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Analysis on combined remediation effect of sulfur nanoparticles-Brassica napus on cadmium-
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Abstract: To investigate the combined remediation effect of sulfur nanoparticles ( SNPs) -Brassica napus
Linn. on cadmium ( Cd)-contaminated farmland, the effects of different forms of sulfur and different
application amounts of SNPs on the growth, Cd accumulation, etc. of B. napus in Cd-contaminated
farmland were analyzed. The results show that compared with the control (no sulfur application) , both 70
kg - hm™ SNPs and bulk sulfur particles (BSPs) could generally increase the dry mass per plant, Cd
content, and Cd accumulation in roots, stems, and rapeseeds of B. napus at the maturity stage, and
decrease the Cd content in rhizosphere soil to different degrees, moreover, SNPs show better effects. After
applying SNPs, the dry mass per plant of roots, stems, and rapeseeds of B. napus at the maturity stage
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increases by 19.0%, 39.9%, and 21.6% , respectively, the Cd content increases by 26.7% , 22.0% , and
25.6% , respectively, the Cd accumulation increases by 78.9% , 70.8% , and 52.9% , respectively, while
the Cd content in rhizosphere soil decreases by 13.5%. Under different forms of sulfur, the dry mass per
plant of each organ of B. napus at the maturity stage is the highest in rapeseeds and the lowest in roots,

while the Cd content and Cd accumulation of each organ are the highest in stems and the lowest in

rapeseeds. Regarding the dry mass per plant, Cd content, and Cd accumulation of each organ of B. napus

under different SNPs application amounts, the 200 kg + hm™ SNPs group generally shows the best overall

effects at both the early bud stage and the maturity stage. Compared with the control (0 kg - hm™
SNPs) , the dry mass per plant of roots and stems and leaves of B. napus at the early bud stage in the 200
kg + hm™ SNPs group increases by 46.7% and 41.6% , respectively, the Cd content increases by 26.3%
and 19.1%, respectively, and the Cd accumulation increases by 118.0% and 79.7%, respectively; the
dry mass per plant of roots, stems, and rapeseeds of B. napus at the maturity stage increases by
31.0%, 35.0%, and 28.7%, respectively, the Cd content increases by 35.7%, 79.0%, and 42.9%,
respectively, the Cd accumulation increases by 50.6%, 184.1%, and 54.3% , respectively, while the Cd
content in rhizosphere soil decreases by 29.7%. In addition, different application amounts of SNPs could

also increase the mineral element contents in some organs of B. napus at both the early bud and maturity
stages to different degrees. Under different SNPs application amounts, the dry mass per plant and Cd
accumulation of each organ of B. napus at the early bud stage are the highest in stems and leaves, while
at the maturity stage, the dry mass per plant is the highest in stems and the lowest in roots, and the Cd

accumulation is the highest in stems and the lowest in rapeseeds. In conclusion, applying both SNPs and

BSPs in Cd-contaminated farmland can increase dry matter and Cd accumulation in B. napus, and SNPs

show better enhancement effects. The optimal application amount of SNPs for the SNPs-B. napus

combined remediation of Cd-contaminated soil is 200 kg + hm™, and it is recommended to harvest at the

early bud stage.

Key words: sulfur nanoparticles ( SNPs); cadmium-contaminated farmland; Brassica napus Linn.;
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Fig. 1 Effects of different forms of sulfur with application amount of
70 kg - hm™2 on dry mass per plant of different organs of Brassica
napus Linn. at the maturity stage in cadmium-contaminated farmland
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B2 FRMEE(HEAE 70 kg - hm?) 34E(Cd) SERREFEBAYHEREDRE Cd 2 Cd REEHNHM
Fig. 2 Effects of different forms of sulfur with application amount of 70 kg - hm™? on cadmium (Cd) content and Cd accumulation in
different organs of Brassica napus Linn. at the maturity stage in Cd-contaminated farmland
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B3 AEFESF(MHEAE 70 kg - hm™) X485 ( Cd) 737K B h R
HmSERIR L Cd R EHR N

Fig. 3 Effects of different forms of sulfur with application amount of
70 kg - hm™ on cadmium ( Cd) content in rhizosphere soil of
Brassica napus Linn. at the maturity stage in Cd-contaminated
farmland

