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Optimizing the formulation and stabilization effects of an amendment for cadmium and arsenic contaminated
soil

XIONG Jing', GUO Li-li', LI Shu—peng', LIN Qi-mei’, CHEN You—jian"

(1.National Engineering Laboratory for Site Remediation Technologies, Beijing 100015, China; 2.College of Resources and Environmental
Sciences, China Agricultural University, Beijing 100193, China)

Abstract: To select suitable amendments for soil polluted with cadmium and arsenic, the D—optimal mixture design method was used to
find an optimum formula of modified biochar, sepiolite, and vermiculite for cadmium and arsenic stabilization. Compared to biochar, the ca-
pacity of FeCl;—modified biochar to absorb As increased but decreased for Cd. Compared to sepiolite or vermiculite, the capacity of acid—
modified sepiolite or vermiculite to absorb As increased but remained unchanged for Cd. FeCl;—modified biochar combined with acid—modi-
fied sepiolite and acid-modified vermiculite could effectively reduce the content of Cd and As available in soil. The available Cd was trans-
formed into a residual form whereas the available As was transformed into organic matter and residual forms. The statistical software Design
Expert was used to analyze the data and a regression model was established for the available Cd and As parameters. Based on a complete
consideration of these parameters, an optimal amendment formulation was found consisting of 26.97% FeCl;—modified biochar, 23.49% ac-
id—modified sepiolite, and 49.54% acid-modified vermiculite. When added amendments with the optimized formulation, the actual avail-
able Cd and As of soil were 0.97 mg-kg ™" and 0.26 mg-kg™', respectively, which closely approximated their predicted counterparts. The re-
sults indicated that the combination of FeCl;—modified biochar and acid—modified sepiolite and vermiculite could effectively reduce the bio-
availability of Cd and As in soil.

Keywords : cadmium; arsenic; biochar; sepiolite; vermiculite; optimal formulation

WA :2019-06-04  FAHH:2019-07-09

EERT: e #H(1987—), &, BIRA, it NS E S BHIFGI B2 W TIAF5E . E-mail: xiongjing@bceer.com
EEEE A E E-mail: chenyoujian@bceer.com

BE&TE : FEKE AR5 H (2017YFD0800900)

Project supported : The National Key R&D Program of China(2017YFD0800900)



1910

URIEIR el 53855 8

Z TARMETE Bl . A SR UTRESE IR 25, Kt E 4
JE AR 1 IR A R TS Y, gl T
4 BIT Y FE IR A Cd Ni,As.Cu . Hg Pb.CrFl
Zn, H S4B AR 550 R 7.0% . 4.8% . 2.7% . 2.1% .
1.6% .1.5% . 1.1% F10.9%", 5 4 J& % VA& & 7B X
FELE, P Cd-As BB T5 YU N8 L. AnE i pa bk
WX AR 14 Cd  As . Zn Ph & ER, AL X
HEHL A8 Cd As T S AR , HR PR X b 1 15
Cd.As.Zn.Cu.Pb & HEFRY, 1 HErp CdFl As Al
PE R AR AR ORI O XA A A
i B X AR . R v Cd AT As B S 55 AL g
R it B A 550 1 ok i As 3 Cd-As A9 IR
AR AR AR YA D, CA AT As 7E R 3 i
22T RN R] Bl Ak R LA [T B A 25 1
AP RCE RIS A B R . B AT Cd-As
AT YRR O A TR T, R 5 FeSO. & L
X Cd 1 As HA R A B RCR, #5078 A1 FeSO. 5
Be AEAT R AR AT RUAS Cd AT As 7, CaCO, PSS &
Jic AT AT SRR SS B 25 Cd R As ™, SR, LA &2
BEALRAFAE—EA L, TR e A B T RE A — a2
HIA E R, BA & s e i XS &
Jo ik kit 5 5 | RS K AR R B 1 & B 3R TRt A
WAL R —FhIREE A I T B Cd-As B A 15 Y Bl
AW AR — R E ot EA R T 4 A= A AL
PRI = AL T A M v A BT EOR A L3R
T AR, % ER B R Cd 75 Y B B Y ol AR
FHUY 8 A7 1 1 BH B8 - 28 4 i 48 pH (2 AT R AT
P28 PR, 9% 3 Bl PR 85 A A R A L RT3 e et 1Y
J5 ek — 25 st HL PR AL PR o, 2 0 T 4 B Al Ak R
ol pH ZZ oh 8 39, DL R ARPEE AR A W ok A
G A7 2 FCAE Cd-As A T5 0 R38R g —
L T o

