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Immobilization effect of earthworm/modified biochar on arsenic in contaminated red soil

SU Qian—qian'?, LI Lian—fang"”", ZHU Chang—xiong'’, YE Jing'?, LIU Xue'?, HUANG Xiao—ya'?

(1. Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing 100081,
China; 2.Key Laboratory of Agro-Environment, Ministry of Agriculture and Rural Affairs, Beijing 100081, China)

Abstract: In order to explore the immobilization effect of cerium manganese modified biochar (MBC) and earthworms on contaminated red
soil, a biological simulation experiment was carried out using the earthworm Eisenia foetida, which has a high tolerance to heavy metal
pollution in soils, and the results showed that earthworms significantly decreased water soluble arsenic content and reduced the pH of the
soil. When the earthworms were combined with MBC, the immobilization effect was more obvious. The content of water—soluble arsenic in
soil decreased by 77.59%, and the pH decreased by 0.84 units compared with the control at the same period, indicating a synergistic
inactivation of earthworms and MBC on arsenic (As) in soils. It also illustrated that the combination of earthworms and MBC in soils led to
the conversion of active arsenic to a stable form, which showed the conversion of As species from non—specifically sorbed and specifically
sorbed phases to non—crystallized hydrous oxides of Fe and Al, well-crystallized hydrous oxides of Fe and Al, and residual ones. This
investigation indicates that the modified biochar combined with Eisenia foetida greatly decreases the mobility of As in soils, and therefore
reduces the corresponding environmental risk, and the application of biochar or MBC has no significant effect on the survival of
earthworms. Therefore, the use of earthworms combined with MBC is a promising method for the remediation of As contaminated red soil.

Keywords : modified biochar; earthworm; pH value; arsenic; soil

Yifs HEA:2020-09-23 A HHA:2020-12-03

EF R TR EF (1991—), 20, NP AL AF T A4, AR B R 15 e 1B UEE . E-mail : 15234170575@163.com
HEEEH %) E-mail :lilianfang@caas.cn

H&WA : BZE RSB L5 H (2020YFC1806401) ; B R IERHE T/E L35 (2015FY 111300)

Project supported : The National Key R&D Program of China(2020YFC1806401); The National Basic Work Special (2015FY111300)



m@g 1000

VRETR Rt Y F 4055 5 H

VLA, T IE sh g = IR HEk 75 /K 7578
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WRE A 11T AR D R A R Sl T e
SNk AR, R A As AT DL R A AR R
W EAEVEDIR N, IF i b S B iE AR,
X AN AN T E AR 11 it 5 2 4 ) B e, T] Bk il £
F R PRSI T o AR R N FEECT 52
Jiti As 5 g HHERIE A, R — IR K R RAE I R
LS .

PEAESE AL B Ay As V5 g IR Y
HRFEZ—, BT H IR AR S mT #R A 5
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W B 2 48 R T 35 A8, BE R O AR Wk S HOR el
PERYAE P e AR EE, FEWE B e 4 v T 62.10 15", S5 HE
RN SR A e 2 e et /R Y i
Py L HEA I As HAT R [ BOR 7 1%~10%
WIRIEOLT 2158 B EE 2560+ 3RO [RIZE Y 135 As
B [ 78 SR 9 70.59%~94.72% 43.00%~75.36% .
80.45%~99.61% , £1. 3 v i 5 [ 8 URAE 94% L I,
FEACHE T L3RI As AR 2 25 As FUEAE, SR
T, SCPE AR ) e A 3 v D 422 T VR FHASCR i A 1
RACKNE P 52 - BRI S5 052 ), AN S 7K 43
B pHAESEY L 22 I A OC , iB 2 8 1A Y I &=
PR T4 o L2 S0, A7 X ePE AR W it FH i Tl
BN SR AR, JUHAE - S e R 2 e AR )
B W CRR R D T, MRS A 22 0

