954 45 1Y
2025 4£2 A

FEA RS
China Nonferrous Metallurgy

Vol. 54 No. 1
Feb. 2025

5l scag s A KA, AR S, SF. AEVREGIEA Gih el

Jen TSR L) ] A @i 4 ,2025,54(1) :52 - 60.

LI Jiarui, ZHENG Yanan, QI Guojin, et al. Research progress in treatment of nonferrous metallurgical pollution by biologi-

cal agents[ J]. China Nonferrous Metallurgy, 2025,54(1) ;52 —60.

YR AEA GiR e

MR, KA, AREH, Z

Jeya T i ot 58 0

lLé2,3 , iﬂg ,:&7})},\3

(L PYILRAMBL R BHR SR ABE, BRPT % 7121005 2. PUILARMRBHE R HUBS BT TRABe, BRPE #1 7121005
3. ERHE TR AL Tor e, HK 400054 )

(f %]

HE BT LEFWHATHSEEK, BIERE TR RRIKR, FHHEAREEHER

BRI ALBAR G, EWEABRARB LTS THE ARRKGRD, ER EBEFTFERAKRZ I X
EL,ERT EES A A E R o Rt Ay A RS R, B LTS, AL 20 FANE
FIB AR RS RF RS B R R BF AR, 5RF @, KA RS WA -k A
AR AFEEAKRR A SILBRB AT B, B @, W8 T A £ %813 oA R IR LI AR
RAJOIN IR B ER S RRAE AN ZERARZH B E GRE pHAE X T, B i A # A
BEE LG F X 5 AR X A B A B AR Rk TR T B ARA A A 3T R R AUR AT R G5 IR N A, B
ABSRMAF FRAE R RARREATRZAR AT, XFEFARGERANEREAELLF
e B P B R IR A B A YA, A TR B AR R R AR T B AK

[ X4 ]
[HEFEE] X758 [ SCRkbRAERS ] A
DOI.10. 19612/j. cnki. enl1-5066/tf. 2025. 01. 006

ARG R R A R, X 2R 5T
WIS A E TR X I
AR, IR AR 8 IR Al H R 1A HEi
A ST AR B B A (G R i R HE )
PR K AATG G A TS e B HOR A 525 A
B SR B AR T AT LA 5 2 R K A A £ 3
FIA RIS IY) . YA BOR A BEACR
W HREA S S T AR, AR R A
ARBR 1 R R B 3 S e —

FHZ T AEARA A IRAA AT FF2E )
R T ELSEH 5 5 224 ARGRAE Ay A Wy i 5
Bt A 4 Ja H AR o AN ] R R RE 1% 107 6k AS ] 1Y
)@ TG Y i S 2 bR TR 7 AT LS BN A A

ks H391] 2024-08-18  [1&1T HYI] 2024-09-18

FHH] 2024-09-19 [ AR H351] 2025-02-01

SR ] AP (2002—) , INPEIEIA, AR, SF5ERlE 2l
WEEE] RE1997—) 5, IR RN, L, ERAHTE KRS
B BRI 7 o

[FEEIH | BRI EEHABITEI H (KIQN202201131) .

[
[
[
[

Hest; Tehiid; ek, AMAN,; LRE L, KR

[ XFEHS] 1672-6103(2025)01-0052-09

BIRTTY M AEFE AL P, A TR R
AEAQIRETS RGP B Z MM 2R, % F
KA WEFEINEE & RS 0 i AN By , e T
FE A T 48 8 s X T FABIST , B Z ROmaCR k
ZARGMARIE , B 0] S I HOR NG X T AEL
i, AR I 2R IR GE B BT TR BE AN T

Oy figp ke E 3R [ AE, AS SCHRGE LT N2 D 3¢
R A 48 s AR W B R BOR BRI SRR o S AT
FER AT 5 R A W T R AR AE L SRR MR v Y
SOV e, SRS ; D5 T AR W RRIH AR Y
HLAIIF T 2R , BT 4 BT A R BRAE o

1 Sk i

NS UEA W FITEA (6 6 K Yy Ab B AP i FE
P ST 20 AFA DG SCRRBEAT AT ARAL 34T o FE KT
DA B O R o R T AT R R, R
3 640 Jei SCHR &L 1 3R WA OGSk e R 39
UL A= DI R BOR IIDF TSR BEZ AR BT R B AE
AEIR PHIE AR AL IX SC TR 2 (181 2) o [ 3 3R



202542 A1

AR A ARG (06 8 TS SE B i DFSE I R - 53 .

