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B OE ATHEEMME X BERBERFEYIFG LIRS, 8T 056 b b A BN 32
RANMBE RN EY R ESE S ELEBESNM . SERLATE R 450 %Y HEEAHE 2045
EBEA M IR A AR Y R K, BEE BT RS, Mo AR W R W D 5 T TR Ak B S R 2 R A B 2 (R b R
EYRETEEEES, HEE, HAYWRIE N 901.27%; TEER A FH#, Ni. Cu. Zn, Cd. Cr#fl
Pb (& 1 5N R AL BRAH L, AR 4 51N 484% . 398%. 470%. 355%. 531%. 490%; KPR+ hEH 4R E
BRAENLE, EHAMS REFEABAME, Cd. Cu. Zn, Pob M Crif 55 Al R BUES & IR E T 0.9%. 0.8%.
0.5%. 03%. 0.1%, % 4B RESFRETARK, RERr LS PESENBHRTRBGSM & &, MinBE
XPIE AR, AT TR A RN A R B EROR .
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PR A 3 TR 4 A 0 R A TR A5 OR % it T 4 R N R 0 B E AR R, B W T A R 4 R A A Y S
T, P AEBUHEALEY, BEREAGARKREER ., Em . ARKFEWRK . SN HEA R
Mo BB RGP B KB, B ORZEAEAT I T LASR Ak SR A RS Y R A L SRl . el
(I oE 2, PR RO ks e E AR . MRS R SR KB, BAE RN R S EEE G
BrhESEYEA RIFME LR, BB B E R E S BB E MR AR, a5
W R, WA J6 kv DIME i B RA K, $emBE R Ay R, AR Z X+ 5 Pb,
Cd Wl SRR 22T Fsr i, BERTTLNE + PSRBT 7B E . Ml EarsE T
A, HEDREEMMEYHKSEYEE LEESEIGRE—FES80NE, X EmELRERS
15 9% LR IR A ST o

AW E X TR L2 EH SIS Y L5, @A LR E MR AN A HEE R
T P L 0 A 5| Wi 2 TR LA A 0 1) R o B 4, 3 e A R S ) s B A R b b R R R A AR
P R R B R 4 JE YRR ) LA RO T b B AR PR+ b B R TR A sE e, B R i A 4 5
b B2z BN R W W A b b+ B 2 g
1 #MRl5E*%

1.1 it

Y 2 A RER, M 50R B &N B XB TR Y 7 P g 7 1 % 2 1+ 4
(0~10 cm), TIELHXTIEL S B, RASH; BURS G5 £ 100 i, e L E
SIET .

B b g . B B BT, A (R HERR BT T AR 4 55 G KU A S AR o R
7)) (GB 15618-2018)!"!, +HEr Cu i /%0 5384 mg-kg ™!, #BdbruEL) 53 4%; L3 Zn il
BECH 24 078 mg-kg™!, B FRUEL 80 %5 LI Cr B4 727 mg-kg ™!, BbRMEA 2 f5; L
v Po R0 B0 4302 mg-kg !, Mt ARUEL 18 4% HIEY Cd FRE RN 542 megke !, IR
2 68 1%,

S0 A R ) B B R RVRE BT B9 IR B B (Aspergillus fumigatus)fa, % R L A& 1 W | W
LR (IAA) FIEBE R fiE
1.2 LI

WA E (H,0,). EHER (HF), KM (HNO,), &R (HCIO0,). VKSR (CH,COOH), #hiR¥%
JliZ (NH,OH-HCI, FE&M2 [z (CH,COONH,) #4443 #r 4 .

1.3 SLIGNER

pH it (STARTER3100, OHAUS); ¥ % Hi ¥ K F (AL204, %1 MEMETTLER TOLEDO 7 );
T I A4 (ANTON PAAR); HLBHRA 45 B FAROGIE (X (ICAP-7200, FEER K /RBHE HEARA A,
14 XBHHE

FARB IR 60 d, BF 20 d X RAZ HOH B EATICE], MR IR 60 KULE. K XTSI
T YR b 3 A, WA A Lkglg et A 0.6 g BERER T, BRI B AN 24
FETR AL R (R Hh B £4) IR FE AL BE (ck)o B 10 mL 2K EHRER A B 40, REEFEALBRANA 10 mL
TR, BRI IRES  BERGEE AR 2 K, AHIMEAE R