WA Sy - 58 rh A Py A R I LR TC A HE S A
FOXF 4 3 5 4 8 s e 10 SR i 22 00 © 9% 2 IEE
SR - — T e 9 T DA e A R R R A ek 4
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P B - e b i 4 R e R, X i b
R LA SRS A — RE SR 5 3 — 5 TR M1 7y
WA TH AR G R A N A W EERTT , &
VR BT N R S R T R A s, AR IE,
AR S ARG E T LR E S R BR,
DA K e 51 e 52 W A 49 1k [T <6 s 4 28800 7 T T
FE D, I M0 kv A W 2k TS As RN 852
M, DA R 5 25 Bk A X 398 As B A9y T B
AU BT, AT AE B W A il i et A=
% (cerium—manganese modified biochar, MBC) X + 3%
As [ 78 RN B BE il b, AR o8 5 % MR 45l (Eisenia
Sfoetida) %t MBC [ 5 1 HE As F 5 M 19 52 Wi e 93 3 B¢
AR FAAON , BA b 45] 5 MBC BXA A FAXT 3 As 1)
T ARRICR , AR MBC i#E17 As 5 e 1 8012 52 42
PR

1 #MEETE

1.1 k11

HE 2T R AL T g A T T HE R JH 11 500 m Y
RIS As 75 YL S8 i, 3828 B AR KU I I S L3 2
mm JE BT G HrIaE , A0 R As 5k 141.80
mg-kg”, FHKER As TN 0.41 mg-kg' o WEIE L
K B BEHEE D 100 km Z /MOt o - 8 ILAPE
W1,

x1 TEEARER

Table 1 Basic characteristics of the soils

s ol e B As

11
Ex eiiiriﬁ;:t:aioils pH Total N/ Total K/ Total P/ Total As/
P ‘ (g-kg)  (g-kg") (g-kg") (mg-kg™)

g g 1 6.30  0.54 14.56 0.73 141.80

As contaminated soil

W% 1 Clean soil 642  0.16 6.13 0.17 —

1.2 $hs@BUE &Y &l &
JINSE FEFT A W) 3¢ (Biochar, BC) 2% JH /N 22 466 T

5 BT S N, 600 CRARM 2 hF , B H 2
I, B 5 e 100 H i a5 1o BCRYHEAMERT L3R 2,
MBC 114 il £ SR IR A i 0 1 o 5 s, L
AR AT AREC10 g il £ 1 BC TR, I 1 mol -
LR BRIZ AL B 12 h e, 5B TKIE TR E i .
W% F S 1 BC A 70~80 CHEFE thdt T+, AF B 1)
75 J5 MU A 0.2 mol - L' /& 4 R 4 5 W 50 mL 1 0.5
mol L G40 W 50 mL, IR G5B A /82 h)s ,
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Table 2 Basic characteristics of the BC and MBC

i H - 2R el R0 A Bl fit i Hili

Items P Total N/(g-kg™)  Total K/(g-kg") Total P/(g-kg™) Organic carbon/(g-kg™") As/(g-kg") Mn/(g-kg"')  Ce/(g-kg™")
BC 9.26 741 19.34 2.64 357.93 0.11 0.20 0.07

MBC 6.06 3.96 22.05 1.00 233.60 0.10 31.57 223.13

AIK 8 95 CHEIR K 25T, 85 T 600 CHY 15
TN TC AR 2 b, B H B E RIS =Y MBC, MBC
FEAFEME R LR 2
1.3 RIigit

e W] 5% % X 06 FH i 98] R AR - & R 15| (Eisenia
Soetida) , W FIb 50 K 5 Je A= R A BR A v o 3k
55 Fij SR e ] a0 PR B TG R 2 S . R EOR
IINFEAR — ) AT Sl ], UV BT R AR R BEARIE
TR 2 T KR P UEAC, 7E (2522)C R B M
48 h, I [H) 75 A uE AT