KR P SOk £ 2R B TE SR Ao ik
Y ZERH VEYBEMBEEYBRE. Kb, E g
JiEs RV A 0 R P9 SRR I 22, i 2% S0l e AR
10 e 1O B N e T 51 W 587/ o s N RO W2V
EEAEAPLEBORBE ST, (EJE X AR T AR TR
BRZ G IR, AR YRR A SR Y A
HUR B B AR B4, 5 SN E TR I A
TR o

80 2 @
N
60

e 2 /
v

Ez.o— /
20F Va4

0-0-0-9
10f o /"\o/

[

0 s . s s ;
2004 2008 2012 2016 2020 2024
03

13T 20 4R A9 5RO HE OGS0k e 80
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Fig.5 Plant-strain symbiosis pattern

IRAA 18 3t 20 o I ARG B A4 B K A PN ) T 0 0
SECRPIMERT R, P, T 255 S R TR A N AR
FE MRS R BR 4 R AT ATk, DA I iz 4
ARE AT o B %S 252 38 sk 75 6 %% B0 Mucor cir-
cinelloides (#4555 ) FNZJ3-2-2 7£ 33 °C .pH K 5
(At 3SR 1 R BE A 3k 25 BR /K R 90. 22% 1 Cr°
WERHAE Y R0 AT DA S A BRI b B R . HH I
BT, 25 R ) ) 2 ) M 2R A 2R T AR K 4
R A PR B TE R RE AT 0, Bk 4
PL3:2:2.5:2. 5 By LA B 27 S A1 B A I A 1
Pseudomonas aeruginosa (4 &R S ) | Enterobact-
er ludwigia ( P& 4E [C 7 FF 1A ) 2H G 45 52 & v 71
TEIRE 35 °C \pH 2 5 Z504F T SOz 6 h i 25 B8 e
L3k 99.48% o Ny TARME AW R A A A
Wy A= Wy IR A Ay 84S I8 T 4 T 78 , 72 pHL 2 6 RO TR
PEB LK A% Cd** 1 5 bRk 3R ik 89. 49% |, i 3%
PR T WRBRERE S o SN A W R AN AT L g
EE S C G T PN R IV BUNEE= 1
B EER A E 4R IE N2 26 R0 DI A

gerp it A W) e DBC-500 S [ 7 A 48 1A 67 it 4
il B 25 AT BT, HG PR R ZF ST A AR i DBC -
500 4351 ot B B 1Y 23. 129% F1 76. 88% , 7] ULz 14
MRS T ITEAR R AR A s m i LR, &
BEEYI B R Cd® " (Pb*T (Cu® " Il Zn® " W B 45 i
Sy mT Lk F] 67. 84 meg/g,80. 23 mg/g,50. 56 mg/g
i1 63. 07 mg/g' ™' 3 HERFFEE S U8 A AT LA 3
it Z A R, A R e R R, A
RSB P AU EA RS, TR
A A IR ER S5 A AE . I AR
Z5 3 At R BRI LR T N 2E AR TR A
(8525 BRI R AR ) B s EAT A= Al , 5B TR
K ST G R B R, B Y pH
Sl LGl B, T BRI, f R E
N T BB — 2D 5 R R TE K AR 55 v A3
RE A E SRR i T - B AR R R (& 6) Ll
o PR O [ AR 0 28 T8 3R AR 2R B
G0, A A 2 S Ak A 25 S TR A SR 1) T A A
A TR, A i R R B — 2R 0 e ) 5 BT



£ 56 - T E A &5 A

ER=ES

L] BRI B ) RE Tk 5 Tl 18 7 A Ak B R
AT EmAUR K AL PR, B A B B VBT R BR
KA AT LL ik ] 62.71% . 63.20% | 71.35% .,
57.88% 34.51% .67.10% . W& 6 FrmR, s
ARSI A AN SR R R R AR . DTG
BRI RN 40 v P A S 30— S Ak B FH 40
2 HL B R B TRFMA F s QR R H A A TCAL
Y sE A HLAL G 0 o 408 3 5 A K R T
A FT LA ik H R 2 P T A0 i B AR A ALY
T A e S B T X2
FRORTE L, BE2R S A8 RF € D RE Y 4N T ] LB i3
YIRAN A R | I aHE A [ 40 4 A L3 [)
PEATRR AU A , HAE SR AS S I d B
AT SR @48 v AR A R B B A A
A
3.2 MAWMR