F1 FEHKEL(SNPs) EAEMNRTRREAFNEPNR AP HEAFARE LR T RENF N (X=SD)
Table 1 Effects of different application amounts of sulfur nanoparticles (SNPs) on dry mass per plant of different organs of Brassica napus Linn.
at the early bud and maturity stages in cadmium-contaminated farmland (X+SD)"

SNPs Jifi &/ (kg - hm™2)
SNPs application

IR 25 A B Bk T Bt/ g

Dry mass per plant of each organ at the early bud stage

YA 2 bR T TR g

Dry mass per plant of each organ at the maturity stage

amount AR Root ZEI Stem and leaf HR A Root ZEFF Stem FF5 Rapeseed
0 3.60+0.19Bb 11.07£1.69Ac 24.41+2.18Bb 50.54+5.71Ab 50.34+1.32Ac¢
50 4.33+0.31Bab 11.06+1.82Ac 25.55+£0.60Cb 71.72+4.67Aa 57.51+4.42Bb
100 4.34+0.58Bab 14.16+0.69Ab 22.49+1.76Ch 67.66+11.77Aa 50.54+0.38Bc
200 5.28+0.91Ba 15.68+0.68 Aab 31.98+3.91Ba 68.21+£5.00Aa 64.79+3.67Aa
300 5.35+0.80Ba 16.81+0.18Aa 22.92+5.48Bb 64.34x1.14Aa 57.03+4.98Ab

D )7 Hp ) — B Y B0 A 5] R S B 3878 78 R [) 4% 7 6] 22 5+ 1. ( P<0.05) Different uppercases in the same row within the same stage indicate the
significant differences (P<0.05) between different organs; [R) %1 /1 [F] — &% B MR [F] /NG S 8E 3R 7R 76 A [t ] 2 7] 22 5 {8 3 ( P<0.05) Different

lowercases in the same column within the same organ indicate the significant differences (P<0.05) between different application amounts.

222 MEHRFRAMHERRNRZE C A4S/
Cd REZWHm A SNPs Jiti FH X} Cd {5544 H
HRIES R B A S AR R 25 B Cd % o AR B i
PR 230 L6 2 e 3,

2 BT L, w175 ], ASIR] SNPs jifi = 3 A R
[ B T VSRR R AN ZE T 1 Cd & &R Cd FL 2R
o, BUCRE SRR A MZEA Cd FEM cd
ZURTE 200 kg - hm™ SNPs 45, Cd & 143 Bl e vt

HEIEHN T 26.3% A1 19.1% , Cd F 254 1) 452 % IR 14
T 118.0%#179.7% , [— SNPs jifi FH& T , =R
FEZEMHEP Cd SRR EZES, HZEMH Cd HE
HRESTRR,

R 3 AT, B AN (] SNPs Jit FH B 254N [R) 7
JERR S TR ZEFF AL 1) Cd & &A1 Cd 2R
L, MMACKEE SRR R FZEFN Cd S A Cd
ZHHTE 200 kg + hm™ SNPs ZH 5, IZ4R R 2RI
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FFEZH Cd B4 BT BRI T 35.7% .79.0% F
42.9% ,Cd BB 550 B BRI T 50.6% ,184.1%
H154.3% ; MIMSEAFS2AY Cd S5 Cd L 2R AE 300
kg « hm™ SNPs 2L i 5, 43 B0 FRBS N T 128.6% Fil
140.1% ., [A]— SNPs jifi & T, MR R Cd & 2 e

i HLIEAR 1 I 3 25T RS Cd & i i i L 3
ETF 25T Cd R BRI M i MR RKZ
KSR A, ELBR T HEXT BRI 50 kg - hm™ SNPs NHR &
FZEFFEIAY Cd B3R i 22 5 01 W 351, HiAY SNPs Jifi
MR TABERMN Cd B RERY B,

F2 AEYKF(SNPs) EAEXIR(Cd) THRRAFVEPHZEARERE Cd T2 Cd REBHFIN(X=SD)
Table 2  Effects of different application amounts of sulfur nanoparticles (SNPs) on cadmium ( Cd) content and Cd accumulation in different
organs of Brassica napus Linn. at the early bud stage in Cd-contaminated farmland (X+SD)"

