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Abstract ; Mhe use o heavy metal passivators to prevent.'.\}e;getables from absorbing heavy metals is an important measure to control
heavy metal-polluted vegetable fields and to ensure the safe production of vegetables. A pot experiment of planting three times in
succession was conducted to study the effects of Bacillus megaterium N3 (N3), rice husk biochar ( BC), sheep manure organic
fertilizer (SM) , strain N3 combined with biochar (BC +N3) , and strain N3 combined with sheep manure (SM + N3) on Cd uptake
and the functional stability of lettuce using a heavy metal passivator only at the first planting. The comprehensive applicability of the
passivation materials was evaluated by the dynamic weighted comprehensive function. The results showed that when lettuce was planted
for the first time, compared with the control, all the heavy metal passivators could significantly reduce (61.2%-81% ) the Cd content
in the edible part of the lettuce. However, in the third cultivation of lettuce, only SM + N3 could significantly reduce the Cd uptake by
lettuce, which indicated that SM + N3 had the best functional stability. The dynamic weighted comprehensive function was used to
evaluate the Cd content in the edible part of fresh lettuce, available Cd content in the soil, yield, and remediation cost. The results
showed that the comprehensive applicability of SM + N3 was the best, followed by that of SM, BC + N3, and BC, and the
comprehensive evaluation effect of strain N3 was the worst. The results of this study provide a theoretical basis and technical support for
remediation of heavy metal-contaminated vegetable fields.

Key words: heavy metal; passivation remediation; functional stability; comprehensive evaluation; lettuce
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B (50 mg-L") , HEAfEHFHRAERKMEET,
PEIE: 1 FREE 4 [ e A A 0 A 0 B PR R N3 B B
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pH % 7. 84 RIAHLFNRY. 5 g-ke™", REIIE] ol
H 5 K B RE T2 R AR L P | X, Cd AP
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Table 1  Classification of evaluation indexes of the immobilization effect

e % KA — i B2
Bt A SN B A Cd R/ mg kg ™! 0~0.32 0.32 ~0.56 0.56 ~0.87 >0. 87
T HEAHES Cd T/ mg-kg ! 0~0.44 0.44 ~0.71 0.70 ~0.99 >0.99
Fedt/kg - km 2 >915 690 ~915 467 ~690 0 ~467
BE A/ I0 - km 2 0 ~300 300 ~ 1500 1500 ~3 000 >3 000
100 000 000
2 HBRGSHW
10 000 000
2.1 ZEWALHRER N3 B77E R 31000000
HE 1 ATLUR ) A0 R TPk N3 REASARAF 5 100000
TEAEY I ECE FZEA DU h A7 ﬁ&i?ﬁi@“%&iﬁéﬂ § 10000
10'CFU-g ' R AEAEIL S A H G, AWk g '™
=2 100

%¢%%%%ﬁﬁﬁé@ﬁ%ﬁﬂ%?%ﬁ‘
A F BB AR N3 1A 8500 B AGA ) 10°CFU-g 7. ﬁ'ﬁ

10

I 1 1 1 1 1 1 1 1 1 1 1 1

A BN P IR BB AT B B AE S 8 A 0123 %ﬁ;w; O
e vand | I/
L b2 SR I 38 5T 4 I A AR e Tl Fig. 1 ?‘olony numurrg of strain N3 in dﬁ‘ref

H 5 ﬁﬁé‘i%ﬁﬁ Tﬁﬂﬂﬁﬂl%ﬁﬁﬂﬁfﬂy 5 /I\"H . hﬁa'vﬁ metal pas%lvalors

2.2 RS ##]}Z”ﬁﬂﬁiééﬁ%%@4b?ﬂ t0d LA 64,20, qaggxgiﬁaexﬁ Co B % S 36, seﬁbﬁg%w
;wg%ﬁﬁﬂ%“mXﬂﬁﬁ % I TR A g 8. 59, 6385 Ao
%ﬁ%%ﬁ~?ﬁé4” 4.93 mgE” ?ﬁ %ﬁfd@%ﬁiﬁ%ﬁ%Lﬁ%ﬁ%E@ﬁi%ﬁ
N3, B, SML BCk N3 A1 SM + N3 ﬁ@ﬁ: Gt 5 AIEAY Ca G SR .
E/ZU“}Z(W%E&FE 2) K ULWI S’fﬁhﬁﬁﬁé@ﬂa' \ AR 1 A, %A TRAL R pH LT
S 5 g B O C . S BT BUR (AR5 53 30 d U A FRARL N3 e
it Cd’él’}'PZ{Kﬁ H982. 4%, YRR Cd MR @ pH i 8.32, AbFEZL BC HOR T pH N

