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HEMFPESESEWRRTRMET &R AL 5 F)5, ZMH B34 Zn F1 Mo 19 BFREE TR
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In-situ phytoremediation of heavy metal-contaminated
soil by Morus alba L. near a mine tailing

ZENG Peng GUO Zhaohui ™" HAN Ziyu XIAO Xiyuan PENG Chi

(Institute of Environmental Engineering, School of Metallurgy and Environment, Central South University, Changsha, 410083, China)

Abstract; Woody plants have developed root system, large biomass production and strong
adaptability ;. which. can be widely used for heavy metal-contaminated soil remediation. Through 5
years in-situ phytoremediation experiment, the accumulation and distribution characteristics of heavy
metals in Morus alba L. and the changes of total heavy metals and available nutrient elements
contents in soil were conducted to study the phytoremediation effect of M. alba L. in a mining tailing
area. The results indicated that M. alba L. had large biomass, which could be used for heavy metal-
contaminated soil ecological remediation and landscape revegetation. The dry biomass of M. alba L.
could reach up to 4 kg-plant™" after 5 years cultivation in the field. Meanwhile, M. alba L. could
effectively transport and accumulate heavy metals from the contaminated soil to some extent. The

contents of heavy metals such as Cd, Zn, and Mn in the aboveground parts were significantly higher
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than those in the roots, particularly for metals in leaves were higher than those in branches and
trunks. The accumulation amounts of Zn and Mn in the aboveground parts of M. alba L. could reach
up to 3277.7 and 2422.4 mg-100 m™> after 5 years remediation. Furthermore, total Mn and Zn
content in soil decreased from 2192.5 mg - kg™' to 1790.0 mg - kg™' and 103.2 mg - kg™ to
85.94 mg-kg™", meanwhile available Mn and Zn in soil also significantly (P<0.05) decreased by
66.0% and 28.6%, respectively. However, the contents of Cd, Zn, and Mn in deciduous leaves
could reach up to 0.36, 64.5, and 189.2 mg-kg™", respectively. Therefore, regularly removing
leaves or cutting the parts of aboveground could prevent secondary contamination from heavy metals
in deciduous leaves, which could also reduce heavy metal contents in the contaminated soil.
Simultaneously, the availabilities of nitrogen ( N), phosphorus (P ), and potassium (K) in
contaminated soil were significantly (P <0.05) decreased after 5 years phytoremediation with
M. alba L. Therefore, it is necessary to strengthen the potential of ecological remediation with
M. alba L. in the tail-mining area by adding corresponding N, P and K fertilizers at'regular periods.

Keywords : Morus alba L., heavy metal, contaminated soil, in-situ remediation’, soil fertility.

SR R IERIE NG HR S R T R TR S Y 4 R T e ) B R Gl R i R R S
e g 2014 4R KA (4 E S YOR B TR A A ) |, 4 R 4 R R AR R R 16.1%, &
S N s e Al P U R S | Ml Pl X AR P B v b B A 3 b R XA X A 3 G I
Hh ) T 4 2 B R A 8t A A R S PG 2 A — S 4 f e XU R A BRI 2 T
PR 8 5 AR 453 175 % A A A O DR A g A TR, T A 8 52 R FLAT R B
B PR AL T DA B LS S Ak BT 5 S L, LR E RTS8 22 Lk TR T B R — B
AT o AAAE YA EY R R BRI BRI S 7 MR R AR R AN 5 & aE a8, m]
SEREE & A RRAAR EAE | AR TS Y A IS AR G R G PR S O a5 48 32 ST R AR A DALl
ROV ) b i G S HA — 0 R SRR SR AR AR ), anZT AR il A AR | I ZR AR A
4 It O A T 4y SR AT R BT W ACRE g s TSR R A K S e R Y Cd, DR AR AR AR
GFRRE B R RS e 1 Cd A — e W BE 7, W B 4 Cd S B s it 4
B N T AT R R AR5 e 35 b Cdo Al Zn 4393k 1.17 mg- pot™" i1 38.2 mg'potfl[m ;R INFART T Ph A
Cd 15 5 X I G AR A Rt A 7 1o F 4 i V5 e H 3B 5 T BLAT T R i it

