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the field of environmental pollution control. Application of the technology of microbial mineralization has an excellent potential
to remove arsenic from water and reduce arsenic bioavailability in soil. Here is a review to summarize mechanisms of the
technology of microbial arsenic mineralization and applications of the technology in remediation of arsenic contaminated
environments based on the relationship between typical mineralizing bacteria and arsenic mineralization: (1) Carbonate
mineralizing bacteria, Fe/Mn oxidizing bacteria and sulfate reducing bacteria in the environment can directly promote formation
of arsenic containing minerals or generation of some minerals capable of adsorbing arsenic. Mechanisms, characteristics and
formation conditions of the microbial mineralization were explored, through analysis of products and factors of the arsenic
mineralization. Microbial induced carbonate precipitation(MICP)can remove As from water or soil solution through adsorption or
coprecipitation. Iron-oxidizing bacteria (FeOB) can oxidize Fe(Il) into Fe(Ill)and induce formation of iron oxide and other
minerals that adsorb As or reaction of arsenate with Fe(Ill) to form scorodite(FeAsO42H,0). Manganese-oxidizing
bacteria(MnOB)can remove As in a similar way as FeOB do. Under sulfate reducing conditions, arsenic can be removed from
water through precipitating in orpiment-like phase (As,S;), realgar-like phase(AsS)or arsenopyrite-like phase (FeAsS) with the
presence of sulfate reducing bacteria(SRB). Alternatively, arsenic can be removed through being adsorbed in biogenic
mackinawite-like phase(FeS), greigite-like phase(Fe;S4) and pyrite-like phase(FeS,)in the presence of iron; (2)Researches at
home and abroad on application of the microbial mineralization technology to treating arsenic contamination of water and soil are
summarized. The technology can reduce solubility or concentration of extractable arsenic in water and soil and subsequently
increase As concentration markedly in the mineral fractions therein after bioremediation; (3) Initial As concentration, coexisting
metal ions, pH, temperature and nutrient concentration can affect efficiency of the microbial mineralization. Microbial
mineralization is a potential technology to treat arsenic pollution in the environment. However, further studies need to be done as
to how to effectively apply the technology to actual treatment of arsenic pollution. And further efforts need to be devoted to
exploration of more stable methods to prevent arsenic dissolution from minerals, and development of theories of the application
of the microbial mineralization technology to environmental pollution control in combination with practical problems.

Key words: Biomineralization; Microorganism; Arsenic; Environmental contamination; Environmental bioremediation
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R T A AERS s pH B R A IE HLfr, PR AT
TEDT AT LR B B 7, Sadiq™** & BL7E pH 4
T 7.5 F1 9 IR, kR ER AT REXT A B v i i BT
HEEEM . TR, IR v A
A Y R R AR 2, BRI 7 A rh g in A i
AR/, HL D AR5 A8 AN A RS T B AR e il

FHWIEA pH 2974 9.8 (1) HaAsO; ¥ M IFF IV it R Eh 1l
7RI Z BRI EAEN, 2503K0], As rlad
AsO5 B BUY CO* AL S i A 4551
Costagliola ZP*HA Ny, AH% T fA] BN B T8 By 6 1
HIR, 4551 A S T R AT R T S
W5 A 2 BR OB NS E o IR PR R AT Ak R X A 71
WA HLENE 1R

NH,

&3

Urea " 3
Co,’ AsO,” /AsO;’

0, &
i j ¢ Pl 1
iR iy Substitute

Urease

CaCO;
K %

CMM Adsorption

— Ca’-CO, — Wi
Calcite-As

R
CaCO;-As

H: CMM: W% 1L . Note: CMM: Carbonate
mineralization microorganism.

