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Abstract: Cadmium (Cd) is a highly mobile heavy metal in soil, exhibiting greater mobility than other heavy metals and
readily entering the topsoil in free ionic forms, thereby facilitating uptake by crops. Application of silicon (Si) and zinc
(Zn) fertilizers can modulate Cd accumulation in rice, while novel nano-fertilizers, owing to their unique physico-
chemical properties, effectively mitigate Cd stress. A pot experiment was conducted with six treatments: conventional
fertilizer (CF), Cd + conventional fertilizer (Cd), Cd + conventional Si fertilizer (Cd+Si), Cd + nano-Si fertilizer
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(Cd+nSi), Cd + conventional Zn fertilizer (Cd+Zn), and Cd + nano-Zn fertilizer (Cd+nZn). This study investigates the
effects of different Si and Zn fertilizer types on rice growth, Cd uptake, and translocation under Cd stress. The results
revealed: (1) Under Cd stress, rice plant height, stem diameter, biomass, and root growth decreased significantly. Silicon
and zinc fertilizers effectively alleviated Cd-induced growth inhibition. At the booting stage, nano-Si treatment restored
plant height and stem diameter to levels comparable to the CF control. Compared with the Cd treatment, biomass in-
creased by 38.68% (Cd+nSi) and 35.20% (Cd+nZn), while root fresh weight rose by 31.44% (Cd+nSi) and 24.84%
(Cd+nZn). (2) Cd stress markedly reduced leaf chlorophyll content, suppressing chlorophyll biosynthesis. Foliar Si and
Zn applications enhanced chlorophyll by 5.99%—7.68% and nitrogen content by 4.70%-8.19% at the booting stage, with
nano-Si achieving the highest levels. (3) Soil pH increased notably after Si and Zn amendments, peaking under nano-Si
(+10.51% vs. Cd). Bioavailable Cd declined significantly: Cd+nSi and Cd+nZn reduced it by 14.54% and 16.36%, re-
spectively, and lowered the Cd transfer coefficient by 17.77% and 15.54%. (4) Nano-Si outperformed nano-Zn in sup-
pressing Cd uptake and translocation. The bioconcentration factor decreased by 36.63% (Cd+nSi) and 31.08% (Cd+nZn),
while the translocation factor dropped by 13.70% (Cd+nSi) and 2.72% (Cd+nZn) versus the Cd treatment.Overall,
nano-fertilizers surpassed conventional fertilizers in mitigating Cd stress, with nano-Si demonstrating superior efficacy

over nano-Zn in restricting Cd accumulation and transfer in rice.
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Fig. 1 Effects of different treatments on rice agronomic traits under cadmium stress
- Rk Gics 8- bk i
30r 4 g
h {‘ ? a a
251 H L ab
s b 2 be be ‘I‘
o &0
8 20F H be = -
2 cd c 2 c
5 L
8 1sf g4
= B
= ol B 5 ||l
%— 105 | B b be RN BF) b b b
| i | P d LY v
s d C C 7 c 7 7
0 CF Cd Cd+nSi Cd+Si Cd+Zn Cd+nZn 0 CF Cd Cd+nSi Cd+Si Cd+Zn Cd+nZn
AbFH Treatment A3 Treatment

ARG SR 3R R b B E] 22 5 2 (P<0.05 ),
Different lowercase letters indicate significant difference among treatments (P<0.05).
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Fig. 2 Effects of different treatments on rice biomass under Cd stress
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Fig. 3 Effects of different treatments on leaf chlorophyll and nitrogen content under cadmium stress
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Tab. 1 Effects of different treatments on soil chemical properties and cadmium transformation coefficient
Ab g ISR A R AL R AL
pH Total cadmium content in Soil available cadmium/ Cd transformation