9.0

== Cd(CK) == Cd(N3) — Cd (BC) messm Cd (BC+N3) oomssm Cd (SM) mmmm Cd (SM+N3)
——a— pH (CK) —a— pH (N3) pH (BC) === pH (BC+N3) ==s== pH (SM) = pH (SM+N3)

CdifeJiE/mg L™
eFilpHAE

Higemti/d
B2 ARESBESELFINERS CdREREM pH ERRIT

Fig. 2 Effects of different heavy metal passivators on the Cd content and pH in solution
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Table 2 Influence of flequ metal passivators on the dry weight of lettuce ' —
- Fl/g-#5 " o F2/g 4! | & \ F3/g- % 4 |4
A A - AT TR A | TRy Bx S
CK 24.8 2.43¢ 7.87 +0.45d £23.641.7d 7.5 ilo“. ad | 24 02.33c 7.92+0738d "
N3 35,7 £2.75¢ 12.6 40. 68h 30! 6.£193¢ 9.740488c s 95 Mxdsdc 7.13 £0:32d |
BC “._._29'.. 62, 23d 9.64 £0.63¢, | f,-s_;ﬂ +1.62¢ 9.7 +0. §~7'c ~ 2. 7#2. T3c 8.27 0.43d
BC +N3 " 41.6 2. 65D 15.7,£0. 8447 & 4387 £2.75h 13.50/91b | | 33.9%3.23b 10.60.87¢ 45
SM /3102 k1,92 13.440.95bs ' 36.8%1.32D 13.4.£0.95b 342 +1.32h 1244 £0.95b
SM + N3 ' 48.6%3.71a 16.7 41012 4306 +2.143a 15.7 +1412a 41,6 +2.43a 15.3 1,125

R A = bR (0 =3) 5 FL: 55 1 PO, F2¢ SRR R, F3: 55 3 WCRA RSN/ 4 B m A B T 7 0 %253 (P <
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o1 SM + N3 Fll BC + N3 BH #5422 v] & 350 43 W i
Cd WJREJI R T SM W BHI=RE J). 55 3 IRFIAfL RS, 5
XTREAH H, SM + N3 92 2 B 1K A= 3 n & 8 43
(66.3% ) FIAR B (64.3% ) Cd #Y &+, 1 N3 . BC,
SM F1 BC + N3 Xf A3 a] & 6 43 Cd iy & i o b 3
RN ZF I PR N3 AR s AR PSR 1 ORI LA

: ) ' A
‘.-" P —

RHEA% £E S Wi Cd I BE T B TR SR 2 IRFNEE 3 Ik
B, 33 VO ot A 70 DU 82 A T BHL A SRl Cd 1 BB
I, FZEA VA ik 2 A W IEFESS 3 U FPAE B
ARETRHEAZER I Cd EES, MIEXE A E
NETE I A A AR 34 5 BH % AR 2RI Cd Y g
J1. IR A F R B D) RERe e M 2 e i 1.
2.5 KNIRE 48 B Ab 7 % A SR PR 13 Cd B4
G AT 5

Cd DL ZMIE ST L3 R 3hnl 22
A Cd B, A BRI, ALY G S
Cd RFRERZS 575 Cd MR E LA Cd SR ANA
Sy YWl AR S Cd 7E S RS S
B AR L. BBl 4 FTLLE 5 1 kR
FERS, 556 BEOR BE , 451 3 4 Al AL R B e R AR A 5
KB 3 A] S #AS Cd(29. 4% ~52.9% ) 15 &
Jngk i 2 Cd (50. 1% ~ 100% ) 1 & & Ak, T bk
N3 FIAEY) o A o I I8 B 3G ik FR £h 45 A & Cd
(5r5k 46. 6% F126. 7% ) W&, FHEMFIELE G
FRIAE G 3 38 Bk 48 S AE A Cd (43 3h 71.4%
78. 6% ) W) T ik, 1 AR W e RN AR Wk B A TRIE 3



