al e 52 e fit A dls

1 # #1575 % (Materials and methods)
1.1 SEmphel
11,1 FZEG A s

FEEIREP (K, Cr,0,) WL g4, WA K (H,0,).,
JRZE(CO(NH,),) ., B iz — & #f (KH, PO, ) Fl & 1k #
(KCO¥ Ry o3t ati, 90 A 36 5 A3k A= ) 4t B AR
AIRAT

Spectro Flame Modula HL JBHE & 55 55 F 1K 1%
AXL(CP-MS) (1 [ 1 Ik 3e 53 B A 4% 2 7)), RTOP-
800Y B A T UMRAA (W LFEH = RABHE L A BR
/N #]), Thermo Scientific Orion 9863BN pH fiff Hi
(L ETEER R BH A ],
1.1.2 X gAY

FRAE 1458 pH i FIA HLIT 7% & 40 A 1 R, ik
BCTFRE 11 ASAS [A] DX BRAR A o 25 S R 0 ~
20 cm B 12 By T EAE A SR A2 b AL 45 1 e 1A
H R AR R AR A Rl AR 32
W Wb g E BRI ER Y | H A kAR AR
ARSI 11 AHLIX, HAT Tz ik, 158 pH {H
AR B 7E 4.93 ~ 8.86, H HLIK & &= N 0.6% ~
43% ,PHES T3 4ite ly 6.36 ~28.7 mol-kg™' , + 1A
R SEAEEALME RN ER 1 s, A ERERCT IR 34
it 2 mm By e b, &, HHSAE Y R A R A
LB =B B RIERAZ 6 5,
1.2 ik
1.2.1  3ERES I

HR s 1458 pH {8 FIA HLAR & &, e 11 /e
FT R A ANIL 5 R 1 3 Fh P4 I 22 S R 1
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AT R A AR TS5, e 20 2 2 AN
Cr( VDB B, 43590k 15 0% a0 4 (6 5 V6 i 1 11
Jeat R 1l 2 A A TR IR A0 2 AR 4% 9 Fh
38 E I I AME TR I Cr(VDHE N 0.8 .16 .32,
64 128 256 F1 512 mg - kg™ ; 1K &5 I £H A0 V5 75
Cr(VD¥&E R 0.1.2.4.8.16 .32 F164 mg-kg™', 4
Hmmix 3 ANEE, SE Cr (V) DL #% iR A
(K, Cr, O, /K WO 2078 in 21 -3¢ At LA 4l Cr
A, BARESIN 7L A AREL 400 g 5 HewE
W/ H ok 1:20 119 H A8 ) A 298 Hp R G 4
IR BE Cr(VDI W, 780 FE5) BB 458k
1, FE —RE A LB Tk 2R HERKE, +
xR 2 d FIAT B AR5 2 mm JE el #5 H
1.2.2 s Al s Al

T ) 3222+ S PR PR R 46 pH (5% |
A WL i RSB i | BH S a0 f & DL R AR A
ALY, HE Jr ik O A pH A
SRRSO i+ 398 pH (AT S 38 Rl i DU &2y
R IR ETE: , JEHLAR 1) % 12 R FH Pressure-Calcimeter
PN RE A HUAR & e o SRS C LR IR,
HHA SR R R 1 R 3 R F R S S T 1A
A ORGSR B B 28 e 43 IR
FHUTRE L AR 22 v IR AR 1 0 22
1.2.3 P EEEE

