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Abstract: [Objective] Among heavy metal remediation methods, bacterial remediation is a relatively clean,
efficient, and low-impact approach. However, bacterial preparations are affected by environmental interference,
competition from indigenous microorganisms, and the high toxicity of heavy metals during actual remediation,
resulting in difficulty in achieving long-term and stable remediation effects. Therefore, it is necessary to find suit-
able carrier materials to improve the remediation efficiency of strains. [Method] Cadmium-tolerant functional
strains were isolated from cadmium-contaminated mining soil. Different remediation conditions were set to ex-
plore the effect of biochar-loaded functional bacteria on combined cadmium remediation, and then the optimal
remediation conditions were re-screened out. Finally, through characterization analysis and kinetic analysis of
various properties of the strains and biochar, the mechanism of microbial-biochar synergistic mineralization for
cadmium remediation was revealed. [Result] A Cd-tolerant strain S3 was isolated from heavy metal-contaminated
soil of a mining area in Anhui Province and identified as Pseudomonas aeruginosa by 16S rRNA sequencing. The
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strain was loaded onto biochar, and the Cd(I) removal efficiency of biochar, free bacteria, and biochar-loaded

bacteria was compared under different remediation conditions. The results showed that the rice husk bio-
char-loaded strain achieved a Cd removal efficiency of 91.50% for 20 mg-L~' Cd(Il) after 7 days of treatment,
which was 23.27% and 63.71% higher than that of free bacteria and biochar alone, respectively. [Conclusion]
Characterization analysis and experimental results indicate that biochar loading significantly enhances the adapta-
bility of strains to environmental changes and their tolerance to heavy metals. This study provides a novel tech-

nical approach for heavy metal pollution remediation. Future research can focus on the modified optimization of

biochar, genetic engineering transformation of functional strains, and the combined application of the composite

system with phytoremediation to further improve remediation efficiency and ecological safety.
Keywords: mineralizing bacteria; biochar; biochar-loaded bacterial material; cadmium remediation; mecha-

nism analysis
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WA R AR IR AR A, B 0T G ER A5 A P A i, A
MRS L, SEO Cd (D ERRBER AR LS,
R, A ULERFAAFE pH &4 TR R 25 5%
M. K 9 Fis, BE pH R4 2 BRBER R I H
WKW, HAE R SR AR B E B P AR 2%
PE R ORI KBRS A T R AL B, S
VR SRR AR, IR E R R SR T
BRI 45 53R, 7E pH N 5~6 MRMA&MFT,
VR SR E MR Cd (D =R .
M pH MK, BEEFRAERKZBINE]; FE, KR
SB T I 4B 2 0 BT 3 T R M AR R [ IR
B, BEMERE Cd (1D S S gs a0, bEE
pH Ft&, BHTERAM LR, S Cd D
Z TR0 PR s ) 5 A P Rk S5, (544 KL Cd
(1D (R BHE IG5 . 17724 pH 3t — BT =k, ¥
W OHRFEAL T =K, 5 Cd (D 4564
CA(OH), UT¥E, FEUB BB PR,
234 RETHIMERAEWR® {EpH=5. 4%
VIREMER 0.1 g BEREN 7 d KM, A
[ Cd (1D WREER LRI E 10 s, 4

Cd WRFERN 20 mg- L' I, AW 3R A kL5 HL
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mg L (IRETSG5 N, AR GG B ot
HERBIIERAERII L 60% E, HEZEST
Ui S TR FR AL BRSO, Ul B AR PR S ERAE — B R
JEE L3585 T BRI A B R S IR 2

o I BC 1S3 @z2 BCS3
80 -

60

N
N

N

40

CAIZ: B /%

20

0

20 50 80 100 150 200
CAR B/ (mg L)

10 MR AREIRE Cd (1D HEBRYE
Figure 10 Removal efficiency of materials for different
concentrations of Cd(II)
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Table 2  First-order kinetic equations for the removal of Cd(II)
at different concentrations by BC, S3, and BCS3