5 PER P4 . 4 JBEIAL R B3 Cd M Th REAR 2 A FH 2507
3.0
a W CK [OJN3 B BC []BC+N3 SM SM+N3
a
25
T';-" 20
-11]
£
-]
& s
o d
= h
ﬁ /
g 7
o 7
o 7/
7
/
7
/
7
7
L
F2
FRRLE
FI: %5 1 AP, F2. 55 2 RFIME, F3: 55 3 WHME, T A ARVNE FREFIRA I [A1A i3 22 5 (P <0.05) ..-e-""f-_',._n
B3 ESEUUAMERSAR cdaBOEM | A
Fig. 3 Influence of heavy metal passivators on the Cd contentu)f lettuce!! b I
| “ F,
¥ N 3 hom P
- B &itd 0 fimsies B BEsemsad B aaEksias W TRRE
90
o 80 —l i “i
'fé ‘ I . | = N ""“I
& 70
g . i
g o0 _ |
& |
B s .
o L
B 40 |-
%
330
S
20
10
0 [ fad] 4 fad] faa] v © 4 [a] fad] ) fad] 4 [as) fa
$ 2 B 2 5 2|8 2 B 2 8 2|8 2 B 2 § %
2 Z 2 Z S &
Fl1 F2 F3
b B

B4 EXRETERAERS CELENH

Fig. 4 Distribution of the Cd content in different forms of rhizosphere soil of lettuce

HINA PSS A3 CA( 415128 30. 4% F126. 1% ) 1)
T 5 2 RPN, 55X EAE L, TR RE N3 X AR SR
MRBR 3 Cd BT A 434 JC Wik 35 52 A, A= ) e Rl AR
Y i A v I R % S 5 B I mT 38 4 2% Cd (43 3
25.8% F1 41.9% ) W) & at, B ERE AN EGE
Cd (435K 28. 6% F138. 1% ) FFRHEZS Cd (439K
47.1% F1 58. 8% ) [ & &=, M FIEMFEIRE SN
M % i 25 A AT 52 4 25 Cd (4351 29. 1% % Al
48. 4% ) i) T i, 3 PR R SRS cd (R
60% % M1 73. 3% ) FMFRHEL Cd (535K 29. 4% % F

47.1% ) ()i, 55 3 R RS, S50 IEAR Lt R F
A G HWIEREYS B RN AT A8 A Cd(43.3% ) 1Y
i, RS R LA Cd(78. 6% ) FlEkiE A
Cd(47. 1% ) A F St i HAEE 4 Ja 4l A 700 AE Sl
PR3 Cd #9504 0 i & R . 25 1, B AR N3 HL7E
551 YRR B ELAT R AR A SEAR PR 38 250 Cd &%
HINEETT , LEW i AW G R NE AR 28 PLUIEALE
55 3 IRFIE I A 25 T Bl A= 32 AR B 3 2GS
Cd S EMEES] , MR G WICTE T A i FpE b 1y
HA PR A SRR bR+ 3EA 50 Cd SR mae sy,



2508 EZN

i

B 42 %

L
&

U2 E A HIE M T B RS 2 fe i 114
2.6 NIRVE 4 Al Ak 7 0 AR SEAR PR 13 pH A HL
5 RV T3 15 T

F 3 AT 28 1 RIS, 50 B HE, 454
45 JE Bl AR R 1 R 3 R AR SEAR PR 5 pH (H
(H17.03 FHE 5] 7.08 ~7.20) , Hordh A= ¥ o FL A )
PR A BN A SR AR PR - pH (A RE ) .
55 2 WFIREIS , 55 BEAH H, B AR N3 XA SEAR PR £
HE pH (EJC B 35 T A= ) o EEEAALIE B
WA FIEAEFEE A R RS 8 18 A AR bR
+ 3 pHE (1 7.02 TR 3 7. 12 ~7.15) . 45 3 IKFh
REE, 55T RRA B, SE 38 HUIE A E 2 5 A IR RE A%
PR A SRR PR 5 pH R, T G A A B U X6 A
SEARBR 4% pH (EJC R R m. 55 1 R REE , 5%

MRAR LG, BR T R N3, HR b J B 6e 8 %  &
(10.2% ~41. 6% ) A= SEAR PR 358G HL 1) & 5. 26
2 YRS 3 AR, 555 BEAH HE , 2R 28 HLAE =
AR IRRENS W E PR (27. 9% ~39. 8% ) H3E AR
Br - HEAT ML A 5 2, 1T R At Ak JHE ) X6 A S AR B £
FEAMUTIC W50, 5 1 IRBIAE N 50 TRAR L
bR T AR, BERE N3 SEEEAPUIE AR A R
FIEZ 05 T RE 6% 10 25 02 1= A SEAR B + IR 1Y)
T (51.3% ~68. 1% ). 55 2 S 3 IRFhAEIT , 5
X REAH L, 2R 288 HUIE A 2E 38 4 4 1R IR BE 8 2 4
(21, 9% ~36. 9% ) = ZE AR s - 1 R g 110 3% Pk i
LA Ab B0 %o A AR B - S8 i il 1) 3 PR TG B R
Wi T AE 3 UCFPAR It R v, 45 A B A AR B 1 48
AR it R 3o A ST 17 305 2 2 TG W 3 R