KERA K 5 M A 50 2 IR bR ds i 20 21 1SO

11269-1"Y 75k FREL 120 g 3 RE 28 AR IR K
A PVC [ 5 48 (I HB B A 3 /ML, IR A
%242 cm, 15 12 cm), 4EHF 13 60% A4 K H H]
Rk N TAEAR P 7 d, SRR FORIRE R
FF22 °C, &N 14 h, KEREREF 18 C & 10
h, JEHRSR LA R 24 000 lux-m™, B RFRE B
Reg i U n 25 8 oK PR 60% 11 H [R] 45K
o, TSR T dE HETERFRIVPRTE 36 h 1Y
JRRRAR K <2 mm (K Bl R A 21 g rh B
M6 JFhT, 5 dJa, I PRI KA I IS 7K ok
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K RE, AN 8 AAN[E Cr( VI B 4B R K32
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1.3 Hdlasit
(DA Cr( V)% K 22 AR A 35 M 48500 R FH X 4
X B R 26 (log-logistic) #E A7 U&7, T2
KUF .

X 100

_ Y,

BT o
Ao, YRR KE AR (%), X bR gs i
Cr(VDIJH B (mg-kg™); Y, . b A1 MRS S

F1 il TEMERBEUMER

Table 1 Basic physical and chemical properties of the tested soils
EC CEC Al Fe Mn,,
=2 b A5 + e pH ocC Clay
) ) (S~ /(mol - /(mg-+ /(mg- /(mg-
No. Site Soil type (1:5) » » 1% 1% B B )
ecm™) kg™) kg™") kg™ kg™)
1 I8 11 Haikou 4414 Latosol 493 110.8 8.75 15 66 1736 1337 200
2 fBPFH Qiyang £13€ Red earth 531 74.1 747 09 46 1326 1146 294
3 T JK Chongging 4%+ Purplish soil 7.12 71 223 1.0 27 603 989 283
4 I~ Guangzhou 7KF £ Paddy soil 727 1367 830 1.5 25 532 1811 33
5 R 111 Lingshan Fi543E Brown earth 748 92.5 22.6 43 20 1304 1697 267
6 AT Gongzhuling + Black soil 7.82 1469 287 22 45 1786 1 447 387
7 ARJE Shijiazhuang #3 1 Cinnamon soil 8.19 302 117 1.0 21 734 826 222
8 %% Yangling 3+ Loessial soil 8.83 832 8.46 06 27 863 707 288
9 JEEYi Langfang il Fluvo-aquic soil 8.84 5.70 6.36 0.6 10 291 537 74
10 k3 Zhangye W+ Irrigated desert soil  8.86 1518 8.08 1.0 20 674 1 980 233
11 RN Zhengzhou #+ Fluvo-aquic soil 8.86 108.7 8.50 16 16 482 581 121

o pH 1 1:5 R pH #EK L EE 1:5 A4 F I BC L33 CEC N PHE T 52t ; OC A HLBR 5 1 5 Clay by - HERGH 3 55 AL, WA
W& i Fe, YA &5 M, N ELY & 8

Note: The pH is measured in deionized water (soil : solution ratio is 1:5); EC is electrical conductivity; CEC is cation exchange capacity; OC is organic

carbon content; Clay is clay content; Al is alumina oxide content; Fe, is iron oxide content; Mn, is manganese oxide content.
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100 )bc] edln(X/c)
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1+[100—k+(100—k a
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Y k10 55 50 BF, BE ¢ R TR EC,, 8%
EC,, MMt BHEBIE EC,, Ml EC,, AT Ll 2%
B HRAT, H 95% HYELAF X [E R H] Tablecurve 2D V
5.01 B

K FAAE SPSS 24.0 #4715 T 5 KAz # Mk
BAETAMIGHE B I 5397, R Origin Pro 8.5 1A,

2 ZR54# (Results and analysis)
2.1 Cr( VI3 L2800 ¢ Z A B
i1 log-logistic A7 (1)) % 13 Cr(VI)¥k &

140

LGRS B R SR AT R AR G R 0L M
EATN, 25 R 1 fEE 2 s, A5 ek
P (AR 208 ATl A G | B VG A7 B R b JER
PHEBL, B IR B Cr( VDI, %k 2 AR K
AR, He DA SR FER B e ok B, AR
RS KA A 135 3] T X BRI 129.5% 1 122.5% ,
P, 3 4 Fif 321 Cr( VL) FE 15 R 2 28 M i 1 2R
FHRON I A (2R Q2)), 5 R an &l 1 figk 2 Br
R BRI BEEAME Cr(VDER I 3k, K&
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M2 T 292 f5F 43 4 £ Hih JEC, Fl EC,, F K1
T B R M 5 (pH. 4.93), Fe/IN Y SR M 4 B
+(pH 8.86).
2.2 Sgm R Ce( V) B Ry LR BT S H
T A 75