W LERZH B M AT, I RERR AR, BHERREE L, R
K fE A AR R B8, AABE TR ARG T BB RAE 105 C FHE2h, FHE 60 C
L R ) e
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1.5 S5 E
it T PR B A 55 B PR R B 61X (ICP-OES) X + e fil 9 v i &2 & & s b A7 e . 4 p iR
&)@ W o FE A . BRI PR £ 48 0.2000 g TUH R EE T, M A S mL i R (HNO,). 3 mL & % R
(HF). 1 mL i A0S (H,0)M, B Tkl I M AL P R AT I A 5 Tl I A o2 s, (6 3 mL 5 SR
(HCIO,) 2, E4E % 50 mL. HHY) 8 G 8 I i #2500 . AR AE 0.200 0 ¢ TIHMERED, A
8mL UK, B TR i A ST OB AR S S . 3 mL & SR (HCIO0,) R, &4
% 50 mL,
R E SR RS A SRR TR . v TR RA . FREA, RA BCR 4
PEMCEIT X AR B 4 v 8 4w T A AT 40 AT o
1.6 EXERH
HEY) & % R A (BCF) 2 A s RAEAE Y L AR sl T 300y & & 5 A K ny R hizon R
TREMIE, Ry EMT R E LRI, THEELR (1),
Colant
Csoil (1)
K Fyor WEPIEEREG Co MEDH LI T E SR S, mgke's Cy N THIEFRESE
JE &, mgkg'.
1.7 EIBEHK
YR 250 (TF) S B e 2 & 5 Nz o 8 &' 0 E, RBUE Y XHZ T
RERRE M, R ELR ).

Fgcr=

Cshoot

Croot (2)
e Fp WHYIER R Coon MY EEE B &5, mgkes C,, WY HHE 4 )5
Fh, mgkg'o M Fp>1 I, Y SR T BRI T R fr s B M B Y Fe<tL I, FEIBT IR
BIBITER ) AT RS, W] R E R SR R,
2 RS
21 EHRMEBEEEKBFMW

1R T AL RS R A A TR B S R M S A M R T R R AT e R, AT LA
Mo - ER AR 3 AP B AT U E], 1~20, 21~40. 41~60 d ZFBIFRic Sk D1. D2. D3. 7£ D1 BB, #

Frp=

PRAL PR SR o I AE YRR T 2.16%, 18 ¢ S b
HAERERAHE IR E 25 D2, #HELk L6 s 0
P R A L B S T 43.56%, 5K 4 TR \§
PERAb T B 5 5 D3 B, T AL FE 2 o %
SR [ RS T 28.64%, SAEEH = os] § %
A PRG35 S o 5 TR A BRE DR A O R A 0.6 § %
MRS T 1%, SRR AN B LR 04p % . % o %
{EF]—4bBEdT, D15 D2, D3 M B | "l /\ 7;\\
YA 2SS, BT R R 60 KT Uk ck i 24
B, B A AR, M R 2 e i AL g
SRR, AT R M A B M b AR A A K A T PR T TR ———

SO, ALY RIS R, U R B AR IR T Fig. 1 Dry weight of rye grass above and below ground
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X T MR A AR NN TE W RO SRR T o ARG TP R R A 4 5 R, BROTE R AR AR
F S AR TR AR B R e R A A TR
22 MHEMNEEERWEESEIF M

HIZE 1A, A A £4 REAS I 35 PR R PR WXL R AR R AL R . AR TR SR Ab
FE, Ni. Cu. Zn. Cd. Cr, Pb BY¥GHE 5354 484% . 398% . 470%. 355%. 531% Fl490%. *IHb |-
17 T 7 P A T s ol e o R R N £ BB B ) o A d i S e D (B
T, RARRERICE SR, R A BRI RRER A R T R 5 12 R B ok R
HpmAEY R . B SRR T RN AL Cd ATE R, MR RE A b, RERSAE HE R
AFRER. K, EEAHBEFRR CdME T AR LB T 57.64%., BB RSP i 1k
T ERZFEME, f£CdimY . CulssiCd sy CulR G153 L3, HMBEXREFENER, &
A MR B R S R BN R AL B, R ST B A R R R R AR R AR T e
Tt . AT R MR 25 4 )5 BE R T MR R R RE SRR NI T E R AHE.

1 BXEEBUEESREIE

Table 1 Heavy metal concentrations in aboveground and belowground biomass of ryegrass mg-kg '

HEE/ITR WU AL FER b3
D1l | 64.58+5.26a 58.97+6.52a
D24th |3 43.2849.29a 87.99+3.01b
c D33l -3 791.22+32.89a 424.78+15.03b
T 772.53+28.36a 3 854.06+273.39b
D1l |- 1.25£0.16a 1.33£0.27a
D24t |3 1.33£0.20a 3.7840.21b
cd D3t -3 12.48+0.24a 8.83+0.37b
HF 10.32+0.52a 50.88+0.82b
D1 I 13.07+1.09a 10.53 +1.66a
D24l 13 8.71+0.86a 17.71+1.74b
Cr D34t |3 27.26+1.37a 24.08+1.63a
HF 45.20+2.14a 285.51+4.98b
Dt |3 410.35+4.14a 403.27+2.93a
D24l |- 323.78+28.86a 945.02+4.80b
o D34 |3 4 414.28+197.67a 2 933.36+69.25b
TR 3032.71£171.94a 17 310.42+83.50b
D1 |3 141.53+1.60a 132.04+2.67b
D24l |- 124.00+2.28a 70.32+8.18b
o D3 3 564.98+3.98a 283.5622.24b
W 418.40+14.37a 2 469.09+159.84b