%3 BLBHAAMERRELRSROEE - Py,

]
Table 3 Effects of heavy metal passivators on the rhizosphere so6il quality jof lettuce = f i
) A ﬁ o O RE R \ ﬁﬁﬂi%ﬁé}‘
=" Ui H pH {H /g:‘.i;g - (LA NH;-N/soil ﬁ“) i ( Lk glucose/soil 1) (2 Hzoz/fﬂ"ﬂ i) |
. 8 /mg+ (24 heg) "} /mg-(24'h-g) - /mg-‘(SO__,ﬁlin'g?A-"l”“,
CK 7.03£0.02d | 25.7x1.24c 14. 4 +0. 76by /77,48 £0.43a 0. 87.20,08a ¢
A3 7.08£0.02¢) 24331324 2281120 o 7.8 £0/54d 0.76 £0. 064
o / aBck 7.19£0.024 /| ‘2‘8..3 rt"?j]i-b 15.320.83b) / & 7.53£0.56a 0.7920.07a | _~
4B 43 7.20 0. 032”4/ 29" 767232 21.8+1.16a / 7. 48 £0.450 0. 8240064
=~/ gM 7.11£0,03b¢  , 38.7 +2. aFx 2221364 § | 158065 0. 76 0. 06a
SM.+ N3 7.13 £0.025 /' 136.452.31a 24.2+1.14a go | | 7.34%0.55a 0.78 +0:07a"
CK 7.02+0.02h) | 24/ 1+1.54b 13.5 0. 56¢ 7.65 +0. 36a 0.83 +0.07a
7 N3 7.030d02b ' 24.3+1.83b/ _ | 15.7 +0.96¢ 7.43 £0.76a 0.85 +0. 06a
S LY B C 7.13:0.03a0 267 12.-4'3:_1},_;--"" 13.8 +0. 83¢ 7.44 £0.53a 0.78 0. 06a
BC + N3 7.15+0.02a  25.4 £2.35h 14.3 +0. 66¢ 7.56 +0.45a 0.87 +0.07a
SM 7.13 0. 03a 32.7 +2.54a 19.8 £0.97b 7.34 £0.59a 0.77 0. 05a
SM +N3 7.12 £0.02a 33.7 +2.15a 22.3 +0.76a 7.56 +0. 58a 0.87 £0.07a
CK 7.02£0.02b  22.2+1.13b 13.5 0. 54b 7.33 £0.75a 0.83 +0.07a
N3 7.03£0.01b  21.3£1.17b 14.1 £0. 56b 7.54 +0.43a 0.86 +0. 06a
- BC 7.04£0.02ab  22.4 +1.67h 13.2 £0.75b 7.34 +0.43a 0.79 +0. 06a
BC +N3 7.06 £0.02ab  23.3 +1.12h 15.8 +1.26h 7.65 +0.43a 0.77 0. 09a
SM 7.08 +0.02a 22.4+2.13h 19.1 0. 94a 7.65 +0.43a 0.76 +0.05a
SM + N3 7.09 +0.03a 30.7 +2.17a 19.3 + 1. 06a 7.42 +0.43a 0.79 +0. 06a

DB A FIME = bRfE2E (n=3) ; F1: 551 ORME, F2: 5572 YKRME, F3.: 55 3 AL, [RIZUAREDNG FRERR AN 2 1A 835 22 5% (P <

0.05)

2.7 GEABURIA

M A S T & HER Cd & & | LA 308
Cd & B E Mg B E A% 4 Nyt
BB S IIEE & BB ST L5 AT I
Al JUANHE 4 B4k 550 o FH . AR 2R 1 a2
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Table 4  Calculated values of the comprehensive evaluation index function of heavy metal immobilization materials

A REAR N3 BC SM BC + N3 SM + N3
A (F1) 1.3512 1.0517 1.0917 1.463 8 1.2933
PEALE (F2) 2.2174 2.0724 1.1237 1.306 8 1.104 6
PEALE (F3) 1.978 5 1.978 5 2.2015 2.3044 1.1632
3 IREFATARIE(FL + F3 +F3) 5.547 4 5.1026 4.4169 5.075 3.5611
3 WEEAHEY 5 4 2 3 1
3 i FEHEEE, 7 TAA SFEEEY K HR R
m#ﬁ&&%iﬁﬁly&?ﬁiﬁ%ﬁ%tﬁE@X??ﬁ%[f_zﬁ]. F
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P TR 4 8 1 W ) KB 5 9 A
WAL T 4R (A5 40 4 R il Ao
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