Bl T BRIRERDT LT X i 3 L™ HL R )
Fig. 1 Mechanism of carbonate mineralizing microorganisms
mineralizing arsenic *°!
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Fig.2 Mechanism of iron-oxidizing bacteria mineralizing arsenic
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Fig. 3 Mechanism of sulfate reducing bacteria mineralizing arsenic
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A ZEMFTE Bacillus licheniformis BDS, F H43 5
FE AR B 572 AR AR G 2 B 15 3%, R B X Ay
EBRAOCR , I HLAE W AR 35 5% 55 b A T8 7 A A B il 1Y
fift & 4R RBUR BRER SR 50 £, X SFHEATS
( XRD) 43t s, J7 fife A di R b ik AR g X~ T
KA it PR AR HLA o

A 175 = i B ST ) L A A I K I i
F W ELA E K )1, Gonzalez-Contreras 25 PY7E
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Table 1 Mineralization of arsenic by microorganisms in water

25 H TR ) As HIIR IR E As KRR B As Y 27 SCHik
Category Typical bacteria Initial Initial arsenic As removal As containing minerals Reference
AGS NA 83% WO, Iifa el
MICP
Bacillus licheniformis BD5 10 mg-L*! NA NA 167
Acidianus sulfifidivorans 1 000 mg-L™" 80% FeAsO, - 2H,0 130]
Acidovorax sp. strain BoFeN1 3.75~37.5 mg'L 'As 87%~98% k(&) APy i 1681
ULVE As
FeOB/MnOB
Acinetobacter sp. 1~5mgL"’ 64.5% BRI As 1701
35 ugL'As (IIT) , AL As
Leptothrix ochracea 80% ru
42 gL 'As (V)
ASzS3 5 Fe3S4, F682 ﬂ]
NA 0.06 mg-L™" NA (521
AsS
Desulfomicrobium baculatum,
Desulfovibrio desulfifiricans,
ASzS3 5 FeS 5 F682 ﬂ]
Desulfovibrio africanus, 0.5~20 mg-L™" 85% B3
FeAsS
Desulfovibrio magneticus and
Desulfovibrio sp.
Desulfovibrio desulfuricans,
SRB 10 mg-L™ 98-100% FeAsS 17l
Desulfomicrobium baculatum
JUF2wE
NA 79.4 mg-L™! As,S; Fll AsS 1601
55
Clostridium sp. 5 mgL™ 98.2% 5 FeS and Sb,S; FLVL3E 1831
NA 0.015 mg-L™! 85% NA (73]
GRS 0] T 28
NA 0.05~0.2 mg-L™" Fe-S-As
tk
NA 1 15 mgL" 55%~T71% 5 FeS JLUiHE 4

. AGS: Ek5Ue; NA: KIEft. Note: AGS: aerobic granular sludge; NA: not available.
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R R AR T BN R (BN A =R A A
(V), WJasa 21 E gk &0 LY Akt
1o BT ERER E ALY R DAGE A% o B KR B AR A
A T E AL R A8 R T K Fe. Mn
I As 15 YL HAT R A7 R A A5

KEBFFEFRW SRB o ] T 4b HLK (A A5 L
KEEHEXT SRB LB R K5 YLt 47 1 AH
%%, Keimowitz %@ i 7] + 3% SRB 4R HtZ mah
CVE R BUR ), & B M T K i i DA S5 e {148 pgL!
AR ZE 22 pgL ' Teclu 258 & BRI A SRB 1f
B FAKP As () M1 000 pgL' R E
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Ry E 4R, Le Pape 251N i 5 ik &
B, FIFHEE ) SRB Al S 2Bk AMD vk EE Y
fiff (79.4 mg-L"), [T SEM/TEM-EDXS A
EXAFS JCREDHT &L As TELL As,S; Fl AsS PLIE
B KB, Altun ZPI0F58 &3 AMD N Fe
(1) ATARCEBRAR T RTE Y, 4 Fe (11) WE
T & 200 mg-L ' i), BRTEIE K As B9 5B n] 1k

85%; M EFLL As,S; Fl FeAsS # KR a5 FeS
Hl FeS, HEUUHE M K h 25
22 WEYRTHEAELREERHNA

7 2512 T MICP. FeOB/MnOB FI SRB X5
Qe+ IEMIEE . MICP 2—FP A A IF A B TG 2 1
BEFAR . Achal F5U IS Y + 3 v 4y B —Hk
M0 Sporosarcina ginsenggisoli CR5, W # g
H R ENWREE, Sporosarcina ginsenggisoli CRS [ T
As 15 B HEABET, AL B3RS A
RTINS T ) o = (T e P ol (A
96.6%, XRD &5 RAUESIE AL T 7 A1 -A L GTIEY)
VP VS B — MR R R ™ Ak B R 75 e - 41
SRS, Kl A A5 B 1 R B BRI ER A A TR S IR
PREIRA S Wil 152 75 e 58, 25 5 % P A Bl A%
IRF] 83%, AR KRR T 1R B IR

