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A SC UL AR A AL 38 PR R A SR AE
RBEFERT G, R S R R ],
KRR bR #EY) )= ( European Community
Bureau of Reference ) & i 1Y — 2% VU 25 1% 2L 42 Bk
(fAi#RBCRIE ) WFo0HE K T3 E &R AT (Pb) |
B (Cr) . Ml (Cu) EEGRZES, HHE L
B—/NAXPPb., Cr. CufE L2 AR K &
R RIEARAL, Ead 4R E A RO R
MK E 4 JEPb, Cr, Cull BHLAE:, N
W IR AE AR M Fn A= 25 PR v g o P AR LB S %
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B, RFERE N0 ~20 cm, K RAERRA -3 %
R, B, BRA . REEL. IR E Y,
HARR A Wi g, i (10 H fLAE0w)  IR
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H, B HIEME SETPb. CrfiCuE &K T
AR My A 35 T e KU 0 R 4B, TR R A
R . B AR FRLAR 230 98 H ~ 100 H - (A f
WU IRUBURL. 100H ~ 200 H (A48 Rz 25
gD AMRRL M (R R FA IR A Rl
HE At RS, UK KIPb. Cry Cufy
BHMTRABBEKER (GB 8173-1987) (Uit
bl O R A, HH AT G OB bR D) 1 domr SO VE
500 mg-kg™ (pH>6.5) . f#HiX/NE3E (Chinese
cabbage, Brassica chinensis L.) FfF KR 7

L1 ke BEERE AR AT A X560 BT A A 73
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Table 1 Basic properties of the soil in the study
1k % 1 i Chemical properties MUk 41 % Soil particles/%
ats ESpit]
, SOM AP AK Pb Cr Cu bk g E
Soil type pH
Ng'kg)  Ngke" Ngkg") J(mgke" /(mgkeg') /(mgkg) Sand Silt Clay
fri® 6.08 8.91 7.49 6.63 72.63 51.56 29.26 46.65 42.36 10.99

E: SOM. AP. AKZ MR RAHTR . A WA 24 Note: SOM, AP and AK stands for soil organic matter, available

phosphorus and available potassium, respectively. WBrown soil

=2

Table 2 Standards of soil environmental quality (GB 15618-2018)/(mg-kg™")

TIRFEREFRE (GB 15618-2018)

JLHE KU i 5 (A Risk screening values

Element pH=<5.5 5.5<pH=<6.5 6.5<pH=<7.5 pH>7.5

Pb 70 90 120 170

Cr 150 150 200 250

Cu 50 50 100 100

x3 AR RBIE AR MR
Table 3 Basic properties of the coal ash in the study
Hi4% Particle size pH Pb/(mg-kg™") Cr/(mg-kg™) Cu/(mg-kg™)

8H ~ 100H 8 to 100 mesh size 12.36 149.1 95.29 64.71
100H ~200H 100 to 200 mesh size 12.57 167.3 64.84 106.5

R E
W PR AN FRLAR fR K 5 LB R,

1.2 BHSMNAFE. CK (@3, 88K+ 5

B PIMRLARR RS 5 LR T B, BiR)E
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R, BBIRIEKS kgt KB AR, F#RE
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H22H F: 5 —HtT20164E8 H26 H &R, 9H
19H R H=HF20165E9H27HEM, 11423
HRW SUAT20174E4 H17TH &R, 6 H4H XK
Yo o BAMEKESNES, KB -HHB3AE
SEHT W, KR8 .

WORHT B 7K, /N 1 32 58 B e L E koK
MZERAE T, Bhh 3o 54T, T
JE TN B 105°C A7 30 min, SRJEAETOC FHET
ZHE (24 h) , 2 lE s EEARE =, A
MR, E50H T, BT BEHE O, BA
TR AEM . HFE MR DAEEYEAL,
Kb A E &R S B, KB 2B RS
b ER A ACAER2 (58 LD ASEMIARER) . R3
(CE=HNAZRMEE « R4 CHEPUHLN A ZE 1
RED) S22 (B _ft/hasEmth ) . S3 (5
SN EZERH B LS4 CEE UYL (32
D o BB TR S — D B SR OGR R R
BEPRS, RELIEREMS, LRESK, Halid
PEtl (FPRESE —HE/ DN SRR 38D o 2 (PR
It N EE AT DN INE - =t N =]
38D o 4 RSB DU/ F A it L3 | ¢S
CEIUHN ARG G H3E) , EREERRT .
VT S DR AT 25 o
1.3 MERE