Treatment . 1 0 . .
soil/(mg-kg™) (mg-kg™) coefficient
Cd 6.56+0.06¢ 1.02+0.05% 0.55+0.01°* 0.54+0.02°
Cd+Si 6.87+0.06™ 1.08+0.04° 0.50+0.01° 0.46+0.02°
Cd+nSi 7.25+0.06" 1.06+0.08° 0.47+0.01% 0.44+0.02°
Cd+Zn 6.66+0.12%¢ 1.06£0.01° 0.49+0.02" 0.46+0.02°
Cd+nZn 7.08+0.06* 1.014£0.03° 0.46+0.01° 0.46+0.02°

T ARG A R/NG PR A R 22 5 23 (P<0.05),

Note: Different lowercase letters after the same column of data indicate significant difference among treatments. (P<0.05).
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Tab. 2  Effects of different treatments on rice cadmium content and Cd transport in rice parts

e ey RS & & e AR R s R
b B
Treatment Cadmium content in Cadmium content in Cadmium bioaccumulation Cadmium translocation
roots/(mg-kg™) plants/(mg-kg™) factor factor

Cd 2.29+0.10* 1.07+0.04* 4.16+£0.09* 0.47+0.01°
Cd+Si 1.85+0.08" 0.7120.01° 3.70£0.09™ 0.38+0.01*
Cd+nSi 1.24+0.02° 0.50+0.05¢ 2.64+0.15° 0.40+0.04°
Cd+Zn 2.03+0.08" 0.89+0.08" 4.14+0.31° 0.44+0.02°
Cd+nZn 1.32+0.01° 0.60£0.04* 2.87+0.33° 0.45+0.03*

T FFEER G ARG 5B m A ) 22 5 3% (P<0.05),

Note: Different lowercase letters after the same column of data indicate significant difference among treatments. (P<0.05).

SROGHLAE - S0 A5 F T QR EERE AEEAE X KRR A 4G | M s B L o 1) 2 i 1917

5 FHAEHI . EIAGKAT RS, 3% pH
Sof, SRR B, Ak RS
+4 pH FHE, BRI THE R A S, N
RS TR KR AR R R b REGERR
TR RN B A RSB Ty . R R
EREGE AR, iR PR TE R, KA R
SEREFZHE, BN g R, Bt
AR AR B, LAD 8 rhon] LU K R T
Wt 14 B8 e — Ph B R I A k. R 25U 5
8 I I oK A AL B RE S 0 ARG 4 P O R T
PGS . B EIL S A S AL &SR &
i, DI i AR A A B i . AP AR
T, i KR AR A KBRS 1 pH 45
FHE 9.52% . 7.34%, HIEERAL R BT BIREAR
17.18% . 15.54%, AN T 38 8450 W A 2L
AL .
32 REPEEHTARELXB LI FEERTK
8 40 <70 A T MR AR O B2 00

40 K 8t b A 5 AT A TR 2% i K R 1Y) B T
I, BRI RS B TGN OK A A R ) 45 R T
PR, A s B AU R A A A K
T LA R B I T POV, gk R AR AR

PR % R I i 7 X e T A A A
2 AP AR, IR B B A2 i 32 A A K S S
) J 3832 4 220 AR /NI A Kb R T A 3
Sl i AOK AR AR Y, AT 228 39 i 2 7 e
WoE SRR BE ST 5 TTRR A 98K AREAS 2 #E A
KREARN, B A AETEEREM . PR E
PRHELA R (8 RS i Sy, Basir 2
RIGERPREAS B A 1 R BRI, RES 2 SHH
Yy A S DU A g e, R AR S 2
IEIRR A ER RS, R dun e,
A ST it FH 2 K N K R AE A 2 AR A A )
B EA RERT, FAEEM AR, XS
AT R AFCI BT AR — 80 A, XY
AIRT T R B, AR S AL RE BE RS 5 1R AR il
INAERDT BT, TN IR AR SR /N A 1 2R
B MR DA B ) AR T o E RO
FRY, KFELEAERPE T, 99K A R ]
LY. 25 % ik 4 1 7 5 R8O, KRR R AR O
FHR . EROURMHRYA RFRT . A
KA RE L ] LIS KRS y-45 Z B D=
B2 i (y-ECS) SRRy K, %A REHE
BEAKRERNABEH K (GSH) & B4y, 2