FM (Morus alba L) JRFRFL, M T ARBHEA 06 HIFE M5, mAlik 15 m, BEEER 040z,
TR e Y 2 DRAE W) 2 — A IS 3R ] S X s T B A BRI 2 A R RE T,
Zhou %51V 5T 2 WA SR T M 40 H0RE X Cd (40 RURITIR 3 IX AR TR 58 X Cd it 32 66 7 , i 1 %
B R BT - PR I S B B (R B B Cd B9 . 28 B AR T S G LR 4 R LR K
Xof - 458 G S ) RSCIR 0 A TR A F S R B S RENT Cd Y 8 A R B (B R85 8.9. Zeng
G R R A RCE TS Y R Cd R Zn, B REYHREL Cd R Zn (3 07 B W SR T R
B e 22 B2 A SRAN AT ) T SR WSO 4 T LA B 90 R 22 30 e ) R e 3 S5 6 B SR 0 i <5 i 7
TIFEMEE T  (HRAXT Mn (Cd Tl Zn 55 24 )8 15 G 3 I RO & A BIF9E. 2 S i T
TG YRR R AR AR A BB IX AN UTE i A 2 Y W] B 3 B AR A AR IR N 28 55 s , oA R AR 48 35F
FNSE BRI A B

ARCE I 5 AR BRI Z RS X Mn Cd Fl Zn 252 4 @15 e 3 R 5 MR N E 48
49 53 A1 AR BVRAE | 138 J 4 i R UM B FR e R & i 7L RGN RAMESL Mn (Cd Zn FFH SRS
G A IR 7, 2 AR RARNR RS 515 G A SR AR S e A Al

1 #BL5 7 ( Materials and methods)

I o R
T T AR AT X BRAIRE o s TS AR FH R B (2R 27°5835.2002", £ E 112°49'7.43167)
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H AP 2 As Cd .Pb Mn ,Cu 1 Zn 4354 43.94 0.82 .41.55.2192.49 35.68 .103.15 mg-kg ' . H:H As
Cd A1 Mn {5 3% 3 1 b A AR L A [ 508 v b 8 BRI o R ] b - M 75 e XU A 4 s v
(GB 15618—2018) ) XU Fii 618 , Cd .Pb .Cu 1 Mn #4833 T 9 F5 44 + 5875 S e 06 bR —4F A S i
ARSI 980 i e v A B .
1.2 it

Sea T 2012 A 2015 4F 10 H 700 180 s gE A T4 4 KR A SR IR — i 0.3—0.5 m.
FEHR IS F A TR 600 m?, K 5515 B 30 mx20 m, 4B FH AR S B 29 400 #. 4 Bt Fi Mo 5 oK
i FH 58—t 27 kg BYSEAREAE M ELAE . 26 )5 T 2012 4 10 A 20 HH12015 4E 10 H 25 H # R E SRt
B, BEAE 3 N E R R I R R A G ARR B A F AR AR 2 4E R S 4RSS, T 2017 4F 10 A 25 H IR
BB AE ) AN A SRR S R SOR B SA R AR AR | 32T R AR e I AR R KN S KT
PETE)E ,105 C R 30 min J5, 76 60 C MU ZEEE, R E, Brs . DHEER L ARKT )G, i
10 H .20 HA1 100 Hff, % H.
1.3 P55t