TESZ R TS YK A e AT/ = S RS
ZRMECA TR S 2 pH O 5.5 BRI, 5 7 d 72K
PRAPAIN—IR . 455 IR, 70 A 2 52 AR T K
PAR ) & R B 2 6, orboK i DA 3R 40 3
TFET 59.9% , [RIIN AR 150 1078 R B &= £ R
o AN, AR TS =I5 7K AR BT 4k BTG 7K
BFS N Bacillus benzoevorans (B 75 2F U #1 B ) 1
Pseudomonasputida (FERARFNIH) , Fi LIRS , 44
IR A R B VB VER ) AR A S DR R R
2 ETT B A, SRR A 0 A kv
MM TFE I — B VAN, DL R BB A2 52 3 KA
BN

Rt , 2B W BRI A Gk 4 R K A B b 2 15 2]
IR AR SE bR i T AR X D AL AR [
b Z R R TS A R SRR, (H S S e
SN TR) ) A AR A A A R B S A R X
A IR B KA B Y BV T R AR I

4 AR

TE - SRR A 43 v g ia B, Gk AR
AR B A B A R L
HATRAR R o A 16 475 K AL B AP i PL 4 8 3=
31K Proteobacteria( Z8 2 5 ]) . Actinobacteria ( i 2%
Hil1) . Chloroflexi ( ¢ %5 5 | ] ) | Firmicutes ( J& B
I']) I Acidobacteria ( BRAFE]) , ML F 2
Ascomycota( T HE# |]) . Basidiomycota ( 1 T[] )

K FHAE
M

(N

— (XK
3 [ O\
== Pan

’\\\\ S - S -

n{zk
A oe TR
n e Sl

Bl 6 M- AR R R K T 4R
Fig.6 Remediation of heavy metals by microalgae-

bacteria symbiotic system in wastewater

1 Rozellomycota (% 2% 141 1) ™, BiE S AT LA i 8
GIBIB R o AR TE R LF AR e o R R 2 B
B (HR W R AR 22 e, B O LR =26
COZH M BE R B, 40 B BE |- 1) 2208 2 1 B RO AR 2 ] LA
o R B TR E TS S ERRE A
T QMR kAT L S 0 B
BEAKESRE T L BN, IR T
TEANMLRS B A 2% & W A7 7E , B S A b
OHEIMITIE , FLL i E PR /- ™1, tn i HL
PRANAEDR G, XY o 5 5 R B T8 5
AR , M 52 BT 4 e 1o e e i —
A BT R T A Wy A el e e i P AR SR A D
e R R N (& Jm s B R A5 E S
T BE IR DA K 4 Jm Hi v 56 X 5 ) 3Rk, DA S I HE 48
JE I B A AR Cu T M PR H AR G
(I REFE R, U copABC FE R 1 3¢ Cu®* (1 [ 5
Mz iy , copZ FEIAT B TIHHY cop #RINTHYFRIK,
PbrABR BE R £ 2 5 Pb™" [ IR 17 | [ @ A
W e AR R — A B A A
AR TS I AT DLk L SR M) A A, B T
SNERNG IR, A FE e 1 PRI 10 K I 5 16 28 O
WA, B R S R IR AP AL T, WAl 8 By
R B A B 3 ok OB L B S R AR
J5 455 ATURENE T T DA g 4358 vp 8 4 T [ e 1k
IR B R % 4 T 1 25BN

PRl , RSO b 3 g B, S T 1) AR R 5
il & o U TR R A AUA L BRE B R LT © 215 5
87 B2 Z AR PR R ACE DL ] SRR 5 7K A L e ER



2025 4E2 A4 1 1

FAEPS RS YA

IEA (6 15 Tein B i pFFE 0t .57 -

(a 1591k 592k 593k 594k 3k 4k 5k 6k 165k 166k165k 166k 167k 1
' '

» I - L _____J
copA copZ copB copC. copD
716k 717k 718 719 720k 721k 722k 723k 731k 732k 733k |
| — » — a—— |
T cusk cusS peoB

1 cusA
v 77k 728k 729k 730k

(b) YH Xf Pb>* il Cu®* fry B bLEn
Fig.7 (a) The Pb and Cu-related resistance
gene clusters in bacteria consortium YH.

