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OB BETE (PSB) ZE4R (Ph) 5 Yy ™ 5 PRI T A7 ARG T4 25 B SRR ARTT 55 (n) 8, ACHIF G803 B 2 5 380R W B 4T 4E R
(CMC) R B AL BIBRAL T 2 (FeS) , #54 PSB i 4 T REAL A R (CFB.—P) , F T Ph ¥ 4 H 406 &, 445 EL 45 A% Ph X 3 R4 1 A
HIRE S B ML . S5 HFe B, TREAL AR 0 A = 00E (2% (e I L R0 AR 0 Ak A/ FH 11 22 £ P, LA RO B 3K 452.99 mg- 7'
CFB-P B AR B A BERE J7 I B A 3K 140 mg- L7 LA E o AHEL T CK ARSI, CFB P il RE A 1K 135 Ph 1 2R A 20k, i b
HRLN P AR 38 Ph A AR WA R 5, 43 N 63.84 mg kg F115.96 mg- kg FAAILF 5.59 mg- kg A1 1.39 mg- kg™, AT FAAIE Ph
X T H NG A E T . CFB—P Wit i AT 2 385 52 i B i i bk i ARAS (EE BT L, 435I 6.1 em K7 1.2 em - #71.0.87 g Bk
HME 127 em- B 4.1 em-#R7 6,52 g+ Bk, A AR SRS AR . BFFE R WD RE AL TR CFB P X 3% Ph HA (i sl Ak 1
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Passivation of Pb( Il ) in soil and promoting cucumber growth using functional microbial agents

ZHANG Lin, WEI Shuqi, BI Fuxuan, REN Zheyi, CAO Bo, ZHANG Ying, QU Jianhua"

(Northeast Agricultural University, Harbin 150010, China)

Abstract: To solve the problem of poor activity and low remediation efficiency of phosphorus solubilizing bacteria (PSB) in environments
with severe Pb pollution, bone char was used to load ferrous sulfide (FeS) with the stabilization of carboxymethyl cellulose (CMC). This
was coupled with PSB for synthesizing the functionalized bacteria agent (CFB,—P). CFB,—P was applied for the remediation of Pb
contaminated soil, and the performance and mechanisms of alleviating Pb stress in cucumber were investigated. The results showed that
CFB;—P possessed high adsorption performance for Ph( I ), with the maximum adsorption capacity of Pb( I ) being 452.99 mg-¢™' through
chemical precipitation, complexation, electrostatic attraction, and biological mineralization. Furthermore, phosphate—solubilizing amount of
PSB in CFB;—P was enhanced to 140 mg + L™, In comparison with CK, application of CFB,—P in the soil could effectively reduce the
bioavailability of Pbh and decrease the hioaccumulation of Pb in the shoots and roots of cucumber seedlings from 63.84 and 15.96 mg-kg™ to
5.59 and 1.39 mg- kg™, successful alleviating the toxicity stress of Pb on cucumber seedlings. Meanwhile, addition of CFB=P to the soil
significantly increased the plant height, root length, and fresh weight of cucumber seedlings from 6.1 cm - plant™, 1.2 ¢cm - plant™, and 0.87
g+ plant™ to 12.7 e¢m + plant™, 4.1 em - plant™, and 6.52 ¢ - plant™, effective promoting the growth of cucumber seedlings. The study
demonstrates that CFB,—P has excellent passivation properties for Pb, and can be considered as an efficient potential remediation agent for
Pb contaminated soil.

Keywords : phosphate—solubilizing bacteria; bone char; FeS; carboxymethyl cellulose (CMC ); Pb; soil; biomineralization
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B POENE WM ESEZ — e A2y
ANE Bt R BEIR AR Tk R Ak BN Y KT
IKHE W S R AN L i ™ A P S
e [ e, T 4R Ph HLAT S K AR AT
P UL B M DA R A S R 1R, B 76 3 vp 2R, R 8005
Y - 58 v (R A A AR FOKG P B as B P S
WAEKESE , BAED &Y sy, 5 —Jr
7, Ph AT 38 o £ W55 i) e R AR AR R BB, i
TR AL TH AT R G, R 2 ™ E R )
ILEMEIRE