LA (4 5 AT AR - Lt U 1 ik . 48 pH (B R Mettler Toledo 420 pH 3HIIE (/K 4L
H2.5:1) 5 R PTG R AR IR AP B8 R R 48U - L (0 1k 7 5 - IEE 0 A 220 o Al AR 3 43 il
SR PR - B i o 12 i TR S AN A - B B e L € Y2 R L T i P BB AT MR A 1k 0 2 5 AL ot >R FH
HNO,-HC10,(5:1) Wifit ; T 3L 5K HNO,-HC1O,-HF (5:4:1) 14#. + P A 202 Cd . Pb . Zn Mn £ Cu
EECR ) DTPA 3242 (GB/T 23739—2009) | +HEA RS As & 5K H0.5 mol - L™ NaHCO, 3242 | 7
IR Cd P Zn Mn Fl Cu & 52K 1 ICP-OES ( %585 1 & F9Ei%4% , iCAP 7400, Thermo) I 5E ,
As B R FIXGE IR 198 66 BT (AFS-2202E , Jb 5T 6L o] ) il 2.
1.4 BAEsrHr

FA IR EE R FH Microsoft Excel 2016 #E47404T 2bFRR FH SPSS 18.0 GEit 4k A AT B EHEK 55,
I 2 7 225087 ( One-way ANOVA) AR HR] (1425 5, 2 1K P<0.05.

MR P EE A 8 1) s B R BC) MIFE s 2B (TF) # IR 1A=

BCyy . = AHP b F I H G IR T (mg kg™ )/ HIETH SRS (mg-kg™) (1)
BC gy = LT IR RS (mg kg™ )/ HIEPEGJE i (mg-kg™) (2)
TF =AY 4R e i (mg-kg™" ) /L PR HE 48 & & (mg-kg™) (3)
APy b T o0 %5 G e G Y RS R IR T A AR
Ly s (mg) = Cop XBy +Cy XByy +C o ¢ XB .y (4)
Ty (mg) = CaXByg (5)

fcl:ij , Tﬂi{ |1g{35}7ﬁ] TﬂﬂT?ﬂSé} %ﬁ%ﬂﬁiﬁi%ﬁ%ﬂﬂﬁ?%ﬁﬁﬁ%ﬁﬁﬁ?@ E/‘J %@%A%\i , Mg CIH' \CHL \Cq‘—q: %ﬂ C’rﬂ
TP FR S e A AR P R O mg kg s By By By M1 By BRI 2K
FIARAY T, g

2 R 51718 (Results and discussion)

2.1 FREA KRS

M1 ATE S, BRSBTS 5 F RS IE AR K A K S AR R A R TR ke R
Horp | SR A i AR e SRR 4 ) B Y 32.17%—41.98% Al 28.29%—38.10% , Ifij
A A 0 4.24%—6.32% Y YNGR AR N 2 N EERNZ B EEYIRNE SR S EMEY
AT A R S (R R N T e B A A RE R — R 1T O S 1E R R A
HABESESER AR R RS R, WY R 2 m B ARA Y 5w S A
FEELA B S A 3 AR R W AE 4 R V5 Y b TRkl K H AR R K, T i X1 S
i R kB A5 s Y 3R T S8 N T AR TS Y B RNA BRI R AT AT AR
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Fig.1 Dry biomass of M. alba L.

