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Effect of palygorskite immobilization combined with foliar silicon fertilizer application on Cd accumulation in
rice
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Abstract ; Pot experiments were conducted to investigate the effect of palygorskite immobilization combined with foliar silicon fertilizer ap—
plication on cadmium accumulation in rice. The results showed that foliar application of Si obviously increased the dry weight of grain (with
husk ) and straw in rice grown in Cd contaminated soil, reduced Cd concentrations in grain, husk and straw and the Cd translocation to shoot,
while Cd was more sequestrated in root. In comparison with the control treatment, the foliar application of Si led to a maximal decrease in the
Cd concentrations of 34.9% for the grain, 30.1% for the husk and 34.0% for the straw, respectively. And from the foliar application period of
Si, the order of Cd reduction effect was spraying Si at the tillering stage plus full heading period > tillering stage> full heading period. Pot ex—
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periments results showed that the application of palygorskite could increase soil pH, reduce the bioavailability of Cd in soil and Cd concen—

tration in rice. The addition of palygorskite decreased Cd contents by 39.5% for the grain, 28.6% for the husk, 35.3% for the straw and

20.9% for the root compared with the control, respectively. In addition, the combined effect of foliar application of Si and palygorskite im—

mobilization were more effectively on Cd accumulation in rice, Cd contents in grain were reduced from 0.43 mg -kg™ to less than national

food safety standards of the rice cadmium 0.20 mg kg™, and the Cd concentration in rice root, straw, husk and rice decreased by 17.8%,

68.7%, 63.3% and 58.1%, respectively.

Keywords: palygorskite; immilization; foliar silicon fertilizer; cadmium; rice
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Table 1 Effect of foliar application of silicon on over—ground biomass of rice

st kR ARl 4 W% TR Al 4 W%
XTHR(CK) 24.93£0.52h — 31.62+1.40b —
SYBE 0.1%Si(T1) 27.61+0.99ab 10.75 35.40+1.37ab 11.95
SYBEI 0.2%Si(T2) 29.22+1.40a 17.21 37.02+1.36a 17.08
SYBEI 0.4%Si(T3) 28.812.00a 15.56 37.96x1.49a 20.05
FHI 0.19%Si(T4) 28.13x1.17ab 12.83 31.630.5% 0.03
FrREM 0.2%Si(TS) 30.27£0.91a 21.42 35.38+1.63ab 11.89
FrRE 0.4%Si(T6) 30.03£1.28a 20.45 32.02+1.84b 1.27
SYEEN+ SN 0.19%Si(T7) 29.111.04a 16.77 36.55+1.40a 15.59
SYEEN+ ST 0.29%Si(T8) 31.06£0.94a 24.59 38.56x1.41a 21.95
S EEN+ T 0.4%Si(T9) 30.28+0.8% 2146 39.03x1.85a 2343
RPN F TR 2 5 1 35 (P<0.05) . T EIFIER PR
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Table 2 Effect of foliar application of silicon on Cd transfer factor

in rice, the pH value and available Cd in soil

o 4 5 WEREC b pH (8 ifﬁ;,ﬁﬁgﬁd
XFHE(CK) 0.14+0.006a 5.91+0.02a  0.65+0.03a
AYEERR 0.1%Si(T1) 0.12+0.006bc 5.89+0.02a  0.64+0.02a
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AYBERR 0.4%Si(T3) 0.087+0.002¢ 5.90+0.01a  0.65+0.02a
FEHEHA 0.19%Si(T4) 0.13+0.011ab 5.95+0.01a  0.65+0.02a
Y 0.2%Si(TS) 0.12+0.005bc 5.93+0.02a  0.65+0.02a
Y 0.4%Si(T6) 0.11+0.009bc 5.88+0.01a  0.64+0.03a
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AyBEHA+ R 0.2%Si(T8) 0.086+0.007¢ 5.96+0.02a  0.66+0.02a
AYBERA+ R 0.4%Si(T9) 0.079+0.005¢ 5.92+0.01a  0.66+0.02a
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Figure 1 Effect of foliar application of silicon on Cd concentration in rice
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Table 3 The combined effect of foliar application of Si and palygorskite immobilization on over—ground biomass of rice

