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7 FE LR (As) . B (Sb) V5 Ykt A AS IR R AR A AR I U, R R R R (FB) 5 9K E M
B (nzZVI) B VEEE As. Sbis g+ 1, Ml RIS K, I nZVI Sk FB Rk Bk As. Sb IR AR
WA PF T X As. SbkvERCRAY I . 45 R KW, HI %A FB X5 YL -3 b As 71 Sb A3 B B4F i H B ECR , £
[ 1 84.1% 1 71.8%; nZVI X FB 22 As. Sb A MALIEH], 16 nZVI T E 0.1 gL', pH A 1 FIiHk kI 1]
7 60 min (Y Z&AF T, FOMREERCR AR, X As, Sb ik EERRE AT 3 96.6% Fil 95.6%, 155 5 i) L3R E] ( HIEREE
J R A FH b A T Y KU B R AR i (RT) ) (GB 36600-2018) 2K FH bR #fE . nZVI-FB X +-3EH As. Sb (1 f#
W sh 1285 G U G sh J1 2% )7 B . nZVI-FB RERS A UM B H - rh As. Sb IR EML I ZE A . RBP4 AT
H As. SbEAT5YHIEWMBIE RIS

KRR mh; B BMNEARW; 4UOREMNME; LHEME; E4RES

AR, BEEA G4 R NIT R SEEIEZ), 57X R LR [ - 5 B 2R S B (As) . BB
(Sb) &5, KREFW SOTGIRIE T, HAE® M As /5 Qe RIB LA, As. Sbim Y - Xt
N Rt o R A 28 DX g ol B R, PR AT 6 AT X As Sb B A5 g R T IE G B . B,
A AR E AR MR B e T FE Y 18 S B e A S B S R R TS g 0,
TEx S i HoR, IR RIE R As. Sbim g IR —FAROE, AR EOR AT DL i kst
FHE O T3 R B Abr w8 MG EOR T, OCHRETE T M m Ak S ny kv
Mo HAT, FCHLRFAER (HCL, H,PO, K HHZ) %19 450 I EDTAMY DL 58 68 41 NaOH!"™, &4
N B R RGBS Y R EE R . SR, EDTA X T E As. SbAELIEIAE FEAE T+
b &R IEA AR AR RAE ATSRIR . SROLVE Sy TG0 o™ R RS
WFFERI, 2l bk e 0] 25 i Al - e 3R o i R U AR T A, A R e T AR
HLJ6 W5 g o HLN AT S SR Rt Y, i LR RN R TS R T, AT DA R A R
B\ ] L BN T e R . RN E (Aspergillus niger) F T HAE A K AR AT DL~
AR\ FAIER, #0H T EE TG LIk se e 2, SR, Bh— i A= P50
s BHEE: 2023-03-21; FAHHA: 2023-05-10

EEWH: BEX AR FRLFITH (42267001) ; HZEE S0 LTI ¥E BT H (2020YFC1807700) 5 ) P4 H SR Bl 55 4 ¢ B 3
H (2020GXNSFAA297035)

E—EH: LERIK (1998—) , F, W LA, 2644101496@qq.com; BRBIE(EE: sk 22 (1971—), &, M+, #H#%E,
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B P RCREAL, WA R AR W R B R ECR B R S AR I IR 2 —

K Z A Bk (nano zero-valent iron, nZVI) T HA R AR, 50 0 5 FlE SN i P 45 5 s
P zas T AT G TG B, R nZ VI HE 5 b  R) A9 48 5 AR T R R — A TSR T
WANG %5 % 3 nZ VI G845 38 5 A% 70 7 A HLIR 25 BRi5 Y 258 19 Pb. CAO %P9 FIFH nZVI B35 A
MLRR LB g L IEh M E SR, 45KV, SR GHRMALL, #7105 Cd. Pb Al Zn Y KR
IR T 12.8%. 24.9% 1 11.6%, A<M +3E Cd. Pb Fl Zn i 25 B3R 70 L5 T19.2% . 18.19% Fil
8.93%. HFI, XT nZVIH TBE As. Sbigi HIEMM TR, HEAWR aZVI B M EY &
PR E R mis Y L1

