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Remediation effect of combined application of pig manure biochar and
yellow phosphorus slag on cadmium contaminated paddy soil
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Abstract Field experiment was conducted to investigate the effects of single and combined
application of pig manure biochar and yellow phosphorus slag on remediation of cadmium(Cd)
polluted paddy soil, and the reduction of accumulation in rice. The available Cd and Tessier
speciation of Cd in the soil, and the concentration of Cd in different parts of rice were determined.
The reduction of available Cd in soil with combined application was 90.49%, which was lower than
that with single application of pig manure biochar (69.95%) and yellow phosphorus slag (15.77%).
Compared with the control, the ratio of exchangeable fraction of Cd in soil decreased by 51.21%,
while the ratio of Fe-Mn oxides-bound and organic-bound fraction increased by 39.73% and 38.15%,
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respectively. All treatments significantly reduced the concentration of Cd in different parts of rice.
The content of Cd in all parts of rice followed by the combined application was lower than that by
single application, especially in grains, the Cd concentration decreased to 0.05 mg-kg™', which was
78.31% lower than that of the control group, also far below the National standard for food safety -
Limits of contaminants in foods (<0.2 mg-kg'). The combined application of pig manure biochar and
yellow phosphorus slag could effectively reduce the content of available Cd in soil and the
accumulation of Cd in rice, the immobilization effect was better than that of single application. The
results of this study could provide scientific basis for the remediation of cadmium polluted soils.

Keywords pig manure biochar, yellow phosphorus slag, combined application,

immobilization, cadmium, paddy field.
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& & Cd B RACK I AR Cd Z2 28 KU S 9, PR L 2075 & R B 22 T A7 19 SE B B H AR A #1418 Cd
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Table 1 The properties of soil

" BT B/ 581l )8Vl AYSS vl
iiﬁ%?@ﬂ iﬁ%pH ﬁﬁlj—j\m—_/% WEI J%)@Tﬁ%ﬁ] ﬁﬁ‘i@i T %1 %IE] O3 %1 l{‘_ll o %1
Soil tve Soil pH OM Z¥i/(cmol'kg ™) (mg'kg™) (mg'kg™) (mg'kg™) (mg'kg™)

P P CEC Available P Total Cd Total Cu Total Pb
E4R: 6.04+0.09 3.11+0.05 8.17+2.18 34.58+1.06 1.32+0.09 12.54+0.36 92.62+4.60

TE: PR O M bR 22, T 1R
Note: The data in the table are in the format of mean =+ standard deviation. The same below.
112 KRS
PR A TG 28.
113 At
W RS E B, BRI 2 A Ol SR B, B4 TR RS TR 500 °C R I sk A AR
2 h, WS 2 mm i A5, SRR 25 B AR AL BT W6 2. SR h = g A M S A, SR e
WA FESRFNEATTE 1000 °CHLp SO i 4 B T 20 9 R i, WP i 0.15 mm 0 45 1Y, fibi e
TR TS 1) AR JELA P J DL 6 3.
® 2 IR IR A A B

Table 2 Physicochemical properties of pig manure biochar

] - CNSH37/% -
M FE bR - Element(CNS) content f i/ (mgkg ') BETIL R/ (m>g ™)
Indexes P Total Cd BET surface aera
C N S
b B 8.16+0.09 46.13£0.62 4.76+0.94 0.61+0.09 0.50+0. 09 50.90

® 3 SRR 0 SEA AL BT
Table 3 Physicochemical properties of yellow phosphorus slag

PLRR e =2 - PHEFAc it/ (cmolkg™) AU/ (mgkg™) e/ (mgkg™) BETHLRTHAY (m>g™)
Indexes p CEC Available P Total Cd BET surface aera
Byl 11.34+0.02 14.80+0.15 0.85+0.01 0.24+0.03 5.59

1.2 LTt
SCEG T 4 AL BRLH AN 4 FR, 25kt BE AR FRZH (CK) , Bt 3% 26 AL BRAL (BC) , B it i i s
AR (YP) FIVRE 28 o 5 H Wi T Ot b FRZHL (CP, i e 121, /W), B Ab BRAL T ALK 2 1. A4k
PR A HE b S S AR AT R i DL 3 4.
x4 TEAbEE

Table 4 Treatments in the experiment

Ab PG 5 $EHc/ (tha) W/ (tha!) e/ (mgkg ")
Treatment Pig manure biochar Yellow phosphorus slag Total Cd
CK — — 1.41+0.13a
BC 225 — 1.31+0.18a
YP — 2.25 1.31+0.22a
CP 225 225 1.23+0.16a