CAMREN B L EE S Em G YRR 2
LG AR B AR AEWEE B DL St fa e £
AREEN, Forf AR G S R R LR A L AR
O WRIE Y, Z 8 T 280 2 R EY, R
N F I E A B A R (PSB)E
TR B TR , T 430065 AL IR R I 1 T T T o
TR RREL ik AR Y AR VE A B R £R 5
Pb JE BUER A2 B #5457 [Phs (PO.)sOH Fl Phs (PO.)5Cl],
ML AL e B PO SR, T IR B A A 2
PR K 5 Y PR 1 S 25 P L PSB AR 1 4552 3 e vk J3E Vs e
PR EEMN B L E R ATERR LR, 7
PSB G PE T [ S A 5 OB AR R S )i, S gk ik
[P/, ] L3 2 1o A 0 1 Al 4 AR PSB 1 76 R AR
FE P Can o = ATEYETS U8 ) 35 BUR A 2L 5 (N
IR ) SE B AR ML I, 32 55 PSB I I 1 JO6) 5 v e
J& Pb W it 52 P R T I AR MR
(BC)J&—Fhsh W8 & 78 TC SR 551 B0 1l 5 1) ' e/
B, FLHA R IR FLBRZE ) 3 & 2 B e M
AT AR AU 125 PSB A BRAR AR A B . A1, BC A AT
PL$E =5 PSBHLEEVE RN 52 J7 , i 7] LA PSB £ {1 B
FAAEIREE . (RIS, PSB A AT LA & S R R 19 BC
Vs ik TR T R AR, 5 U b 2 i Ph 1 W B AN AR 1
A, SR AR A R A5, BC X P (W B RE )
B, TCHk 58 4G5 1% Pb % PSB (& MEm Rl . Rtk , A 4
BT —Fh 2 DB 2 AL JL TG 5 PSB X Pb i A4
w1k,

MHT, TAREG AR AT LA RO h R 11 4 8 EA
BRI -2 R oK, HA ARG AT R g
KARACTLER (FeS) K HAZ A MBHEA R B H R TR
DL Kt 5 0 0 B 8 7, AT AL Fe™ 1 S 3l £ B F A2
o PTYEE I B E SR, SR, YRR 2R S
KAAR, H 55 8 B A 5 & A 0, (i o AE 4 3
HH RSS2 N7 T PR T e BELRS T AR i — 2 R

1% WHART]

o R BLET4E R (CMC) S —Fh DAL 2 2 PR B
I JCEE RBAS B 2208, AT LA S A3 AR 7R %5 1k
20 K JBORE 141 5%, AT 412 15 290 K JBORE 9 B 1, g
b AR L BE 8 38 i 11 72 A A FH DR PR AR T 4 114
AP RE TR,y PSB K WA S SR IE B 2R
KR, Il , AW EE T - Wi 5 1 52 P
&L R BC N EARFEL, [A) I 171 2 CMC E2E LY FeS
VAL PSB., il £ B A SV Bk D) BE A A ) i 5 A 0 R 1
b RALLE S P HAL AR R MBSO 55
TR PR S S i R RE T 2, AR S 8
OB E G R SO B s HAAE PhCTD) Y
PLH

1 #MRETE

1.1 K 135 Bk R R

P - R 7 B e VLA A IR U T 3 AR e gk
FH B 22 )2 1 38 (0~20 em) , - HESS TR Sy 5 A g | - 45
pH A ML 4 B 2 AT R0 R AR | n] v
A ML HE 40N 6.94.10.16 g+ kg ' 1.62 g- kg
135.60 mg-kg'.40.53 mg-kg'.24.07 mg-kg'.234.70
mg-kg, TIEH Ph &N 522 mg kg FEREFIAY
BRI R AL A PSSR E N T I 2L
20 H . @ AMNEER A0S L Ph(NOs), BRI 1 g-
L' PhCID ) B E 10 kg 13 RA WS G  EETHE
M #4630 d, 13 Pb & iR 525 me-ke !, TR