1918

O AE B F R

% 46 &

R KRG X I B o A R A S RN Y e T R AT
ZIA], REAE A RCR AR T o€ X AT RE 2
KRG S REA Y, REOCE E B L KRG Y
Pk

Mg RN ESEEE RN, ESEmES
PR IS R AR . AP R Cd AbELR
LY RS S T O S 1 )1 g S 8t K R P |
KrbE A B ER T FAECORRgE & B N e S
oM TOKFEL R g R AR, JFHES
M4 2 a/b (19 HUAE . ALTPTAEBFSEIE B 40 K S Ak A
FIE A5 R AR A0 v 1 v 3 R 3 SRR B, A
R R I a A Rk ) T Ve . ARFRE R B, i
FHREENE B 2 Be 08 2% k30 1 fE 3, el 2
290 DK B 1490 DK A A KRG R R B T 5 0 31 44
38.68%. 35.20%, ik— EE S Fr it A
e a . BAIRR A ZER O DAAAE
3.3 fEAEFRSERE R K TR IR AL IE RSN

Jite P A AT T LA A 28040 o) 4 S8 4 1) A A b
(ks o XA BN RT g A B, I Ak A AT LA
IR SRR, FERRR T I E AR R
3 ARk 25 PO R I WG 3 AT S K R R
BN R PR RS LB, MR nSio,
BEAAIE S B EEN M R ERITRNE, #£
TR P o BRI R nSi0, AEAS W 1
TNE RS B i AR bR R P
TR AECHR BT B, R DA [R) T i b 2% it
TR RER G, FafE i RO E S R A bE
it Ak A R NI 98N . AR GEIRIRE & B, it FH A
JE N0 K b BEOK R 32 R B9 I FRAIG 17.86%
13.70% . 1117 H7E 310 il K A8 4 W S 6 32 T T, 4K
kL AOK B EA L A HIRCR s Cd+nSi F1 Cd+
nZn ZPREERBINE Cd AFE R FE 36.63%.
31.08%. MR T, KA KRGS P 1) 22
FERSCR T T AL, T HLZAOK AR L B 4 K B A
T 0] 7K e 6 W AR 2 32 T T O LA A, e R A
VA4 36 A0 1 58 T 4 Jg V5 et B AT LA ) R
{14 1 FH AT 5% o

£ % 3Lk

(1] SnE, HEg, &, BOKHE, 2w, &307, K,

ZegkAs . T E KRR IR X A P8 Jm) it A BRI S 0]
FREREK, 2023, 29(3): 1-8.
YANRY,GANGY,ZHAO XM, YINDC, LI Y L, JINH

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

(10]

F, ZHU H, LI J F. Study on the production pattern and fer-
tilization status of rice dominant production areas in China[J].
China Rice, 2023, 29(3): 1-8. (in Chinese)

CHANG C, YIN R, ZHANG H, YAO L. Bioaccumulation
and health risk assessment of heavy metals in the soil-rice
system in a typical seleniferous area in central China[J]. En-
vironmental Toxicology and Chemistry, 2019, 38(7):
1577-1584.

MCLAUGHLIN M J, WHATMUFF M S, WARNE M S J,
HEEMSBERGEN D A, BARRY G A, BELL M J, NASH D,
PRITCHARD D. A field investigation of solubility and food
chain accumulation of biosolid-cadmium across diverse soil
types[J]. Environmental Chemistry, 2006, 3: 428-432.
kG, LA, XVHF, mEE, kW, Sk Pt
SRR TS QAR AT IT 0], PRBE S T RS A RE, 2016,
41(2): 21-23.

LI Z T, WANG X H, LIU R P, GAO Y X, ZHANG X L,
MA W. Control strategy research of cadmium pollution in
cultivated soils[J]. Environment and Sustainable Develop-
ment, 2016, 41(2): 21-23. (in Chinese)

ISMAEL M A, ELYAMINE A M, MOUSSA M G, CAI M,
ZHAO X, HU C. Cadmium in plants: uptake, toxicity, and its
interactions with selenium fertilizers[J]. Metallomics, 2019,
11(2): 255-277.