T RRVNGFERRTE0.05 K T 225 3%

23 TE-EVERPESEITIBENE

M2 M, AEFAATE, BAETH FH D3 Cu, Cd. Zn, PO T B AEIY KT 1, X
BITE DIBYEE, AW AR B E G K T E S8 (Cu, Cd. Zn, Ph)FH B R M L, X+
DI I D2 prit, HWAAM S AEEAE, TRRFOF LR EER . NEEOEX T - E 4SS
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*2 BXEMNEESRNIBRAUSERERY

Table 2 Migration coefficient and enrichment factor of heavy metals in ryegrass mg-kg '
ey o AR PR Ab B

JLR IRHEAL TF BCF TF BCF
D1l |- 0.08 0.01 0.02 0.01
D2Hh |- 0.06 0.01 0.02 0.02
cu D3t I 1.02 0.15 0.11 0.08
H RS 0.14 0.72
D1t -3 0.12 0.02 0.03 0.02
D23l -3 0.13 0.02 0.08 0.07
«d D3t I3 1.21 0.23 0.19 0.16
H RS 0.19 0.94
Dt -3 0.29 0.02 0.04 0.01
D24 |76 0.19 0.01 0.06 0.02
“ D3#h 3 0.6 0.04 0.08 0.03
HR B 0.06 0.39
D1l |- 0.14 0.02 0.02 0.02
D2l |- 0.11 0.01 0.05 0.04
Zn D3t L 1.46 0.18 0.17 0.12
H R 0.13 0.72
D13 3% 0.34 0.03 0.05 0.03
D23t -3 0.3 0.03 0.03 0.02
o D3t - 1.35 0.13 0.11 0.07
H RS 0.1 0.5

AR AR AR R A P AR R REOFE B R (H)E, T I E SRR R R H
AR FEZE S o X AR B R A% g 5 iRl W o o3 0 14 465 0 A SR A R AL
PSRRI FERn, SR RER T E G m A AR R 0
24 EMMETRESRBESHFEM

%3 M LI EGEAIE ST AT RIE Y, a4 8 ] AL Cd e AL s R Rl B
B IR E AR E A Cd; MM 4 BRI A Cr B AL s TR T SR IS L AT AR S R T O T A
Cr; MAh % 4 45 0] A A0S Cu Fe b s TR ] $2 UK . AlIE JEUS B 25 Cus M il 2 £4 6 T AL S

®3 TRPEESREESHH

Table 3 Form distribution of heavy metals in soil %
T SR AT SIS QIBAYEES CIE=Ria Bt 75
ck R £4 ck A ck  MRMEE ok HiEH
Cu 9.6 10.4 17.1 236 304 203 429 457
cd 277 28.6 19.2 217 21.8 14.6 313 35.1
Cr 0.4 0.5 4.1 59 40.9 40.8 54.6 52.8
Pb 8.9 9.2 25.9 30.3 16.7 4.6 48.5 559

Zn 19.4 19.9 233 244 14.6 11.4 42.7 443
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Zn AL T IR R ZS Zng B 408 0T AL S P FE AL T R RS R i S Pb. AN E & B EEEY
RN ERE B 1A TR R P, Y 3 b e - b 4 e A AR R O KOVRIR i Cd>Zn>
Cu>Pb>Cr. NI % (4 Ml = A HLRIE T P IR S E 4R, WoR 7 Ea BT BEmE
ROPERY, 22D R B S (CC) Mk 1% (SP) T ZF HiErP AR MBS . X iR B bk
ST AENY RS L ES B S, BT R E SR T E