Jiti K L3 Pb/Cr/CuTB &5 40 Hr . R BRIL AR A5
HEY TR B2 H I = D SR I (RIARBCRIEL) 2L
HHPb. Cr. Cull ZRIBEMA . WHIERA. T4
A& REHAMILE, ICP-OES (Optima 8000,
PEAR, £ED WELMEME. WTIRIEAS. 7
AR,

Jii K - 4% T AR S PL/Cr/Cudy B E . Bk
B THWAMERM (100°C) FH2 h CHE)E

FRE) , FE TSI (600°C) K5 h, BEHE
il o FRE0.2 kA T RIWMLIEHIAN,
oK E R IMANS mLigER, B T90°CH
P R EE TR, AHR=EE, HIAS
mLEREKE, BETHAR EEZIT TR, A
BER, HIMA8 mLiEmAEiR, BT 160°CHMR -
gazmMmBEEH REOMGE LT, RHMAE
W ER TIPS T, SLmARIE TR N AH,
M R25 mLA RN &R AKE BRI AR
YRR 7% H F, Pby Cr Cul B 514
97.52%-+ 90.97%+ 94.20%.

N SRR R /M b 5> Po/Cr/Cu s & (1) 5E -
HOM R 5 AR 0.4 ¢ TR VIS S I@ I, 10
mLIB S5 E&ER (V:v=4:1) BAEHBH, BT
100°C A4 B BHR AR h)E FHIR 5150 °C )5 N 5 4%
SLMIRE W 5T . AR RN A3 mL A
i, BN 2R N Ao AR, 2k
TRRBE, AHZR=ER, BB 225 mLAEER N
TR E BRI o ks B M 772 [F F, Pb.
Cr. Cuffi 53 51°894.5% 101.9% 91.72%.
1.4 HIELIE

H4 RN AYE £ 250 (Bioconcentration factor,
BCF) J& et Mk o 3 Fh 5 & J8 R 2 5 HL e 3 vh
FFhE &R U RIKE A, 8 AKX N: BCF=
Ciun/ Crunro BCF>1, ULHAMY) B B8R S £t
J1. BEEJEER 2% (Biological transfer factor,
BTF) JEf8ME Y 35y 5 4 8 Wk FE 5 Hh R 38 o0 ik
FEZ b, iR A KNBTF=Cy i/ Coy g, BTF>1,
UL AR IR S E SR IR S

K kb K F Excel 2003 fi10rigin 9.0 &,
FIF #AFSPSS 19,0347 &3 /i (/N3 %
5 (LSD) %) , EEFHI/KFANP<0.05,

2 R 518

2.1 MEREIEHPH/Cr/ICuZ BEAMRSEENITE
T
MBI BLE H, SASREER N R
fEAPb. Cry R EEAR—5, HAl4EFETE1.40
~1.60 mg-kg'. 0.50~0.65 mg-kg™ ' Z [, ¥
WK GN LB ORIBERAEPOE EY KT 1.60