IS AL B ERRFRE 1.2 kg As {55 3 & TAA
175 ( EFR N AR IR N A2 x5 O 23 emx 11 emXx 18
em) H 5 ke ] ) Ak 3L VS N M 451 35 A% (AR i
8.23+0.54 ) , NI B 6 1 As {5 YL Ab . (1) 755 +
HE(CK) 5 (2) 75 Y+ 3+ 45] (AE) 5 (3) 75 4 £ 1+
0.3%BC(AB) ; (4) 75 4% 1 1 + I #5] +0.3%BC (AEB) 5
(5)759 1+ 13£+0.3%MBC(AMB) ; (6 )75 Y + 352+ it 5] +
0.3%MBC(AEMB) . [A]EF 3 B 1 1 O 5 As) -+l 1]
AL FR(SE) , D b 4 e 3] 75 5 2 v 2R AR R 0 22 57
FEAAb PR3 YA 1 I 60 o 1] L3 A
IR, I Y A 3K A R B R )R 7K 8 1 70%
(70%MWHC) , 7£ (25+2) CHFF 48 h J5 AT M i ik
Wil s fE E VA RERR 1 d SN R B T K MRS K&, K R
MEE(25+2)°Co 3 RlfERSE 3R 1.15.30 d #1160 d HL +-
I3 b HE R K S As(WSAs) 75, [A] I A2 + 358
pHAE & As H5 G TEA As 46 FR -
1.4 DA E
1.4.1 T3 KA e AR PR B il

- 38 Ko A= Wy e BRAR 1 43 A S 2 R A Ak 4y
Y R0 pHAECR T 105 2K - il 2
SNR AR ERE, 2P RAME POk, £ K
K KGR T WUy . MBC H g AL 5 5% ] Opti-
ma8300 HLIEFH G 55 B T A1 [ (PerkinElmer A ],
USA) 73l , 45 1 FR 2 0.01 mg- L',
1.4.2 3 AW 5 SR Y As 5 1

T HE B As (19 2 R HNOs-HCL i fi# (USE-

PA3051a) , S AL K& A - I 9 AL 53 #r (A5 AFS-
933, Jb 5t & RAUAR A E]) o A4 PR 4 0.02 pg -
L7, b 1l 2 A ¢ & 20 0.999 8, 43 B s HE W) ot
GBWO07391(GSS-35) 2 He il 4743 B Jot s s o, ik [l
KA 94.18%~100.80% , 77 4 i s il R . A=)
o FI e W] As 75 5 >R FHAE P9 A HNOs— HC1O0.4 31 ff 7%
(EPA3010a) , I % 2f F2 Hin A K 5853 53 B b HE )
it GBW10012(GSB-3) 47 Jst i ¥4 1fil , 77 v Wiy
94.95%~99.63% , 1 1 JiT o oK

+ 3 As 455 T8 75 R FH Wenzel 252 1) 14 27 42 BL
1 BL1.000 g = 4F, fiTA 0.05 mol - L7 (NH,)2S0,
WWAR 4 h, B0 U8 BT A IR T As 5 2
SE By JE £ 2k 0% B S As (F1) 5 0.05 mol - L7 (%
(NH.) H,PO B AR 7 16 h, 5501k U FriS: b5 i ok
17 As T 5 BIA B M A As(F2) 5 FHIA 0.2
mol - L™ B R £ 2% "l (pH=3.25) JA W5 R 7% 4 h $2HL,
Bt g, YR, 0.2 mol - L™ HE R £ 2% ik (pH=
3.25) AAWE 4R 10 min B0 08, G IF ISR T As
Sy BT B R G E T S 45 oK S R Bk g
A As(F3) 5 78 it 8 5% 3t A 0.2 mol - L™ HE iR £ Fl
0.1 mol - L™ LI ML BRI W (pH=3.25) , 3T 96 C T /K
T4 30 min, 250 0 U8 5 9 5% i 34k S 0.2
mol - L7 55 2 43 2% mh i (pH=3.25) Pk %, BB ISR 7 10
min, B IRA I AT As & F 50 B BRI R 45 oK A 8R40
A ZE G As(F4) K A3 1 1458 60 CHET, BT
3 7, FREL0.500 ¢ -3, il A 3 mL HNOs.9 mL HCI,
THE BRI, E R 2 50 mL, o 38, 15 3 5k i
BAs(F5) o BE5AE AsMETES Bk AsE Ty
3
1.5 HiIEAES St o