2.2 WK E SR 30 A E L REIE

M 2 TTF W EE 5 EIG WM& TN As Cd Pb Zn Fl Mn & KBS 2 ERANE LS S &
TeWI 225 1 Cu B mAEFE I B AL 32 TR AR 0 B A 35.2% \37.6% 44:0% .30.1% 1 30.6% . Ji.
PR AT e B 2 SR B A K, S AR A BN, T S SR R P R K A B L 5 Merten
SV MR AR AR K AR R R LR PN 0 B 4 R A R Ao B A R OB N B RN, A g 4 R
L RAR T Mn 7 2 B T T 48 09 7 i, 098 o R 6 it P Mn % 5 43 103K 189.2 mg - kg Al
96.6 mg-kg™ A WFE LM, ZE0TH Zn Ph Al Cd & EHEE LRSS R S B A m g m Y HAE xS
PREEEAORIGE N SRESEELIEP SR NRSRHANESE S e 2R 5 HRPES)E
BRI FEE A S SR AR PN 4507 ot o 4 i o A R AU o I I S B S B> T~ MRCE IR R,
SR AT5 YR FEMIRN Cd Pb Zn Al Cu 2B AR MR > 0> 2 > 817 8 Cd 155 448 1 e
BAE Cd SRR/ NIF N AR > EAR S 25 SIS0 5 i S A 4 514 SR 40 A 22 S 0 R DR Al i
E2 RG2S G YRR | R AR A R A5 R AT 6. A W AT 1 AR 43 W A A 1T A B el
HEF B AU 28 T 8 25675 2T0, A K REAY LSS R 8409 2T, IR L HE T SR | 7% 33 4 FN 22 90 A 7
(975 AT SEEE Ph AT As 153 IR0 2 B0, IR P2 A — 2 B2 B A SR, AR 5 2 W] S b i - 7
S E S A PR 2o 55 A 5 ORI FH S A AR 25 e R PR B XU | N SR A R & 4
o R A L A BIE S T, SR I P R 4 )R S R, P As \Cd L Pb . Zn Mn Al Cu % & 435I T ik
1.17.0.36.7.2 .64.5 .189.2 8.4 mg-ke ™", 77754 i (1) B85 VRS . PR b, 75 B 7% IH S 0 221, ARG 1k 1 R v
T4 B S R 5 Y AR oY R RN A R A N T s Y E B SR AR, E
HE AR A KO, ELAT B0t 1) 5 4 R R A2 B 7. R, AR ARG 49 S8 ) A Ml i R AR R i 15 e IX
e 4 JE RS E 1B Jr T R .
23 FEWBEESLSEIS NS

A R BT WA 4 R A R AR RE N 3 A Y R TS Y S R R 4
As Cd ,Pb . Zn Mn fl Cu (W& 4 RZEF/NT 1 ERMXT Cd. Zn A Cu 1Y & %R EH BT As P I
Mn, 5 k224027 Ze > (X 32 | S0 BT B BN Zn>Cd>Cu>Ph AT 45 S ML e 591 230
WFFE T 3 FlORAKI Y LR A AR 1 AME B AR AR A A BT 77, R BRELXT Cd . Pb AT Cu Y&
EFRBEINT 1. Zeng VOIS T ARAMIY) it ¥ R DU BEESEAARKYIXT Cd A& SR EFE, &I
ERAE G e -3 Cd B R RE S — B Kang 260V I THISE IR AR Y B E B4R TE Y I
FIVERE , T 98 & BLRER Ar RAKE X Cd . Pb Ml Cu & SERBUNT LI , AR Y 48 10 & SR 6k
J3— 8, SRR AT R 5 ARA A Y AR W i, AR ARG, DT 3 BOR AR 4 9 %) B 4 J 1 AR SR AN B . AR
1M, X As Cd . Pb Zn Mn Fil Cu #RELERRIFZ AR ), 2 RECEYRT 1, X R M REA 20
VMR A1 B 4 S A s B0 b3S R A SR A DY 1 BB A7 AR I 14032 i R A B ML A AR ) K 3 4 i 1 il
SRS A BFSE 3], SRR Cd 196 B A 8.90, ELWGIAY Cd 32 & AR TEm b, 2Rk Cd #4f



54 WSS - S (Morus alba L) IR B SR X H 48 1558 1% 1399
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Fig.2 The distribution characteristics of As, Cd, PbyZn, Mn and Cu in M. alba L.
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Fig.3 The bioaccumulation coefficients (BC) and transferring factors (TF) of As, Cd, Pb, Zn, Mn and Cu in M. alba L.

