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W OE PRSI ERmATEAROERT Y, T REFS A THR T, S Y Ee s, @
1A WA B FC AT ) B B R R 43 3 N HER I A NaBH,, #8571 NaBH, A9 850 & X it [C ™ 90 26 90 6 1l B G 1) 8 4k
LB RS . 25 R . fEE S0 3 AR B A 1.25 gL' F1 1.67 gL' NaBH, Ji7, 2 MAbHLA (1) 2 Fe TUER
A3 13K B 47.00% F 62.67%, WA RE ) AR A 45 g 8.92 g L7 1 10.34 g L™ A= I H B0 43 ) S i R0 (5
THER) . il R ) 5 LR &4 CGB 2 it ). sANERER BB 3 #iLik), FEINA 1.25 ¢ L™ F1 1.67 g'L™' NaBH, )
2 AN FEZE 3 AN HEYCE R W L FE I A B 14,17 mP g7t A120.02 mP g (B 1 4. 32.95 mE g Al 42.74 m?-g !
G 2HK). 0.84m™ g™ Fl 13.68 m™> g "(5f 3HLIK) . FEMEALFRME H LA 3280 rh, 40 W) LR E BN 4.94~42.74 m* g
BF, BEAS 3 4R o IR A0 BRI o LA T 4 SR nT R R A B A B R L AR IS

KHEIR R R RBAT E ; KAEERE Y s NaBH,; T AHFE AL i 0 A AR

Jiti FC ™4 (schwertmannite) & BIGHAM 251 F 1990 4E7E R PE A L1 & 7K i & B G — A &5 i B 2411
A R BEBRIR UL TE Y, JFTE 1994 i 441, 2% 0R FeO4(OH); ,(SO,),(1<x<1.75F, HHFH
FWT, il P W0 2 B A A LTS G 1 m BOCHE AR TR, BT R A AL R S B 8 B PRI BE R
U A PTG G o B A AR S ML B A A A Gkl iz N T BN ATk, th T H R ] AR
PePEZE | (0 B2 RFIME R e S e i, LR R AT O 25 52 KT

it FC ) S AR S A U0, IR WOA R P AR R — I BB T (Na'™, K', NHY) 23 (2 #F H ) 55 gkl
BEARUSS H OB R ) R B KSNH>Na ', SR, 7EM8 G B & il IR 8™ P i o f v, A
Fe JLUE 2978 30%, K& F' IRAAAE TR MWD, Sy WA = U™, g, e ki IR ¥ &
RS ARE D Fe™ 1Y mAUTTE . B 07 A5 80 It FQ ™ )5 i 0l o A5 A e ) 1) A

BH; 7T DL 55 Fe™*J2 7 46 J, Fe, Fe 767 P 5 Fev'sk 5 HUIE R 7 2E Fe 102, 5 J% 4K 2% 5 i
Wi EE: 2020-10-21; RAHHEA: 2020-12-23

EEWE:: IR KFHEHRRAHAATH (TYIT201405); (LVE4E T AW & 10155 H (201803D221002-2); [LPH4 A SRR Jk
£ BB H (201901D211385); 1L 7Y 44 + e PR 45 5 37 4 B8 YR T o5 S0 30 25 F AR 4 TRV (2019004)
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4Fe** +3BH; +9H,0 = 4Fe + 3H,BO; +12H" +6H, )
Fe + 2Fe* = 3Fe** 2
Fe + 2H*= Fe* +H, 3

B, MRS RS, W AEE P ABH,, JEW P Fet S EBHEH R R
Fe™", Fe™VENRBIRYI B A. ferrooxidans "W 8 AR Fe'*, It — 20 KM M IRCERRG™ W), VT RE &4
A Fe (IUTTERMA PA5%,; Hk, T Na sl BE 1555, SOASHIF 58 e 8 100 i FC 0 9 & U5 19
JER P IMA NaBH,, %57 HXTEW pH. Fe?', M Fe & & KWK A YA B, FERT
WAST YIS . 0 MM R E WA L 1A, TR A HEm R E AR, R T
W WITE 254 nm 58 F1 6 BT i Ak 5% A 1 R0 G ek FR 6 R A0 o AN S8 ml R IR AR B W B R AR )
A2 R 45 e FEAE A R A R figp Sl i oy P R 2%

1 #MRl5RE*%
1.1 ERTHINEEIER

4 A. ferrooxidans LX5 (CGMCC No. 0727) B & 7£ 150 mL ¢ 2F %Y OK W AR 85 3= Fe b i b 3 e
I B O RIH 4E 30 15 A. ferrooxidans LXS AEEF Y, SR QIAO SEP R I, 7F 149 mL
HfEAT 6.67 g FeSO, TH,O MY, JIA 1 mL A. ferrooxidans LXS5 4iffIEIF, BT 28 C. 180 r'min’’!
FPE R IR % 25 RN, A e B, fF Fe b e & )n . B IET Yt b Ko Wk i . e
i, XRD K HHFRMER, WERH T 505,