mg-kg™'s Cry E¥ K T0.60 mg-kg™', FEHMIEK
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M RENIEIN T 138 VA R AP, Criy . M
MNMNEFEEKERE, AFE KL ORI
fRASPb. Croy & MR t K E/NY A 150 g-kg™
R 150 g-kg ' giRy K . 50 g kg HLA A
K. 50 g-kg B . CK, %45 5K R I K
(1t N\ AR AR 38 2 R LIRS fR AP Crig &
B, CTRIERRAS S 5 BE Bt fin &2 1 o v 1
L5t IR R B K S B R T 4R K, T PO I 2
e 250 SR B B R o 43 BT D TR ET R R K L e B P
SBYER, YRR 2, fE— E KRR TS
BBl P R B i N L3 5, 5 R I e fh i A 1 g
HESRE RS R A, BEE N [ SERE A
g, JURP K LIEF PO, Crf QRIS MRS &
B E BT, 2 [ 5 R RE A G R E 1
AKF, SRR/ AR AR AR T R K e SR
WAL, EPb. CrM\ A 25 m 55 B8 2 BUS 4L,
Ay al R MR . b, PR DO/ AR R
(t5) AHECFPHE 28—/ AT 438 (e1) , 50
g-kg FR R . 150 g-kg FLRMER . 50 g-kg ™4l
I FI150 g kg AR K 1) R IB RS PO & =
Ay T 24.86% 19.53%. 46.58%F134.61%),
AT DL AR AR R K IR B R K TR R AR R
P, MCrEEa MM 7119.1%. 123.8%-
123.0%185.37%, Mg 5. %
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LR
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B B 5 A it N R ) B BT 3, i s e R
B ORIBEMACuE BREAREAS.T0 ~ 6.20
mg-kg™', HPb. CrAlfh. MBS, [ K 1+ 4
(1) TRV R AS Cu s BBl A5 /N 1 3 P A 2 85070 385
2B, ZHENUMKRMHEERE (t5) K
TN OBRBERECERRTESA L%, HiZ
ZRAFTPb. CriBfb s . SLi s Box,
SV RS (t5) , i AR AL B K AT AR JR A
Cufr & (50 g-kg MMM K: 16.82 mg-kg™'-
150 g kg "M BEAK: 15.25 mg-kg™'. 50 g-kg '4H
WK 12.68 mg-kg™ ' 150 g-kg "40M 1K
7.68 mg-kg™) M EIAECus & (50 g-kg Hl
WK . 8.78 mg-kg™'v 150 g-kg HL K B .
4.98 mg-kg'. 50 g-kg 4R EIK: 5.88 mg-kg '\
150 g kg "4k K. 8.42 mg-kg™) mTEAL
B (R FE&ECu: 9.96 mg-kg', AEALACu:
5.38 mg-kg™') , AT AL S A A A R A ] [ 4
FRVE RS AL, RIL, K 3 2R IE A& Cu
BN SRR KT A TR S 1) O R VA AR AS
T, FEE AN ORIE MRS Cud & &
BB KA B e U BEE I R R HER, R
fRASCuty EIZWR D, RFTEN B LIEHRCuly
A AT R R AN W A, T B S 20 L R L Cu
Y.

Cr 8.00 - Cu
750 .
7.00 -
6.50 -
6.00 -
550

5.00 -

1.40 L L L L L
tl 2 3 4 t5 tl 2

3 “ 5 tl 2 3 “ tS

i/ N FI3ER 5 i 15

Soils before and after the cabbage planting experiment

—8—CK —w—50 g-kg ' JIBHALIK Fine coal ash——150 g-kg ' 4IBHEIR Fine coal ash

Heotl,

—e—50 g'kg  HDEMAEAK Coarse coal ash —A—150 g-kg HDEMEEARK Coarse coal ash

2. t3 ., t4, SRR R FIAE A — /N P SREAT A L RPRLER T/ I SERT A L L RIORE S =t/ SRR RO R Rl

SO/ FUSRAT R L L RS PO/ SRS B LI . CKIFIR A F M, ORI KA L JE4b P Note: t1, 2, t3, t4 and t5 stands
for soils before the first cabbage planting experiment, soils before the second cabbage planting experiment, soils before the third
cabbage planting experiment, soils before the fourth cabbage planting experiment, soils after the fourth cabbage planting experiment,
respectively. CK stands for blank soil, soil treatment without coal ash
P /s SRR O AN ] e K - 338 b 2 BRI A 25 Pb/Cr/Cu i 1 22 AL Y521

Fig. 1 Effects of seasons of Chinese cabbage on contents of Pb, Cr and Cu in HOAc (acetic acid) soluble form in the treated soils
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AbEE Treatment

[ w44k Oxidable form [E55] mrid 52 Reducible form
[ 1 Zm¥f#A: HOAc soluble form [~ ] B¥#tZs Residual form
50 g-kg L 150 g-kg ML 50 g-kg 'AUAIIS0 gkg 44N MK ARS0 g kg THIBME R 150 gkg HIBME IR S0 g-kg T AIA H A A
150 g-kg 40k /K . T [H Note: 50 g-kg™' Coarse, 150 g-kg™' Coarse, 50 g-kg™' Fine and 150 g-kg™' Fine stands for 50 g-kg™' coarse
coal ash, 150 g-kg™' coarse coal ash, 50 g-kg™' fine coal ash and 150 g-kg™' fine coal ash, respectively. The same below