FIF SPSS 24.0 44 #r 1 L HEBALPE T (GR 1)
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=& 4 Q N
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Fig. 1

Dose-response curve of Cr(VI) to the barley root-growth in 11 soils
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2)Z [A] ) Pearson #HICOC R, 53R WIER 3 s, MR
3 AL, BRAEAR O R AR & pH [ ATA L
k&5 ECy, \EC,, 3 HH & (P<0.05), Hirfr, 135
pH {H5 EC,, Ml EC,, 2 HMAHXIC R, HAH K R 5
WA -0.647 . —0.577 ; 1M + HE A HLAK & = ek R4
W& 55395 ECy, (EC,, B RFIEMHLKR, -
HERRL L FSOR P B TS B i R )
5 Cr(V) B EEPE B (A AH A 35

VEPER 3 A MR R T H K E R R
(HIEA T A AR RNE , @S T — 6 276 [B1H
(R 4), k4 A BRARY) A s BC,,
(A B A2 — R (R =0.448 , P<0.05), Hk ly +
e pH (BRI MLAR & &, —FH LMBE T 65.7% Mt

RIAR G e — A5 A 4 AR TEE Y &=
PR AR S 2Bk 65.7% TR T 70.1% , X F
EC,, M5, 8 SRy & 5o fic i E g m A 7
Iy IREE T 42.9% 42.4% AR ST RBE AT A
A OGP 5], T LAAS W e BB 9 T B 0,
FIA pHAEJG , P E REL(R) I 0.429 3 Jim ] 0.604
(F4 PS5 ~8),

11 Fp 38 Cr (VD) X K 32 i AR 2 2 o {1 52
DUE 5 T 2 B) A A S DG R & 2 TR (& 4
T4 FJTRE Q) 25 R W], 5 MIE AR LL, bR TR
Yi +3% EC,, 4b, Hiftb 3 EC,, il EC,, (H¥07 T 2
A TOUIN A Y L P9, 156 B R 6D R 8 5 oA o iy b 503000
Cr(VDXf KE M8

F2 AELEHR Cr(VI)WAZRBROSESEE
Table 2 Toxicity thresholds for Cr(VI) added to soil measured by barley root elongation in the different soils

(mg-kg™")

10% 200 He BE(H(EC,0) 959 (X il O e BE B (ECs) o

A ) 95% % X []
. The 10% effect 95% confidence The median effect )

Site . . . 95% confidence interval
concentration (EC,,) interval concentration (ECs,)

1§ 11 Haikou 124.65 96.09 ~161.68 24134 216.84 ~268.59

AR B Qiyang 12.89 11.04 ~15.05 3446 3229 ~36.77

H#HPX Chongging 754 6.068 ~9.37 17.04 1549 ~18.74
J" M Guangzhou 18.03 10.64 ~30.55 34.50 28.5 ~41.76

A1l Lingshan 86.87 62.09 ~121.55 208 48 179.09 ~242 .68

/N FEIE" Gongzhuling” 21.15 16.71 ~25.59 3043 2720 ~33.65
HFE" Shijiazhuang” 10.07 417 ~12.39 1538 11.16 ~19.57
%" Yangling” 797 13 ~1465 1736 638 ~28.34
JEEY;* Langfang” 9.80 7.85~11.64 15.68 1293 ~1831
K4 Zhangye 16.52 1297 ~21.04 2597 23.38 ~28.85
287 134 ~6.17 827 574 ~1191