IR AT KPkilg 4 BN % FhFFlg- 4! BEn=/%
X} BE(CK) 24.93+0.67b — 31.62+1.37¢ —
1.0%3% 241 (PAL) 26.52+1.97b 6.38 32.23+1.50e 1.93
0.1%8Si+1.0%45 2 41 (Si+PAL-1) 29.06x1.35ab 16.57 36.01+1.82¢ 13.88
0.2%Si+1.0%3% 247 (Si+PAL-2) 32.01£0.98a 28.40 38.12+3.72ab 20.56
0.4%Si+1.0%H5 26 £ (Si+PAL-3) 31.11£1.61a 24.79 38.33+2.55ab 21.22
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Figure 2 The combined effect of foliar application of Si and

palygorskite immobilization on Cd concentration in rice
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Table 4 The combined effect of foliar application of Si and palygorskite immobilization on pH and available Cd in soil

e Ak LSRR 44 pH {E B Cd i /mg kg
Xt HR(CK) 0.21+0.006a 6.03+0.67b 0.64+1.37a
1.0%¥3 2 (PAL) 0.19+0.007a 6.45+0.02a 0.52+0.03b
0.1%Si+1.0%3% 25 £1 (Si+PAL-1) 0.14+0.007b 6.44+0.03a 0.54+0.02b
0.2%Si+1.0%35 2 41 (Si+PAL-2) 0.12+0.009b 6.46+0.03a 0.54+0.02b
0.4%Si+1.0%35 2 41 (Si+PAL-3) 0.097+0.010¢ 6.51+0.01a 0.53+0.02b
R S5 KFEEHREIAL Cd S8 15 pH F 1 Cd BTS2 EMBEXK R
Table 5 Correlation analysis of Cd content in rice, soil pH and soil available Cd
iH Rk Cd 2t F5E Cd it FEFF Cd 2t HF Cd it 13 pH 13 Cd HRES
fek Cd St 1
FiFe Cd At 0.923%* 1
HFF Cd At 0.928%* 0.965%*
ME Cd Fa 0.342 0.374 1
43 pH -0.914*%* -0.920** -0.930%* -0.389 1
44 Cd RS 0.687%** 0.672%* 0.756* —0.761%* 1

M FEARE ST, $REKREXT KA FIFE A B, A
TR K R P A D AR i () B i 722 R e i
B, BEANART DLSGE KRS AR, IR TT LR R 4
J& Cd XK AR A b Cd KRR i 2, 12
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T TR - A KRB A T R R e B
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AR R T s e B R R, 2R I A A A A D
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GIAT R, Cd S AR AE AR RE AR 14 PN B2 J2 MR B T
1 Si ERPBHEN BJZ , REDURE D . X fE—E T
JEE b Ul W RE R /KRR 28 N B2 T2 I DTAR BHLIE T AR 114
JFAMA S E i, BRI T Cd B BRAMAZE il A e
Jit TR S, R AR RS S MA B 1) A L9 B A
AR, A HEAE M b 3500 0 ok B2 3% A P
%, A B RS AR LIRS A TR 5 o AR SCRITSE 38
I, KA 53 B I TR A R B AR R K A8 A R 2 B
AT SR, U SRR L, > BE R IR T
I PR R A B, 30 5 T R A K RSN B
VBRI A 0 Heas A% RIS , il B 2 A5 SR E A
UUVE, TR Ak 0 AR 2R A 5 S L S 1 X —
Ho RDUNRESUE T ARSI PR 20, R TE
A RE PP B AL Si-Cd MG, /b e 3 BT
IR ECE, FRAERE T BOMAC B s ) e i S
AL, TRRHEAIL SRR Z B B i as ] A4
FTRER AL, XoF T = AR M X B e 35 I RE T
PEMTIAR Cd [0 BB R RS S AR R R
Wang SR A 0 /KRS i Cd™RE T 195
Wi b i B, A T 1) 200 L B HAT X ™ ik 19
P, W RA0E T CdEEE . XEH T Si(OH), bR
L5 0 L RE 22 Bl A0 R o S OK K 231 LS A
VERT, FEA RS O MA =S 8] TR I 1A 7 (9 Si0, R,
A B Si0, [ PR3 T 2 HAT ik B B A 5, T
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5 CIE LB EFILATE A Cd-Si 452, i
FEAR T Cd™ B3 . ILAh, BT REXS K AEAR MR ZE IS VR
FAN IR, 980 T - AR G 7% I T E A K e b3
AR B0 , [RIAE AT DARSEARA K i RS, A
FKRERIA 500, LR EKAEM R R G R
PEIRIAR R 7 AT 20 e S ), DA T 4 3 A AR %
4R B HE AR 1,