H AT, 48 & A Bl i e % B —
B BEAILYE | 78 52 B P Fp o DLk B A0 . D1
PEIRBHE & — Bl DS LAk 77 ik i FH 2R R
T, B R R S [FREE R
JE TR B S BAR RIS R R AL )2
FHF A b B2 A7 75 5 A Bl AR 70 5 BF 5T
rh A e 18

K, A 5T LA Cd—As B 575 Y2 558 R ff 58 X6
G, VAW e TR A RN A A A 50 SRR R o
pH 125 152 30 R I 225 5 1401 DB ST 556 50 ik i £ 5510 D b
BSCPETT IS B pH A ZE vl g 1 A1 Cd-As &lifb e 1, IF

% JH Design Expert 24 D—I5 IR 3 T 7 B4 Ak 2
(KR PSS WALy S e a5t 7PN G R IR SR
vk g A 2 AR R AE Cd—As B G 75 e e i1 3
PSR

1 #MHETE

1.1 ik

BEART SR Ry L W e R A AR A, AR
W 1L 7 G AR AR B e A R ] A 1
RAFEFUEA =5 1) g A 0T R AR A7
AT AW i EOKFEFF 450 CRLR I A%, B S5
IR, KiAE<2 mm, % 7K % 30.00%, pH 9.11,C 67.09%,0
23.63%, Na 0.37%, Mg 1.06%, Al 1.00%, Si 1.87%, P
0.77%,S 0.53%,C1 0.56% ,K 1.63%,Ca 1.12%.
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£+ 32.85 cmol - kg™, - HERURL 43 9 R 50~2000 pm
38.22%,2~50 wm 58.48% ,<2 pm 3.30%.

1.2 ARt

AW R RV B AWk FeCL I MR o £ FE
20: 1(RAAER BT ) IR SIS, BT 80 CARIBERZE T,
Bt I T B 3R 7 R 450 SC TG A# 30 min, B HI EE

TV A R OV BRI A 5 1.00 mol - L A 3R iR
Fie 5 EE 1: 10157 )5, TH I (80 C)HR ¥ 6 h, B )5 5
> 10 min (3533 4000 r-min™) , 43 55 Eh R AR VA7, 0
TR, B0 8 B 3~5 KB pHE N6 A4
Ao B OB AT HE T B e i

WA BRI 18 A 5 0.01 mol - L7 £k 158 22 [
W 1 10T A5 L IR (70 CC) PR 1 h, Bl 5 250 10
min (543 4000 r-min™) , 43 & R AR A7, 25 1K
VeV, B0 TR 3~5 . B0 A0 i T K g A it
T, KR i
1.3 iRI gt
1.3.1 Blifks0 pH 22 v

I B 9N AL BE, 23 5] Dy - (1) AfiK (25 LX)
B, CK) 5 (2) AW e 2 i (S) 5 (3) BR U PE A= W) e
MK (GS) 5 (4) HF A=W (H) 5 (5) BR e M A
B (GH) 5 (6) I8 A2 M (Z) 5 (7) FR el P g A B
MR (GZ) 5 (8) AW h A FIE A1 VR A5 ) sk e U
(SHZ) 5 (9) 8 r kA= <. TR WS04 Vg 9 Ay R R e ik e