AHEFELL As. SOE G155 L AXT S, K5 nZVI X 2B il B & WO B SR Rk B, IR IR R
nZVI G . pH FR R ) %F 3 As. Sb EBRBUR KRN fJ5 ., HEORMERTE T
As. SbIRAFEEMAIIED .
1 MR5RF%
L1 iR

HER R T PE A6 A7 X (239137 N, 109°20" E) 22 (0~20ecm) T8, RAEMIFE T HE Y
WER . A2 )5 T8 KA AT, i 10 HE MR G 85 G667 . Al R
FEAAPE RN 1 PR .
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Table 1 Basic physicochemical properties of the test soil

— AR % A 1 1 1
R H 7/ (g'kg)  As/(mgkg')  Sb/(mgkg') Fel% Al/%
- fbkL(>20 um)  BPKL(2~20um)  ZRKi(<2um) P .

gt 54.83 39.62 5.57 442 7.68 970.10 525.16 420 2.51

1.2 BHELERTIE

R TR PR 2 T A AT IR (PDA) S5 R SLIE (L ANAL AR, 7E 30 °C FEEFE 7 d S5 G K
AT BRI, 2ok THECRURG B 45 B 2 TH 5 2.5%10° spores B 1 T2, AN | mL AYfT &
TR A 100 mL (9 4l s 7 58 g T R B . aliss SR i P A B4 0.5 gKClL, 0.5gNaCl, 05¢g
MgSO,. 0.02 g FeCly, 5 g 2 [ Al 20 g EME . 22 WIS, o RIESRF R REERT Rl 6 d.
WIhG pH oA 5. IR 30°°C . 25 R BEJa ¥ 35 R W 22 DR U ik, A9 2 R ih & kK B (FB) ,
FHF I 22 0 Rk S 56

U FB MEAT AR RS I, Ok FH i 800 A € 3% (S0 a2 L v i ML IR R 2R R T ik R, S AR
Inertsil ODS=SP 5 um 4.6x150 mm, i 3 A1 N
0.1% W& - I EE=96:4, F=HlH:HE N 30 ¢, it
FE 10 ul,  #EAEE A 0.8 mL-min~' . I 15
FB R an 2 2 i .
1.3 ik stng

1) nZVI i £ ¥ JE . FB Hoin A A [6 & 19 nZVI, B8 & nZVIh 0. 0.02. 0.05. 0.1. 0.2,
03. 05. 1 gL' fABW (nZVI-FB) , #7530 min JF7EZE IR T4 3 h, #4795 pH K 2.0 54 M. B
1.00 g W T3k 20 H 975 % + 4 T 50 mL &0 8, 43510 A 10 mL BC 6l A wk e v, & T N
220 rmin”" {FE IR IR EE 3 he HRG LS H G IR SRR 70, BOHLEE HE A 10 000 rmin
ELOBHE S S min, B0 8585 R A 0.45 pm A998 BT E ISR T 08, 8 A R EO6 Ok BT

*2 BHMBLERHMR

Table 2  Properties of Aspergillus niger fermentation broth

pH HER/ (gL WiARER (L") Frisie/ (e L") ¥Rm/ (L)
1.39 8.44 1.15 0.43 1.05
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MR  As. Sb WA . B E 3AELE . LR RN nZVI TR IRE, 58t
SIS HR FH I nZ VI R

2) pHo FREC 1.00 g -4 F 50 mL .08, 435 A 10 mL pH 1.0, 3.0, 5.0.-7.0. 9.0,
11.0 fJ nZVI-FB. & /] 0.1 mol-L™' NaOH #1 0.1 mol-L™' i) HNO, 415 pH. ¥k S5 A9 5107 b
AL E 3 A EE

3) Wk PERTE . FRH 1.00 g £4FF S0 mL B0, A 10 mL pH 4 1.0 ) nZVI-FB, #H-FHE
PR IR MR EE, FEE B R 220 rmin', R E R 25 C, WUERT RIS, 15, 30, 60,
90, 120. 180, 240. 300, 360. 480, 600 min. JMPELE ML L. DB ERE 3INEE
1.4 DG E

3% pH AR (L8 pH B9 I 2 ) (NY/T 1377-2007) P B2 - e AL SRR 4l € e 33 A6 I 565
6 # 43  HE A ML BT B I SE ) (NY/T 1121.6-2006) W 1 &5 o e kn 4 40 A SR H OGR4
(MAZ3000, 3D /R SO A BRA R #E7I0E ; L8 As il Sb i 70 805 % AT
K B AL B BREYINE BRI T AR/ T O 6T ) (HT680-2013) IR P A TN bR VR VR
As 1 Sb 9 5 2 & B SR 1 2¢ 0% 43 O 6 BE 3 (SA=20, dbmt i RALER A R A /) W o 2R
Wenzel #2572 %F 13 h As 1 Sb B EIE S ST HEEL, HEE A BB E 3 s .