T FPARR/ING TR ORI B [ A7 76 .35 225 (P < 0.05), R[]
Note: Different lower-case letters in the table indicate significant differences between treatment groups (P < 0.05). The same below.
JRAE b 52 A B (18-12-16 B, S F AN BHE e A R 23 WD) AR ZR RN IE e IEA BR 2 A, it
PS54 0.30 t-ha™ A10.15 t-ha. KRS FfAR ATt A (R ICBE A L, 00T 20 B X B M i AC . i AE J
HERGE 1 d HB, R H AR ZBRAE, WE/K 3—5 om, 43 BEJS I [, 5 S RESO, HE T k). 7E A
Ak B B FEHLEE R 8 A~ kAR AR RE MR S HAR PR S i, 3 U R A 2 BROKRE R ity S ARG X
30020 em Y HHEREah. HHERE S AT R, BFE G 2.00 mm JEJRIE pH {H . B TS0 A bt
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(CEC) . A5 & it (A-P) &k + 3 Cd A3 A& i (A-Cd), BC—3 43 WF S i 0.15 mm J& Je 5 F -0 5 A7
HLT & i (OM) K& Cd 2T 2 KAERE AR . Z5 (&) R o i, BB Tk vk s TR 90 °C R}
H 4 h, SRJSTE 60 °C HETZAEE, HRA D7, BV KRR 20 4 D30 sr (R L 25 Fidoe . kPR, FR
D KRG AT o AR R (T BN RIS A3 FE S S 3 0.18 mm JE Je i FH Tl Cd & .

1.3 W Ty ik

SE6 A T R X SR o A i, SEER R K B 4tk T AR LA TE 10% SRR iR 12 h, 28T
AR e, M Al K I P E L&

1.3.1  4lifbb k5 e e e & Cd & i

W 3% ¢ pH A . CNS [l %2 B BET Eb 22 10 AL I T vk 2 2 JE RS X AE Wk AR 5T, T8 i i
pH A . BHE T 58 . A 3005 & A BET Eb 3 AL A9 2 Jy 5 2% X B0 X i R A 95

SR AR R 4 R SR T R HC10,-HNO; TR R T4 120 b 3, P o £ 46 15 IR B3 A
(ICP-MS) (7500cx, 3 [ Agilent 23 F]) Il E .

PR A T A T S (AR AR A A BT TR ). -8 pH AR FH K 39 (R L 1:2.5,
W/V), pH it (ST3100, OHAUS, China) i & ; FHE] 284 %5 1t (CEC) Hl LR #M- K S 6 BE 11 (M6, Thermo
Fisher Scientific, USA) VAN ; + A HL5T (OM) FH i i AR 4% R 41 AL A 25 e il o 5 1 2wl (A-
P) SR R R S AN B (EIR LG 1:20, w7v), g il e .

+HE Cd AR (A-CA) & &R 0.01 mol- L™ CaCl, I IR 4R (W L 1:10, w/v) P2, o JlEE & 4 55
FRIEIL (ICP-MS) (7500¢x, 3% [ Agilent 23 7)) I & .

132 £33 cd AR Hrill e

K Tessier 24 A5 % S 4R U R P Cd AR [RIAL2ATE S 0 AR, 45 SR BORE L G
FH0.22 pm 7K R JE B 38, Cd & & ARHE A 4 B IR BT % A (ICP-MS) il 5 , 3 % A il R 4
0.0005 mg kg™, K F 3 Mo 0 s i) Bt GSS-6(GBWO07406) (14 [ Hh [ i ST k2 e i Bk 4 B b 3R Ak
S g ST i) R AT B A, IR 80.50%—118.83%.

1.3.3 KA EFRAL Cd 5 il e

IKAEAS GRS AE i Cd P R FH 00 R A TR T ik 112 12 4 IR R 0.22 pm /K RUEE L JE, Cd 7
2 HLEHE A 45 B TR TS (ICP-MS) 5 , 4G BR A 0.0005 mg-kg ™!, SR FHAE 184343 M b 1 49 o 1)
137 GSB-5(GBW10014) (114 [ H [ b G 2 e Bk 47 B3 Bk Ak 24 B 2 W5 07 ) i A7 0 B s, s e [l
WK 81.06%—110.78%.