(b) Removal mechanism of Pb’" and Cu®* by YH

=
2

il %
AR

@
%

a0, -
By

B8 A i A R LA 1
Fig.8 Mechanism diagram of biochar improving

heavy metals stability in soil

5 HwpHER

B R4 TS KR S5 4 8 1 24
HCREEHTHN M T AR A A A R
R T A DT 7 T S A A A Ak A
ZEE N 5 ERR, AT AR g . O
TR R R R, B R T RN
TEZRL R IX PSR 32 s QA M AR
ZSCPL T 3B SR FIR KA BRIz N A

h 22 FLEAAR B E 1k 2 BRI IO 2 # DL A SR AR it
e e v B A M T AR - R RR R A R R TR
JK P G B R A R R O O T 1
T BERTET ] SRS R RE T IR AT T TR i
BRI ) 2%, pH BN S

SRS AW TR R B ST P AN W EE T (EATS AR T
i — ek« COTE S B L Jy T 22 358 426 {15 0 7 i
FIZFFEUAF TR a8 1 6 B 70, HG EL AT v 280 ) o < i O
AT AH AR B K20 R RE N T S5 FR s @4 Wi
FIBIBOR Z A0 BE  pH (R B SR 800 25 BT 2% A A9
SO, i B — I 50 AR R R A SO AT
P, B DRSS I 5 O 2E T 50 1o FH BIL ] ke =
A CTEANGE , 26 B 45 R A BLAE RTRHAE | AR - B
& Jm P A R AR e B = 46 6 .

X oA 1 S e A QOB X A 4 11 79 S B
FHEA iSO IS8 AN BE 5% B AR 2 30 2 /N Y
B, BB ZRE SN0 A 15K ik B  HIBCR
AN TS 3 HC A S, [ g 30 137 D T 2 5 A%
it VA s QB X R TG B 10 SR B, B — PR A T )
AR Z 15 BeAROCRAT B V525 TR ) D R 8ORE AN Y
TR & AR A S5 ) R, A 25 Z 6 T )
B, WHSE 2 AR B) B PR P i) 2 ol B ST e
R~ FE R AN T A R R T BRI 2 e R R 1A
@FH X BRI , 2 BOR AR 4 A R 5 e 5%
A PRAE 7S R T R B 25 R T 4 S YRR A 9
B, A RAL R R IC B LA

E=2CN
(1] U3, S8, R0, FRE & G POss P M IR 0 1 el Sl i 6

#[J]. Afs)E TRE,2024:1 -14.

WEN Shan, YI Juan, WU Xu. Experimental study on selective

leaching separation and recovery of copper from zinc-copper alloy

ash [J]. Nonferrous Metals Engineering, 2024 ; 1 - 14.

[2] sk Ba BSBLAOKACEREM 23 T3l 2 0E5E[T]. FiE

K32 ,2023,23(14) : 158 - 160.

ZHANG Haohao. Molecular dynamics study of hydration properties

of ba-based montmorillonite [ J]. China Water Transport, 2023,

23(14) ; 158 - 160.

(3] L0, 450, 535, 55, HAESEITE LR 4 s V5 e 5t

R e S R [T]. MR 5 FREE,2024,1 - 10.

LI Weina, CAI Hongming, YUAN Wei, et al. Research progress

and prospects in soil column experiments to study soil heavy metal

pollution [ J]. Earth and Environment, 2024, 1 -10.

(4] FEEN,5RH0M, 284 355, BRI SR AL BT

SEHERELT]. AL TR 2024 ,43 (1) ;232 - 245.

WANG Yujie, ZHANG Yanmei, LUAN Jinyi, et al. Enzyme-



58 - b OE H G s A Hask
catalyzed carbon sequestration processes and enhancement NIU Lei, ZHENG Chunli. Remediation of Farmland Soil Polluted

[11]

[12]

[13]

technologies [ J]. Chemical Industry and Engineering Progress,
2024, 43(1): 232 -245.