FeOB. MnOB #l As (IIT) %Ak 7 th C 907
TG YEE . FIRH T NG e RE 4y
B PR 4K FeOB, i i BEDUIR SR PR, A A
P P TTIE X As (1) By ZLBREBCR %5 T
TE IR EZLL As (V) IIERAETE, B Fe (11)
FAL T, As (111 WA k. He P58 T
Wi 4G B AL Pseudomonas putida MnB1 7& + 3
15 YL T R RCR o 15 3 LIRSS WOR MnCl,
o, ATRBCE SRR T 51%, st g
RS, & BUM 2 IR e R Sk &5 &
BRANELE GBI Xiao 555 RE HEH
ST G i R b b oy B AR T =R T Ak A
, 5334 Bacillus sp. T2 . Pseudomonas sp. Yangling
14 F Bacillus sp. TF1-3 . ¥§iX = bR A 2 14 rh
AT HE IR FEAR R ERA T 1Y) Fe WRBE, MATTIT I B B 22 119
ffr, 2 A FH ] X6 2 D R oK e g i o 2 ) I
T 3.7%~13.3%F1 4.6%~12.1%.

+ 3 rh iz 1 4E SRBP P SRB 7EE AT R
WIFERFEE, &5 As (V) Fl Fe (II1) 0k 5% 1)
ARG B0 04 AR R 1o A R RS, s
Qe+ SRS NapSO4 i 2 59N 1 B 2 46 340 J5 3 [A]
dsrA WK UESCHRIRER A E AT e #E SRB A K .
AR W R R 340 577 A B A AL ) P 5 R 8 U
Wi, FEACERERAIEREYE . Burton 4504 fif
TS NE LT TOMSE, ERT 10 RSN, 4t
S rp A AR D i B B B AT R R A SRR, K
25 Fe (1) 1 As (V) iR, S 5HEK
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Table 2 Mineralization of arsenic by microorganisms in soil

25 B A iEem 4 As e As Hlifb JERUY As 574 278 3k
Category Typical bacteria Soil type  Soil As concentration ~ Passivation rate Formed arsenic minerals Reference
Sporosarcina e JAih 96.6% (AIZZIRA LA | JiffAr . Bk
N 500 mg-kg tn
ginsenggisoli CRS T As Fit ) AT AR
BT 83%( T SCHLAS As
NA N 14.01 mgkg™! NA (78]
Y i)
Pseudomonas putida . 51% (AR As
B+ 5 mgkg i SAACYIR As 801
strain MnB1 Ti))
Bacillus sp. T2
FeOB/MnOB 26.7%~55.0%( 1
Pseudomonas sp. B N
R+ 41 F 138 mgkg ' EALBUK As & SN 81
Yangling 14
i)
Bacillus sp. TF1-3
NA 2+ 1 420 mg-kg™! Wi HsJ (1] 1 A5 £k As,S; 641
B 23.5 %( AIEAS As
NA fEH+ 69.6 mgkg ! NA 821
SRB i)
B 33%~35% (L4 X .
Desulfuromonadales fEH + 72.8~400 mg-kg ' FeS 43yl vE (831
fLBRK As i)
i Fe( 11 ) Al AsCIID ) ¥R B2 FHE5 5 Tk 93t SO 32 pH

RS AR, (23E FeS MTE I, MM 4180
iy Fe (11) F1 As (III) e MBEZ A%, @
X-GD T R BUIE A FeS B 1 KA,
I%%U\ As;yS; ﬁﬁit% mﬁﬁf%ﬂéﬁﬁo

3 (ol R I R i ) R R 2R

3.1 FIRIRE

5 2 WY e %) e 2 o v £ 52 el U™ 8028,
15 YLK R R BA TR FE N 1.5 mg- L' B, AR
LA Z )5, BT LR 10 pg L' LU
Ty MAHKETEE 3.75 mg L B, BERTPH
fif o 0] 2 3 TR R K B () TR RE R SR A B
(AR EETR , YER R ERRIE R 3.75 mg L B, A
WAL W B KA L BR R 83%; MW & &
7.5 mg LB, EBRFETFHEZE 67%%), Teclu 4
Wit 14 d MIRE & B, SE ARG HE R 1 mg L
ff, 7 SRB MYAE T /K i i) 2 BR 30 70%;
T G50 R B e FE T 2 5 me L' B, Bl 25 BR R
FEARE 61%.