B b 3K e 13 B R AT SPSS 22 B I Origin
9.5 5 Mo

AT 138 As (9 [ 2 B0E 9 (%) 115

n=(Co—C,)/Cox100%
K Cofll CA 51 28 F REFIES A AL AR A %K

As &, mg kg,
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HIER R EM FoREES As 7E L B4
fig, IFEAX R .
Fl+F2
F1+F2+F3+F4+F5

KA F1F2 . F3.F4 F5 50 51 0y A & M B 245 As &%
B LR TS As S 0 E RSS2 K SRR
W EE TS As & i G5 K BB A S TS As
T FRIEAS As T E , mg-kg '

2 HRESW

2.1 BEHs| R AR AER T £ WSAs 9T {k

13 WSAs 2 5 WA PRI F 2 AS TR,
JERIE As M BRI Z — ARt E S
e W5 5K A 1 G - 38 As BTG PEA B T EE B M,
UL 1o N LRI DA Y B A 5 SR B R, 45
AbFE A 3R WSAs A 2 IR B B4, (HAS [R] b B L
BN R WSAs & AP e B % 25 5 . AECHE +
e WSAs F mE a7 A CK WA i, 1 52 BUAS W7
FEAGE S (HATH S CK 22 5o B3 i 45 it
WSAs & 2 B FH X T CK AL (P<0.05) ; 5tk AR,
AB A FRAERT I CK BEA T B RA B2 5 WA
ThiE, K37 2 30 d A1 60 d B, 4358 v WSAs & 534 g
# 1 T CK.AE . AEB . AMB }2 AEMB AL ( P<0.05) 5 fij
AEB AR, WSAs % 548 CK IR 2 BLAC B T Tt = I
i FEAGE S, £ 60 d B E B K F CK 4B (P<
0.05). HREFRELIEITE 60 diFt, AE AL FETF 1 3
WSAs 75 5 H CK(0.058 mg- kg™ ) B T 57.88% , AMB
AEFER 443 WSAs 525 0.032 mg-kg ™', o CK P& T
44.83%, il AEMB Zb 38 1 58t WSAs 7 5t 4 0.013 mg-
ke, [t CK B Ik 77.59%, H: WSAs % i 2 & (% T

/_"\ 0.67 a
e a
i ¥ Pab ok
QI o4k %b\x
@;E a a a
=2 02t .
E %ﬂ_l ‘
k]
E 0
15

AMB . AE } AEB 4t J (P<0.05) . +#EH WSAs &% &
M 2 K 89 40 PEHE P 8 AB>CK>AEB>AMB>AE>
AEMB.
IR, BRSO | i 5] 5 MBC BSE FHF As
5 YL, 0 138 As F IR B IR] S R A
2.2 MR AYIRIMERA T LEpHENZ K
T W 151 Ko A Wy o B — Ab PR RS VE R T, 4
pH LB 25 ) [R] 4 K e R 22 AN T A AT A b 3 (3R
3), MIFE3ATHI,1 di}, AE AB & AEB 4b 3T + 3
pH {8 & T CK, 7l AMB . AEMB 4t ¥ F pH {39 [+, CK
B F MR (P<0.05) , B 2 B[R] R SE K, 4540 3 + 3 pH
(EX B N, 3552 £ 30 dAf,AE AB AEB.
AMB AEMB &b B 5 CK AH Eb , pH fE 435I FEAIL T 0.18
0.01.0.19.0.29.0.28 1~ LA . M5 FR % 60 d B, AE
AB . AEB ,AMB AEMB Z:BEAH H T CK () pH {E43 51 %
it 7 0.59.0.16.0.13,0.29. 0.84 > 5 fii , Hivh, LA
AEMB 2b BN pH B I B K, ok o AE T AMB 4k
FH, AB I AEB Ab B A R IR 55/
2.3 HEW| R MR T i A s ITFRAS R
iz 95 Ko A= 49 e B — T A R Y 2% 38 As
FIRAF I AS e A i (6 4) . R4 m A, 3 As
o245 F B ALV 25 (F2) 08 45 oK & k4
AW E 64 (F3) 4K RAA LSS
(F4) FERE 2 (F5)AFAE , 1 =34 7 beik 80% LA b, 1
AL PEMZ RS As(F1) 78 5 HLBAIE
MFL it AR A AT U 25 40 2 el & 2 AR
JIi ¥ & AB>CK>AEB>AMB>AE>AEMB, % F AEMB
ANET L BEE PRI F2 95 5 0 b A (R R
539 R 22.73% F17.89% ) , HABIE S F3 (F4 F5 /) &
T H XA A TR RR B B (39 I AR UK 25.52% .
OJckK
OAE
1 AB
N AEB