1.2 NaBH, XX &£ S0 & BRI 20

A3 ) B bR T AR B 120 mL B T 5 250 mL 4EJE L P, S NaBH, A YR o 042,
0.83, 1.25. 1.67 f12.08 gL' A9 5 MALEELL, FFRE XA b CK), MM A3I I NEE, BT
TR IR G o RN, £ A B e Fe? B AL 8 & 5 el U8, UE VR PRI A NaBH, J5 #E17 T A bk
SEuy, 3 AR, SEE Rk AR N 45 A BRA R i) pH, T EBUREIN G Fe* I Fe L. B S
Ab FRLA XN 3 AU B AL 15 AN 23 BITE 50 °C R T, i 100 F AR G S R R A
13 RESTYELTHREBNERERPEEE

PGB A A, EFEIIA 1.25 gL' Fl 1.67 gL' NaBH, AY 2 AL FE4H 4% 3 LR & i 6™
Y, 5W6A e Ry At 7 Ay, DGR IOV AY (XPA-TG8, R RUE AL,
), £ 254 nm 58506 RE G T JF R R A 8 ) 4 Ak A B TR £ (Na,S,0y) B A HY LG (1) 256 o 2 I it
JERESETE (23+1)°C, d ] 100 W B9 R AT 1E 254 nm 424616

Bie il 0.1 mmol LoV HY BEAE IS W, PRI 7 D914 10 mg T A58, JIA 50 mL H EEA8 VA UL,
FE 1 B 4l 5 A RE S R ik P A A X R AL BR A GE R CRegyp)o FEANACBRAL 3 AN K . 4000 7E 10,
304 60,90 120, 150 F1 180 min A HUAE 3 mL, i 0.45 pm JEAR S, FIH 721 BUA] UL 40560 B it 7
470 nm PRI E O, AR WO B AR B A B AR

SFFREL T A4 10 mg TAEE, B WFK 2K, JEMA SOmL HERFER. AR5,
HIM B 7 0.1 mol-L™" B Na,S,0, ¥ WL, £ 1) B 43 D245 b 20 I 50 ulL 1 250 pL Na,S,0, 7 Wi,
B 5 & Na,S,0, 19 #€ B 4351 > 0.1 mmol-L™" 1 0.5 mmol-L™', F¥ & AMH ¥, Hl Na,S,04 i % 18
IR (B R CRypmm)e B IANTEE, WAERE A LR Lo Hd, 78 Na,S,0, W N
0.5 mmol-L™" [ 52 56 o 45 b B2 rp i) PR A8 [ i a3, 7F 90 min B R RCR B AT 3K 3] 100%, AN
P FE 4 BORE B[] 22 180 min,



1244 EZ N D CRRE

14 FIBFRMETF A

FHARAED Mk LE (LI E KR A P Fe® . B Fe &4 FHAN M T BB JSM-7001F,  HAZR50) W
U YIES; X SERATEHY (MiniFlex 1T, HAZR 5D 4040 P8 4 FH EE 2 i AL 40 H1 % (Tristar3020,
Micromeritics Instrument Corporation, USA) il % # 4 Lt % 1 £

2 HZR51e
2.1 ¥EE KT Y RIES R

FENE G W00 b 5 BGOSR, S Fe ULVER N 26%, SXIAr A IR a5 RAME , 076
O 572 g L AT BT a2 BT 87 W 0 XRD AT 55 K5 (K 1(a)) AT AL, HONTEIRE 9, Lk
R 4.94 m*g ™o H1E 1(b) AT LLE Y, & A it 0™ 1 o8 R i MRS HoA B AR S5 4 B il Bk
R, BN 1-2 pm, HIEH S ATARIE A9 45 R 52 R

10 20 30 40 50 60 70 80
20/(°)

(a) XRDATHT A% (b) SEMI
1 #RERERE K XRD £7 5B 1 SEM B K

Fig. 1 XRD pattern and SEM image of initial synthesized schwertmannite

2.2 NaBH, 5T /8% pH B 5210
5AAEFAAE 3 A HEUR SEEG i FE A9 pH B AR TE LN 2 Frs o 4% A B AE — DLk S ER 2

Je SE RV R R — ek S, i CK 4 #2155 NaBH, il A &k 2.08 gL' Ay Ab B4 = 7 B ] — 3
CK 4b B 2H v A e A S i) B v pH FEAR (R4 AN 78 (2.00) %50 NaBH, )4 Ak 3120 v 1 pH 2 R
Je BT T B EAE A~ E R S TR E AR, BEE RIS N, 25 A BEZH pH b T
YA ROk, pH RS E B 5 A ] s 72 SE K o 7R SR 3HE U (18] 2(c)pH ML 22 R R OR, TR
NaBH, il A&/ 0.42 g- L7 F1.0.83 gL' iy 2 AN F2H v (%) pH 43 %78 108 h A1 360 h 4%, 1iif NaBH,
AN 1.25, 1.67 F12.08 gL' /) 3 NAbBR4L, pH 7E 600 h J5 /i kFa g o