A= 1< B 5 TSR R A 1 T T R R VAR A R T
Wi b B 228 TG Ve T4 78 85 CCHLAR At T HF
V& 3k 100 H i, F T J5 228 il

S 56 R FH B9 TR B J& PSB (Enterobacter sp.) , K H
5 v ] B A B R R 0 (CGMCC 1.1733.) 6
1.2 CMC-FeS-B R B A BRI T &

I REAL TR 7 B A5 A0 4G - (1) BE A= B R A S
H L ZEE ) R NG R LA 10 °C - min™ FHEE] 500 °C
FEAE 2 b, RAGFE S 24 A Bk (BC) 5 (2) 76 Ny Jit i
B4 1FF 85 2.61 g 1Y FeSO, - TH,0 A %A 250 mL
F B TR BB = AR AERE I B T SR A
FEHF 16.5 mL ¥ JE 4 5% (g mL) [ CMC % ¥ (FR B
5.52 g (R FH L AF 2 AN T 100 mL /K ) i AL
W, R 0.5 h JE A CMC - Fe BE 4 9017, B Jm 7545 n
0.825 g BC 1 13.5 mL 16.7% (g: mL) Na,S - 9H,0 ¥ ¥
T REAR B o Ak 2 2 W 0.5 h, 3R 75 B RE SR T
PEHLP T4 24 b, 3@ THR CMC: FeS: BC 1Y Bt e ol
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L1, MR 48 CFByo BEAME R MUAE CMC  FeS K
BC i, i85 T MY CMC: FeS: BC [ R i H ol
0.2:0.2:1.0.5:0.5:1 % 1.5:1.5: 1 ) CFBy, . CFBys £l
CFBus (R4 RE 388 2 I 22 B4 OBEGTF Ph i [ A RO
TE Pb( 11 ) e J&F 2~ 200 mg - L', CFBy,., CFBys. CFB, .
CFBs# N4 0.5 g« L A9 44 F X F PhC I ) [ 8%
RN 31.94%,49.82% .54.78% .55.82% , 7] L & B
Fifi CMC: FeS: BC HL il 2 8 T 5 , CFB X F Ph( 1T )
[ 7 Ak 3 R B W R o I H 7 CFB, . CFBis 0B
Ph (1) [ 2 A 3R AH 2, [R] B 25 5 b Rk AH I 14 il £
JAS , CFB, S Z Wi 58 Ry itk — DA & PSB 1 34541
K5 (3)7E30 CF L, ¥ PSBE T LB 2 5P R 5 7 h
(PSB ik X FAE A W) |, T2 R 2o 150 2 B LB 15
7 ik T K T B B IF AE 0.9% 1Y NaCligs i b 9 5
BB ODeoo=1.0, Bl J5 4% CFB, : PSB B 7 LA 1:20
(g:mL) o454 I 21 = ff o v, 76 18 R 48 K H 150 ¢
min™ T [EE A S h, FrRARAE SR UR TR AL T
J4: 48 h, & I REIL A K] CFB,-P.,
1.3 Ihee LB FABEEE /1 & Ph LU RAAR

(1)CFB,\-PHARETT . 2 AIFRELS.0 g Cas(PO. )2
0.3 g MgS0, - 7H,0.0.03 g MnSO, - H,0.,0.03 g FeSO, -
7H,0.0.3 g KC1,0.3 g NaCl,0.5 g (NH,),SO, 1 10 g
CeHnOs I MAE 1 LR 251K el 0.5% A IR 5
R IR I . A B IR 5 15 5% 5L (50 mL) A9 100 mL
HER B RS AL EE (10~30 °C) LCFB—-P
1 (0.03~0.07 g) . H5 37 B 1] (0~48 h) F1 Ph ( I ) ¥k &2
(20~200 mg- L)% T CFB,~P i Bk RE A4 52 M) , 451
AR PR E 3 A AT, IR TR R S 3R 48 h, B0
Jer U b3 b AT s T R v