Xt F AR LA™ 270, pH XA B4 B RCR 52 00 A
Jir 2 5. VPRGBS TR pH AR F R MICP
X IRYI B o fdhe )r, S5 R8BSR A g IR
PSR T IR S KN 15% T4 SRB T &, 6
PERAANE S IE B4, R AEE 55 T 5 5 E
BCERARA R AR, I B S T A A 4 /R Y,
1B A pH AR E 18 . Rodriguez-Freire 2558 & 1
Y pH M\ 7.2 BEARZE 6.1 I, i 23R 34 3 1 17 4%,
SPRVEMEE T A D IE ALY . fefl pH [
T B[ 2 R A A W T v RS S A R R T
TEL PR A B, 7% J& FeOB/MnOB 1 Jif
pH AU FE , DT R4S S 47 A B ROCR . il , 44K
WETRER AL Acidovorax brierleyi Wi+ pH
Jg1.5-2.08% FERFER pH 4T, Acidovorax sp.
BoFeN1 A IS WIAIE], 4 pH iy 7.0 BFA L
L FI/D RS 7 pH O 6.3 I Fe (11) Ak
HORARE | O B TAE pH o~ 7.7 B, Fe (1)
AR, A AR R T Ak,
sV HT T pH 5.0 3 pH 9.0 2514 F MnOB 4K
FAE TS MO, 1 O , % B4R pH I 40 i 2% 3 40K
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Wi pH i, A0HE% BN pH /T 8 B, MnO,
WEZEIA, 4 pH KT 8 B, MnO, B B FEK,
R PEZM AR T Mo A4
33 RE

FEAAE P 1 AR PR B R SRR R R R
—o 7, WEEWRE TR, AR R R,
IR E SR E B T . S — i, AR
(A sl A AR X TR B () 5 SRS ], R AR IR S o
T EE B AR A2 S ma i A WA, AT 8 25 5 i) o 4
JE R RO e USRS T 15T 30°C 4%
T MICP B X I PR 2 1 43 fiff i, )N 72 h
JRZ W WA 120 gL' 70 9IfEE 60 gL' (15
C) 139 gL' (30°C) , 15CHIEY R 30
CHF 25%, EB 30°C 214 IR A0 35 1 5 s o
Achal 250215 89 3545 — ¥k 77 IR B i —Kocuria flava
CR1, % & REE 175 5 5 M A1 DLVE DT 51 8 42 )
[ TR ST T AEAS [RIRLEE 2540 X Cu i L BRAE T,
SERL R W AE RS A 30°C, DLIR B S0 T bRl
FEIE 100%. Bt PR 3 140 J5E B R 2 Hh il v, o
HAEAFREETE 30~40C.
34 EEREBET

Ve U 45 UV ot o0 BT PR 3 vk B AR A R B g
SR B T X REE R0, P SRR 5.17 mgL!
B X R 9% PR A AR ORI, TEWRE R
10.35 mg-L ™" i, RPN 120 gL' g5 & 87
gLt X R G P A P IR B 50%, TR e 5 4
J& B TR AR AR TR T A . AR, mIRERES
JE 2% SRB P AR FEVEAE T, I 5 0 it () Ji aod
& . Kaksonen F1 Puhakka®™" BF5¢ & ¥, Cd( 6 mgL™' ).
Cr(23mgL"'). Cu(4mgL'). Pb(25mgL") .
Ni (10 mg'L™") Al Zn (13 mgL") %f SRB ALK HA
LEMHIVE R . Labastida-Nafez %50 % 3 5 vk B2 1)
Pb W EFFIL SRB X ARMRER MR IRAE S . 51—l
FUE SR NAETRESA A TR, W
Sahinkaya 5P 98 KBS A fEE 4R (Fe. Zn.
Ni Al Cu) B, BRYLERFA S, —mEN
TER T M EA (FeAsS) , 5 —J7 i Kk bl i
B 208 I B 4 SR A Ak I