2.6 . 2.8 3.2 = CK ©042¢g-L"
-2 CK L -.-O.42g«L_i & CK ©042g-L" »»» A083g-L' yvl125g-L"
4-0-83g-L_1 -v-1v25g-L>1 26l A083g L' -y 125g-L 30MTL < 1.67g-L' >2.08g-L

24 <+ L67g-L7 >208g-L P <+1.67g-L" >208g-L" a8l LB

NN '
N 26} >
z >R
24 4 g g
i N
22 qud‘“
A Cotege \A AN
2.0 [ I | Xi*l [
1.8 1.8
0 46 92 138 184 230 276 0 116 232 348464 580 696
] /h i Ta]/h i) /h
(a) R (b) 5241tk (c) HE3HLW

2 NaBH, MAF &L EH pH T HLIBFR
Fig. 2 Changes in pH of different treatment groups after adding NaBH,
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NaBH, f& 58 0% 55 M2 5k, ImMAK & S8 pH L. AR5 NaBH, INAJG #5434 () pH L FHE
=75 5 NaBH, Fl H,O B ) A7 %, H H,SO, BL il pH 2k 2.00 MR LSS W, 43 5 i B 120 mL & T
54250 mL#EJE MR, X R 5 AL B2 69 A& 43 B A NaBH,, k3% 1 h 575 pH 43 5 A
325, 8.90. 9.22, 934 f19.43, My T 1S, 5N FZE A NaBH, 1 hJ5 % pH fe K{H
(NaBH, Jill A&l 2.08 g L' Ab PR Y pH by 2.32). HHIE AT L, 78 R 1 % W P il A NaBH,, BH; 23 4%
VWO ) HR R 1, pH B TR EE R K, AR R4 A W5 B A NaBH,, NaBH, 32 %
iR Fe'', [l A R i HY, AR HOTHAE, BRI, pH b T 2 )y
2.3 SO NaBH, [5 & 5C124H Fe” 12 Fe UL IF R

CK 4h ¥ 75 A~ 52 56 0 F v JL-F-JC Fe?*, W3 il NaBH, (1 5 M AhFR 41 ¥ Fe? 7=k, 7E55 1 it
WS E (K] 3(a)), #51K &R R R AY Fe*' & i 5 NaBH, il A & 24F #1 ¢ & & (Pearson #H 5¢ &R %
r=0.998, 7E0.01 &%, A BE), HIA NaBH, i) 454 B4 Fe* I REp b 58 4 . TE4E 2 itk
STy R (18 3(b)), A ALFRAL AR Fer S i 5 L b RAE, B Fe g 2 E L N B K. X
Al 85 A. ferrooxidans LXS5 W16 A %, MEZE NaBH, Il A & 380, £ A0 BEZ  Na* & &3 m, &
3 A. ferrooxidans LXS TR A 1 P 98 55 55 40 i 24/ 56 1207 SR 3 HE R SE B b (1] 3(c)), A Aab
Fe? AL E A 228 K, NaBH, il A4 042 g- L' 50.83 g- L' 2 44k B 4H h Y Fe?™43 I AE 72 h Al
312 hE AL B2, X £ A ferrooxidans LXS5 A5 RE & ¥ £ W) AL VE I o 1 NaBH, il A & & 1.25,
1.67 #12.08 g-L '3 MMEFRLHAHIHERUN T 696, 624 F1624h Ji5, Fe* BAHI K 28.68% . 34.94% #126.80%.,

3500 — = CK 5000

3000 —e—042g-L" ~ e ]f:
5 2500 —A—0.83g-L" L 4000 Y208 §. L
g 2000 | Iié?itj gzooo
B 22000 F Ve ree
z By Yhyv
© © 1000

;;;;;;;; = AR 09 A 24w

12 36 60 84 108132 0 116 232 348464580696
B [l /h A 6] /h it i) /h
(a) BB 1HLK (b) 524K (c) HE34tk

3 “NaBH, A5 &L E Fe' K E T 1L
Fig. 3+ Variations of Fe*" concentration in different treatment groups after adding NaBH,