SKSCHE. HE4 Ak A ) 08 A 20 T BEL P A ) e 4R T R 20
HRERBEK T ZHTID]. Mat: Atk k%2017,
ZHANG Wenji.

inthe Presence of Heavy Metal Resistant and Plant Growth-

Reduced Heavy Metals Accumulation of Crops

Promoting Bacteria and Their Preservation Technology [ D ].
Nanjing Agricultural University, 2017.

EHBER ARSI VEHRIE , 5. DUS TR BR 1R B B AL
(1. Al PR A2 40,1 - 13.

XIE Weixia, ZHU Mengke, FAN Ruijuan, et al.

adsorption characteristics and mechanisms of cadmium-resistant

Cadmium

strains [ J]. Journal of Agro-Environment Science, 1 —13.

RN, E R A AN B A 5 [ E AR PP SE (D] r

Tk 2003,
XU Yijia. Screening of Heavy-Metal Mineralizing Bacteria and

Their Immobilization Application [ D]. Guangxi University, 2023.
SIRWT PEIFAE  BORKAL, 45, R R 5 B 18 52 10 )1 | B A Al

TR G ES R RIE ] &80 10,2024 (3) .

278 -283.

ZHU Lemin, FU Kaibin, ZHONG Qiuhong, et al.

remediation of composite heavy metal pollution of slag in a typical

Study on the

copper mine in sichuan using sulfate-reducing bacteria [ J]. Metal
Mine, 2024 (3) . 278 —283.

LT B MR R 7™ 3 T8 R R Y
WUELT]. S8 1R ,2024,40(1) :61 - 70.

JIANG Jiuning. Compound microbial shower of cyanogen-reducing

A

bacteria and surfactant-producing bacteria in the gold deposit heap

leaching site[ J]. Sustainable Mining and Metallurgy, 2024, 40

(1):61-170.

SRR, B AT, HERRINE, S5 D) RE AL T A AL 1 S A B g
JRARBIFE[T ], Al PREE R} 22241, 2023,42(8) 11729 -
1738.

ZHANG Lin, WEI Shuqi, BI Fuxuan, et al. Passivation of Ph
(II') in soil and promoting cucumber growth using functional
microbial agents [ J]. Journal of Agro-Environment Science,
2023, 42(8): 1729 - 1738.

i /N= W SRR TCd -1 XK R 0 5 Y i 8 52 500 K bl 28
BT D], #EIM 4B d R 2E, 2018.

HE Xiaosan. Study on the remediation effects andmechanisms of
cadmium tolerant strain TCd =1 on cadmium contaminated rice

( Oryza sativa) [ D]. Fujian Agriculture and Forestry University,

2018.
JA e KLU, BRI DR WHI16—1 X 40 5 W US4 1) 5%
mJ]. Tk iA4,2023,53(6) : 170 - 174.

ZHOU Gaoting, DU Jianbo. The effectiveness of Cd content of
tobacco in Cd-contaminated tobacco soil by sulfate reducing
bacterium WH16-1[ J]. Industrial Microbiology, 2023, 53(6) ;
170 - 174.

FdE REW. AEMRBR T AR E GRS
TR )] A EAR T, 2023,13(11) ;141 -155.

[17]

[18]

[19]

[20]

[21]

(22]

by Compound Heavy Metals by Biochar Combined with Microbial
Mineralization [ J ].
(11) . 141 —155.
ARIEHR , BAHR LS , T, 55 ROk TT SoAE LT SR MY &
A LT]. PHAL R4 (A AR RR) 2023 (6) @
1004 - 1015.

ZHU Xiaoli, ZHAO Jinxiu, CHENG Yanping, et al. Here is the

cleaned-up title with appropriate spacing and capitalization; The

Nonferrous Metals Engineering, 2023, 13

Application of Walnut Green Husk in Soil Heavy Metal
Phytoremediation [ J]. Journal of Northwest University ( Natural
Science Edition) , 2023(6) : 1004 - 1015.

TLEE. AWk A Y IR R A S O E B R AR
KALBDTFELID]. Ll AR TR ,2022.