B2 7N SRR HE RO AN [R] i 2K 13 1 Pb/Cr/Culf 45 T2 245 B 43 E I 52 i)

Fig. 2 Effects of seasons of Chinese cabbage on fractionation of Pb, Cr and Cu in the treated soils
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Pb. CriZ#i BRI 25 1R T8 AT RS AN LR I i 7S
et (HCufBAZLN R — % 1 E 71,
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Pb. CrAffl, E7E it A 40k A2k KK (1 £ 3 o Cu
SR KERRNENL, 520 HIERAERRE

SE o
2.3 Pb/Cr/CufEERLIE—NARGERFEIHE
SE4SAE

4G R W R R BT R R AE LI — R R
P R IT R I A S R R S L A A e .
FSXFLL AT M, Tl N KR R AR S TE A ) oA A 1
/AR EEAR N =M ESEE
ERBIBEI N Cu>Cr>Pb, BN Tl FAEH.
g RSk X HS Y BE RIS R Th g g R —
B, 507 RS BT I S K 4 R P
Cr. CulIEHERIE . CulEERBAEKR AT
K, X5E2ERHKIES CRRIERACuE
2K TPb. Cri 4 RAMAH— 2, UMK PL.
Cr, &#AMCuE 5, HEYWEYF T
G

®arp, fEMHFRAARERKBNLIEE, HE
Tt ik K B3, M E £ JEPb. Cr. Cull)
BERYEIG AR, HEas T2 ax L
e, UM R I RN RS AR R SRR 2 OE T

KR T Hh b 4 I A 2 B R A [ ) 4
Infa s, (HEE 48 CufE M b SR E 42 R A X A
FOO RN, SR K i N 3% 5, E & JEPb.
Cr. CufE/E MR L. X T A [ kA2 ¥
PN LSS, BE SIS s SR e TR B,
FiRE L O /N A SR AR W R S LS, il AR AL B A
HN AR AEY R (50 g kg B BEIR: 44.66 g.
150 g-kg MM BEAK: 39.24 g, 50 g-kg "4HH I
K 44.24 g. 150 g-kg 'YIM K : 28.96 g) ik
WA LENARAEDE (4569 g) BAL, UL
Jit R AR S N SRR AE K 50 g kg R
KEN M50 g-kg N BER/NAFEAY) R
B, WA RS0 g kg MK R T E £ R
HUNF150 g-kg WK N R I E 2 R B —
;| WHEERBE A DNAREDERRIEX R &
IFi) b R (1 5 At/ SRR R L B E A R Y
5230 1 2 I — S B A RRE, TR S Bl A
FERERIG N, it 2K SRR 1)/ L SEAR S . B
BEHEESBEEMMEZ N, TAENRESHE
E AN = B SN N 0 S 1T i N T g 0 e
HE S JHEPb. Cr. Cudr & Ff FiE L3 2%
W B A, U B B K IR I N v B A\ 13
FEEEE N, WERELSBEAEDNAKAENE
£, KL, BB i N 3R ) BT T LR fE R .

F=4 PEFERI. W EMHESEPH/Cr/ICUEERY

Table 4 Pb, Cr and Cu enrichment coefficients of root and shoot of in the Chinese cabbage/(x107)