WG 3 HEIR NG 2 A B N A. ferrooxidans LXS BOIGPE, B SR 45 R 5 25 A0 BEL2H ) 18 7
# 15 mL 43 B A 2 135 mL %A 6.67 g FeSO,- 7H,0 M3, [R] k15 B im A 17 Ak B8 T8RS i i
AL BR, HAS A48 h I 1 F S8 LT 0L . 4 RRH], IV 48 h e, IACHT IR AL R Y AL 38 Fe? B 42
AL SE Ay, A TIER AL PE ) Fe* AL AL N 1.04%, TS INER 3 HE IR I I 98 A0 45 Ab BE Fe? 48 1k R
7 1.18%~4.09%, Al W, 24k T 3 NHERI RN, 0B N A. ferrooxidans LX5 B ZHEARRTE,
B AL Fe, L, 3 AU BT R AR SR B s Ak S O U R

ok Fe B it B AL AL N 4 PR, CK AL B 7R RSS20 3 #E  Fe BEACARAS  HAf b P20 34 1
PR RS FESS 1 kP (8] 4(a)), JNA NaBH, 5, 5 AR Fe &8 F R, H'S5 NaBH, il
A = A PR A 96 (Pearson AH G R B ——1.000, 7E 0.01 251, AP B &), E5E 24+ (K 4(b)),
5ANAbPREH S Fe N RS 1 HLUCHIR o ZEBEASS 3 HLIKUS (K 4(c)), & Fe JUIE 1Y 22 5 8 1 W]
B, FESCER SR, 5 Ab A A L Fe DLTE R 0 ) 1K B 14.57% . 37.63%. 47.00%. 62.67% Fl
60.91%,
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8000 = CK
v125g-L"

7000 " i s Ameaw
n e oyt
2 6000 =Ny A s
= T Y v v voly _
e Z vVYivyy
= 5000 s 184298
B —=—CK —e—042g-L" L
T 4000t —A—083g-L —y—125g-L1 & ©042g-L" A(.83g-L
) —+—1.67g-L"' —4>—2.08¢g-L" ) —~—1.67g-L" ——2.08g-L"! <4 1.67g-L"' »>2.08¢g-L"

3000 b v 0 O S 0 . T S

12 36 60 84 108 132 0 46 92 138 184 230 276 0 116 232 348464 580 696
i ] /h i 1] /h i [6]/h
(a) SR (b) 524K (c) B3R

El 4 NaBH, MAG&AEER Fe i RENTL

Fig. 4 Variations of total Fe concentration in different treatment groups after adding NaBH,

24 BABEAXREHRTYMEREWLER

A A 3 ZH Az B A ) R T AL 5 PR o or
1€ NaBH, fill A & 4 042, 0.83 fil 1.25 gL' Y sl
3K, Bl NaBH, 2 Lok hn,
YA A TGN, 7E 3 AR R A 2 ik
WA R B A T R T 3.07. 131
L4045, 55 3 AR AR R LU AR 1 IR A
W T 7.67. 2.68 F11.83 4%, 7F 1.25 gL' kb3 1
A, 53R Fe AR A B EfbE 4, H 040 \
WL RS R 2 AR L e 1,676 L o e LN 0
208 gL' 12 A AbBRA P, PSR ALK NaBH_ il A /(g - L)
SR o A 5 et B AL e A, BT 5 NaBH, MG REIA A 3 MR H0T 9 2
He R I D, BERE AR o (A Ab FRAH AR 2 itk Fig. 5 Amount of minerals harvested from different treatment
YA R . Gt 3L RN E , A NaBH, groups after adding NaBH, in three batches
[ 5 A~ A PR A P A R S ) 1,76, 598, 8.92, 10.34 59.97 gL',

RHIRGE S DAL PR WA E S A ferrooxidans LXS W 2, Bl G890 & W0 W 38 ot
0.22 um JEME G (FBR A. ferrooxidans LX5), 43518 120 mL fit A% 5 /> 250 mL #EE R, #8851~ 4b
PRZA (IO A NaBH,, I X 7 275 1 40Uk 52 56 v 25 b 314 1) S 07 B ), 52 56 245 o0 il i AR AR IR
BT, A RCE S 028, 1.02, 1.66, 2.20 f12.55 g'L™'. WU, 7EJC A. ferrooxidans LX5
B O T, K NaBH, I AJE W W BE r= A= 0™ P ULUE , {0 A. ferrooxidans LXS [AAFFE AT LAt — 2 $2 5
WA RS AR VP, 24 NaBH, IIA R H 083, 1.25. 1.67 F12.08 g-L ' i, & ¥k w43l
BT 17.65% . 27.11% . 37.27% F1 63.53%.
2.5 RESKTMNE 8. AL RER

PEPE NaBH, it A A 1.25 g L7 Al 1.67 g- L' 2 4~ Ab BRAL XTI A9 3 S HER BT A i AY 6 Fham 4y, X
H 47 T XRD, SEM EAE H il 7 H IR M, K XRD RALLS R 5 K4 YY) (PDF#47-1775) Fl i
VBRI (PDF#30-1203) [ JCPDS #n #fE R 1 7 S e i A7 HE A P50 Wil 6 Al . 2 S Ab 2 rp 25 1 41t
YA R R A ™ ) 180 B it R ) )RR AR AT S 0, HLE A B, X BEE 2 A ) R i IR 5 2R
2HER A LR 2 B ) XRD B, BRI CC W 1 i R AR AT S W SR A e, (B LAt A 2 i B
BB REAE e, SRUIX 2 M W 2 AN Rl A R IR G . XA RER M T
NaBH, M A S (380, NaWkBEHG &, ECERGE I, 56 3 #tik A iy s 1 19 XRD K% iR
[ 25 R B AN RN B R A 0GP0, R ET UL, 2 AN A EAE R 3 HEYR A T R BN R L