134 Cd &E-HEB RO

K & % & 5 (Concentration Factor, f& #k CF) #1%% iz & %4 ( Transfer Factor, f&j #% TF) PEAk K fE M +
e E R KRR N FE32 Cd 1 & A8k, TR AR I F .

KRG HALCAHkE 2 il (mg - ke

— (D
i Cdi i (mg-kg)
IKFFATRALCAIR E (mg : kg'l)
F= 2

KRB CANk P (mg ke
Hodr, KRG E TN B £ 53 A.
1.4 BHEGITHT
¥ H Microsoft Office Excel 2007 #4313 504, SPSS 16.0 43 H7 54z (] 2% 55 5 Z 1 (P<0.05 H 2 H
B3, P<0.01 HZFH B3 ), Origing.5 R, AN SCEHE 4% F 4 {E b5 I 22 1A% 2N 3R 3R.

2 5 545718 (Results and discussion)
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pH (61 & T m e %, Hop Be it 4 22 4259 pH (B 35 = T 00 IR UR Bt Ak B (P<<0.05) , di TT 4 i
0.97 B AT W FE R WA S AL bR BE -5 T 1 - SR s AT LIS Hh s 67 P ) B RE AT EL AR T, A1
IRV BT AR, M R - pH AR AR ST b R B AR RE R S b o S R 1
S rba] P v 8 pH {EL. BTt A BT PIMBRE B AR pH(ELA S0 AT REAF 75— 5 PR RV T, BT 1
I3 pH R T o i B R T ALt AR 2L

RS AT LA

Table 5 The physical and chemical properties of soil under different treatments

S T HEpH H BT % WS 7 3K bt/ (emol kg ) A (mg'kg )
Treatment Soil pH oM CEC Available P
CK 6.04+0.09b 3.11+0.05¢ 8.17+2.18a 34.58+1.06b
BC 6.14+0.21b 4.31+0.15a 8.33+0.88a 31.78+3.49b
YP 6.04+0.20b 3.25+0.22¢ 7.78+0.61a 31.56+2.46b
CP 7.01+£0.06a 3.76+0.24b 8.72+1.95a 56.67+3.40a

Jit gl A A BT A AT o R R G g, I b B 2k RN A B A P
SHENN T 38.59% Fl1 20.90%, i 3 w5 T X0 B A Bt B il i b L (P<< 0.05) . AR RN A R A &
AT AR, 76 5 AR SRR N T AR B i AR A E AR E BOE A, ARUEE RoT R, FIFA
Wy kA - 498 J5 10 BE AR 1 4 498 A SR AR B TR R AR , T R - A ML . A B
A BT S S RN T R FE A B, X AT R S B A S A AL & AR, B S A R R A
—E B ORI, ST AL A A A A I A W ok 5 RUNE I ) b SRR HIL BT S e /N Bt A

PR A R Bt S it A B - B BH B 1A 4 45 i AR AL R W 3 (P> 0.05), X T g 5 - 48 )
BEACAA R PE A DG, 2 AR B BH B - 28 75 S BRI, it T A A et Xo) B 8 - 52 48 75 J 1Y) 5% T 45
55043 HARYE FPLTLE A RRR AR

et Ak BT - AT O 1 i v T R R Bt b B (P << 0.05), S ey P IN 63.88%, {H R AL
AL B A BT A R S TR 35 25 F (P>0.05) . BB oA RO R, i 2 4 fiE
P AT Al S i, (E R T KRS T A0 K PR S B 0 R T PR R S R A, TR I AL i A B R
A RO S R AR AR I i (P> 0.05) . Tt it Ab B R A R0 o i e E AR, T RE R R T AR R e
I % 1T A B % B - 28 e A FH A5 [ - i W AR SR 1A, DT 9 /0 T Wl 3R g e e 7,

2.2 Wit A BEXT 418 Cd B RES & M AL EIE S R
22,1 Fjitib FEXT + 38 Cd A RS E A
ANFEIAEFE T+ 38 Cd A RS AR LI E 1 FR.
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The content of available Cd/(mg-kg™")

[

1 O I N O B v I

CK BC YP CP
B 1 ANELHT % CdEUESHE
s B HRAF/NG FE R m A B R A7 i 25 25 57 (P < 0.05), T

Fig.1 The available Cd concentration in soils under different treatments

Note: The different letters indicated significant differences between treatments (P < 0.05), the same letters indicated no significant difference.