HE 2 BRI S R T PR A ORI 1911

AIRA Y B (GSHZ) o 45 4b FREG 1057 & JE 34
100 g+ L', SHZ 1 GSHZ kb B v 45 i 41 751 J5 A ) 20 A,
A9l 4 33.33%: 33.33%: 33.33%., [i1) 45 40 B AP AR R
J10.1 mol - L™ H,SO, 5 0.1 mol - L' NaOH ¥ ¥ , H.SO,
T 514 0.025.0.125.0.25.1.25.2.5.12.5. 25,
75 mL 1125 mL, %Fh; H¥R 4 0.1.0.5.1.5.10.50,
100,300 mmol - L' #1500 mmol - L', NaOH #5043 7]
>4 0.05.0.25.0.5,2.5.5,25.50, 150 mL #1250 mL, X}
W OH #E40.1.,0.5.1.5.10,50,100,300 mmol - L'
1500 mmol - L™ BRI MG HFE 5 min, # 11 0.5 h
Je 52 pH A
1.3.2 ElifbFI%F Cd . As PRI

PIRE G T LW e RIBUPELE W) e AT (TR
PRI A R ORI A AR ) kT A+
A7 FIVER A A 0 i+ T AT A + TR AP A % Cd
H1 As IO IR BE 77 o K5 A A FEG AR 5] 5 0.18 mmol - L
CA(NOs )7 (Cd i~ 20 mg- L) B 0.27 mmol - L™
NaH,AsO- V&7 (As F5 10 20 mg- L) FRER FL 1: 1078
5,085 24 ha B0 A g e U Cd AT As 4
1.3.3 Hlifk 55 52 Be fic 7 ik

K H Design Expert 3 {4 D—F A IR RS 5 1k 5%
BEALRI R IO B A . Kk el A= ik GRE Rl R
0<A<100%) . i 01 15 9 A7 (0<B<100% ) Fl R 4 14 15
£ (0<C<100% ) 15 7 8 AL 7 1) B & 4 4 (A+B+C=
100%) . LI RZS Cd A1 As 75 fe/IME A PR H AR,
AR B (R 1) BB R INE N 10 g-
ke CaliAb R it/ i) FR 4 A R K
FH () d5e RAF K 5114 70% , BE RS HR 14 do SRS L3R
i, KR e I, 2500
1.4 38HRAEK
1.4.1 +3 pHEI &

pHAER I NY/T 1377—2007 H i) J7 s b4 il 2
BRI K, kL2511,
1.4.2 +3EARES CAA As & B E

AR Cd I As TR O = e L TR
B4R - G B S B TR R B Ot 1k (HT 804—
2016) I & .
1.4.3 48 Cd 1 As TR

Cd I As TEA R Tessier TR AT E
1.5 HiEAE

B 2% ] SPSS Statistics Fll Microsoft Excel % {2F
PEATGETT 43 b B AR, e 7 DAL A 7Y K2 3 R FH De-
sign Expert HCF R4 119 734 , B4 Ak 550 W B g 35

F1 AWt

Table 1 Design of experiment

" SR L
1};§i§%nm R Code value/% AjnountZ?Eiiizitihug-kg*

B C A B C

Gs 100 0 0 10 0 0
GH 0 100 0 0 10 0
cz 0 0 100 0 0 10
GHZ 0 50 50 0 5 5
GSH 50 50 0 5 5 0
GSZ 50 50 0 5 5 0
GSHZ1 16.7 66.6 16.7 1.7 6.6 1.7
GSHZ2 16.7 16.7 66.6 1.7 1.7 6.6
GSHZ3 66.6 16.7 16.7 6.6 1.7 1.7
GSHZ4 333 33.3 33.3 33 33 33

AR A Y ¢ B-BR PRI A7, C— IR ORI s SRA A
K B A 0 i+ T A T A + TR M B T =100% 5 5 B i3 i o 2k 2t
A W) e+ R PR T I A + R R M IR =10 g - ke