Y/ ERREiIRIS
24t i
BB 414 417N

(g~ L)

e

=)
o0 RSty
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26/(°)
(a) NaBH Ml A1.25 g L™

SJ SJ S: R FRH 45 ST EENEIL

3R
—UIA [ S S 3K

J SJ

N 24t

S
\w

10 20 30 40 50 60 70 80
200(°)
(b) NaBH, I A ft1.67 g - L'

6 FMEBUREKT 1189 XRD 1%

Fig. 6 XRD patterns of bio-synthesized secondary iron minerals

NaBH, Il A &4 1.25 gL' F1 1.67 g- L™ /Y 2 N FRAL A B AR A 2k W0 B S0 45 AN AR TR (1 7)),

2 Ak LR Xk B ) —HE R MR S 22 B, TR A BEAOR [RIIE R Z T B E A 22 R . o
AL UE B AE A (18] 7(2) RN 7(d)) 3 BA (R B RIE SRR, BN BRIE 454, R
A BRR, BORL 2 W) TS IR O LA 8L A R A — R S5 R, SRTSC 2.1 R0 n& i i
IO IR b, B W 2200 0 Tieh 2 HE UG M U A AT 1 (11 7(b) FIAL 7(e)) S BRARESH 5 A KL
YoIR a5 iR E T — B RIS Y, H3E 0 NaBH, Al A & 0T34 hn A= sl i) A= 8- 07 4 vh 2. 05 1 (s Jr

R) B BUIRZERG o A 3 AU G L AR BT (18] 7(c) AR 7(6) B 28 4 il HUIR S5 44 241 1

XRD Al SEM 45 R 0l 1, 57758 (BSLT7 7R Bk S # o B gl kit .

o e

- 1 pm

(d) 1.67 g - LSS Lk 4

(e) 1.67g-L!

i i L1
(f) 1.67 g - L3RI )

SE2AUHT )

E7 S4E&BURESKT HH SEM B &

Fig. 7 SEM images of bio-synthesized secondary iron minerals

S W) LR AR (R 1), NaBH, IIAR Y 1.25 g L7 Al 1.67 gL' 89 2 AL B4 o 3 4tk

AP R R

55 2RSS 1 HRSEE 3R, M EAH R AL R, NaBH, ITA RN 1.67 gL
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R Ak B 25 B0 A ) L R T BRI & R ORERT YL RER

1.25 g.Lﬂ AEFRAH T N I Y R m AR . Al Table 1 Specific surface area of the secondary iron minerals
W, A NaBH, A X GE % i — 28 YLIE & Fe, NaBH, LA fit/ YRR P R TR (mieg )

{8 HE VAR B W ) s, i L RE A 0 A Bk &L ERIN MR 34t
TR RERL. R, 2 R AR 1.25 14.17 3295 0.84
O AR I O 3, EAESE 3 HkR, 1.67 20.02 4274 13.68

TH Y LA AL R 32, Fl 2 T AR R U
AN HAF—PRAYE, RETES 2 MG Y h B 2 AL AR B, HARXT A 1R AR
BRI Y, PR A AR BN A . IR L, 7S 2 LR A AT R, i T
YRS K . LA R 7R s i DI 7RIS B U FC T
JEWO IE B 5] A NaBH,, AT LAYESE @ a9 A4 e (9 TR s, 75 21 b 28 T AR K 9 it EC 40

TEAMGE T, A 1.67 gL' B NaBH,, 7E55 1 #Lyk S0 45 i g vl LA45- 3 3.02 g L' 1Y it
KWW, AN T 52.80%, A At o ) LR TELY 20.02 m> g, #2585 T 4.05 fi5. A6
It H NaBH, (TR 9% 21 fr A% S 1250 76 kg™, MBI TR 26 1 g & L RBUGICH ), TEBAM
AR A 0.69 TG .
2.6 RESKE MTE LI T Na,S,0, R EE