M4 a0, ARERALH B B R Cu, Cd. Cr. Pb. Zn AY55 R AT 42 HUS & & 5 AR by £ 15
1 Cu, Cd, Cr. Pb, Zn &R MAHE; 520 ALBE R S T3 Cu, Cr, Pb, Znff) 558 T 2 B
R SRR P Cu. Cr. Pb. Zn BIEME, 5 Cd2MAHE. XREFMEME 45, Rt
B Cu. Cr. Pb. ZnRY55 M n] $ OGS & 5l &y, A BHL T A0S B R o A48 D b PR 2 B
T Cu, Cd, Crif B EASE SR EED Cu, Cd, Cr & EEIEME, 5Pb. Zn EHMAE;
FER AL PHIEZ RO R #B Cu, Zn MR RS S E 5 WPR L Cu, Zn T EEIEMK, 5 Cr. Pb,
Cd 2 A, X FRMLEMAINE f4 )5, MR P Cu, Cd. Crig b JEA e, MBE
T EEIEE., NSO B ER N T Cu. Cd. Cr. Pb., Zn WAl AL &8 5HER LT
Cu. Cd. Cr, Pb, Zn &R HAHE; BREAAFEELE R N Cu, Cd. Cr. Pb. Zn W n A LA
W 5MEPR P Cu, Cd. Cr. Pb, Zn FEEIEMAC, XRBMMIE 45, REELFED Cu,
Cd. Cr, Pb, Zn Wnl & b2 & allmy, M4 w TS S .

*4 BXEWTHRHIESRSHIREPEHESHEXRY
Table 4 Correlation coefficients between heavy metals in the belowground part of ryegrass and
the forms of heavy metals in soil

FERR T HE A AR RS Q07
GEE-I VI 3
ck KH B £4 ck KIH 1 B £4 ck J0H 1 75 £4
Cu —0.969 0.363 0.076 0.828 -0.372 0.872
cd —0.955 —0.493 0.464 -0.992" -0.593 0.002
Cr —0.832 0.083 0.704 —0.824 —0.435 0.611
Pb —0.941 0.433 -0.777 —0.496 -0.413 0.933
Zn -0.917 0.319 —0.247 0.609 —0.968 0.763
T DFERTE0.0SKTE TG B2
3 4%Hig

1) 30 2o 0 2 2 TR RN AN 2 TR A PR S R R b IR, R AL PR (A ) AN
RO 3 AN BE M b AR Yy R R E 2 N 2.16% . 43.56% . 28.64%. iR FRAEY R 91.27%, A%
25 W EKF

2) dE X A Bk B . MR E AR S E I, B A3 O i 1) MR A
BEFH T A NI, Cu. Zn., Cd. Cr. Pb & i3 I8 53 5K 484% . 398%. 470 %. 355%. 531%.
490% . B G T RRL BT E &R A E 4R

3) i ik BCR B 42 HUE X AR PR - EHEATIE S 70 0, AR BRI it 25 4 )5 BR A% 15 AL AR PR 1 3
) Cd, Cu. Ni, Zn. Pb, {H355MR 2B b LI L2 . MMihE 4 A8 1k 2B 22 5O i 7 I Wi 4
WrIEESENBEE.

2 % X M
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Effects of Aspergillus fumigatus f4 on the soil heavy metal remediation in

e-waste dismantling site by ryegrass

LIU Feifan'?, BAI Jianfeng'*", GU Weihua'?, YUAN Wenyi'?, ZHUANG Xuning'? ZHAO Jing'?,
SONG Xiaolong'?, LIU Qian'?, ZHANG Chenglong'?, WANG Jingwei'?

1. Waste Electrical and Electronic Equipment Research Centre of Shanghai Polytechnic University, Shanghai 201209, China
2. Shanghai Collaborative Innovation Centre for Waste Electrical and Electronic Equipment Recycling, Shanghai 201209, China

*Corresponding author, E-mail: jfbai@sspu.edu.cn

Abstract In order to investigate the effect of Aspergillus fumigatus f4 on the soil heavy metal remediation in
e-waste dismantling site by ryegrass, the experiments were conducted to compare the biomass, heavy metal
content, heavy metal form distribution, enrichment coefficient, and migration coefficient of ryegrass treated with
and without Aspergillus fumigatus f4 inoculation. The results showed that the aboveground biomass of ryegrass
reached the largest at the 20 d-stage before the inoculation, and then gradually decreased with time. There was a
significant difference in the substratum biomass of ryegrass between the treatments with and without Aspergillus
fumigatus t4 inoculation. The biomass after inoculation increased by 91.27%. Compared with the non-inoculated
treatment, the content of Ni, Cu, Zn, Cd, Cr, and Pb in the substratum biomass of ryegrass with Aspergillus
fumigatus f4 inoculation increased by 484%, 398%, 477%, 355%, 531%, and 490%, respectively. The forms of
heavy metals in ryegrass rhizosphere also changed. Compared with the non-inoculated treatment, the proportion
of weakly acid extractable forms of Cd, Cu, Zn, Pb, and Cr in ryegrass rhizosphere with Aspergillus fumigatus f4
inoculation increased by 0.9%, 0.8%, 0.5%, 0.3% and 0.1%, respectively. Aspergillus fumigatus f4 could
promote the growth of ryegrass, increase the content of weak acid extractables of heavy metals in the
rhizosphere soil, and their enrichment by ryegrass, and thereby improve the remediation efficiency of heavy
metals by ryegrass.
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