RIGZE RLH], i WAL AL REAE— e R LR
/KRG B35 Cd A& A Cd MAR R 1k b B35
5% ia 280 (HXTAR R Cd % e B 2552 ) (1A
1.2 4), tRImEiEn m AR xR 2R Cd RIS
R AHZXT Cd KA R [0 i _F R F e is T
S BeEA B S A A A o 33X AT R Mo - TR A 4
TN T K REAR 22 240 B BE S Cd G I B <2 8 7, AT BEL
1ET Cd AR R b FFE 5, 5 4k, wtits i e e e
XFIKFE Cd 1) B3RO0 76 AS 5] s 1A AT B A7 76 & A [
R, I e 2 T 8RR Cd 3 B AF FEAS [R) A 428 ol
BN o FE KR 43 BE ST it T A AE PR K () R Cd 3%
B TR, HAE KR 53 BE RN 55 REHA 43 P TR g
Jiti , S I A e PP R Cd AR (A 1), X
F B T OKAEAE A A A & B AT Cd FnRE B Il
RE A O TE/K R/ BEHAR RIS ik o5 A 1
WSO 0 = 0 22 P T K R A ARk 22 kA
X Cd Y R AT i 8 e e ™, L ELASSE i LB AR AT SR
T — T R R R A 5T

FE Cd 5 YLt KR A s i 26 A BB 18 A 3L
HREARK AR Cd s (] 2) . e T T 55tk
o iRl HEEHRINYEZA )5 et i L1 pH
$Erm 2 0.4 A~Hfr, H A5 pH 5Kk Fist FEFF L
MIRZ Cd FREAMICCR(GFR 4 MES), 15
pH JE 5200 138 b Cd (T 25 FE A50HE (R E 25
R PE i 8 pH E, SR - AR B H A, £
AN ] 4 e R ol G R
AR, H 2 DIXEA i S S sl iR £h & o ie
ERTE AR, RIE AR 1 3 5 4 8 (A S b AT 3
FEPER I G0 2 I, IR A I 2 A AR08 0 2 FAIX
0.025 mol - L' HCI $2H(AS Cd &5 (36 4) ,HCl 2R
Cd 75 52 0 BB 4y 1 S WK e ko R 1k = 3 Cd ik
W, B 5K FEtERR AR 43 Cd 5 2 0 35 IEAHDC O R
(£ 5). Job, Y ml LI -3 () 8 4 )| Cd 5
TR LR E AR Cd BT Ra R . 7EEIALEE
e S BHRE R ARG b, BB R IR
TIPS Cd FiE, WK AX L5 Cd

FRT R AT, T PH- T i o IS 5 DA/ 1 5 1 2 31
IKFERERE AR R ) it B 3RE % Cd RE ST, A £
BERUKRAERE M T TG T, SCBKRE LT AR R80T
b b RERRRE I A SRR, BRI RK  EAR
Cd M B E