e R EIE At -
(mgL™

T 20 y= —0.0300x—0.1273 0.9798

#3 BC 50 y= —0.0262x—0.1101 0.863 3

80 y= —00219x—0.1041 09111

100 y= —0.0226x—0.1178  0.9492

150 y= —00126x—0.1270 0.9583

200 y= —00225x—0.0232 09753

U2l 20 y= —0.065 1x—0.7188 09622

83 50 y= —00232x—0.7093 0.7425

80 y= —0042 1x—05772 0.7188

100 y= —0.0245x—0.5967 0.8396

150 y=—00182x—0.5923 0.8875

200 y= —0.0145x—0.5261 0.7840

HERIR G 20 y= —02145x—08334 09336

1# BCS3 50 y= —0.151 6x—0.7887 0.9098

80 y= —0.0823x—0.7630 0.6902

100 y= —0.0659%—0.6681 0.9038

150 y= —00569x—05973 08539

200 y= —0.0250x—0.7187 09196
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= 20 mg-L™' (3=-0.030 0x-0.127 3, R*=0.979 8)
© 100 mg-L' (3=-0.022 6x-0.117 8, R>=0.949 2)
4200 mg'L™ (3=-0.022 5x-0.023 2, R*=0.975 3)

m 20 mg L' (3=-0.065 1x-0.718 8, R*=0.962 2)
© 100 mg-L™" (3=-0.024 5x-0.596 7, R*=0.839 6)
4200 mg'L! (3=-0.014 5x-0.526 1, R*=0.784 0)

= 20 mg' L' (=-0.214 5x-0.833 4, R*=0.933 6)
© 100 mg'L™" (3=-0.065 9x—0.668 1, R*=0.903 8)
4200 mg-L' (3=-0.025 0x—-0.718 7, R*=0.919 6)

-05F=
005k @ ] T A (b). )
0.05 ‘ . 06k o & y S A — P . -0.81 o b —— A — R
-0.10F e z 2
A 07r B e N Bt v
S OB e b [Sost - ]
S —020k ; S T-1.6F
::, 0.20 . ‘ >-. . T__:/*O,() L £ &
~0.25t .- e 1ot 2.0t )
-0.30f ‘ ) -L1r ol .
i L L L s L L L 19 L L L L L L L L L s
035> 35 4 5 6 7 21 2 3 4 5 6 7 T 2 3 4 5 6 7
i 8] /d B ] /d I ] /d
(a) BC, (b> S3, (¢) BCS3.
11 3 AR REIRESRNE—RNNFERTE
Figure 11  Pseudo-first-order kinetic equations for cadmium removal by three different materials at various concentrations

= 3 4£¥K (BC). Eifk S3 REMR AT EM R (BCS3)
FARERE Cd () BW_RBEhhFEBRSE

Table 3  Second-order kinetics equations for Cd(Il) removal at

different concentrations by BC, S3, and BCS3

UGiL R At R
(mg' L")

20 y=0.071 8x—0.0230  0.9977
e 50 y=0.0242x+0.0014 09813
7% BC 80 y=0.0163x—0.0034 09996
100 $=0.013 5x—0.0036 09971
150 1=0.008 4x—0.0013  0.9994
200 $=0.006 1x—0.0015  0.9986
20 y=0.167 7x—0.0992  0.9933
RSB 50 y=0.048 0x—0.0094  0.9993
S3 80 1=0.029 9x—0.0096  0.999 4
100 y=0.021 6x—0.0044 0.9998
150 =0.013 8x—0.0025  0.9994
200 1=0.009 4r—0.0013  0.9997
20 y=0.5774x—0.8608  0.848 5
FEMDIR S 50 y=01326x—0.1534  0.8507
BCS3 80 1=0.053 4x—0.0482  0.8902
100 =0.0316x—0.0172  0.996 1
150 y=0.0184x—0.0089 09938
200 =0.0126x—0.0040  0.9954

= 20mg L' (3=0.071 8x-0.023 0, R*=0.9977) =
® 100 mg-L™"' (3=0.013 5x-0.003 6, R*=0.997 1)
A 200 mg-L™" (3=0.006 1x-0.001 5, R*=0.998 6)

20 mg'L ' (3=0.167 7x-0.099 2, R*=0.9933) =
> 100 mg-L™' (3=0.021 6x-0.004 4, R*=0.999 8)
A 200 mg-L" (3=0.009 4x-0.001 3, R*=0.999 7)

24 FNHESH

¥ Cd (D 3N 1228 ER I & B R 3) /)
AL, 3 PO R AR AN AR BE AR K30 40
AT 11 A 12 Fros. T A AR IE &
FriEmT, B AUBR T 200 100 F1 200 mg-L13 Ff
WRLES FEROR I EAE, HARWE NG S B E
TR LR 2 A 3.