FE2, ESERl, S5, EIMHE, 280, R, B,
JEELAR, AT, . R YRS G SR IEOR
WIFEHUIR S R, TR, 2025, 52(1): 131-158.

DU J, LU X K, CAI K, YANL N, LUAN W L, SONG Z F,
ZHAO Z R, LUAN Z R, YAN X L, YANG X. Cadmium
pollution in soil and plant system and its remediation
technology: status and prospects[J]. Geology in China, 2025,
52(1): 131-158. (in Chinese)

LI P, WANG X X, ZHANG T L, ZHOU D M, HE Y Q.
Distribution and accumulation of copper and cadmium in
soil-rice system as affected by soil amendments[J]. Water,
Air, and Soil Pollution, 2009, 196(1): 29-40.

GUHA T, GOPAL G, KUNDU R, MUKHERJEE A. Nano-
composites for delivering agrochemicals: a comprehensive
review[J]. Agricultural and Food Chemistry 2020, 68(12):
3691-3702.

RIZWAN M, ALI S, UR REHMAN M Z, MALIK S,
ADREES M, QAYYUM M F, ALAMRI S A, ALYEMENI
M N, AHMAD P. Effect of foliar applications of silicon and
titanium dioxide nanoparticles on growth, oxidative stress,
and cadmium accumulation by rice (Oryza sativa)[J]. Acta
Physiologiae Plantarum, 2019, 41(3): 35.

PETH, R, BRI, MM, TResl, 2, wik,
T, IEBOK ISR AR DR BT S e TR
W& - T A TR REEBOV ). WA, 2024,



5 8 1]

SROGHLAE - S0 A5 F T QR EERE AEEAE X KRR A 4G | M s B L o 1) 2 i

1919

(1]

[12]

[13]

[14]

[15]

[16]

[17]

41(2): 190-216.

PANG Z J,QIN Z, CHEN A C, GUAN Y H, WEIGR, LI Z
M, HUANG H, WEI C H. Recent advances in functional
materials for pollutant removal from sewage wastewater:
scaling effects of elemental substances-synthetic modifica-
tion-process engineering[J]. Chinese Journal of Applied
Chemistry, 2024, 41(2): 190-216. (in Chinese)

KHAN I, AWAN S A, RIZWAN M, ALI S, HASSAN M J,
BRESTIC M, ZHANG X, HUANG L. Effects of silicon on
heavy metal uptake at the soil-plant interphase: a review[J].
Ecotoxicology and Environmental 2021, 222:
112510.

WA=, XK, EHH, 2R, R4, H:IA. T KA
AR R W SO o T AL BT S R ()], P A2
TR, 2020, 36(5): 86-92.

DAIQY,LIUDH, WANG D X, LI P X, ZHU W, GUI J. A

review on silicon: effect on rice growth and its mechanism of

Safety,

relieving cadmium toxicity[J]. Chinese Agricultural Science
Bulletin, 2020, 36(5): 86-92. (in Chinese)

KA. i ek e A Ak N S T R 75 e A oK FR AR AR ER
RESHZIRED]. M AERRIIRE, 2016.
ZHANG S H. Regulation of the amount and the time of sili-
con application on the cadmiun accumulation and transloca-
tion in the rice (Oryza sativa. L) grown under the cad-
mium-polluted soil[D]. Guangzhou: South China Agricul-
tural University, 2016. (in Chinese)

G, XIEF, B, R, SRR, XIZEA, gL

it A X 6 k3 T KRR A IR AR 38 ) TR RN 0], A
2FARAR, 2019, 38(4): 1049-1056.