BEAh BT A T AR F SR R I 2 A A s 5 R
£ Cd 75 YL B 90 25 SR 3 B0 SR e sl ik 18 42 i it
FRATKFERE K Cd 70 0.72 mg-ke™, i 24
1.0 kg-m? ZbFRIS ROk Cd & AL R I 0.72
mg-kg™ AJFEZ 0.56 mg-kg™  (HFFEIRRAN 22.9%; 4
WA RO RGN E 2.0 kg m™ ZRBREF, FTETREK Cd
TR 0.32 mg-kg, FEIRARIE 54.6% ., X UG M
Bt 2 it PR AT AR - R Cd PR TS R B A AT
PRIUS G PR A LA 538 B A4 & 8 L
BB ASRA, e Bl A AR P02 KR i 1
IME A AR, [r] I o 25 35 25 it P S 388 o 2 o Ak
o5 HH - 3ESRBE P A 1ok, A5 AT BE X /K e A K A - 4
FRARE 5 B A  A TE ERBEA R B TR M) o AR S8
FEHH, P2 Bl A A B, G e KR 43 B R S ]
Jita I T R NE BB E— 25 BRARAE R ) Cd B, v
Il 2 A B A I 0.10%~0.40% M- T8 £ AE B {1 RS K
Cd 2R E ER M L SArERE LT . Hit,
FESERR K MBS R X o Cd T3 YL R PR KRS B &R
TR, — AN EE IR i FE 3 i £ 0 it £, T R
PIBEAAB S AR A, il B s v v BEL B 4 R
AR VAR S SRR SRR SR, 7R R
JE s 2 A AR B SCEURR K Cd BRRR
s, A2 iR,

4 Zig

(1) WSt e A ] AR e KRB R A ARG FF 110 A=
Yyfe AN AR B b B AR R K Cd & i, HAEZKF
43 BE S0 5 R 43 T OB it X K W e Cd g A o
RRALT

(2) ity 26 4 o] LAt = 3% pH (H, &
FRERIRYE Cd 15 YK RE P AERCS Cd &', B
JKAEHR 2% 3 Cd IR, DA T S5 AR AR K
Cd 25,

(3) 35 2 A i Ak Ak FHLIK 5 Wit ot T Ak Sl B
Jiti, 5 B — G AR BEAR L, BENS A AR ARRT K Cd
i, Ho g 2 Bl Ak A BRIBE A5 185 0.19%~0.4% M- T
REALRE MR K Cd & R RAI B L 2 E R
ai RS ek b Cd BREELDLT .



1640

M IRERFFIR EIRRE AR ]

SE k-

[1] Wu F, Zhang G, Dominy P, et al. Differences in yield components and
kernel Cd accumulation in response to Cd toxicity in four barley geno—
types[J]. Chemosphere, 2007, 70(1):83-92.

[2] Chen F, Wu F, Dong J, et al. Cadmium translocation and accumulation
in developing barley grains[J]. Planta, 2007, 227(1):223-232.

[3] Chaney R L, Reeves P G, Ryan J A, et al. An improved understanding of
soil Cd risk to humans and low cost methods to phytoextract Cd from
contaminated soils to prevent soil Cd risks[J]. Biometals, 2004, 17(5):
549-553.

[4] Liang X F, Han J , Xu Y M, et al. In situ field—scale remediation of Cd
polluted paddy soil using sepiolite and palygorskite[J]. Geoderma, 2014,
235-236:9-18.

[5]Sun Y B, Xu Y M, Wang L, et al. Evaluation of the effectiveness of sepi—
olite, bentonite, and phosphate amendments on the stabilization remedi-
ation of cadmium—contaminated soils[]J]. Journal of Environmental Man—
agement, 2016, 166:204-210.

[6] Ma ] F. Role of silicon in enhancing the resistance of plants to biotic and
abiotic stresses[J]. Soil Science and Plant Nutrition, 2004, 50(1):11-
18.

[7] Liang Y, Wong J W C, Wei L. Silicon-mediated enhancement of cadmi—
um tolerance in maize(Zea mays L.) grown in cadmium contaminated
soil[J]. Chemosphere, 2005, 58(4 ) :475-483.

[8] Sun J, Cui J, Luo C, et al. Contribution of cell walls, nonprotein thiols,
and organic acids to cadmium resistance in two cabbage varieties [J].
Archives of Environmental Contamination and Toxicology, 2013, 64(2):
243-252.

[9] Wang S, Wang F, Gao S. Foliar application with nano—silicon alleviates
Cd toxicity in rice seedlings[J]. Environmenial Science and Pollution
Research, 2015, 22(4 ) :2837-2845.

[10] FfibAe, BREE, XML, S5 It Ak o K A pr S T 4 R B R Y
KIS A5 FRET, 2007, 16(3):875-878.