(2) /K AH h CFB.=P [if & 1k Pb AR o ¥ CFB,—P
BIE5 47 200 mg- L Ph( 1) /9 LB R 56 F
0.5~48 h WA [] B[] 5SBORE 61 7 80 7 28 0E 5%, LA R AE
ASTR] () S 56 B (5~30 °C) A1 Ph (I ) e (10~400 g-
L) #EA A B AR

(3)CFB—P X} F L8 Ph gl RCR . & E 64
AbPEZH A 45 CK \PSB .BC . BC-P CFB, } CFB,-P 41,
BB 3 AT . Phis e 8 TR A FLIY
AR 7 (HAE M 16.5 em 50 10 em) H, B 75 29 %%
600 g+ 358, PRoF 158 5 KR 40% , B KR 1%
(MR T LI ) | R A Pl 6 KL B RN+, %5
FEIE Y, FRH R RSB MR 4 bk . 2Rk
SEE R H BRI, BRI A— UK, DAL Rl 1
MY A K 7 78 R Koo IFTE 25 CHRIFMBE

30 d, 43 SIAESE 1.3.5.7.10.20 K KX 55 30 REUFE, +
BERE S AE AR T T B IR 100 H . it
TSR TR (DTPA ) 32 BUR) 26 B 4- 43 vh Ph, B
PRt S g BHERE S AR 25 mL DTPA $2 UG5 1
50 mL 5.0 1, 7E 25 °CL, 200 r-min™' B KB HE R
P=% 2 h 5 , 5L TCLP $EHOGR 25 B 158 v Ph , BIFR
2 g THERENL DA B AT 40 mL pH=2.88 [ i R 74
A 50 mL 208 5, 4E 25 °C,L 200 r-min™' B K LR
IR 18 hJm, A5 000 r-min™ 8.0 10 min I 1 0.45
pm 7K R UEE, IF T ICHE 5 O C BTN E Ph & o

(4) R Ab PR IR BA AR hn . B AN ) b B
ZHFIE 30 d i 098 NG i N - s rh o s i ok T 25
FARATHN T VEAEAR i 35843 FIARES , bk 45
AR T 7K 3o 37 BV R 20 B R SF- F0 L RO 2 A% 400 1)
g T R AR o BEAh , X B A HE T L AR
2.0 g By R A AE )AL S TR A 10 mL MR A
R, $2 5105 , N3 mL 60% /= S8R, B T b b, 7e
TR T I B 2 1l (140~160 °C) , ik (o B 8L
FEAHEH IS, T v il B Ak S AT A AR v 11 JR A%
KEB e AR, S 2K MR BN B2, A
B K g T 50 mL 25 AR, ) H R A 5
F % HF 61 A (Atomic Emission Spectrometer, ICP -
AES) W78 75 H PR E
1.4 CFB-PHIRIE

it — AR BE AL T I BOAE , AR SCRH EA
FIURRAETF-BL . (1) 5% (SEM) FH TR F Y fig
A6 70 B AROUL TR B ARR AE 5 (2) 1 5L i 2181 53 (FT-
IR ) FH 00 5 ) R Ak B 700 2 11 B AT R 2 5 (3) X Apt
AT HH (XRD) 43 #r i e A 181 70 3R 10 A A 5 44
FeH A
1.5 #iEabE

W Bt 5l 7 2 1 SR A — 2 0L 9 S Avrami
Bl 2E R TR

g=q.(1-e™") (1)
2

_ qekzt

(S a—— 2

¢ 1+ qckat (2)

g=q[1-e"""] (3)

s q I g 5300 Ay o B 220 £ W 6 AR P 6 B 1% W R
i, mg kg kOB B, minT ke A
Bl 1 H R, g o mg ™ h ks S Avrami 43 BRI WG [
HRSH

S5 VR W% B 3 56 ] Langmuir | Freundlich 1 Sips 45
T W A A T 00 BB AN T

WWwW.aes.0r9.cn
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_qmaxKLCe
=Y K.C. (4)
g=K:C" (5)
KsC™
L L 6
v ascr (6)

2 o K CFB =P Al W B 75 9% 4 19 $5c K 8 (mg -
e s Ko Ke A nF 43550 8 Langmuir V-5 5 20 (L mg™") |
Freundlich W% [ff & £t (mg - ¢™) (L~ mg™)" F45 %1 ; Ks
(L-g™) Fll iz Sips #5AYAH I A9 1E 2 S ok PR+