%3 Wenzel ZEFSREUE
Table 3 Wenzel sequential extraction procedures

T B Eiadigsl PEICL R
1 L R (F1) 25 mL 0.05 mol-L™" (NH,);SO, FIRIE4 h, B0 10 min, BUETERGLIE
2 LR AR (F2) 25 mL 0.05 mol-L™ NH,H,PO, FIRIRP 16 h, B010 min, B IE
3 TEMBPSRAMYZAAF3) 25 mL 0.2 mol L' WERMEVAIK (pH=3.25) MR HIRIRG4 h, B010 min, HCRERGTIE
b R & 25mL02ﬁg;£i$§;01mdL‘ mH%%Fuwﬁz;fgg;;g,%¢A0mm,
5 FRIEA(FS) 2 mL HCI+6 mL HNO,+2 mL HF TH i S

15 HEAESHH

B As A Sb [ BRACE (RE) 12 15K (1) 1157,
Csolutionxv

RE = =242 © %100% (1) 10 -
mX total I:IAS
3 S bk S R By 100 | Sb a a
BT : Can MRV T 00 T 2 I R B ageraf 2o
- NICTIRYIg N 90 | b 2 b TR [T B B 1.1
B, mg L'y VOSMERAAR, mL; m N+ b
2 . —p o Sy I | KI| B B B
S T, gs Cor IR - HE o 40 19 ool el o) Bl B8l &
2 K& R K& 20 ]
BB, mgkg & ot
\ 60 L d A XX %! &
2 HRE51HE SRS ST TR TS
2 = == LY 10
21 PRENHKAFNRERENRBEL
. ) | K SIESIREIRSIRS
B R AR RO R0 0770 002 005 0.1 02 03 05 1
nZVI1 #4558 FB 2= % As F1 Sb (14508 & 1 nZVI JF /(g - L)
. BEE nZVI G & 3 3 B9 8, As il W AN ING TR 2 B ] — 15 YL AN ) Ak 242 ] 7
-5 5 8.3 (P<0.05)

Sb E‘ R 25 E—HA*E ﬁzﬁ}: E&o nZVI}ﬁ‘E‘ - X

. ngﬁ%z% - ﬂf}; ;F%;i % ;i Bl 1 nzZVI#5aLERERLTIE As. S AR
S AE /] ﬂ: 0.1gL ) I, S XT3k BB 25 bR Fig. 1 nZVI enhances the removal of As and Sb from soil by
As. Sb BRI B W (P <0.05) , #t—AH8 fermentation broth
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B nZVI 0 BT B (0.1~0.5 g L"), As. SbRJEFRFERA B EMZRAZ M, HE 1oL B3
H 2R B (P<0.05) o 2 SE I nZVI W] BB R T HERE T R BT A LR, 1 LX) As,
Sb IR T M. HIL, S5 A amsUCR b lAs,, il B nZVI R E N 0.1 g L's

M FB XT3 As. Sb IR R 84.1% 1 71.8%, My, 3% b4y As Fil by 5
AT 155 T 148 mg-kg ™!, Horf As B p BOR ) (BRI EE B A i b b 0 e KU A
EhrE X 17) ) (GB 36600-2018) P91 Hfr 27 — 2% F Hb 4= 438 75 Y4 XU 77 6 {1 (As & 60 mg'kg '« SbH
180 mg-kg "), REFELE Hbr. FBREW A ZCK 5% As. Sbitkil, miE R FHEAAILR,
R R, SRS — A S0s 4 8 s A R R U B AR A% i i
Vs i . JRURN TE 57 52 4 AL A R 25 B - E R Y As RSP nZ VI BEMS G S 5 FB X £ As
Sb AWK IR, nZVI W EE N 0.1 g LI, As F1 Sb 19E R R B TF T 9.15% F120.2%, ik %
93.2% 1 92.0%, 1B%E 5 1 As (450N 61.0 mg-kg ™, {5 45 2 Hbn o, 5 it
Je S S — AR R L AR
2.2 KRR pH X R A BREMNF