Note: A=FeCl;-modified biochar, B=acid-modified sepiolite, C=
acid —modified vermiculite. Code value: FeCli—modified biochar + acid—
modified sepiolite + acid-modified vermiculite=100%; Amount of
amendment: FeCli—modified biochar + acid—modified sepiolite + acid-
modified vermiculite=10 g-kg™".
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Figure 1 pH buffer capacity of different amendments
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Figure 2 Adsorption capacity of different amendments for Cd and As
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Figure 4 Change of available Cd and As content after applying different amendments
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Figure 5 Speciation analysis on Cd and As after soil stabilization by applying different amendments
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Table 2 Mixture design and evaluation

P HEE B SR AR AT As A Cd

Treatments Modified biochar/% Modified sepiolite/% Modified vermiculite/% Available As/mg kg™ Available Cd/mg-kg™!
GS 100 0 0 0.34 1.18
GH 0 100 0 0.38 1.03
GZ 0 0 100 0.40 1.03
GHZ 0 50 50 0.37 1.01
GSH 50 50 0 0.32 1.07
GSZ 50 0 50 0.29 1.00
GSHZ1 16.7 66.6 16.7 0.31 0.89
GSHZ2 16.7 16.7 66.6 0.31 0.90
GSHZ3 66.6 16.7 16.7 0.31 1.01
GSHZ4 333 333 33.3 0.30 1.03

R3 AYECIEARBFTE S5
Table 3 ANOVA of regression model analysis of available Cd content

75 B Variation sources -7 1 Sum of squares H HH Freedom  ¥4J7 Mean square FAE F value P{H P value WEME Significant

AR 0.064 1 5 0.012°8 4.35 0.040 5 *
MR AR 0.036 7 2 0.018 3 6.22 0.028 1 #
AB 0.004 1 1 0.004 1 1.39 02777
AC 0.016 2 1 0.016 2 5.48 0.0518
BC 0.003 3 1 0.003 3 1.12 0.3252
B2 0.020 7 7 0.003 0
ESe 0.020 7 4 0.005 2
w7 0 3 0
ps¥ill 0.084 8 12

e 25 B A (P<0.05) 5%k 22 540 I 25 (P<0.001) . R[],

Note: * means significant(P<0.05); ** means extremely significant(P<0.001). The same below.

F4 BB A AR FESH
Table 4 ANOVA of regression model analysis of available As content

A5 B Variation sources V-5 F Sum of squares [ H1JE Freedom  3JJ7 Mean square F1H F value PA{H P value B Significant

T 0.0172 5 0.003 4 19.06 0.000 6 ok
MR AR 0.004 8 2 0.002 4 13.34 0.004 1 *
AB 0.002 1 1 0.002 1 11.85 0.010 8 *
AC 0.007 3 1 0.007 3 40.78 0.000 4 o
BC 0.001 2 1 0.001 2 6.42 0.039 1 *
k2% 0.001 3 7 0.000 2
ESE 0.001 3 4 0.000 3
PR 0 3 0
pavill 0.018 4 12

23.49% FITR M1k 15 A7 49.54% , XoF % A R4S Cd & & 3 it
$70.92 mg-kg, AR As T H0.30 mg-kg o MfE

Tl B4 , DA A= W ¢ 27.00% , PR PR 0 A - 8 v R g A R IR 7 T A SR TR SRR
23.50% FIFR U 0% A7 49.50% AT B E R 1, 15 3] A RS T SR, Ee R A YA RS R
FRAS CA T As & 435915 0.97 mg - kg #10.26 mg - S EE & JE X IR AR S FE . AR S
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6 AR CAIFHEE 3D BMESLE
Figure 6 The 3D surface graph and contour of

available Cd content
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Figure 7 The 3D surface graph and contour of