JLE FEh G0 25 I 50 g-kg Hl 150 g-kg #1150 50 g-kg 4l 150 g-kg™'4H
Element Sample number CK 50 g-kg ™' coarse g-kg™' coarse 50 g-kg™ fine 150 g-kg™ fine
Pb R2 2.88a 2.41bc 2.79a 2.11c 2.62ab
R3 2.98a 2.67bc 2.89ab 2.54c 3.03a
R4 2.98b 3.12b 3.73a 2.82b 3.52a
S2 3.71a 3.39a 3.57a 2.85b 3.42a
S3 3.96b 3.83b 4.52a 3.20c 4.02b
S4 3.20e 4.11c 5.38a 3.61d 4.67b
Cr R2 2.48d 3.61bc 5.21a 3.32¢ 3.90b
R3 2.71d 4.39¢ 6.39a 6.15ab 5.69b
R4 2.64b 5.04b 7.37a 7.07a 7.08a
S2 7.03ab 6.19¢ 7.32a 7.16a 6.70b
S3 6.67d 8.42¢ 8.75bc 9.22b 9.92a
S4 6.90d 9.18¢ 10.28b 10.23b 11.13a
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TLR EGE R E{EER 50 g-kg Ml 150 g-kg 'HL150 50 g-kg 4l 150 g-kg ™4
Element Sample number CK 50 g-kg™' coarse g-kg™' coarse 50 g-kg™' fine 150 g-kg™ fine
Cu R2 50.58bc 60.69a 48.11c 57.46ab 63.14a
R3 51.88¢c 61.78ab 65.24a 50.97¢ 54.52bc
R4 52.62d 61.34c 83.10a 65.09bc 68.17b
S2 93.15b 84.51c¢ 105.3a 88.78bc 102.3a
S3 100.4a 83.88d 97.28ab 91.66¢ 93.74bc
S4 103.5a 61.16¢ 61.92¢ 70.33b 72.09b

E: R2. R3. R4, S2. S3. S44rHlF/Res " H/NESRAIMRAR . 45 =3t /D ASEAMREE . S8 D04/ FSRAOARTE . 28 /SR
B BB A=A N SRR AR A TN S B AR . R — AT O ) R R R B 25 R 3% (P<0.05) o T IA] Note: R2,
R3, R4, S2, S3 and S4 stands for root after the second cabbage planting experiment, root after the third cabbage planting experiment,
root after the fourth cabbage planting experiment, shoot after the second cabbage planting experiment, shoot after the third cabbage
planting experiment, shoot after the fourth cabbage planting experiment, respectively. Different lowercase letters in the same row mean

significant differences at the 0.05 level. The same below

RS NEEREIBAM EELESEPL/Cr/CuR E

Table 5 Contents of Pb, Cr and Cu in root and shoot of the Chinese cabbage/(Dry weight, mg-kg™")

B . SR 50 g-kg HL 150 g-kg '#l 50 g-kg 4l 150 g-kg™ "4l
IR !
LH PR CK 50 g-kg™' coarse 150 g-kg™" coarse 50 g-kg ' fine 150 g-kg™ fine
Element Season
R S R S R S R S R S
Pb 55 Al
0.19¢  0.25cd 0.20bc  0.28bc 0.25a 0.32a 0.17¢ 0.23d 0.23ab  0.30ab
Second
%t
0.20b 0.27d 0.22b 0.31c 0.24a 0.38a 0.20b 0.25d 0.26a 0.34b
Third
EHIIE
0.20c 0.22¢ 0.25b 0.33c 0.31a 0.45a 0.22¢ 0.28d 0.29a 0.39b
Fourth
Cr o5t
0.12d 0.34c 0.21c 0.36¢ 0.32a 0.45a 0.19¢ 0.41b 0.25b 0.43ab
Second
5 =t
0.13d  0.32d 0.25¢ 0.48¢c 0.38a 0.52b 0.34b 0.51bc 0.35ab 0.6la
Third
EH KT
0.13d 0.34e 0.28¢ 0.51d 0.43a 0.60b 0.38b 0.55¢ 0.42a 0.66a
Fourth
Cu it
2.15¢ 3.96d 3.0la 4.19¢ 2.32bc 5.08a 2.65ab  4.10cd 2.92a 4.73b
Second
5=t
2.176  4.20b 2.93a 3.98¢ 3.02a 4.50a 2.27b 4.08bc 2.38b 4.10bc
Third
EAUEA
. N 2.13c¢ 4.19a 2.86b 2.85¢ 3.95a 2.94bc 2.80b 3.03bc 2.93b 3.10b
ourt

e R. SAMIFT/N SRR . [P AT 1A BIHEAT B HEABT Note: R and S stands for the oot and shoot

of the Chinese cabbage, respectively. Significant differences analysis of the root and the shoot in the same row, respectively

2.4 Pb/Cr/CufE /N B3R E—h_EEREEFBAFIE JEPb. Cr. Cuffi## 2% KT0.5, TAXNE L
RO A, /NAFMRE—th F kR ESE Sy L N E S O N A e WA R
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Cr>Cu>Pb. [AIWF, /N SEFRAE L K 1 386 0 %) 3 4
Ja& 7E HAR P 1S RS B L IE T B3 R