VBT pH 2 - ek TR 08 5 H R TE S B TRE N A — AR B T 2S5, AU B
M) = 398 e AR 2 1T 1) TR 4 TR R A RS Bl itk 3 BB PR YR 2 R i O B ik A S N R U A A R 1 B
A, IS ke 5 AR Z 45 A ReE R, 8.2 9 FB Fl nZVI-FB f£ A 7] pH (1.0~11.0)
X e As Bl Sb KRR . SRR AEMRENFMET, nZVI-FB X As Fl Sb A 5 B AT
LERECR, FEMRUEM pH 4 1.0 B, As Fll Sb B9 K FRIZE 531185 96.0% Tl 96.9%, pH MG, WhERL
REETRE., R0 As fl Sb H5EA MW EE &5V, AT, REWR D AKS 74 PR
e HJR WORR T g it 4 A ok S B 5 Fe(lll) % 2 oy, 5 S0k S A 4 43 B2, 30 i A 1 TR A
As Fl Sb, RYEZAM T A PR S nZNLINZ A EH &2 Fe(1D) MDY, pH A 11.0 B B iR PR RICR
B pH A 9.0 4, HEIJFE D M AEPE B9 ZAE T 5 As. Sb 4R EAL Y I & W ke E PERRAR, 15 10
G As Bl Sb A B BT, -, TTRESZH T OH 55 As. Sb DA 44 & 4 [ 1 DL K FEmsivE 414 F
P As. Sb 1) PRI S,

100

[ InzVI-FB 100 [ ]nzVLFB
b B FB B FB
80 80
s i &
g ¢ 558 ®
= K e
KX
g 40 58 = 40
K4 e
0% | <
KX d
20 %% d 20 ' .
hotod d ‘ d
de d g d ¢
K XA
0 K g, % [y s
3 5 7 9 11 5 7 9 11
pH pH

(a) AsEBRER (b) bR
VE AR I)/NE R S )15 Y S ) A B ) ) - 80 57 4 5 (P<0.05)
2 nZVI-FB A~ [5] pH 3t 1% As. Sb AR EMNF20
Fig. 2 Effect of different pH of nZVI-FB on the removal of As and Sb from soil

TERRTEZMET (pH M 1.0, 3.0, 5.0), %A1 nzZVI Al LR 858 FB X As 19 £, £ R 55
PR T 21.4%. 158%. 4.78%, (HAEHPEMGLE 5T, nZVI A RRAE#E FB XF As B9 5Bk, Al g
SEH TTEML pH B FEIN, nZVI RAEFR I T RABERIA R T, EOK I As FBR B m E AR . 78
pH }y 1.0~11.0 JE FEI Y, nZVI¥JREME iF FB XF Sb 1 LBk, RBRFHRE T 2.08%~41.0%. X EKH, 1
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MR PE 451 T, nZVI BEA I Hi 3R 7 FB X4 As 1 Sb AR BE R R ELFE & pH A% 3G fin imi ek 55 .
2.3 kIR (E) X 6 A PR R MR

Kl 3 78 T FB #l nZVI-FB 75 A [A) ik B I ] (0~600 min) T 89 L4 As. Sb iYL BRF, Z9R%E
B, LHEPH As. Sb Bk BT DL 2 BB, B — B B R A BRBYBE, 0~60 min P,
nZVI-FB GE % P 3 (8% + 58 19 As. Sbitk i, X As Al Sb B ik Pk 1 % 4 B 1k 2 941 Al 502
mg-kg "-h™", i FB 7£ 0~60 min P XF + 3t As A1 Sb 1Y 3k 8 5 R AL A 795 #1338 mg-kg "h 'y X %
WY, W0 nZVI B &R EER A Z 8w 17X L5 d As. Sb iy KBRiE, MPEE T As. Sb Yk i
B, TERSE I E] P BE S I\ B bk R R A3 19 As FISb. 55 T ANBY BEOMAE R FRBYBE . 60~600 min
W, BEEMPERT RN A RE R, RBRRER I NI R Wi TR e R BRI B, VRS &
TRt A 4 3% 1 ol B AR G E AR AR Y As R S ke Bk, b BRECN R S, IR 2
PR ORI, WAE IS — RV BB, KBRS RN MR LA A BN B As F1 Sb,  LE Ay
() As Fi1 Sb X LA W H ok, B R AR X218 . nZVI-FB kLI TE] A 60 min B, As 1 Sb (1 2 [ R
ik %) 96.6% 1 95.6%, WA+ HEF A9 As F1 Sb (9 Il & 70 %0 4032.7. 233 mg'kg !, A F] ( HHEIRE
SR P M TS g KU AR GRAT) ) T AR RS, % [, 2] 60 min fE N nZVI-
FB kBB E As. Sb 54 + HE Y kv it 1]