Ji Xiaowen. Effect and Mechanism of Bacteria Loaded Biochar on
Remediation of Arsenic, Lead,
Contaminated Soil [ D ].
Technology, 2022.
WA . LR R A W HOR R A e R E LA
RBEFGEMEREMR D] P94 LR RE,2023.
ZHENG Ximeng. Research on the Stabilization Effect and
Influencing Factors of Biochar Immobilized Microorganisms on

[D].

and Cadmium Complex

East China University of Science and

Cadmium Contaminated ~ Soil
Technology, 2023.
SR 2R, A5 FEAT AR W e S AR T ) D[] Ak
MR E SRR W], AL 2, 2024

JIN Minglan, ZHAO Haichuan, LI Huanan,

Xi’an University of

et al. Synergistic
treatment of heavy metals and antibiotics in pollutant soil by straw

biochar and microbial agents soil [ J]. Northern Horticulture,

2024.

XN Cd-PAHs &2 475 Y 30 B @ A A Wig 2 ko
[D]. il TR R, 2023,

LIU Zehao. Immobilized microbial remediation of Cd — PAHs

composite contaminated soil [ D J.
Technology, 2023.

RARFR. RV A AR TR R K T4 405 Y AL F
FE[D]. B =i ke#,2023.

XU Jiwei.

Liaoning University of

Effect and Mechanism of Bacteria Loaded Biochar on
Lead,
Contaminated Soil [ D]. Yunnan Normal University, 2023.
TRSCHE. SR Y - ST SR T 1 2 B A KRR BB R SOR I 5T
[D]. V4% PiZRlHiR#,2022.

ZHANG Wenyuan. Isolation and growth characteristics of mercury

Remediation of Arsenic, and Cadmium Complex

tolerant bacteria in mercury-contaminated soil and study on
mercury removal effect [ D].
Technology, 2022.

FRR BA A R R A
[D]. 2JH . 22 HIZEHm K=, 2023.
WANG Huan.

Xi’an University of Science and

s Y2 kR

Construction of microbial compound bacterial
agent and its combination with plants for iron tailings remediation
[D]. Lanzhou Jiaotong University, 2023.

M. TR T W BRI S s B R CR IE



2025 4E2 A4 1 1

FAEN A AEWE R i

15 R B R A - 59 -

[24]

[25]

[26]

[27]

[29]

[30]

[31]

[D]. P44 PY2 8 TR ,2023.

Yang Mengjiao. Title: Study On Fixing And Repairing Effect Of
Solanum Nigra Combined With Microbial Agent On Soil Cadmium
Element [ D]. Xi’an University of Technology, 2023.
T, B, T, 5 SR A 2T BR T B R A B T
ERBEMABCRVITE[T]. RGP A2A,2022,42(4)
403 -411.

WANG Shengtao, LU Qi, WANG Yu, et al. Rhodococcus
qingshengi inoculant preparation and its role in promoting efficient
heavy metal phytoremediation [ J]. Journal of Environmental
Sciences, 2022, 42(4) . 403 -411.

TKRIRBE. ST AU PR i AR W) 2 IO 5 ) L K
BIFEID]. mat: BRIl R, 2021.

ZHANG Donghao. Study on the Mechanism and Application of
Compound Microbial Inoculum for Enhanced Plant Extraction of
Heavy Metals [ D]. Nanjing Agricultural University, 2021.

NA W, WANG X X, LI C, et al. Biological roles of soil
microbial consortium on promoting safe crop production in heavy
metal (loid) contaminated soil; A systematic review [ J]. The
Science of the Total Environment, 2023, 912.

RUFISE, XT, B2, 5. BUEW R AW E iy L S B i
WA S KB E TR T, Y%, 2024,51(5)
1391 - 1404.

ZHAO Yinghao, LIU Xingyu, LV Ying, et al. Application of
microbial compound preparations in the restoration of damaged
ecological areas in typical coal mines in the Northwest [ J].
Microbiology Bulletin, 2024, 51(5) : 1391 - 1404.

Vet BEESIETGYAR M BN B E A KR
WD Ak W PHIR¥,2022.

PANG Hao. Microbial mineralization remediation technology and
demonstration for farmland soil contaminated with heavy metals
[D]. Inner Mongolia University of Science and Technology,
2022.

JESUT S ST X 7S A B R SRR K P 3B B
BLHIID]. #hdkriy - Ehok T B ,2023.

GU Naipeng.

hexavalent chromium and dichlorobenzene mixed wastewater by

Removal characteristics and mechanism of
dominant strains [ D]. Yancheng Institute of Technology, 2023.
BT, 2 AR & BRI B BCR A SR AFFE [ D] 7Y
P TR, 2021,

LV Linjie. Experimental Study on the Adsorption Effect of
Compound Bacteria on Lead-Containing Wastewater [ D ]. Xi’an
University of Technology, 2021.