EAMB
[MAEMB

a
b b b , s
T
= XX
30 60

B FEIF[R] Incubation time/d
ARV TR R Ab BN 22 5 1B 35 (P<0.05)

Different lowercase letters indicate significant differences among treatments (P<0.05)

Bl FRLETIEFKAEATASESE

Figure 1 Soil water soluble As in different treatments
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Table 3 Soil pH values in different treatments and incubation time
Ab P 3555} ] Incubation time/d
Treatments 1 30 60
CK 6.35+0.05¢ 6.33+0.07h 6.30+0.09a 6.09+0.09a
AE 6.58+0.07h 6.34:0.08h 6.12:£0.09h 5.50+0.01d
AB 6.68+0.04a 6.48+0.04a 6.29+0.04a 5.93+0.05b
AEB 6.43+0.01c 6.27+0.04b 6.11+0.07b 5.96+0.01a
AMB 6.23+0.04d 6.13+0.07¢ 6.01+0.09b 5.80+0.01¢
AEMB 6.17+0.06d 6.12+0.06¢ 6.02+0.06b 5.25+0.08e
A F/NG FEEFRIR AL ) 22 53 1 % (P<0.05) . T,
Note : Different lowercase letters in a column indicate significant differences among treatments at P<0.05. The same below .
R4 HBEFOIRTIRELEAGHSATERIBREYM
Table 4 Chemical speciation of As and mobility coefficient in soils when cultivated 60 days
by TR RS G TEAS As 7 & Different species arsenic content/(mg-kg™) TRANM
Treatments F1 F2 F3 F4 Fs Mobility coefficient/%
CK 0.22+0.01b 45.38+0.19b 31.15+2.75b 38.17+2.96b 8.67+1.03ab 36.90+0.37a
AE 0.18+0.01cd 42.97+1.21cd 31.80+1.23b 43.83+3.07a 8.51+1.08ab 33.90+0.71b
AB 0.24+0.02a 47.53+0.18a 37.21£1.08a 37.20+0.05b 6.59+0.58bc 37.10+£0.21a
AEB 0.21+0.01b 45.86+1.14ab 39.01+2.20a 40.08+2.27h 6.03+1.36¢ 35.13+0.45b
AMB 0.19+0.01¢ 44.70+1.42bc 39.56+3.68a 37.98+7.03b 8.05+1.63abe 34.44+1.51b
AEMB 0.17+0.01d 41.81x1.52d 39.10+0.67a 41.65+1.25b 9.79+1.49a 31.67+1.06¢

9.12% M1 12.92%) . # AEMB 5 AE &b ¥H [ 45, H F3
R E RO, R FS W A BN #E AB Ab 3
T, R3PS As(F1.F2 . F3) & A T CK 5242
Tb, BRI K 9.09% . 4.74% . 19.45% , Tfii F5 & &
FEAR T 23.99% , F4 11 7 1t /N IR REAIL (2.54% ) , & W
A=W it O S B 9 As B AL 32 B T FS T iR
AL SIE MR I As TR . fE AEBAAHE T, 3
F1 8 & f PRI 4.55%, F5 & 8 AT AE A B 3R
[% (P<0.05) , i F3 & 848 CK K Ig 38 A1 (25.23%) , [F]
IF B R4 B /MBI (5.00% ) , X 2 BT {2 37 7+
Herh F5 ) F3 A F4 (5540 . 7E AMB LB | - 387G
PEAS As 12 25 BE AR, F1AT F2 43 51 B A% 13.64% Al
1.50%, 1 ¥3 F K Mg 34 i L CK 31 27.00% ) |, 7] s
F5 & TR X R MBC B HAIEZS As [ F3
Ak, TTE AEMB AT, 8 As B H B
AE b3 e AMB 2038 LG A1, iR R ECFS (350, X
Al B 5 MBC Rz 513565 /E FHAILRI G OC . i Bl 0,
TR R P2 AR S F3 F4 F5 T bk & s 1k
A As MR A As BYEE AL, [R] B 2% B AH R A B + 58
As EEAAE R AA & .