110 110 -
—=—nZVI-FB
ol —e—FB 100 |
90
90
S s S0y
& 80 % 70
H L
& 70} &
50 | —=—nZVI-FB
60 - w0l —e—FB
50 1 1 1 I I 1 1 30 1 1 1 1 1 1 I
0 100 2000 300 400 = 500 600 0 100 200 300 400 500 600
TR [E]/min WL A]/min
(a) As kR (b) SbE R

3 nZVI-FB A E#GER B X 38 As. Sb EBRE AT
Fig. 3 ~ Effect of different washing time of nZVI-FB on the removal of As and Sb from soil

24 HERIHE

T HL—sh i iR, Sl _g%shh 4 nZVI-FB X 1iEH As. Sh BRI NESH
2295 F2 Fl Elovich )5 72 %F nZVI-FB M 5 Y 1 13 Table 4 Desorption kinetic parameters of As and Sb in soil in
A s, SbAGEMERIEI TG, 45 AL 4. the washing of the nZVI-TB
LA LR ATHE R TR R ML R nam *“f&‘“ﬁ*ﬂf *”{M PR Elzmhf*f
(R?) R4 7 2 1% 22 (RMSE) #4725 5 11t , 40 R RMSE R RMSE R RMSE
Aﬁfi E’:J R2 ﬂi% RMSE {Eﬂ’ﬂi %%ﬁ@ As 0.9923 22.28 0.9965 15.08 0.9885 27.16
= H] N Ny ST
j E/J 1;% ) ﬂf‘/f‘A EE %‘:2 EF‘ ﬁf I/‘J\ ﬁ Hj ¢u . ﬁ Sb 0.9790 20.28 0.9948 10.17  0.9921 12.46

2 a2 e o s —

M T RAERENHERE R, RBBKR
SRR As. Sb IUREIRAT y, R — bkt AR — A LA A vk Dy S AR
2.5 1IEF As. S RESTK

As Fll Sb 7E FIEHAFFE R ZFIEA,  As. Sb AP aE P R0 L AT R JFAS 58 4 B T 8 0
HEA T IER As. Sb 23 5 L3 rh By Wy R AR S5 ) T K A — R AN I W BRAR A SO P, Al AR TE S
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T 5 LR ) Az el s

Kl 4 Stk v w3 As Fl Sb MBS BN . W16 H3EH i As IIRAAIEZR . F3(70.57%)>
F2(13.31%)> F4(9.81%)> F5(6.18%)> F1(0.12%). Sb iy M 77 & & : F3(60.28%)> F5(19.63%)>
F4(17.24%)>F2(2.22%)>F1(0.64%). % FB ik UEJ5 1Y F3. F4. FS5 &R 2 FEAK (P<0.05) . H P F3 1y
it BT B 22, FB FI nZVI-FB 2B F3 X + 3 rf As Ml Sb & 2 19 25 bk A F £ sk, nZVI-
FB Z<B5 F3 7 As Hll Sb 4425 B9 5k o5 HL 43531k 74.9% F1 63.3%.