available As content

GRS AT R A - pH(E, I — 2 R AR As A
SOPER, A 5T o AR W) 0k 22 FeCLElVE IS, A2 W) 1k Fe
S 0.26% I 16.59%, %F As B EBRBUR R
PRI T 43.68% (81 2B) , 1% 45 9 5 B A 9T 45
T —E", AR Fe W5 B2 1Y pH E N BE S
HoAh BH 2 5 4 g 1R R R, ankt Cd, 24 pHAE
RAR ST, 48 b W o ) 2 10 I PR Aar B4 0, 5 € I K
R 7 BRI A8 B R R 50 X Cd ) R R
I EEXF Cd-As A5 G, T —20 3= & Blifb 4 4y
PEm L pHAE TR ) o T A 1 — Pt =02 R4S
P AR YR R RRER R LW, A R AR
FLBR G4 = 5 F1 S 7 A4 BB ) B0 A5 e A, 7R RN
& JE AR WA A TR LR R Ol E A R
O 1 XK B in L e e TR, 8 e v v A ) W B R
JIWT, ARG o A 22 R ot S EE R T A R 4.84
m’eg W 86.47 m*- g, X} Cd 55 1 45 J& W WK [ fiE
RUN CiEDa ) P (BN OR GRS 4 R o R e S N 3 )
BT 5 S8 pH M E (&) MELLSEE pH A



HE 2 BRI S R T PR A ORI 1917

fhir, ik B Cd-As A 15 L AR B BAr . WIbAS
L3 P s A A pH BV 57, 0 4 o8 2 2 Ak 4
TR 12488 R BN 21 1 BUZAREEH iR 4540
o EL A A ) W AR 7 R BH B 1SS e g 7, TRl B 3
LA WG I B 4 R pH 2% op Pk XU D) RE I AT 20 R
B 0 5 2 e — 2 B v pH 28 np NS ASBIF5E SR
0.01 mol « L™ % 5 B ) 8 A7 47 20 e, eV s 8 A 1
FH B T2 5 3 172.20 emol - kg™, U AR BOME R 4742
1 1 31.03% , %t pH (2% vhvE 7 AR 38 m (& 1) .

MBIFFEEE R F Bl v A= 9 ok R O I v
IR B 0 Ay 1) 52 C A AR Cd—As A= 0 R00PE D T
AW 7 AR H FO Bl Ak R Ly r i e 2 —
SEMIBENLYE , 28O 450 TR Bl X 2 H 28k
Fic 5 64 17 BE AR AR AR R el () — L ey, Aok
BT ESRE —ERREE . BRI T 2R E
22 K- 2 TR I ARy i (2 T e LATE
[vi] — S} (] B it A 74T ST AR T, D—IRe TR AR
T T e 5 BB AR B [T A M AR AR B S
PEREFE AR ] A9 22 O & S BRI i 51, H AT,
DI IR BB kBT M s e Tk
2 (R AE P T R AR FH DI TR R
VEVT O B Ak A A W o T e e A R i P 0
AT e AT TR ER TS5 G mH 40 b 0 A
B, VLA RS Cd I As & 5 N EM S bR, 24 Bk o
PE AW | TR S T T A R R S R A 4 26.97%
23.49% F149.54% LA A 7 A2 BC R, 1- 4% pH (AR E TR
778 GBI, A R Cd I As &5 43 B A 2 0.90
mg-kg ' F10.31 mg-kg', Cd—As ZE& Fa E AL ROR A
(FI3FE4), H A BRI Bk, D-ffl
TRAMEE Ty W AE 5 4 8 Al Ak SR I O Tt Ak i
I FH 5% o

4 it

BREACHE AR W e TR SO TR A R et g A A T
AEAT R R A 1 3 AT RS CA Al As i, Hil B E
Fo A1) Ay R s A= W 0 26.97 % | R PRYE T IS AT 23.49%
FIR AP % 47 49.54%

SE k-

[1] Hu W Y, Zhang Y X, Huang B, et al. Soil environmental quality in
greenhouse vegetable production systems in eastern China: current sta-
tus and management strategies|J]. Chemosphere, 2017, 170:183-195.