X TR FALTA T S, FI4R Fe FlI Mn Wk B 25 5%
M T 4 AT 5% . 7 Okibe 250 B, 24 Fe (11)
WHEEKT 1000 mg L' B, BRI AN FZAG IR
AT, A REAPEE; Fe (1) WE/NTF

1 000 mg-L™", FEIICEMBRYTIIE; MiE
1000 mg' L") Fe (11) WET, As (1) Afbk
R K, TR £ R A0 W ok HE A R Bk
( Scorodite ), +HERXIEH, KEH MnCl, FHE M 0 #
& 40 mgkg!, As (II1) BYZGRE B H
HTRBM Mn B2 H4, % MnClL, HHiEH
40 mg'kg ' B, As (1) MRBRREINT 1.1 4%,
As (V) BRI T 3.9 55,
35 HEZE

PRE S I CaCly 1 i35 258 Wi IR it 11 2 7=
A RLH RLSR . 78 Govarthanan Z5PSERFSE fr, 4
JREGEN 18 gL', CaClL, &N 83gL "', pH A
9.0 B, BREEF=H e, N 920 UmL ™", i kLpRR
Hh59%; HIRESFEN 6 gL', CaCl, N
83¢gL"'. pH & 10.0 A}, AREGF=HEAL, M 390
UmL™', B EBRFN 29%, BREHE LT T, Fh
JETRING ) R A 2% FeOB 75 S0 1) £ B i 1 50K
FEA RN . Okibe ZEPY%& L, 78 SIHG 4 oin A #E4p
BRI, &9 Acidianus brierleyi ¥F As (111 ) HI5E
fb, HICRA A AR . X T iR Eh i B i 5
TR ER £h Ak B2 X i 6 &2 = X B . Rodriguez-Freire
SR I B RR R VR B 2 e A KA RS HS,
T S B A A R R (4 TR 8, AN I i (4 8 )
ER AR B AR Eh v 2 KA, SRB ™ F e TR 22 1] (1Y
S G ST A Y 0% . Saunders 25U O7E d N
P X K £ 2 P T T RAAE R RS, it
Bk )2 FEABRBRER BRI AL R SRB UTEHE, M
T A A ) B, (AR Y A 200 pg L' %
REMA DAL (WHO) MIBREM (10 pgl™!)
AR . (HRREFHIRIGH K, SO i it feds
WG, TEBAEE (Iron-reducing bacteria, FeRB)
FOFE FH T AR M b mT st 3 T 28 A 32 i R TR

4 ZHicHREH

AR SCARIE A ) B 7 i 28 R AL T A T
G325, XA R 2R AL B 8 S L ) R el
PEATIALN . — 7T, WAL T Y BE £ R U,
N R h 3 Sl i 7= A S* A iR A, M R
TRERA TG . AR (FeOB) Al Fe (1) %
s Fe (1), fEsERIIE b R B 2000, DA [
i, J5—Jr i, B4 BT 7 RE S A s A
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figp AR TUIE o BRA A T A= W0 8 I 9 B AL A A
A BAT S5 s ORISR T AR SRR
PRI % A LA AR 56 1) 28 1 0 R A 4R AR BE T

T W BT — T AT R T 0 B BB A 5 e
TABEOR, SRR I 2 52 Bn 5 Y if B 2 b i
WRFMHTL. B, T HEYERAIRLHY
AR 0 A PR, R S R TP R R R T
f R 3 i FI M N s AL B 1 R, 5 B4
BAYE . R ) A U Y e B AR
— IR RWE Y S R R L Hk, R
P A 5 BOE R A5, A 0 R
TR PR R BE TSR BB , RIS IR N R S
A A TR PO P T A e SR R . e Ah, ik
W IR A — i o ) 2% 1 BE AR S AR 4 Y it 1] 2 2
R, ABJEFHE I A RE L FEREE S5 A2 Ak, AT RE<x ]
AL S A T 2 P P A, R 5 e ) R DI AR
SEAFTE . PRAT I BT 5 & Bl ) e AN [ 1058 2% F
T A AR R, 2 SRR E 1 T L
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