L6 PO #8 K& v 51, HEEPbI
REIEL.0~1.52 108, AmFE (1D B1fE ~ 1.5
&%, FLJt IR JE K S5 AR 2 A R e 78 RO
W, ULERTERM BN TS, R T b SRR
I P EH AR ) My b s s 7E A [RDR R K i
AT, ORDR AR il N B A 12 /N B ST PD
MR . RO Crit e  REA A0, 0w 45 2K
W B RECHE R ZE /N T2 8 L, R4
HH S it TR SR AR A B ) /IS L SEAR B AN M F R CrE
EREHRTFEA L8, WHEBANREKZ G,
R T EEBCrifie B it DRSS, FZEF v
KPS Cr R E U A ME R AAFE (B
2) , AR FoiztmEd B, B4 YA F A
PE. HR6FCull R ZET A, X T HEECull)
R AL, HENUR KA R 38 N T e g,
A CutE MR B w A2 2 HOR it ok J 2 S5 AR S 1)

BERBIEAR - IR K S ) H 1 4
JEBCu® = B R, UL CufE MR BIEAN
SR BEIR I R, AEUR I AR G Cu AR 356 1 b b S
MR 2B AMHKKR.

Bt 5 Bl I () (AR, B RST T, AN A
AT Cry PoE B 23N, W& HE 5 Cu
FEBRWIR, 150 g kg HUM A A 55 DY AL 1
INAZAT RS ESEPOE B, MEE
HEIE AN T 40.63%; 150 g kg™ 4H% 1A Fi ke 4 DU it
f/NARAT SRS ELBCra BRE, MELE
HEIE N T 53.49%; 50 g-kgRHR HE A Fo b 555 DO AL )
INAFAT B ESBCud R, M
HEWR A 731.98% . MiKBGFRIM/NAZEN E SRS
B, HEEEREKBNERE M, MNEEhE
SR G R, 4 ERTER, MR AR E KRS
TIEE G RMESIR, /A SE R A T
HRABKT, YW/ AZER & BRI E 5
BEEESRE, FHEHZERE.

#*=6 EEEPb/Cr/Cufl/BRRARE M EEHIET R

Table 6 Pb, Cr and Cu transfer coefficients of root and shoot of in the Chinese cabbage

JLHR FhAE AL SRR 50 g-kg "4 150 g-kg Kl 50 g-kg™'4H 150 g-kg™' 41
Element Season CK 50 g-kg ™' coarse 150 g-kg™' coarse 50 g-kg™' fine 150 g kg™ fine
Pb 25 4t Second 1.286a 1.404a 1.278a 1.350a 1.304a

25 =4t Third 1.328bc 1.438ab 1.568a 1.263¢ 1.324bc
5 U4t Fourth 1.074c 1.316b 1.441a 1.280b 1.325b
Cr 25 — 4t Second 2.833a 1.714c¢ 1.406d 2.158b 1.720¢
25 =4t Third 2.462a 1.920b 1.368d 1.500cd 1.743bc
53704t Fourth 2.615a 1.821b 1.395¢ 1.447c¢ 1.571bc
Cu %5 — it Second 1.842b 1.393¢ 2.189a 1.545¢ 1.620bc
%5 =it Third 1.936a 1.358b 1.491b 1.798a 1.719a
5 U4t Fourth 1.967a 0.997¢ 0.745d 1.081b 1.058bc
3 45 B i K L3 Po. Cr LR il & & v BMC

T3 Pb. Cr. Cula& 7 A B AR I K 2
MR N BRIERS . TR RS/ MRS L
WA MERKEN TR T LIRESE S &,
AT &SR HBUAFEER B2 . & 04 E K
WG, MK EEEPb. Craf SRR IZH 7
B, FRIB AW FEAK, AW nT R PR O Y A,
X 358 K AR WD AFAE VS G it — 20 i R B RS o A [

BIN: 150 g-kg MM BER . 150 g kg™ iRy I A%
50 g-kg LK. 50 g kg UK. CK, H
SRR I i N B RRE AR 2 R I TR TS iR AP Crify
i, NEASERARE AL T RN R K, i 3
H P CriZ i Aok i 745 M V8 I S T LR A
fRASFEAL, A eI R VR # G 5 . Bl R RS
LRI RRA Cuty BB kb, K RLAR K KR IR 1) it
KAEFERCul L&A S5Pb. CrAffl, (BLE40F
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Morphological Transformation and Migration of Heavy Metals (Pb, Cr and Cu)
in Coal Ash Applied to the Soil-Chinese Cabbage System