R 1 SPSS 26.0 B A #E47 T3 22 53 M (.35 1 25 S+
KPR E S 0.05) o S50 i b 31 DA K I R 2 il R
H Origin 2018 . Photoshop 2019 Fll Jade 6.0 474 EE

2 GRS

2.1 #HRERAES

i 3 4 H B L% BC L CFB, . PSB J2 CFB,—P [
FWETEA . W 1afiw, BC R EA — & W R 45 45
KI5 A & LB, X2 T B R AR
T AR T, R X e 2 L5 R A T CMC-
FeS §iiki S PSB (38, W b frzR , o] LAY B 00
Z2 3 K I UL JBT 38 50 19 43 BOFE BC 3% 1T A AL B
L BC I AT DU S0 00 ) FeS B8R 1) 141 258, 384
LA HEPE AT R Ph 9 158 AL R AT 22 A 6 67 A5
WE e Fin, RS T PSB 2R EIGH , MR
A, EE 1d R L BLT SR PSB 2 sl
SE1E CFB,—P | UESE T DR TR0 A9 B ) 45

& 2a J& 75 T BC.CFB, il CFB,—P = F 1 R4 FT-
IR &%, A& PL,BCHE3 416.1 6371 455 cm™ Al
1 031 em™ Wb AEFE WS | 433 5 —O0H .C—0 .C=0 FlI
0=C—O0 B REHIAH—F""", 1Ah,553 em™ Fil 602
em™ Ab 14 06 74X 3% F B A B R ARG R X BR PR
2 AE 13 CMC—-FeS ¥i ¥ )5 , CFB, i)—OH & 747
B2 3413 em™, X JEH T CMC-FeS 55 BC & M /3
o) SR P A, b, 0—=C—O0 Tl C—O0 5047 78
CFB, At 30— 5 B i I B2 , 32 BH BC 13k CMC-
FeS Wiki izt #H C—0.,—OH .C=0 1 0—=C—0 [ fiE
VA 75 1 5 S VR . 24 PSB gk — 5 & € 7E CFB, |
if, CFB, I Z R B fE A1 (41 C—0 ,0=C—0 #1—O0H)
PR A A B 2 s B A Bk, 2B ¢—0.0=C—0
F—OH %55 BEA1 4 F)F PSB [ %€ 7 CFB, |, 1t4h,
7E CFB =P [l L Ph( Il ) J5 £ H—OH f 0=C—0F
fE A 4 4 s % 0 0T 2 A T AL 1 C—O i 4
I SR 7 1 U 1% 58 BE REAIG , R WT—OH . 0=C—0 J¢

1% WHART]

C—0Z 57 Pb( 1) EE . CFB-PHf T
564 em™ Ab Y WY L R AR R U RS 3R B PO L A
A GE i 1 Ak A U0 VE [ 5E Pho LAY ST, AT DL
—OH.0—C—0.PO; f1C—O0 /& CFB,-P4iift, Pb( I )
1) FEERER

B 1 B&(a),CMC-FeS-B % (bh) , fEBEE (¢)
RUseLEF (D) RER
Figure 1 SEM images of BC (a),CFB; (b),
PSB (¢) and CFB,—P (d)

& 2b 75 T CFB,.CFB,—P 1 CFB,~P [# 5 1k Pb
J& ZRAPRNA XRD B3 . (AR E W, 7T LIFE CFB,
P& v WL 3] 40.04° ,48.34°F1 61.70°4k FeS T % 1 114
ZAMFFEIER CFB A PSB i , 7 CFB,—P L [t
KB T FeSFHIEWE , i — 20 UFE I FeS JUkE %, 2y b 171 2K
TEINREAL ) F . 75 CFB—P [ 5E L Ph( 1 ) J5 2 1
FeS 4% 35 B I B AIG , 77 43.05°F1 84.79° 4L i B T
P PhS A AE U4 , F2 B FeS 18 3o AL 24370 3 [l & Ph( 1T )
T TR B PhS A IR S5 4 o DL Ak, 78 FL 3R 1A 19.26° |
38.7°H172.09° kb FF %5 3 Phs (PO ), il Phs (CO5),(OH),
B HE AE 0 B, DL & AE 30.02° F 31.90° A4b HY B
Phs(PO.);OH &4 [ R AIE I |, 48 7~ CFB,—P i 2o 7 il
WA b Ak 2= DTvEE B Ph (D) L IR TB
AR E MBI
2.2 CFB,-Pi&HksE