The same below
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550k BEAH F, B R e R . SRR KR AL N L Cd A S SR BT 69.95%.
15.77% #1 90.49%. JH: 1 5t 7% 2% e ALt AR R T 18 Cd A %50 & 12 il 25 05 5% P S oy it ol s A 1
(P<0.05), Bfiti b # T 38 Cd A3 R A & A, o 0.02 mg-kg™, i 311K T Bt 8 26 e b # (P<0.05).

B RE 32 B3 1 P O SRR AR - Cd AR, — AR E S X Cd W HE T, —
it fin i AR 1 SR AP I, SRR Cd A SRR RS B R A R e R A, EE AR
1B BE B AN Z A TCHLE™ W40 43, 76 BN 3 P v R 288 e b 1) 5 o B R AL RN TS HILZEL 7V e 1) i T AR B T
R 25 A 3 3k W B L DT 25 22 o X R 4 3 b g CdBS 0, T B i T b S A R R A BH S TR K
W, WA I B RS . R IMA A A R AT UE A AL B3 By CdL X PR AT R R A B R
P LU AR ML A R AR 135 Cd A RCs & . HIERbMFR Cd A bk m s K, 38 pH H 2
I R E . 1 pH (B T =5 AR Y 0 - 498 3R v nT AR A7 LAy, BRI VA TR P AR VR, BAR Cd E
BRI R UTVEME R, FEAK Cd 1942 W08 S0+, REN 2844 fF 58 % B Cd 16 pH {8 N 2—6 1y 3 rh ik
PR, TR AL RE S, i AE pH {E M 6.5—8.5 IF, 3 iy Cd B bl T3 A | B 745 i B i sz 17 A=
DLVE, PATBY [ 457 78 L 8 b, ot ib ¥ 458 pH (E R 7.01, 35 T Huiti b #EAY 6.14 F1 6.04, £ F] T
X Cd Rk, XA S & B AR Cd RIS TR, BERRAR BE S Cd S A UL TE, FEAK 4
Cd WYTEPEFIE RS, HETT IR Cd X AE P 9 75 35 VR FH). B A 35 - 984 200l o o I 38 o 1 0o R R,
Pl b 3 3R] R R O AL BT Cd A B A SR PG T B Ak B 1 S B 2 — . e Ah - S BB R 1 4
R AT T REAIR Cd A A 3 v (0 36 M1, PR A% 2 S L PR B A A B A LT R 10.6 kg,
A BB L 5 3k n] B R R AIR 4 Cd A RS S R R RV, 2 e RN I it Ak
PR O T WIRREE AL BT Cd B EEEVE R, TRl ekcss T 3R b vk B fE £ Cd 25 5 widtifk.

2.2.2  Flptiab XY +3E Cd fb2EIE S A5

W HINA, Tessier L HE T 5 Fh CA L FIE BT B RE S HET M. T80 > IR 45 55
>PAL A G G SAIE A SRES, Hin] i S MR ik 45 A A2 5 TR AW, di&
G YA Y T B N ORI MRS RRIAGEE T 3 Cd AR IE AR anE 2 iR, 455 8
7N, KRR Cd DT Ac e S M |k 4 A o B, Hp 230 s Cd 5 R 41.31%, 2 F 2
(I 2ATE 2, R I 2 3 rh Cd IR RS PR R . 5% BA A L, Bc it b B R 3 T 22 e 4% Cd He 91
KT 51.21%. &AL B R 5 i B 1Y 0] 32 460 245 FR R 36 45 & A8 W 5088 W, WA Z Al e i HEIE R
CP<BC<YP=CK, X5+ Cd ASAE EFE AW 45 RIA — 3. 55 B L, it b 32T £ 48 b 2k
AP G Cd A NLEE G Cd 1 LB 53 38 I T 39.73% F1 38.15%; S 28 e b BN 1A AL
GEES Cd FIFRIEZS Cd 1Y EL 43 BB I T 67.92% Fil 2.85%; Hujith w i i 4 49 rh R A 25 Cd i L5388 i
T 19.26%. =PI FREE LA RHIE NS, 38 B BB A Cd 1 LUl RIS, MEERIE A Cd 1Y L Bs i,
AR F L3 Cdis YL s 2R B SR, Bt b BE X B i 85 Cd T 25 WA R 8 = 1 Bt Ak B, %o
Cd BRI fef:.