SNPs Jifi it/ (kg - hm™)

KAE Cd&E/(mg - kg™!)  Cd content in each organ

FAnE Cd FUEH/ug  Cd accumulation in each organ

SNPs application amount A Root 20} Stem and leaf HF Root ZE1} Stem and leaf
0 5.51+£0.31Ab 5.34+0.41Aab 19.34+0.44Bc 61.46+12.31Ac
50 4.16+0.16Ac 3.64+0.39Ab 17.94+0.57Bc 55.91+3.93Ac¢
100 7.21£0.39Aa 5.38+1.01Aab 29.59+6.22Bb 83.76+0.98Ab
200 6.96+0.69Aa 6.36+1.09Aa 42.17+£0.94Ba 110.47£12.51Aa
300 6.17+0.45Ab 5.92+1.52Aa 32.79+2.53Bb 84.81+0.56Ab

D & 47 A — 38 AR AR R K 5 B 3R 7E AN TRl 2% B 8] 22 53 {8 3 ( P<0.05) Different uppercases in the same row within the same index indicate the
significant differences (P<0.05) between different organs; [R5 5 [5] — &% B FIAS[A] /NG - B 32 7 £ R [ it i #2: (8] 22 57 2. 3% ( P<0.05) Different

lowercases in the same column within the same organ indicate the significant differences ( P<0.05) between different application amounts.

£ 3 AEYKE(SNPs) EARMIR(Cd) THRRAFRAYPHEAERE Cd T2 Cd REEHHI(X=SD)
Table 3 Effects of different application amounts of sulfur nanoparticles ( SNPs) on cadmium ( Cd) content and Cd accumulation in different
organs of Brassica napus Linn. at the maturity stage in Cd-contaminated farmland (X=SD)"

SNPs jifii =/ (kg + hm™2)

KEE Cd &/ (mg - kg')  Cd content in each organ

HAE Cd 12/ pg  Cd accumulation in each organ

SNPs application amount M & Root ZEFTF Stem sz Rapeseed R & Root ZEFF Stem s Rapeseed
0 7.48+0.62Ab 4.43+£0.92Bc 0.07+0.01Ca 182.77£25.43Ab  195.87+3.33Ad 3.87+0.63Ba

50 8.61+1.36Aab 5.57+0.12Bb 0.11+0.01Ca 251.84+71.08Aab 299.21+74.12Ac 7.80+1.68Ba

100 9.06+2.18Aab 6.08+0.23Bb 0.16+0.09Ca 201.34+33.51Bab  387.36+77.61Abc  7.73+5.30Ca

200 10.15£2.24Aab 7.93+0.27Aa 0.10+0.02Ba 275.23+16.92Ba  556.51+48.99Aa  5.97+1.32Ca

300 11.00+£0.08 Aa 7.03+£0.66Ba 0.16+£0.03Ca 271.56+47.62Bab  453.27+£50.25Ab  9.29+0.90Ca

D @47 R A —$8 AR B AN [R5 bk s 76 A 6] 8% B (0] 22 5 | 3 ( P<0.05) Different uppercases in the same row within the same index indicate the
significant differences (P<0.05) between different organs; [ %1) o ) — 2§ B B AS [8) /NS 2B 6 78 26 A e FH B e 22 55 I 3% ( P<0.05) Different

lowercases in the same column within the same organ indicate the significant differences ( P<0.05) between different application amounts.

223 sEMPRAMBERRNBRET RLES
T Hh NIEAL SNPs XHHSEAR N0 5B 55 R4
IR B EEAERZ R, X} ASTR] SNPs Jiti FH & T Cd 75 YLk
HH H ) 25 A BB T SR TRl 2 B B BT R S =
AT T IRE, BT G SRR S Cd S = A Cd
R R EMTRRMZER, T RBMEE Cd £%
AR B 55 L K 22 5, U S [F]) SNPs
fits F A T Cd 15 Bk HTrbag 25 10 3 SR AR Fn 25 i
FoeE & (Bl 4) DL S iR A 25 0 o
JUE i (ES) T T,