BRIGEIG. 25 49y 5% ] 0 7 TR X 7 % o 43 £ 0% R 2 R VT 5
(D] 7 A TR, 2022.

HE Xiaohan. Immobilization of cadmium-tolerant bacterial flora
of biochar on cadmium in water bodies adsorption performance
study [ D]. South China University of Technology, 2022.
IR WA 2 ) IR RO R ZF ST R K Cu
~(2+)MEBROIFEID]. KF H Al R ,2023.

LI Furong. Study on the removal of Cu2 + in water by biochar-

loaded Bacillus subtilis in dandelion Chinese medicine residue

[32]

[35]

[36]

[37]

[38]

[39]

[41]

[D]. Changchun: Jilin Agricultural University, 2023.

FW A R T AL B BRI K T I ) AT
WELD]. Kb ek, 2022.

WANG Limin. Study on the treatment of phosphorus-containing
wastewater by high-efficiency PAOs and the adsorption behavior
of heavy metals by biosorbents [ D]. Central South University,
2022.

W25 W R K 2 15 G A W otk A6 Bk I) 25 BR HL l F 52
[D]. 7Y% BRPGRIR¥, 2023.

XU Zhifen. Synergistie Removal Mechanism of Multi-pollutants in
Tannery Wastewater during Bioaugmentation Treatment Process
[D]. Shaanxi University of Science and Technology, 2023.
BLIC. — MR R L PR B 2 5 S H X LD B R B A2 A
HIERID]. HHE . A AL Tolk e 2021

JTA Yawen. Isolation and identification of an acid-resistant fungus
and its effect on mine wastewater remediation [ D ]. Hefei
University of Technology, 2021.

AR ABEEE AL AsCID) Fn Hg (1) BEK BOBFSE
AR AT D] 220 22 N B8E R, 2023,

ZHENG Gege. Study on the Immobilization of Bacteria and Algae
for theTreatment of Wastewater Containing As (111) and Hg (111)
and Analysis of Biodiversity [ D]. Lanzhou Jiaotong University,
2023.

ZHAO D, CHEAH W Y, LAI S H, et al. Symbiosis of
microalgae and bacteria consortium for heavy metal remediation in
wastewater. Journal of Environmental Chemical Engineering,
2023, 11(3) : 109943.

GONZALEZ-CAMEJO J, BARAT R, PACHES, M, et al.
Wastewater nutrient removal in a mixed microalgae-bacteria
culture ; effect of light and temperature on the microalgae-bacteria
competition [ J]. Environmental Technology, 39 (4):. 503 -
515.

XU L, CHENG X, WANG Q. Enhanced Lipid Production in
Chlamydomonas reinhardtii by Co-culturing With Azotobacter
chroococcum [ J]. Front Plant Sci, 2018, 9. 741.

ABURAI N, TSUKAGOSHI T, SEKIGUCHI S, et al. Mutual
supply of carbon and nitrogen sources in the co-culture of aerial
microalgae and nitrogen-fixing bacteria [ J]. Algal Research,
2023, 70 103001.

PRIYADARSHANEE M, DAS S. Biosorption and removal of
toxic heavy metals by metal tolerating bacteria for bioremediation
of metal contamination; A comprehensive review [ J]. Journal of
Environmental Chemical Engineering, 2021, 9(1) : 104686.
RI/INZ TR R, A B SR TR X i M S KA
AR SRR )], E AR ,2018,26 (6)
HE Xiaosan, WANG Wei, XIAO Qingtie, et al. Effects of
Pseudomonas aeruginosa on growth and cadmium accumulation of
rice seedlings under cadmium stress [ J]. Journal of Chinese
Ecological Agriculture, 2018, 26(6).

BB R, P SE IRMI T TG e R AR S
FAEA DT FE [T ] TLTRI I R 4 (B AR i)
2016,34(1) :43 —46.