NaBH, il A8 1.25 gL' Fl1 1.67 gL' (9 2 AN A BRAE 45 3 NI IR G BT 9, SH186 & ALY it
KAt 74009, 16 550G T AL Na,S,0, FEff A4S 9 2R an &l 8 it /s . £ TG Na,S,04 1Y 3K
B (151 8(a)), CKugy y ALERZHTE 180 min I, HUEERE KER AN 1%, MIARAZGRG P4 7 44k H4H %
LA I 2B R A 22 AR, N 3.90%~9.28% ., Hirp 125 g L7 AbBRZASS 1 Ik (LR m AL 0.84
m*g ) AL J R H SRR A RO B 25 . 7E Na,S,04 I EE A 0.1 mmol-L™" B (& 8(b)), KT P15
A BES A AL i R AL L B P 3R A S R . FEJ N 120 min B, CKy g e A0 FH 20 Y F IR 25 Bl H
58.28%, MIMA RN 0.84 m* g™ MR ARG WIRT, LBRFEH 72.83%, FEMBCLIETAE
MY LR T ARTE 4.94~42.74 m* g VI, KBRFRIHEILF] 90%, MIMA 1.67 gL' AbFZH 55 1 itk
55 2 HEWRE I, 2R R AT A 98.12% 1 98.45% ., 1 L 180 min B, CK g g A0 BELHL X H B 45
MIZBR RN 70.44%, S 125 gL' APBRAL P58 3 HEUR ™ 40 % B LB A 5 3R Ol 94.58%, Hi Ay Ab 3
A% IR A L B R AR B 100%. B H N, I BT ARSI R AR BT P 0 A 10 mg,
AR R, M09 b 2 S8 RN (4.94~42.74 m>-g "), HH A LR fi b 25 IR ROR 19 2% 5 K B
B MR B R

2> 1.67 g - LB L RT W1

-0-CK, SvObsink
s - 1.67 g - LB k)
-o- WIhH G Uit FCH - 1.67 g - LVEE3HRT )
20 A~ 1.25 g~ LS TR ) 100 o ck. 100
- 1.25g L5241ty 4 s
16 ~=1.25 g - L3I 1) 80 80
> 1.67¢g- L’:iliﬂé{}:\ﬁ}% /o-CK
< —-1.67 g« L5524k S < SR
%r 12 - 1.67 g - L3R Y §+ 60 Ki 60 'o'f%é%ii?@%ﬁ% ¥
t g « By Lyt
& ¢ = S 40 v 1.25 g - L 5524K 04
iy ‘ o WHARIEET <1258 LAk
4 20| A-1.25 g- L"';'@l?ﬂ:?}(ﬁf% 20 - 1.67 g Lilﬁlﬂt‘(ﬁﬁr%
125 g - L §HGK D) o 1o7e - L2
N/ A . 125 - LR S 1.67 g+ L33y
0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90
[} [E] /min [ [&] /min [ [&] /min
(a) JCiTBRAR A (b) sHERAR FhH JE 20.1 mmol - L (c) iR B 40.5 mmol - L

E 8 TEH LI T HAL Na,S,0, BEfF KPR A BB MR
Fig. 8 Degradation efficiency of methyl orange by different minerals catalyzed Na,S,0, with UV light



54 JREERSEE . NaBH it AT 497 SRR IR A A2 TR SR R A ) 1 e A e i PP R b 10 1249

£ Na,S,0, # & 4 0.5 mmol-L ™' AYSEIG 1, 15K Na,S,0, e B HE 05 H2 =y B S48 P i %, 4
FNE B[R], 25 A B 6 YRR A S BRACR 1Y 22 S5 A8/, HIBETE 90 min WK B IR RS S8 @ LBk Wl
UL, 7E Na,S,0, ¥ B3RS (0.1 mmol-L™) 5| ARG 1, 1l LIFET:F 08 10 25 B Xk i
AL BRI A YR A M E . 1M 7E NayS,04 8 B — & W JEJ5 (0.5 mmol-L™), KA i A4 T
FH LA 1 A A S BRI AN
3 %Hig

1) I A. ferrooxidans LXS A= ¥ & WG FR 040, WK R P AUH 26% 1.5 Fe 25 AW o .
TELE W 5 I UE W Th 5] A NaBH,, & Fe ULIE & 59 ) 4= i 54 i

2) 24 NaBH, i iniE A 1.25~1.67 gL' i, 25 1 LIRS B8 Y BT 4, 58 2 Itk kS99
JE i AT ) B AR LT A, B 3 HEUORAS T Y R BN R L, LR 2 Rk A R T ) e SR
UK, 26 3 RGP e R AR/ .

3) 24 Na,S,0q # 5 4 0.1 mmol-L™" B, WRAZERA P51 A AT LLBH I $ v F SRS LR %5 4 Na,S,04
We g 0.5 mmol- L B, WRAEBRE™ Y B 51 AT A B S 45 TH PR A8 1) 25 Bk .

2 £ X M

[1] BIGHAM JM, SCHWERTMANN U, CARLSON L, et al.’A poorly crystallized oxyhydroxysulfate of iron formed by bacterial
oxidation of Fe(Il) in acid mine waters[J]. Geochimica Et Cosmochimica Acta, 1990, 54(10): 2743-2758.

[2] ZHANG Z, BI X, LI X T, et al. Schwertmannite: Occurrence, properties, synthesis and application in environmental
remediation[J]. RSC Advances, 2018, 8(59): 33583-33599.