800 400
o0 kot ol il
_ "l“ ©ZAFB - VZA¥B
T 600 RXAnZVI-FB % 3004 rh RXAnZVI-FB
< 140 N
£ 120 ] & 100}t a
= F ol
j; 100 ﬁ 80 ?
80 5
B 7 % = 60 F
w 60 % 27
2y 0
B % 7L
o L . N AN .
Fl F2 F3 F4 F5 Fl F2 F3 F4 F5
(a) AsTEREML (b) SbIEAAESL

4 nZVI-FB #1 FB AT /G L+ As. Sb XS 2M
Fig.4 As and Sb speciation distribution of soil samples before and after washing with nZVI-FB and FB

FH LG T FB, nZVI-FB itk G R S IE BB A W, Horb F4 B fE 0 5K IR BE R, R W
nZVI 7] LU 55 FB XT3 rb Aok bkt A i B BK R A AL 0 45 6 A8 I S BRBOR o nZ VI A5k e W AT LA
A BRI IR A g v A AL R AR AR, RIS A Y As R Sb, X RP S SRR AT REJE B T nZVI N
ARR G, Aeie 5 M8 i 2 & W v A DL V1 FH DA T 38 s 8 o 1 3 s B 5, DT B A8 A R0 1Y) 30 D
Wi b g B AL, Whh 13 K 22 FB A nZVI-FB k1% 5 10 38 rh As FRIE 25 7 b4 9l
6.18%. 11.2% 1 16.4%, Sb [FRES0 HH 19.6% . 25.2% 1 34.8%, 58525 (5 b 09 19 02 b Tk
Ve 5 HA I B MR AT AR B BT i A O D B 2 3 8, X RIIZ nZVI-FB KB E R LT
As 1 Sb FREE XU b 2 FEAIR
3 Z5iR

1) nZVI X} FB £ Bk -3 As. Sb A 5L I URAE s W 45 140 T e fE, HRBEW PR
I nzZVL G e As. Sb AUk . Z56 2 UF AR B BERCR , nZVI-FB ) SR A4k Uk 45148 nZ VI it
BHWE N org L pH N 1, WKPERTE R 60 min, 7SR, X As. Sb 28R 4510 96.6% Fil
95.6%, KFNMBE Hbr, HEHA KB As. Sb IERRDHHRTF T 12.6% F123.8%.

2) WL =5 S5y FR S T As Fl Sb IR BE B J1 2 ik B2 (R>0.99) , I BT HLk S o A% oAb 2 bk
VeI

3) nZVI-FB BB AT &) L Bk 138 As. Sb ERIB EA 4 68, H& nZVI-FBIikPE G, 14
FHAY As T Sb FR58 XU B .

2 % X M
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Washing remediation of arsenic and antimony contaminated soil by the
combination of nano-zero-valent iron and Aspergillus niger fermentation broth

CHAI Xingle', CAO Feishu?, ZHANG Chaolan"’, LU Dingtian', LING Caiyuan'

1. School of Resources, Environment and Materials, Guangxi University, Nanning 530004, China; 2. Guangxi Bossco
Environmental Protection Technology Co., Ltd, Nanning 530007, China

*Corresponding author, E-mail: zhangcl@gxu.edu.cn

Abstract  Arsenic (As) and antimony (Sb) contamination in soils pose potential risks to the ecological
environment and human health. Remediation of As.and Sb contaminated soil by washing with the combination
of Aspergillus niger fermentation broth (FB) and nano zero-valent iron (nZVI). The enhancement effect of nZVI
combined with the broth in the soil washing process was studied, and the impacts of different conditions (such as
pH, time, etc.) on the As and Sb washing efficiency were also investigated. The results showed that Aspergillus
niger fermentation broth demonstrated good washing efficiencies on As and Sb in the contaminated soil,
reaching 84.1% and 71.8%, respectively. The best elution effect was achieved at the nZVI addition of 0.1 g-L™",
pH 1 and 60 min of washing time, with the removal efficiency of 96.6% and 95.6% for As and Sb, and the As
and Sb concentrations that remained in soil were lower than the standard value in Soil Environmental Quality,
Risk Control Standard for Soil Contamination of Development Land in China. The kinetics of desorption of As
and Sb from soil by nZVI-FB is consistent with the proposed secondary kinetic equation. The mixed washing
agent can effectively extract the Fe/Al oxide bound state of As and Sb from the soil. The results of this study can
provide a reference for the remediation of leaching of As and Sb contaminated soil.

Keywords arsenic; antimony; Aspergillus niger fermentation broth; nano-zero-valent iron; soil washing;

metal speciation distribution
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