[2] rhre A R [ A S IR TR AN v A A R LR ) B AR BRI . A [
LI RAROUIA A AR, LT e N RILHN [ A= S R A0 v

£ N RGN [ A BT, 2014,

Ministry of Ecology and Environment of PRC and Ministry of Natural
Resources of PRC. The results of a national soil survey[R]. Beijing:
Ministry of Ecology and Environment of PRC and Ministry of Natural
Resources of PRC, 2014.

[3] WA Al AR, WIS =, S5 [ A T 4 i (R 4 T IR ().
#2013, 50(1): 186-194.

ZENG Xi-bai, XU Jian—-ming, HUANG Qiao—yun, et al. Some delibera-
tions on the issues of heavy metals in farmlands of China[J]. Acta Pedo-
logica Sinica, 2013, 50(1) : 186-194.

[4] B . R0 -3 2E M. AR db T B2 kL, 2010:212-216.
CHEN Huai — man. Environmental soil science[M]. Beijing: Science
Press, 2010:212-216.

[5] Bolan N' S, Adriano D C, Mani A P, et al. Immobilization and phy-
toavailability of cadmium in variable charge soils: Il . Effect of lime
compost[J]. Plant Soil, 2003, 251(2) : 187-198.

[6] 52 J0 4, BRERRE, S I, 5. AR U8 M HLA A B AR 0 134 R

B RN, H B RRZ B R 2441, 2018, 35(5) :617-626.
SHI Li-zheng, CHEN Hui-kang, WU Chuan, et al. Effects of red mud
and the combinations on lead, cadmium, and arsenic availability in con-
taminated soil[J]. Journal of University of Chinese Academy of Sciences,
2018,35(5):617-626.

[7] &S0 . YR IR AL 535 e IR EAL B L WP R D). KV B R,
2014.

WU Bao-lin. The immobilization remediation of cadmium (Cd), lead
(Pb) and arsenic (As) in contaminated soils[D]. Changsha: Central
South University, 2014.

(8] #% 3, T, T, A5 2 2 IC BB R8s S A v s U

H e, IR 223, 2018, 38(5) :2008-2013.
XU Jun, ZENG Min, WANG Guang—jun, et al. Remediation of paddy
soil complexly polluted with cadmium and arsenic using 2 combined
amendments|J]. Acta Scientiae Circumstantiae, 2018, 38 (5) : 2008—
2013.

[O1 M e, WREROBT, fal AR, &5 . aR U i 35 M 255 A I 5T BLIR

[J]. &)@ 11, 2018, 509(11) : 7-12.
LIU Xiao, HAN Yue—xin, HE Fa—yu, et al. Research status on hazards
and comprehensive utilization of red mud[J]. Metal Mine, 2018, 509
(11):7-12.

[10] T A0 . 3T 45 g U r BlAL A S HOR BT Je ()], T [l A~ i
1%, 2016, 32(23) : 72-80.

NING Dong—feng. A review of in situ passivation repairing technology
of heavy metals in soil[J]. Chinese Agricultural Science Bulletin, 2016,
32(23):72-80.

[11] Lehmann J D, Joseph S. Biochar for environmental management: Sci-
ence, technology and implementation[M]. United Kingdom: Earths-
can, 2008.

[12] Sun Y B, Sun G H, Xu Y M, et al. Assessment of sepiolite for immobi-
lization of cadmium—contaminated soils[J]. Geoderma, 2013, 193/194:
149-155.

[13] Malandrino M, Abollino O, Giacomino A, et al. Adsorption of heavy
metals on vermiculite : Influence of pH and organic ligands[J]. Journal
of Colloid and Interface Science, 2006, 299 : 537-546.