WANG Shi-hua, LUO Qun-sheng, LIU Chuan-ping, et al. Effects of
leaf application of nanometer silicon to the accumulation of heavy met—
als in rice grains[J]. Ecology and Environment, 2007, 16(3):875-878

[11] Nwugo C C, Huerta A J. Silicon—induced cadmium resistance in rice
(Oryza sativa)[J]. Journal of Plant Nutrition and Soil Science, 2008,
171(6):841-848.

[12] Liu C, Li F, Luo C, et al. Foliar application of two silica sols reduced
cadmium accumulation in rice grains[J]. Journal of Hazardous Materi—
als, 2009, 161(2) : 1466-1472.

[13] BE52F8, 57, JBUIAR, S5, At R it Ak HE X 5 S K REAS

IR AL & S SRR SR PRIk 441z, 2013, 26(4) 1 1532~
153s.
HUANG Chong-ling, LEI Jing, GU Ming—hua, et al. Effects of soil and
foliar applications of silicon fertilizer on Cd content and its bioconcen—
tration factors in different parts of rice growing in cadmium contaminat—
ed soil[J]. Journal of Southwest Agriculture, 2013, 26(4).1532-1535.

[14] Bk i, BRANE, 55 MG, S5, i J x0T A A e BEL B o 1 52 01
IR, 2014, 35(7) . 2762-2770.

CHEN Zhe, TIE Bo-qing, LEI Ming, et al. Phytoexclusion potential
studies of Si fertilization modes on rice cadmium[J]. Environmental
Science, 2014, 35(7):2762-2770.

[15] #ANE, RN, £ bR, 5. A R it S N T SR AR S sl

FRIGZIA )] FREERL 224, 2015, 35(8) :2589-2596.
DONG Ru-yin, XU Ying-ming, WANG Lin, et al. Effects of soil appli—
cation and foliar spray of zinc fertilizer on cadmium uptake in a pak—
choi cultivar with low cadmium accumulation[J]. Acta Scientiae Cir—
cumstantiae, 2015, 35(8) : 2589-2596.

[16] %5 A, Bhzld, 1R I, S5, B 1y IS0 18 2 5T S A 1 B HOX

I PR IR, FRHER 22 4], 2014, 34(11):2853-
2860.
HAN Jun, LIANG Xue—feng, XU Ying—ming, et al. In—sttu remediation
of Cd—polluted paddy soil by clay minerals and their effects on nitro—
gen, phosphorus and enzymatic activities [J]. Acta Scientiae Circum—
stantiae, A cta Scientiae Circumstantiae, 2014, 34(11):2853-2860.

(718 &, EHEIA, SH, 5. AR B4 EE G154 LI
BIZHONHITENI]. A FREERL 2540, 2015, 34(3):438-448.

YIN Fei, WANG Hai—juan, LI Yan-yan, et al. Remediation of multiple
heavy metal polluted soil using different immobilizing agents[J]. Journal
of Agro—Environment Science, 2015, 34(3) :438-448.

(8] bk, TN, 7 5 5. ST Mo L R BE 52 IO A o 4 B 4
TS YLTIER B R AN HHEEL)]. 35, 2009, 41(6) :892-896.

LIN Yun-qing, ZHANG Gang—-ya, XU Min, et al. Studies on modified
effects of attapulgite and Na—montmorillonite on Cu—Zn-Cd contami—
nated Red Soil[J]. Soils, 2009, 41(6) : 892-896.

[19] Epstein E. Silicon[J]. Annu Rev Plant Physiol Plant Mol Biol, 1999,
50:641-664.

[20] Ma J F, Tamai K, Yamaji N, et al. A silicon transporter in rice[J]. Na—
ture, 2006, 440(7084 ) : 688-691.

RUOX1 8 5k & kR, S R FRERIECEKRE S AR R R
KB MR R B FHAE 252412, 2009, 20(2) :320-324.

LIU Hui, ZHANG Jing, DU Yan-xiu, et al. Responses of rice genotypes
with different silicon uptake efficiency to different silicon supply [J].
Chinese Journal of Applied Ecology, 2009, 20(2) :320-324.

[22] 284 e, SKHERE, JeJEETC, 55 KR TR 8 SRR B A AL Y B

FUILRE(]. H B, 2012, 48(1) 1 1-10.
GONG Jin-long, ZHANG Hong-cheng, LONG Hou-yuan, et al.
Progress in research of nutrition functions and physiological mecha -
nisms of silicon in rice[J]. Plant Physiology Journal, 2012, 48(1):1-
10.