PENG O, LIU Y L, TIE B Q, DONG S J, WEI X D, LIU X
L, ZHOU X H. Effects of silicon application on cadmium
uptake and translocation of rice under cadmium stress[J].
Chinese Journal of Ecology, 2019, 38(4): 1049-1056. (in
Chinese)

HUSSAIN A, ALI S, RIZWAN M, MUHAMMAD-ZIA-UR
R, MUHAMMAD-RIZWAN J, MUHAMMAD I, SHAHZAD-
ALI-SHAHID C, NAZIR R. Zinc oxide nanoparticles alter
the wheat physiological response and reduce the cadmium
uptake by plants[J]. Environmental Pollution, 2018, 242:
1518-1526.

T, GRS AR RO T KRR AR K R W R R (D).

AL RO R, 2020.

FANG Q. Effects of zinc oxide nanoparticles on rice growth
and cadmium absorption under cadmium stress[D]. Hefei:
Anhui Agricultural University, 2020. (in Chinese)

X, Wi, DR, I, P 4k Sio, Xt
TR AERILIG O SO0 B K R AR R B RS2 )], 75
WA I A, 2012, 34(2): 157-161.

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

LIU J B, CHANG H B, MAJ Y, TANG S S, QI ] Z. Effects
of nano-silica on rice's resistance to magnaporthe oryzae and
on rice growth[J]. Journal of Jilin Agricultural University,
2012, 34(2): 157-161. (in Chinese)

RS, XIS, POAMK, BRk, VFIniE, £, AL
ARPGORL XS /K RE SRS [T]. b [ RS AR, 2016(2):
145-148.

WU Y B, LIUJB,HE Y L, CHEN W, XU L J, WANG Z.
Effect of mesoporous silica nanoparticles on Cd accumula-
tion in rice[J]. Soil and Fertilizer Sciences in China, 2016(2):
145-148. (in Chinese)

MR, TR, JEAEAE, WOCH, B AN TKEUR
AR 5 Cd TSR A AR m[T]. 388
TR, 2018, 12(12): 3426-3432.

YE X 'Y, ZHANG W, LONG J H, CHANG W J, ZENG H.
The effect of artificial nanoparticle input on the transforma-
tion of Cd forms and bioavailability in paddy soil[J]. Chinese
Journal of Environmental 2018, 12(12):
3426-3432. (in Chinese)

BREWIN L E, MEHRA A, LYNCH P T, FARAGO M E.

Impact of engineered nanoperticles on Cd chemical speci-

Engineering,

ation and bioavailability in paddy soil[J]. Environmental
Geochemistry and Health, 2003, 25(1): 147-156.

BB JLA AR S i A s, 5 HLEID]. dest: H
[ el K2, 2016.

GUI X. Bio-effects and mechanisms of several nano-oxide
materials[D]. Beijing: China Agricultural University, 2016.
(in Chinese)

MIRALLES P, CHURCH T L, HARRIS A T. Toxicity,
uptake, and translocation of engineered nanomaterials in
vascular plants[J]. Environmental Science & Technology,
2012, 46(17): 9224-9239.

MARCHIOL L, MATTIELLO A, POSCIC F, GIORDANO
C, MUSETTI R. In vivo synthesis of nanomaterials in plants:
location of silver nanoparticles and plant metabolism[J].
Nanoscale Research Letters, 2014, 9(1): 101.

R, XUEA ffad, JHWE, $A5, /M, AR, %
Kok, BEET-. ARERMNE TG POREE RS PR K
HIREERZN D). HPEIREK, 2024, 30(6): 49-54, 59.

SONG P Y, LIUJ Q, YANG J, ZHOU Y, HU B, WANG X
W, WANG B F, ZHANG Z S, CHENG J P. Effects of the
nano-silicon and active-silicon application on cadmium re-
duction of rice under different cadmium stress[J]. Chinese
Rice, 2024, 30(6): 49-54, 59. (in Chinese)

XUH. oK S AR RIA T /N Rl ).
R4, 2022(18): 47-48.