MK 4 B] 0L 035,100~ 300 kg - hm™ SNPs 41
HRFZEMAY K &4 .200 kg - hm™ SNPs ZHHR & P
& 300 kg - hm™ SNPs 40251 P & & MR & Mn
£E 200 F1300 kg + hm™ SNPs 2025 Mn &5 DA K

100~300 kg « hm™ SNPs 41251 Cu Ml Zn & 534
FE T R AR R AIZENT Y Ca Mg Fl Fe 71 DL K
MR Cu Fl Zn & i A R[R] SNPs Jifi FH o [8] 1) 22 55
IR, [A— SNPs i /& T, MR &M K .Ca P Cu
M Zn SEBMETZEM JFH SR RN K Ca,
Cu H1 Zn 555 LSO BB AT 300 kg + hm™ SNPs 41 &
() P P i 8 bl IR T 2R 0 T A5 AL BRZHAR R Mg Fe
A Mn S EHE T2 JF H R R Fe Ml Mn &5
3 T EE

ME S AL, 3, 50 ~ 300 kg + hm™ SNPs 41
MR FZEFFAY K FIl Mg &5t ZEFFHY Ca Fll Fe 5L
FARZM P Mn CuZn & Gk b P, B 5%
MR 22 F 2 R0 AR RN Ca Fe & LA ZEFFY
P Mn Cu . Zn 75 S FART X 5000 iR 22 4



88 IR 7/ I RS R TN A< $H35%
401 _ 201 = 4r 201
5 Aa Aa Aa 2 A2 Aa N £ nana 8 g - AsbAgb |E0 Aa
z ; . k5
£30F ., Ab 215 Aa Aa G0 SSAR Amy Aa Asha 515t 2 AupAC B
v o = a - B
. Bab| | Bal B - Bab| - s
7, 20fBd |Bb 1ot o2t T, 10
5 n o n
o0 ch o0 chn
= 10f = stod | B Bal | & = 1t = St
4o &1 & &t
< LR, e LB B, = R B, = L
0 50 100 200 300 0 50 100 200 300 0 50 100 200 300 0 50 100 200 300
SNPs Jifi J #t/(kg - hm™2) SNPs Jiti F #/(kg - hm™2) SNPs Jiti FH #:/(kg - m™) SNPs Jifi H #t/(kg - hm™2)
SNPs application amount SNPs application amount SNPs application amount SNPs application amount
15000 = 501 Aa =301 = 2500
g 2 ] g
2 = 2 k5
g S a0} g Aab 8 200} Ab AR
> Aa E = o Ab
£1 oo} A Ab T 20t N
~ ~ 30fAbc ~ ~150F
H 20 20F o 2 100F
2 so0f g Bd g"lo- 2
= = ot ] = solp Ba
g 4o 4o <0
2 g = g
0 = 1 © 9 0 L )
0 100 0 100 0 100 0 100 300

GNPq T'f:)-H i/(kg hm”)
SNPs application amount

§NP9 J“E}-H i/(kg hm”)
SNPs application amount

§NP§ TEJ—H:p/(kg hm”)
SNPs application amount

§NP9 fﬁ:J-H:p/(kg hm”)
SNPs application amount

O. & Root; O: ZEM Stem and leaf.

i) — it FH 2 A F AN R R E R R s R AR A 48 B 18] 25 5% .35 (P<0.05) Different uppercases above the bars within the same application amount
indicate the significant differences ( P<0.05) between different organs; [f]—&% B+ F _F WA [F /NG T8 678 76 A [a) it B & 7] 22 53 1.2 (P<0.05)

Different lowercases above the bars within the same organ indicate the significant differences ( P<0.05) between different application amounts.

B4 FREHRE(SNPs) EAEMRESRKAFNER IR ADRET RTEREENEN
Fig. 4 Effects of different application amounts of sulfur nanoparticles (SNPs) on mineral element contents in different organs of
Brassica napus Linn. at the early bud stage in cadmium-contaminated farmland
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Fig. 5 Effects of different application amounts of sulfur nanoparticles (SNPs) on mineral element contents in different organs of
Brassica napus Linn. at the maturity stage in cadmium-contaminated farmland
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Fig. 6 Effects of different application amounts of sulfur nanoparticles
(SNPs) on cadmium ( Cd) content in rhizosphere soil of Brassica
napus Linn. at the maturity stage in Cd-contaminated farmland
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