FRIH Zhengzhou

11:ECyy 5 ECso 733 RFEMRMHLIND 10% 50% B 3PS Cr(VDIR) E ;* 78 LG i Cr(VDR KM 7= AR ML, 55 % f]

AT W E T2 (P<0.05),

Note: EC,, and EC, represent the doses of Cr (V) added to the soil when the barley root elongation is reduced by 10% and 50% compared to the con-

trol, respectively; * represents Hormesis effect for barley root elongation in the soils in low dose Cr (VI) group, compared to the control (P<0.05).

®3 LEECr(VI)FHEBMES LSRN Pearson HXRE (n=11)
Table 3 Pearson correlation coefficients between the toxicity threshold of Cr(VI) and the soil properties (n=11)

Y
BEVER(E
pH EC CEC ocC Clay Al Fe,, Mn,,
Toxicity threshold
1gECy, -0.647* 0.130 0227 0.594* 0514 0.669* 0.621%* 0.157
1gEC,, -0577* 0.131 0246 0.551%* 0493 0.652* 0.655* 0.146

T EC S HL 57 ; CEC SN B S 7384 ik ; OC A HURR & ik 5 Clay o - JERRL S &t AL W RS & &k Fe,, BRI & B M WA fL

Wy * s P<005,

Note: EC is electrical conductivity; CEC is cation exchange capacity; OC is organic carbon content; Clay is clay content; Al is alumina oxide content;

Fe,, is iron oxide content; Mn, is manganese oxide content; * represents P<0.05.
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x4 FEMERLTES Cr(VI) SERENTIUER (n=11)

Table 4 Predicted models of the Cr(VI) toxicity threshold of soils with different properties (n=11)
Frs 1y 75 PE ZEUR) B EIKF-(P)
No. Regression equations Determination coefficient (R*) Significant level (P)

1 1gECy, =1.237Al,,-2.106 0448 *
2 1gEC5, =0.819Al, ~1.939pH+0.804 0536 *
3 IgECs5, =0.9280C-2.909pH+3 945 0657 *
4 1gEC5, =0.630C-2277pH+0 219Al, +0.515Fe  ~1222 0.701 *
5 IgEC o =1.542Fe, -3 483 0429 *
6 1gEC,, =1.225Al,,~2 366 0424 *
7 1gEC,, =1.02Fe, +0.801 Al  -423 0561 *
8 1gEC,, =0.999Fe  +0.512Al  ~1381pH-2.118 0.604 *

T P A R e R A 3 PR, *0.05 KF 3 * 0,01 K,

Note: P is significant level of coefficient in the regression equation, * significant at 0.05 level, * * significant at 0.01 level.

3.0

25F

EC, Hilfi/(mg-ke ")
Predicted value of EC_/(mg-kg™)
()

05E"

0.0 it

EC,, JM{E/(mg-kg™)
Measured value of EC, /(mg-kg™)

1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0

3.0

2.5[

EC, Bilil{E/(mg kg ™)
Predicted value of EC, /(mg-kg™)
+OH
HH

0.5 —

0.0 | 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

EC, J:{H/(mg-keg™)
Measured value of EC, /(mg-kg™)

B2 L Cr(VI)FBHEEESNEMTNEZ BRHEXXR
TE SRR 1 51 IR L MR AER 2 A A T0I DX W) 5 25 0 AR SRR | 9200 i SR [4 170 1398 400
Fig. 2 Relationship between the measured toxicity threshold of Cr(VI) and the predicted value in soils

Note: The solid lines indicate 1:1 regression lines, and the dotted lines indicate double prediction intervals; the hollow

points represent the data from this experiment, and the solid points are obtained as the soil data from literature [4].