(3] ZRJO, BUH, okig, 45, BTG S Pyl as 1 SOh I B R 1 (52 e [J]. RIRRME244R, 2020, 40(2): 546-553.

[4] BIGHAM J M, CARLSON L, MURAD E. Schwertmannite, a new iron oxyhydroxysulphate from Pyhasalmi, Finland, and
other localities[J]. Mineralogical Magazine; 1994, 58: 641-648.

[5] LIUF W, ZHOU J, ZHOU L X, et al. Effect of neutralized solid waste generated in lime neutralization on the ferrous ion bio-
oxidation process during acid mine drainage treatment[J]. Journal of Hazardous Materials, 2015, 299: 404-411.

[6] WU Y, GUO J, JIANG D J, et al. Heterogeneous photocatalytic degradation of methyl orange in schwertmannite/oxalate
suspension under UV irradiation[J]. Environmental Science and Pollution Research, 2012, 19: 2313-2320.

(7] TEPRIE, Jrith, TRIRERE, 5. AR W0 b CCR™ A 28 S5 S A A R At Y SR B S (0], AR, 2015, 36(3): 995-
999.

(8] RRIEAR, Tk, sk A il FC 4/ H 0, P 38 X /K i HR LA O W e i SO HTLERLD). BRI TR 41, 2019, 13(4): 843-849.

[9] RAN J Y, YU B. Rapid ferric transformation by reductive sissolution of schwertmannite for highly efficient catalytic
degradation of Rhodamine B[J]. Materials, 2018, 11(7): 1165-1178.

[10] YAN S, ZHENG G Y, MENG X Q, et al. Assessment of catalytic activities of selected iron hydroxysulphates biosynthesized
using Acidithiobacillus ferrooxidans for the degradation of phenol in heterogeneous Fenton-like reactions[J]. Separation &
Purification Technology, 2017, 185: 83-93.

[11] WANG W M, SONG J, HAN X. Schwertmannite as a new Fenton-like catalyst in the oxidation of phenol by H,0,[J]. Journal
of Hazardous Materials, 2013, 262(15): 412-419.

[12] LIAO Y H, ZHOU L X, LIANG J R, et al. Biosynthesis of schwertmannite by Acidithiobacillus Ferrooxidans cell suspensions

under different pH condition[J]. Materials Science and Engineering C, 2009, 29: 211-215.


http://dx.doi.org/10.1016/0016-7037(90)90009-A
http://dx.doi.org/10.1039/C8RA06025H
http://dx.doi.org/10.1016/j.jhazmat.2015.06.035
http://dx.doi.org/10.1007/s11356-012-0740-4
http://dx.doi.org/10.3390/ma11071165
http://dx.doi.org/10.1016/0016-7037(90)90009-A
http://dx.doi.org/10.1039/C8RA06025H
http://dx.doi.org/10.1016/j.jhazmat.2015.06.035
http://dx.doi.org/10.1007/s11356-012-0740-4
http://dx.doi.org/10.3390/ma11071165

1250 o T OB MR %15 %

[13] BARHAM R J. Schwertmannite: A unique mineral, contains a replaceable ligand, transforms to jarosites, hematites, and/or
basic iron sulfate[J]. Journal of Materials Research, 1997, 12(10): 2751-2758.

(14] RoKAR, ERa, 2olal, 55, BV ARBRAT BT AU A 8k W TR S0 52 R R 3R 23 HT (0], BRAEERL #2741, 2018,
38(3): 1024-1030.

[15] JONES F S, BIGHAM J M, GRAMP J P, et al. Synthesis and properties of ternary(K, NH,, H,;O)-jarosites precipitated from
Acidithiobacillus ferrooxidans cultures in simulated bioleaching solutions[J]. Materials Science and Engineering C, 2014, 44:
391-399.

[16] BAI S Y, XU Z H, WANG M, et al. Both initial concentrations of Fe(Il) and monovalent cations jointly determine the
formation of biogenic iron hydroxysulfate precipitates in acidic sulfate-rich environments[J]. Materials Science and
Engineering C, 2012, 32(8): 2323-2329.

(17) XU gk, R R, FEARLL, 5. Ca( D)X AR P& AR £h PR3 vh U A B0 W) 8 )52 [J]. P E BREE L2, 2015, 35(4): 1142-
1148.

[18] LIUF W, ZHOU J, JIN T J, et al. Effect of calcium oxide on the efficiency of ferrous ion oxidation and total iron precipitation
during ferrous ion oxidation in simulated acid mine drainage treatment with inoculation of Acidithiobacillus ferrooxidans[J].
Water Science & Technology, 2016, 73(6): 1442-1453.

[19] ZHANG L, MANTHIRAM A. Ambient temperature synthsis of fine metal particles in montmorillonite clat and their magnetic
properties[J]. Nanostructured Materials, 1996, 7(4): 437-451.