W R R M BT T T, CKLOAE L AB,

AEB. AMB #l AEMB ] iT #% & %% 43 5l & 36.90% .
33.90% . 37.10% . 35.13% . 34.44% 1 31.67%. [ AB
SEFRAL 25 Ab BRI RS R A B CKBEAL . o, DA
AEMB B i A, H O AE L AMB AT AEB AR EE . it
AL, W95 5 MBC 76 B — RS AL H R & S8+
HE As TS R B0 BRI (P<0.05) , T A Bie ik A ) e
AB b FHIE S A I, H S 8 8 As BT RS R B E T
& (P<0.05).

FL 3T 7, AB Ab B A5 35 4 38 As 13 fh &k B
5B, AEB b B DU T 28 it A 200 e 0 A - 48 As I RICR 3L
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Table 5 Growth status and arsenic content of earthworms in different treatments when cultivated 60 days
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b3 LGOS S|P As 5 iR PsYrier e FERTES
Treatments Number of earthworms As content in earthworms/(mg-kg™) Total earthworms weight loss rate/% Survival rate/%
SE 34+]a — 53.26+2.88a 99.04+1.65a
AE 34+]a 14.35+0.84¢ 55.57+5.80a 98.10+1.65a
AEB 32+3a 22.02+0.02a 54.63+3.72a 91.43+7.56a
AEMB 34+]1a 18.94+0.25h 56.01+1.07a 97.14+2.86a

T AR Y s M ASLE B R RRARRR AR 4T 1 diA AY BE351E B i 5 51 60 d Y SIS0 BRI A 25 PR DA 1 A B i s B 5 A RO

60 o HJ e 451 ) A B0 o DASES 1 o B 0 19 e 5 50

Notes: “— " means not detected. Total earthworms weight loss rate refers to the difference between total earthworms weight on day 1 and the total

earthworms weight on day 60 and divides by the total earthworms weight on day 1;Survival rate means the number of earthworms left on day 60 divides the

number of earthworms on day 1.

B Rb RIS AN 25 8 255 ) e 0| ) AR A o BRI ARHIF S R
I T M 15| (Eisenia foetida) HAT R A7 1 it As BB
X As ¥5 Y R BURMUR . 5y D 5] X6 1= 358 As 19 5 4
BCRE (K S) , RFRALFE R MR As & R B —
2% 5 4% R T o B As A 3 0 B R (P<
0.05) , AEB X AEMB #fr 85| {K P As 75 54 AE AL 3
2N (P<0.05) , B4 W 43511 K 53.45% F131.99% , i3,
HITE Asi5 g 3, (T A 5 5 |23 S S800 45 %)
T3 As I AR RE I3
2.5 TEWSAs 5 pHEMBX D

G M 4 SRR I, -3 WSAs 5 i 5 4 4
pH A 2 A B 2 IEAH R (P<0.01) (1 2) , B b
BRI, B pH AR A AR L R 5 L3 WSAs
T AR A RO — 2, R pHAAE T
F[AIE, 48 WSAs & S AW &7, 148 As IR 1L
HHR
RIS A
3.1 ¥R B EB I L1 A BRI

-4 As 1 IE BN AT R S AR AR B LA
488 pH A VBRAL AR B AR B 2 NS - AR

0.61

05k y=0.782 5x—4.700 7
’ R=0.525 5%

04r
03r

021

oK AR S A

Water soluble As in soils/(mg-kg™)

0.1r

g 8 FC
0 5.8 6.0

U _o
D@ q:l
0m
6.2
433 pH Soil pH

B2 t+ER WSAs 5 pH{EMBXES T
Figure 2 Correlation analysis of soil WSAs and pH
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