[14] FXUPE, $07 L, 4%, 45 b AR Wy o i ik - SO 25 e 1
TR R L)), ARl TARR, 2016, 32(15) :204-212.

DONG Shuang—kuai, XU Wan~-li, WU Fu—fei, et al. Fe—modified bio-



1918

URIEIR el 53855 8

char improving transformation of arsenic form in soil and inhibiting its
absorption of plant|J|. Transactions of the Chinese Society of Agricul-
tural Engineering, 2016, 32(15) :204-212.

[15] BRIEF-, Bk, 2k 45, 45 . b PR T (0 47 3 100 b 25 F M e 1
ST R (AR L 2000, 24(1) :68-72.

CHEN Zhao-ping, LUO Lai-tao, LI Yong—xiu, et al. Effect of HCI
treatment on the surface characteristic of sepiolite[J]. Journal of Nan-
chang University( Natural Science ), 2000, 24 (1) : 68-72.

(16] F 7045 . A ol v 5 B R Sk Jeg (). P R IR R, 2015, 21
(6):96-100.

WANG Li—juan. Advances in research and application on modifica-
tion of vermiculite[J]. China Powder Science and Technology, 2015, 21
(6):96-100.

(V7] 457507, #e e, MRARER, %5 . D—se LR RHE TG b A B ik pH

AR R A 0], T AR BRI AR, 2018, 34(5) 1 547~
553.
FU Fang—fang, HUANG Jin-heng, LIN Hua—qing, et al. Optimization
the formulation of pH-independent sustained release tablets of glipi-
zide using D—-optimal mixture design[J]. Journal of Guangdong Phar-
maceutical University, 2018, 34(5) : 547-553.

(18] B Wi, 2K AL, #7785 RBHOHTE g A FLE FTR IR

TrRFE R L] S I A, 2018, 39(5) :80-84.
LUO Li, SONG Li, CUI Guang-zhi, et al. Application of mixture de-
sign in confirming the formula of yak milk protein powder for middle—
aged and old people[]]. Food Research and Development, 2018, 39
(5):80-84.

[19] Tessier A, Campbell P G C, Bisson M. Sequential extraction proce-
dure for the speciation of particulate trace metals[J]. Analytical Chem-
istry, 1979, 51:844-851.

[20] 2= A 2%, FAHe, W 1k, 5. RO Rl A A A

R 5 R BRI (] R IR 2], 2012, 31(3) :516-
522.
LI Yue—fen, WANG Dong—yan, TANG Jie, et al. Speciation of soil ar-
senic and its correlation with soil properties in western Jilin Province,
China[J]. Journal of Agro—Environment Science, 2012, 31(3) : 516—
522.

[21] FhBEHa, B 7ok . o A WA RO AR LI PR DEAR vh BB 5

HEREN]. & P4 5 R, 2019, 39(1) : 100-108.
SUN Xiao—yan, LUO Li-qiang. Research progress on the application
bioavailability of heavy metals to evaluate ecological risk in mining ar-
ea[]]. Conservation and Utilization of Mineral Resources, 2019, 39(1) :
100-108.

[22] Fernandez—Ondo O E, Bacchetta G, Lallena A M, et al. Use of BCR
sequential extraction procedures for soils and plant metal transfer pre-
dictions in contaminated mine tailings in Sardinia[J]. Journal of Geo-
chemical Exploration, 2017, 172:133-141.

[23] Kumpiene J, Bert V, Dimitriou I, et al. Selecting chemical and ecotox-
icological test batteries for risk assessment of trace element—contami-
nated soils (phyto) managed by gentle remediation options (GRO)[J].
Science of the Total Environment, 2014, 496:510-522.

[24] Lee S H, Kin E Y, Hyun P, et al. In situ stabilization of arsenic and
metal-contaminated agricultural soil using industrial by—products[J].
Geoderma, 2011,161:1-7.

[25] R FUSE, W ARG, SE/NGE, A ANIR) B4R R X T 4 T g 3R E

AR B BIFFE D). BREERLA, 2015, 36(1) :309-313.