3 1112 (Discussion)
3.1 LIEROSH R AR R

ARSI 55 K] FH A 0 AR AR S TE A 2 K T
Cr(VDOXTREZ R, VB —Fhbr o U 7 6, A
YR E 9 IZ T Cu Ni,Co Fll Mo %ICEK
BV, LB MR s g N T A G AR o 9
FEOT RN Cr(VIEEE A i AfF 58 A 2 B | HAR
b AR5 S AR, AN, I e A 3 A A g
o Cr(VI)XF 8 FiviE ) 1) 5 PR 1K 95 A 90 i B, A ) AR
RN Cr(VD UM B & TR R 28,

AWFFAFH T 11 Bl Egerh Cr(VXF K B 1
B EC,, A1 EC,, , X ALAFEAEFI I IR Y £ 39 v
R Cr(VD X K2 Bt A 2 2L, B, £+ -F
B SR ALY 7 i T IR E 8 A L
Cr(VI)XTRZZ B0, 15 1 1Y EC;, A1 EC,, MY
I351h 8.0 ~126.6 mg-kg ' Fl 1.7 ~75.1 mg-kg ™, 5
KAG F /MBS BIAH 22 15.8 580 44 2 75, 324
EUIPLNE Sy A W A 5 6 FhAS [R] 38 b AR R
Cr(VDY T, 153 1 I FE Pk B BC,, 4 18.5 ~ 137.5
mg-kg™' ,EC,, N 10.4 ~80.8 mg-kg™", it KAH Flix
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FZ AR AR A A5 L A SIS Y 5 (83 R A2 Ak
BOR, 11 A A3 rh 3 M S {H EC,, F1 EC,, 43 51 AH 22
T 292 {5 A1 434 15 X EERARBFIE 5 I 3 1) £ 3%
e 2, BRI 22 K 6
3.2 HIEMEEXS Cr(VD)RYI B2

WFFE 25 R, R Ib M B K3 Cr(V)EF
PERZIA 2k AR AL i pH (E A A LA
TR Cr(VDX R Z B i E T,
Hop & sREbY &g miscoh 5, X5 Cu Zn
NI SR B AR, 2R RS 3 Cr 19
W B - AR AR R 328k Rk rse i, +
ey Bk AR AL Y38 AR A TR R IE L far,
Cr(VD7E -4 b LLBH B 78 A7 72 B, 7 4k
FRAE ALY SR T 1 8T Cr(VI) Y W FH E 1t AR
5, T2 T30 Cr(VD) B 28 90 sbEREAIG, 75 M
/N, Cu Zn 1 Ni 78 - 58 LLH 177, Hgg 1k
F %27+ pH A .CEC 4552, DIAERFF R,
BREAC 2202 Cr AE 3 () AT 2 (8 ey B
FoUE R 45 A AL A8 T RIS Cr AR B v 1 i
Rl B A X Cr( VDAY

FREk SRALY) &b A K, T pH
{EUFIAT AR 1 H 2 5 ) 48 rh Cr ZE WA R0 AN
BHEMWEERE, HXHPr RV, £ pH E R
Cr(VDFE MBI 2 W A A, R4 pH {H 52
Cu.Zn Ml Ni 55 8 4 J& 5 M BU(E™, (H 52 B
Cr(VDHRZ , pH A FZ M52 Cr i E LA ok
s AR Y v, e GE, R AT,
Cr(VIY4e 5 & A= 30 J5 S LTI i Cr(T) BLUE 5 76 5
PR, Cr(ID) X 75 5 kR Cr(VI), [F]BS Cr( VD)
WA Cr( i A4 Y s I 3R B 2 pH. {FL A B AR 1T
HEA e i e Co(VD R B PE 28R T Cr(ID),
I, Cr 75 pH {EL 5 i 1) 1= 398 b 19 55 14 225 TAIX pH
{4, Marti SEPVWBFFE R, 75 pH 4 8.0 WK
PE T, Co(VDXT R Y EC,, M 13 mg-kg ™',
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