T8 — Y TA Ry 2 i A 3 M 1 R AR
HEZ—. ME 3ad ol LIE H, PSB = A i ] 75
i b VA B A T () e i . B TR R T
PSB (1R RE 71 A1 AR A R 1 i, DA T 0 B 22
)AL T R T A Tl T it 1 0 B 22 1% Tl TRk e A %
5B 4 PSB AH L, CFB,—P (U R £h v i s, 7
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(a) (b)
CFB,-P/Pb 5 CFB-P/Pb % v
1590 ~ . * v
% CFB,-P 3361 10314 603 5163 —~ MWM
] < / % @ FeS
s 1620 - S ¥ PbS
£ 3408 603 |
= CFB, 1456 1 0327 564 z ® Pb;(PO,),
z Z * Pb,(CO;),(OH),
S N / i o o 3(COs),
g BC 3413 1458 N 6037/ g CFB,-P * Pby(PO,);OH
R i
W =
3416 CFB, . @ .
1031—Negp< 4
R et - . . . .
4000 3500 3000 2500 2000 1500 1000 500 20 40 60 80

K Wavenumber/cm™

20/(°)

B2 AEM#HAR CFB~-PEIEWX Ph( 1) B B M AT (a) 0 X-SHEHTHSE (b)
Figure 2 FT-IR and XRD spectra of different materials (a) and CFB,~P after Pb( Il ) uptake (b)

30 °C F#ERR LRI H BN 119.30 mg- L' 42 F+#1] 137.67
mg- L', CFB, #54 PSB J& 1l LA Ky PSB 4t 4= 5 iy 55
Yo (C N PAF) B FLR e MERTE v, it ™ A= 3=
B A HILIR I R B e AN T I i R R

IEAh 558 T Ph (1) X CFB—P B 2 19 52 .
W 3b iR, WP ERA Py (D) &M T  hiE
CFB,—P R34 0 (0.3~0.7 g- L) I W bl i vk
Wl R b 5 W R B (A 137.6 mg - L' R &% 88.9
mg- L"), X ARESE KN, B4 CFB,—P 84t i 3%
T, BC B 3G, M8 5 T BC X B R AR A W F
A, Bl CFB—P BN (3G, PSB A 5534 i1
o, BRI 2 i A 3l 5 0 A o e v
T, DT S S0 W AT I IR R T i N R SR AE
200 mg- LV EER Ph( DTS4 55040 T, ol LR U W
WAl MR R Y O AR, JF R CFB-P Y
B, TR ER AR A A TN . X PR R
ST BEIR R 5 P (1) JE UL, FF B Ph( 1) 82
REAL TR KR [ 22 , /> T CFB,—P 2 11 146 17 A5 5
L, HEGL T CFB—P WO H R0 4 1 /0 o AT P

>
RN

NN

=

75— 7 W, BE SR W) (R0 252 0 CFB,—P ¥ Hh vl ¥
PEBRRRER MO IN 2 . AN 3¢ TR FERT S h 35 97
PE R VR B R T R AL AEAR AR KO X AT R
JE T PSBIEAN T A B Be iy ad v A, ACE v A=
KIFARHERS , bR APt Bk, SR, Bl 3G R I [a]
FEA 3 24 b, V5 R ATV PR B R R 1 S i A
48 h A Ay #a TP, X BT PSBFE X BUAE KA
W% FL A= W e e v, DRI T B8 400 B 22 19 ML TR
PEBEFR W . BLAh, MHHEF PSB A (115.6 mg- L),

CFB—P HAT 5 & A B RE 1, U W b ml v v R 4k
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