[2315% M, 251828, BiGH, 45 ARENEECREX KA A . 7 i X 138
NEST SR, A% 24K, 2004, 23(6) :33-36.

GUO Bin, LOU Yun-sheng, LIANG Yong—chao, et al. Effects of nitro—
gen and silicon applications on the growth and yield of rice and soil fer—
tility[J]. Chinese Journal of Ecology, 2004, 23(6):33-36.

[24] Seebold K W, Kucharek T A, Datnoff L E, et al. The Influence of sili—
con on components of resistance to blast in susceptible, partially resis—
tant, and resistant cultivars of rice[J]. Phytopathology, 2001, 91(1).
63-69.

[25] F Ak, R0 B, Bz, S5 TG VLR Cd Al Ph S2A35 Y fd



T 25 Y bl MR NI X AR BRI 1641

I BB R[] A B SRR AE4R, 2012, 28(5) : 563-568.
WANG Lin, XU Ying—ming, LIANG Xue-feng, et al. Remediation of
contaminated paddy soil by immobilization of pollutants in the Diao—
jiang Catchment, Guangxi Province[]]. Journal of Ecology and Rural
Environment, 2012, 28(5):563-568.

[26] Liu J, Zhang H, Zhang Y, et al. Silicon attenuates cadmium toxicity in
Solanum nigrum L. by reducing cadmium uptake and oxidative stress
[J]. Plant Physiology and Biochemistry,2013, 68:1-7.

[27] Neumann D, Nieden U Z, Schwieger W, et al. Heavy metal tolerance of
Minuartis Vemal[J]. Plant Physiology, 1997, 151:101-108.

(28] sk, £ 2L, RARB. RS SRR UR S E LR PR (I]. £l
HEERLE 24, 2006, 25(5): 1112-1116.
SHI Xin—hui, WANG He, ZHANG Fu-suo. Research on the mecha-
nism of silica improving the resistance of rice seedlings to Cd[J]. Jour-
nal of Agro-Environment Science, 2006,25(5):1112-1116.

[29] Shi X H, Zhang C C, Wang H, et al. Effect of Si on the distribution of
Cd in rice seedlings[J]. Plant and Soil, 2015b, 272 :53-60.

[30] Wang L J, Wang Y H, Chen Q, et al. Silicon induced cadmium toler—
ance of rice seedlings[J]. J Plant Nutr, 2000, 23(10) : 1397-1406.

[31] Galvez L, Clark R B, Gourley L M, et al. Silicon interaction with man—

ganese and aluminum toxicity in sorghums[J]. Journal of Plant Nuiri—
tion, 1987, 10:1139-1147.

[32] Ma J, Takahashi E. Effect of silicon on the growth and phosphorus up—
take of rice[]]. Plant and Soil, 1990, 126(1):115-119.

[33] ERIR, SR, ASIF] A & 3 BRI 26 X W R K At ) A 4, s B
BEAHR & HEAEMALT]. A5 3R, 2006, 15(6):1197-1203.
WANG Kai-rong, GONG Hui-qun. Effects of cadmium exposures in
different stages on plant growth, Cd uptake and Cd concentrations in
brown rice of a hybrid and conventional rice variety[J]. Ecology and
Environment, 2006, 15(6):1197-1203.

[34] Murray B, Mcbride M B. Cadmium uptake by crops estimated from soil
total Cd and pH[J]. Soil Science, 2002, 167(1):62-67.

[35] Singh B R, Myhr K. Cadmium uptake by barley as affected by Cd
sources and pH levels[]]. Geoderma, 1998, 84(1):185-194.

[36] PNLYLE, TRNI, 50 T, &5, VS AR TS Y BB A B A3
R FET]. vh RSB, 2012, 32(8) : 1467-1473.
SUN Yue-bin, XU Ying-ming, SHI Xin, et al. The immobilization re—
mediation of Cd contaminated soils in wastewater irrigation region and
its ecological effects[J]. China Environmental Science, 2012, 32(8):
1467-1473.