FRETS Y 3 PAE K 2 AR S AR, A 100 m* A X5 e+ 48 As .Cd \Pb Zn Mn il Cu i) RFH
S DL 4 SR A PN o 4 i SRR B ) A3 I i . RS S G S s g 4 5 AR SR L HE A
FHL T4 5%F As . Cd Pb Hl Cu (1 B F 50514 52.8.8.49 ,109.9 ,457.2 mg- 100 m™> 1 29.1,1.58
17.1.118.8 mg-100 m™>. 1 F 3 As Cd Pb I Cu B75 YRR — M, RS0 T R 1B % X el 5 e £
) As (Cd \Pb Fl CuSRTT MEE 5 45 S 15653 Zn A1 Mn 19 RELEEL AT 6 2422.4 mg- 100 m ™ FlI
3277.7 mg+100 m™. [FJi, A5 Y3 Zn i Mn (95 £ RZEUNT 1, {HX Zn A1 Mo (9552 ZECK
T LB 3) , HEWAEY &R K, SRR TZ 05 G 38 b Mn Fl Zn BUFE)$ I
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Fig.4 The total accumulation amounts of As, Cd, Pb, Zn, Mn and Cu in M. alba L. from the contaminated soil

24 FWBETHEESESENZL

FWBE 2 45 HhE SR S B S RBE R (CK) M TEW] B L MBS 5 4E )5 R b 4
JE SRR TR, Hdh As Cd Pb Al Cu & &4 BIFEAK 9.33% ,42.7% \9.07% F1 10.3% , (A A 1K 5]
WEZER (R, FE P Mn M Zn 19825 H A 2192.5 mg - kg™ FI103.2 mg- ke ' B ERFILE
1790.0 mg-kg ™ F185.94 mg-kg ™' ; E &R A RS E HIRE TR HATH 2GS Pb Zn Mn Fl Cu 43 2
#(P<0.05) FEfI% 37.6% .28.6% ,66.0% Fl 41.5%. + e v 8 4 & B AL 808 & B R IE 2 07 19 R
PR30 Y5 Y+ 3 b T 4 TR B TR O SO RAR VR T, ) DU R Y Bk i R RS s QYA
WSO i 4TS Y - B T 4 R A SO i ORI AR R IR A A s e E i T AR TR R, &
PHEE B BTGy S, 45 pH 2T S L 2) RMBE 2 M 5 4E)E, 5 pH HERBE
48 (CK) 43 51 .35 (P<0.05) $/55 1.39 H1 142 -8z, Ji7 R 0] i 2 S i 398 v 1) 5 4 & A s oo
FEYEM SR, 5 WO s X o 2k AR & P2 W FE BB b HY 51k 4 pH (5 T
Y AR, 5 pH 5PHE TR SE A Sk R O (B S BB T As B RE R IEASEY A
MR S EAM I RIMEE G I AR As S REETHE MBS (ERBEBEZES) , FBA R
% Cd.Pb . Zn Mn Fll Cu & 2 FEEREE A5 435 Mn 55 48 & B m 76— N5
PR , DRI S A BB~ 5 i B S )Xo 1% X I T 4 S 5 e IR B R .

®1 RRMBEET LR SE SRR T RAZL
Table 1. Change of total and availability of heavy metals in soil with M. alba L. remediation

TIEEE B

Total heavy metals

. . As Cd Ph Zn Mn Cu
contents in soil/
(mg-kg™")
CK 43.94+0.32a 0.82+0.13a 41.55+2.10a 103.2+1.59a 2192.5+46.5ab 35.68+0.76a
24 41.58+7.07a 0.76+0.24a 52.82+11.5a 103.8+9.44a 2826.7+477.4a 36.28+2.74a
54 39.84+4.11a 0.47+0.10a 37.78+1.97a 85.94+5.49h 1790.0+315.5b 32.01+2.03a
TIEE S BANS A E
Available heavy metals
. . As Cd Pb Zn Mn Cu
contents in soil/
(mg-kg™)
CK 0.23+0.02b 0.26+0.001a 7.95+0.03a 5.11+0.81a 197.3+9.7a 2.84+0.03a
24F 0.37+0.05a 0.23+0.14a 6.72+0.44ab 4.73+0.25a 124.4+50.5ab 2.11+0.63ab
54 0.31+0.04ab 0.12+0.05a 4.96+1.23b 3.65+1.91b 67.01+11.2b 1.66+0.29b