LIU X H. The effect of nano silica on wheat seed germina-

tion under cadmium stress[J]. Henan Agriculture, 2022(18):



1920

% 46 &

[26]

[27]

(28]

[29]

47-48. (in Chinese)

EAHAR. TG K LG SR K R BT 6 R A YL
FE[D]. FAt: MR RAE, 2007

WANG S H. Foliar application of nanometer silicon in-
creases heavy metal resistance in rice (Oryza sativa L.) and
its mechanisms[D]. NanlJing: Nanjing Agricultural Univer-
sity, 2007. (in Chinese)

ALI S, RIZWAN M, NOUREEN S, ANWAR S, ALI B,
NAVEED M, ABD ALLAH E F, ALQARAWI A A,
AHMAD P. Combined use of biochar and zinc oxide
nanoparticle foliar spray improved the plant growth and de-
creased the cadmium accumulation in rice (Oryza sativa L.)
plant[J]. Environmental Science and Pollution Research,
2019, 26(11): 11288-11299.

XK, WA, BEK, REFR, b, BTEE, R
&, RENIME, ZERhK, 2275, AN HOAR S Rk X K RS AR
R BUIENAL]. PEREALAR, 2017, 30(7): 1588-1592.
LIUY X, PAN L P, HUANG Y F, NONGM L, LU S Y,
ZHAO Y Y, LIANG P X, XIONG L M, LI K B, LAN X.
Effects of selenium or silicon foliar fertilizer on cadmium
accumulation in rice[J]. Southwest China Journal of Agri-
cultural Sciences, 2017, 30(7): 1588-1592. (in Chinese)
RGO, B, TR, SRR, R HETOR AR
AP T B R %S /K AR R ORI SR A 52 R [J/OL . b [ PRk
Bh2£, (2023-11-29)[2025-05-01]. https://kns.cnki.net/kems2/
article/abstract?v=VQOntgfwFMRFMItSWR8XgPa tTbUG-
xaLTgZT13_dfD8spG7GAmMCb72RtcKrQ2vwUf0BmvO4et-
VmnB2GL2j fl490n8AcMLA9PauEY3wz27nlV-UnltCFY-
uXADncVnpFsM1QbpK86j6ptN665pZzcsZrbOoXoCYkjnh
vAS4NH4MdKF4yrEcYjSA==&uniplatform=NZKPT&lang

[30]

[31]

[32]

uage=CHS.

TANG L B, HUANG Y L, ZHOU Z H, WU C R, SONG B.
Effects of foliar sprays on the uptake and transport of cad-
mium by rice[J/OL]. China Environmental Science, (2023-
11-29)[2025-05-01]. https://kns.cnki.net/kcms2/article/abstract?
v=VQOntgfwFMRFMItS5WR8XgPa tTbUGxaLTgZT13_dfD
8spG7GAMCH72RtcKrQ2vwUfOBmvO4etVmnB2GL2; {14
90n8AcMLA9PauEY3wz27nlV-UnltCFYuXADncVnpFs
M1QbpK86j6ptN665pZzcsZrbOoXoCYkjnhvA54NH4Md
KF4yrEcYjSA==&uniplatform=NZKPT&language=CHS.
(in Chinese)

2, Rgshlk, M, 2R, MHRBUELK Sio, X
BEATIY R[] R AL K2R (A SRR
}i0), 2012, 36(4): 161-164.

LI B, TAO G S, XIE Y F, CAI X L. Physiological effects
under the condition of spraying nano-SiO, onto the Indo-
calamus barbatus McClure leaves[J]. Journal of Nanjing
Forestry University (Natural Sciences Edition), 2012, 36(4):
161-164. (in Chinese)

YUVAKKUMAR R, ELANGO V, RAJENDRAN V,
KANNAN N S, PRABU P. Influence of nanosilica powder
on the growth of maize crop (Zea mays L.)[J]. International
Journal of Green Nanotechnology, 2011, 3(3): 180-190.
FEA, DR, 258, Ft AT, XIS, Rk T
X AN [ i AR R SR AR RS2 [J]. Tk PH AR K224,
2020, 51(3): 364-369.

WANG Y J, MA Y X, LI C, YANG D, HE N, LIU M D.
Effect of silicon on different rice varieties under cadmium
stress[J]. Journal of Shenyang Agricultural University, 2020,
51(3): 364-369. (in Chinese)