A BC AERA R —23) /1% R* (0.863
3~0.979 8) M2z /1% R* (0.981 3~0.999 6),
S3 AP —2Hh J1% R (0.718 8~0.962 2) Fl 2%
/1% R (0.993 3~0.999 8)., 45 %KW, BC kb
HFx 50 mg' L 4, HARIKFE R J1HAHK R EL
R* > 0.997, 1fi S3 Ab¥H I — 2 A 1M K AL
R BEARBIKT 0999, —ZFah 1 WERRLF, 1
T —Hdh f1% . IXRUUE 8 1 AT REAE IR
T MR BC A1 S3 X Cd AW IR, fEE T,
BC 1 S3 Xt Cd [ b 32 B2 A W ], 45 1)
eI I R TH 4% A ML 546l
20 mg' L' (3=0.577 4x-0.860 8, R*=0.848 5)

100 mg- L' (y=0.031 6x-0.017 2, R*=0.996 1)
A 200 mg-L™' (3=0.012 6x-0.004 0, R*=0.995 4)
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Figure 12 Pseudo-second-order kinetic equations for cadmium removal by three different materials at various concentrations

2~0.933 6) M 25715 R* (0.848 5~0.996 1),
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RINAEIR LRI 20~50 mg L' 140~ , —Z5h 7y
WG RENT ZRB) 1%, IR B %A
T, BCS3 WA Cd HIW B 3 2252 Wy P b 421,
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BT HARRIE AR 2 bk (WESEAT R R R
8D, S3 £ 200 mg- L' Eik B BE 5 RE R
FF 40% DL R 2 ERAGR, NEIKE RS R B
it 7T R
3.2 AEIERMEVIRABEEEER T

HEWRAE T R A A ) 1 e BB R i R A A
R EBRE . AU TR KB, FKF
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BAEARP LR ARRE, BN R T &
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eV R T LN BT B 2 L8 .
HIFLBREE M AL BEN B IR S3 SR AR BN 235 BT
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UEE PRI TS K 2 932 e ! Ak C—H FE I I~P AL, 1
X EREIZS T d RIS %EERE, HrR
TEERR S AE R FIAE A EE L 1X 5 Chen
SEDSIE T A Wk 5 W TR SR VA A T O B 4 A 1
ok 7 4 [ B ORI AL SS 18— 8, b —DAEsSE T H AR
AE FAE FAE AW — A P RS 2 ) OB
i

I 1R, RIREE Cd V55 (20~
50 mg L") &M, AR —EDEEKR
(BCS3) MW i A1 & i — 3l ) =8 (R?
>0.900), LAIEEWEIE R mKREE (100~200
mg LD AT WE AW R J# R (RP>
0.993), thZMkt X T . KRB R T P EIE R
W BRI i 5 e ik B Sh A A A, LR R
AR L B R A 0% 3 PR A B DR S,
TR LI AR TR AR I A E . RSB FTIESE,  HhIF)
VE R ANCIR T 2R 40 B B 5 R AR AT AR AR A, B
TET A I e 4 1 P 38 5 B AR A s 1, (23t
HReHZ 50, EETERRZM T RA R
B+ 1> 2B IR
34 WS FER

KT RGP R — T R S
BEAARR, EEEAAE S DR AR 1 B R E
H, BT T Cd FIZBRAER . FREEIE N R
HE R Z M, AESRGIEE R T 8T
AR TT B ABIAFAE — 2 FRER AR R 1) R 1D
ARSI B RS, SEbr AT 2
AEVTES . IR R R A RIS R 3R AT REsg e



534 4 3

s VR IR Pseudomonas aeruginosa T B 4@ Cd Xk 755

ERAREERCR, i R H a5t —
WAL SE BRI 75 2) AR S R ) B R4
AL B R AL 7 A1 20 o, B A A
FEY) g R &9 EPS) fE Cd i fbid fEp i A
PR T 5 45 R AL 2 SRR AT 3) B
R F ARG 1 2 Cd [ 405 i A R AR,
i E KRR I BEAT VAl . RORFBIFFUR] ST
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1) N2 A8 e e T 52 B J@ V5 el X R AR 1Y)
g S SR BT (Pseudomonas
aeruginosa) S3, fE—HX Cd (D) BA & EN %
PERIDE R Bk

2) MR RIFRAAEER, HAF s LR
SERIAIR I e BIRE A BBk, N K
FeBtET . KAEYIR MG E K S3, HXTAN IR
B AV IR B RE 77 B o0t HE 4 S IR 52 P 35 . 3 4

o

o

3) B RAE . ARJE . KA 3 AL
IR SRR B RATRL EBR R IATIR L, S5 R K,
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()25 PR AR IR AT -
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FELEWIRAE pH =5 BIINE N 0.1 g I X £k S3 1Y
AR IR s (B %R A NMEE 7 dJ5, % 20 mg L
Cd (D MEBRAEFEIE 91.5%.
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