WU Lie-shan, ZENG Dong—mei, MO Xiao-rong, et al. Immobiliza-
tion impact of different fixatives on heavy metals contaminated soil[J].
Environmental Science, 2015, 36(1) :309-313.

[26] Maria I S G, Cheryl M, Ander Q A, et al. Assessing biochar applica-
tions and repeated Brassica juncea L. production cycles to remediate
Cu contaminated soil[J]. Chemosphere, 2018, 201:278-285.

R71H & LW s Rl o Do HEXT 75 53O B R B e AL O T D 05T
[D]. %% : BEAL AP R, 2017.

XIAO Ran. Biochar production for nutrient recycling and heavy metal
polluted soil remediation[D]. Yangling: Northwest A&F University,
2017:6-8.

[28] Tabak H H, Lens P, Hullebusch E D, et al. Developments in bioreme-
diation of soils and sediments polluted with metals and radionuclides :
1. Microbial processes and mechanisms affecting bioremediation of
metal contamination and influencing metal toxicity and transport[J].
Reviews in Environmental Science and Biotechnology, 2005, 4 (3) :
115-156.

[29] Carlson L, Bigham J M, Schwertmann U, et al. Scavenging of As form
acid mine drainage by schwertmannite and ferrihydrite: A comparison
with synthetic analogues[J]. Environmental Science Technology, 2002,
36:1712-1719.

[30] Kumpiene J, Lagerkvist A, Maurice C. Stabilization of As, Cr, Cu, Pb
and Zn in soil using amendments: A review[J]. Waste Management,
2008, 28:215-225.

[BIIE i W AIRE, ST, 45 KB FaE R Xl TS e 38 i A2 2 F
FE). FREERFE, 2013, 34(9) :3587-3594.

WANG Hao, PAN Li-xiang, ZHANG Xiang—yu, et al. Study on com-
posite stabilization of arsenic (As) contaminated soil[J]. Environmen-
tal Science, 2013, 34(9) :3587-3594.

[32] /303 AR MW, T A, &5 DLse#xt CdCI0) A e B REAF 52
1. A FRETRF #2441, 2017, 36(11) :2240-2247.

LUO Wen-wen, XU Ying—ming, WANG Nong, et al. Adsorption per-
formance of cadmium onto shell powder[J]. Journal of Agro—Environ-
ment Science, 2017, 36(11) :2240-2247.

[33] Sun Y B, Xu Y M, Xu Y, et al. Reliability and stability of immobiliza-
tion remediation of Cd polluted soils using sepiolite under pot and
field trials[J]. Environmental Pollution, 2016, 208 : 739-746.

[34] Sun Y B, Sun G H, Xu Y M, et al. Evaluation of the effectiveness of
sepiolite, bentonite, and phosphate amendments on the stabilization
remediation of cadmium contaminated soils[J]. Journal of Environmen-
tal Management, 2016, 166:204-210.

[35] AR, VA 9E, X, 55 . DI RHO AL IR ah i 2

R MELIEE R Ak Jy 200 B S AE B4R, 2015, 34(3) : 316~
323.
NONG Yi-qing, XU Meng-han, LIU Yuan-huan, et al. Formulation
optimizing of health food Lanshen lipid —lowering chewing tablet by
D-optimal mixture design[J]. Journal of Food Science and Biotechnol-
ogy, 2015, 34(3):316-323.

[36] FIGIL, BEITLL, #UIRE, 55 . IRBHBCTH1E 7 15 Wl I & W 57
WCT5 Bt R L] A AR, 2008, 41(3) :816-822.
ZHOU Jian—zhong, HUANG Kai—hong, DONG Ming—sheng, et al. Ap-
plication of mixture design to design of formulation of pure cultures in

Tibetan kefir[J]. Scientia Agricultura Sinica, 2008, 41(3) :816-822.