100 EHEX ZZCB NYOX Il OM []RS

80

60 -

Cd percentage/%

40

20

0 CK BC YP CP

B2 AEAFXT 13 Cd 2 ETE S
(EX I 3c#a4s; CB BRIRER S & 745 OX SRR AL 4S 675 OM AHIEE & 45 RS 2R )
Fig.2 Effect of different treatments on the chemical forms of soil Cd
(EX, exchangeable fraction; CB, carbonated-bound fraction; OX, Fe-Mn oxides-bound fraction; OM, organic-bound fraction; RS, residual

fraction)
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Bt SR AL R 18 Cd BRIR AR 255 A 0 LU BRI, A HLES G AR LL I8 n, wT fg 548 25
B ZMAaNVE e RN RS T RIEAYUR S EA G R R A Rk AR | BRAAE
ZRAHUE RER, BES Cd 25A 1K B e 10 e o7 A 125 ] sk - S8 LT 25 1 A 388 T LA e 4 39t
Cd W M fig 1, AR 1 Cd ) BERRE MRS 56 A1 ), it i i it b R - B h AR 28 Cd & 3 m, w]
AR THEMmETNSSEE TS ESRE 7R E ST ILDIE OV s Y PO S EA R E
TR A DUTE SN, TS B0k R £h 25 & 25 Cd Lb I B& A%, 3% 7 25 Cd Lb 6 338 . X B 3] 45 @7 D
BOLAN %509 fff 55 B R £ AN W0 A L5 Cd VB FAILER 22 B, i R AR R A5 6 128 1 L3 4 = A Rkt Ak 1&
T E SRS gen F 202 T3 pHAAE T, PR A A 0% 38 S A T s, 00 AR T3 5 Y,
[ i P R £R . A LR AL AL 55 5 Cd 56 ke M4 7, Cd I A8 s & > F 8GR
BE ST FRA 129, + HEA SO & B, BEARAR 0T 5 Cd 45 B T8 UM IR ER ULTE, (i Cd B 25k T
T2, FEAR 5 W W s Y Cd &, T 4338 Cd 5 Y X /K A A 25 2 XU B AR 52 34, T it 4cb 3% -
5 Cd 11 [ FRERCR T Bt b BEN A R AT OB T PR A A Rk 1 IR B R 2, 3 5 0 - BB Ak v
Jo )5 ) 5 ) TR Cd ROIE RS B 1A 0%, oAb BE T B AP G AL A AL WG BFE Cd Y ) A, 3 o 4 e 1 05
pH A . A R08E KA HLBT S i, AR 3 Cd 0] AR P BRER S AL 45 G 38 L A LEE B AL, BRIRILE R
P, BOOR AN % IR W) e RN B A B2 ) T - SRR PR R, R o 4 rh Cd AR e TR B FE L.
2.3 it Ak B K AR AR Py i A Cd 7 E Y R )
2.3.1 it Ak B K RS A= W 1 5 )

ANTR) AR B PR KRG AN [R5 A7 A= it (R AR Ak A 3 . 50 BEAH B, AT St 5% 2% s b B R K
FEHR F A5 i 0 2 1 (P<< 0.05) . VAT 5, 45 A 336 /K e 1E 5 AR AR IS 7 T 52 0

o C#Root  [ZZ%Stem
) ¥kiiGrain - B #%55Husk b
50} .

ki §

'
o
T

Dry weight/g
o
(=}

20 |

10 ’-‘
0 CK. BC YP CP
B3 AEAE T KA RIS AL AL 4 =
Fig.3 Biomass of rice under different treatments
232 Pp A BEXT KA Rl Cd & 1 Y 52 0
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Table 6 The CF and TF of Cd in soils and rice under different treatments.

s I FERS RHL(TF)
=21 IR
Treatments (CF) Ho Y RO /4 ¥
Aboveground/Underground Stem/Root Grain/Stem

CK 11.51 0.31 0.26 0.09
BC 6.27 0.39 0.34 0.09
YP 9.26 0.30 0.24 0.10
Cp 1.58 0.26 0.18 0.23

3 4518 (Conclusion)

(1) RH BERT IR, 4 24 % R B B8 e B0t R Tt 12 2 52 0 98 AR PR Jo, PG v S xof = 36 pHL{FLL A AL
ot K AT R0 5 ik B B TR R A i T b A B

(2) %8 H& 0 R Wi St A i A 3R 139 Cd A7 28 3 i B W) 8 AR, O XS 498 Cd A4 [ 45 2
Rl TR AL B OB AL B, b B iR AR )R] S Cd B I ARG, DAL A0 B A AL A
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