BAI Liyong JI Huihui

Abstract

SUN Wenxuan HUANG Mingli
( College of Environmental Science and Engineering, Qingdao University, Qingdao,

LIU Kezhong LI Lingyu YAN Dongyun’
Shandong 266071, China )

[ Objective] So far little has been reported in the literature about morphological

transformation of heavy metal elements in coal ash applied as soil amendment and hazards of long-term

application of the coal ash to the soil environment and human health, though a quite number of researchers
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reported that application of coal ash in agriculture is of positive significance. However, statistics of the
literatures both at home and abroad indicates that most of their conclusions were based on cultivation
of only one crop and analysis of yield and quality of the crop. Therefore, this paper aimed to explore
transformation, migration and concentration trend of Pb, Cr and Cu in the soil-Chinese cabbage system
under long-term continuous cultivation, in an attempt to provide a certain theoretical basis and support
with data for use of coal ash as amendment in agriculture and ecological environment. [Method] Chinese
cabbage was cultivated for four consecutive seasons in pots of brown soil amended with coal ashes different
in particle size, i.e. fine coal ash collected with a bag-type dust remover and coarse coal ash collected from
a boiler furnace and different in rate, separately. In this project, samples of the soils mixed with coal ash
were collected for analyses of chemical fractions of heavy metals (Cr, Cu and Pb) by following the three-
step sequential extraction procedure laid down by the EC Reference Bureau (BCR). Contents of heavy
metals (Cr, Cu and Pb) in the roots and edible parts of the cabbage were also determined for calculation of
enrichment coefficients and transfer coefficients of the heavy metals in the Chinese cabbage and for analysis
of migration behavior and bioavailability of the heavy metals in the Chinese cabbage. [Result] Contents of
HOACc(acetic acid) soluble fractions of Pb and Cr in different coal ash treatments were measured, displaying
an order of 150 g-kg™' coarse coal ash > 150 g-kg™' fine coal ash > 50 g-kg™' coarse coal ash > 50 g-kg™' fine
coal ash > CK, which indicates that both application rate and particle size of coal ash affected the fraction
of HOAc soluble Pb or Cr in content. Analysis of distributions of Pb, Cr and Cu relative to form in the soil
exhibits an order of residual fraction > reducible fraction/oxidable fraction > HOAc soluble fraction. All the
findings demonstrate that Pb, Cr and Cu remains mainly as residue in the treated soils, and their contents
decrease with the cultivation going on season by season. The fraction of extractable Pb and Cr accounted
for 150 g-kg™" or more, and that of HOAc soluble ones increased with the cultivation going on season by
season. However, both the fractions of extractable Pb and Cr accounted for 55% or more, and the fraction
of HOAc soluble ones decreased with the cultivation going on season by season. Heavy metal enrichment
ability of the plant varied in the order of Cu > Cr > Pb, all of which were lower than the threshold value
of 1. Therefore, compared with Pb and Cr, Cu was higher in bioavailability. The contents of heavy metals
in the root of Chinese cabbage were lower than their respective ones in the edible part, and their transfer
coefficients were all > 1. Their transfer capacity was in the order of Cr > Cu > Pb, so the migration ability
of Cr in Chinese cabbage was higher than the other two. [Conclusion] With the plant growing on, contents
of the heavy metal residues in the treated soils decrease gradually, while contents of the HOAc soluble
fractions increase gradually, indicating that the residues become HOAc soluble. The organic acids secreted
from roots of the Chinese cabbage activate the coal ash applied to soil, thus making the heavy metals in
the soil gradually transform from residual form into potentially available form and/or HOAc soluble form,
thereby enhancing bioavailability of the heavy metals gradually. Although the heavy metal enrichment
coefficients of the Chinese cabbage are low, the heavy metal transfer coefficients are high, which will pose
a safety hazard with the edible part of the Chinese cabbage.

Key words Coal ash; Heavy metal form; Enrichment coefficient; Transfer coefficient
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