- 60 - T E KR & & A B gk

QU Yiging, ZHAO Yutong, CAO Danning, et al. Study on the [46] BRUINS R M, KAPIL S, OEHME W F. Microbial resistance to
heavy metal speciation and bioavailability in urban sewage sludge metals in the environment [ J]. Ecotoxicology and Environmental
in Xuzhou [J]. Journal of Jiangsu Normal University ( Natural Safety, 2000, 45(3) . 198 —207.
Science Edition) , 2016, 34 (1) : 43 -46. [47] WANG J, CHEN C. Biosorbents for heavy metals removal and
[43] JyHE, ;GBE(%,%J«EW fATIAR 3 4 R 5 YRR b 5162 their future [J]. Biotechnology Advances, 2008, 27(2) : 195 —226.
FEARMBF T HE R [ J]. H 55 4E 5 2R 5% B 8, 2024 ,5(3) . [48] SUY, ZHU M, ZHANG H, et al. Application of bacterial agent
100 - 102. YH for remediation of pyrene-heavy metal co-pollution system:
FANG Jin, ZHENG Juhao, QIAN Jiali. A brief introduction to Efficiency, mechanism, and microbial response [ J]. Journal of
the research progress on source analysis and remediation Environmental Management, 2024, 351 119841.
techniques of soil heavy metal pollution [ J ]. Leather [49] WU J, FU X, ZHAO L, et al. Biochar as a partner of plants and
Manufacture and Environmental Technology, 2024, 5 (3): beneficial microorganisms to assist in-situ bioremediation of heavy
100 -102. metal contaminated soil [ J]. Science of The Total Environment
[44] BHIEME 4641, 517, 5%. SR ED HUEY X R M5 1938 I 2024, 923 171442,
SEENLR A R[] RSB AR, 2024,33 (1) [50] LUO Y, LI Z, XU H, et al. Development of phosphorus
156 - 166. composite biochar for simultaneous enhanced carbon sink and
YANG Zhenggiao, ZOU Qi, WEI Hang, et al. Micro-organisms heavy metal immobilization in soil [ J]. Science of The Total
in Metal Tailings [ J]. Ecology and Environment Sciences, Environment, 2022, 831, 154845.
2024, 33(1): 156 - 166. [51] XU X, WU Y, WU X, et al. Effect of physicochemical
[45] DAVIS A T, VOLESKY B, MUCCI A. A review of the properties of biochar from different feed stock on remediation of
biochemistry of heavy metal biosorption by brown algae [ J]. heavy metal contaminated soil in mining area [ J]. Surfaces and
Water Research, 2003, 37(18); 4311 —4330. Interfaces, 2022, 32. 102058.

Research progress in treatment of nonferrous metallurgical pollution by biological agents
LI Jiarui', ZHENG Yanan', QI Guojin', WU Heng™*, XING Zhilin’
(1. College of Natural Resources and Environment, Northwest A&F University, Yangling 712100, China;
2. School of Mechanical and Electronic Engineering, Northwest A&F University, Yangling 712100, China;
3. College of Chemical Engineering, Chongging University of Technology, Chongging 400054, China)

Abstract : The discharge of waste from the non-ferrous metallurgical industry continues to grow, posing increasingly
severe environmental challenges. Traditional physicochemical treatment technologies, while effective, are
associated with high costs. Biological agent technology has garnered attention in the field of non-ferrous
metallurgical pollution treatment due to its advantages of cleanliness, sustainability, and low cost. It has been
applied in soil remediation and wastewater treatment, yet a comprehensive review of its application progress is
lacking. Through bibliometric analysis, it is found that research interest in biological agent technology has been
climbing annually over the past two decades, especially in East China, Northwest China, and Northeast China. In
terms of application, representative strategies include constructing strain-plant symbiotic systems and algae-bacteria
symbiotic systems, supplemented by immobilization methods using porous carriers. Mechanistically, it has been
clarified that microorganisms primarily adsorb heavy metals through cell wall adsorption, intracellular accumulation
and extracellular precipitation. In the future, in response to the interference of bacterial species, temperature, and
pH values on this technology, efforts should be intensified in the research and development of novel biological
agents, pilot-scale application testing, optimization of composite agent design strategies, and the development of
new carrier materials. Additionally, given the inadequate and incomplete research on application mechanisms, it is
advisable to couple metabolomics, transcriptomics, and isotope labeling to delve deeper into gene regulation
mechanisms. This article systematically reviews the research hotspot, application status, and microbial mechanisms
of biological agent technology in the treatment of non-ferrous metallurgical pollution, providing a theoretical
reference for the improvement and practical application of this technology.
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