TE BB T AR | R — 3 iR [ R R RME S IR ik B 4 i oA S A i A7 e 5 22 7 (P<0.05).
Data are presented as the mean values + standard deviation (n=3). Different letters in the same column indicate significant differences for

total or available heavy metals contents in soil under different remediation time at P<0.05.
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2.5 RWEE T LR

A BEMAEAEY A K AT K E T EFR IR, YN EREEREE T EEMEN. &
WHESE 2 4F ), H3EhAHLT B A A RO R O o S R B 4 (CK) A HL 2 R R (B
REN I E 2R WIE R 5 A S S i A A RO R R i 2 (P<0.05) B 29.9% .55.7% Fil
19.1%. 525500 T i A B A K 200 d i, AT AT 250 38 AR PR A B2 A B4 32 TR PR 485 AR Bk HE A T 7K S
FRIRIF S 235 SR AF S i DR ] B R S A et AR i K, 20d 5 AR R) A9 A S AT A R TS G - e
HRE FRICER , NI B 3R AE 7 /K57 B 1 A 257 b0 X 4 i 7 G - IR D R AE R AR 2B
ST IEATIIFSE , % PR R A X R 1 T 4 R 15 e IR AR R I S AR ACOE A5t T LUBURI T e Hok 2518
AR I R AT X - A IR B AT, 2R SR8 5 4 T e R A R R T RE - e A T
I B B AR | DR AR SR 16 5 T 4 i T 4 398 0 e R v 75 S B0 8 R BRI A R s — A 348 i 5
WASBE E R TG YRR

®2 RRMEET LHEIC B2
Table 2 Change of soil fertility with M. alba L. remediation

T AL R AR AR P
. P Organic matter/ Available N/ Available P/ Available K/

Soil pH values 4 1 -1 -1
(g-kg™) (mg-kg™) (mg-kg™) (mg-kg™)
CK 6.03+0.02b 25.0+0.24a 130.4+2.35a 4.47+0.57a 101.9+0.51a
2 4F 7.42+0.28a 21.1%£5.05a 116.1+27.4ab 3.76+1.22ab 94.7+0.30a
5 4F 7.45+0.20a 20.9+2.86a 91.4+26.3b 1.98+0.72b 82.4+7.24b

TE R PR P E AR 2E | ) — 5 rh R[] T B R ARG S I 1] T 8 pH A LT 90 26 AT Sl R A B0 5 T A7 A B 22
5(P<0.05).
Data are presented as the mean values + standard deviation (n=3). Different, letters in the same column indicate significant differences for

pH, organic matter, available N, available P and available K content.in-soil under different remediation time at P<0.05.

3 4512 ( Conclusion)

(HFRMWESEGRELELGRBRBEER I BE S FRRMERAEYE(TE) BHRTA
4 kg, Horp =T AR ) b A A ) 32.17%—41.98% Fl 28.29%—38.10%. 2 H X} As .Cd . Pb.Zn Mn
H Cu #B H 45 8¢ 9 (4 1588 o, FEHE B340 % Mn A1 Zn B9 B BN 2422.4 mg - 100 m™> Fl
3277.7 mg-100 m™>CH 5 Mn FI Zn (9 5 & 50 51 A\ 2192.5 mg - kg™ Fl 103.2 mg - kg™ &K =
1790.0 mg-kg ™' 1 85.94 mg-kg™".

(2) S PR AR N 4 B A2 & s DUy - Vi it > B > A > =T <~ AR g i Cd | Zn I
Mn 45 5 42 i & 5430 1 150,36 164.5 189.2 mg-kg ™R , 5 g T B i LAY 1kt vl o 43 J % L3
TR R TE G.

(3) FWEE EA R Y 1 5 4F )G , T HRAE ) 2 B0F Bk A H w2 A A5l A s )
SR (P<0.05) FAIK 29.9% .55.7%F1 19.1%. I, 75 %2 3140 70 20 Wi RN A Ot 1 o S 01 B B =
EER YT,
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