[20] CAO Y Q, DAI Z, CHEN B H, et al. Sodium borohydride reduction of ketones, aldehydes and imines using PEG400 as
catalyst without solvent[J]. Journal of Chemical Technology & Biotechnology, 2005, 80(7): 834-836.

[21] SUN Y P, LI X Q, CAO T S, et al. Characterization of zero-valent iron nanoparticles[J]. Advances in Colloid and Interface
Science, 2006, 120: 47-56.

[22] LEIVISKA T, ZHANG R, TANSKANEN J, et al. Synthesis of zerovalent iron from water treatment residue as a conjugate
with kaolin and its application for vanadium removal[J]. Journal of Hazardous Materials, 2019, 374: 372-381.

[23] QIAO X X, LIU L L, SHI J, et‘al. Heating changes bio-schwertmannite microstructure and arsenic(IIl) removal efficiency[J].
Minerals, 2017, 7(1): 9.

[24] DONG Y, LIU F W, QIAO X X, etal. Effects of acid mine drainage on calcareous soil characteristics and Lolium perenne L.
germination[J]. International Journal of Environmental Research and Public Health, 2018, 15(12): 2742.

[25] ACERO P,”AYORA C, TORRENTO C, et al. The behavior of trace elements during schwertmannite precipitation and
subsequent transformation into goethite and jarosite[J]. Geochimica et Cosmochimica Acta, 2006, 70: 4130-4139.

[26] PAIKARAY S, SCHRODER C, PEIFFER S. Schwertmannite stability in anoxic Fe(II)-rich aqueous solution[J]. Geochimica
et Cosmochimica Acta, 2017, 217: 292-305.

(27] R4t B, Ewan, 2. BB T Xt Acidithiobacillus ferrooxidans®8 TG P B IR A 2R W L2 i [7]. [ R Rl 24,
2018, 38(2): 574-580.

[28] JONSSON J, PERSSON P, SJOBERG 8, et al. Schwertmannite precipitated from acid mine drainage: Phase transformation,
sulphate release and surface properties[J]. Applied Geochemistry, 2005, 20: 179-191.

[29] WANG H, BIGHAM J M, TUOVINEN O H. Formation of schwertmannite and its transformation to jarosite in the presence of
acidophilic iron-oxidizing microorganisms[J]. Materials Science and Engineering C, 2006, 26(4): 588-592.

[30] ZHU J Y, GAN M, ZHANG D, et al. The nature of schwertmannite and jarosite mediated by two strains of Acidithiobacillus


http://dx.doi.org/10.1557/JMR.1997.0366
http://dx.doi.org/10.1016/j.msec.2014.08.043
http://dx.doi.org/10.1016/j.msec.2012.07.003
http://dx.doi.org/10.1016/j.msec.2012.07.003
http://dx.doi.org/10.1016/0965-9773(96)00015-3
http://dx.doi.org/10.1016/j.cis.2006.03.001
http://dx.doi.org/10.1016/j.cis.2006.03.001
http://dx.doi.org/10.1016/j.jhazmat.2019.04.056
http://dx.doi.org/10.3390/ijerph15122742
http://dx.doi.org/10.1016/j.gca.2006.06.1367
http://dx.doi.org/10.1016/j.gca.2017.08.026
http://dx.doi.org/10.1016/j.gca.2017.08.026
http://dx.doi.org/10.1016/j.apgeochem.2004.04.008
http://dx.doi.org/10.1016/j.msec.2005.04.009
http://dx.doi.org/10.1557/JMR.1997.0366
http://dx.doi.org/10.1016/j.msec.2014.08.043
http://dx.doi.org/10.1016/j.msec.2012.07.003
http://dx.doi.org/10.1016/j.msec.2012.07.003
http://dx.doi.org/10.1016/0965-9773(96)00015-3
http://dx.doi.org/10.1016/j.cis.2006.03.001
http://dx.doi.org/10.1016/j.cis.2006.03.001
http://dx.doi.org/10.1016/j.jhazmat.2019.04.056
http://dx.doi.org/10.3390/ijerph15122742
http://dx.doi.org/10.1016/j.gca.2006.06.1367
http://dx.doi.org/10.1016/j.gca.2017.08.026
http://dx.doi.org/10.1016/j.gca.2017.08.026
http://dx.doi.org/10.1016/j.apgeochem.2004.04.008
http://dx.doi.org/10.1016/j.msec.2005.04.009

54 JREERSEE . NaBH it AT 497 SRR IR A A2 TR SR R A ) 1 e A e i PP R b 10 1251

ferrooxidans with different ferrous oxidation ability[J]. Materials Science and Engineering C, 2013, 33: 2679-2685.
(T4 % 3. W )
Effect of NaBH, on the biochemical synthesis of schwertmannite-jarosite and
the application of the minerals in the catalytic degradation of methyl orange

ZHOU Jiaxing, DONG Yan, LIU Fenwu, BI Wenlong, QIN Junmei, ZHANG Jian®

College of Resource and Environment, Shanxi Agricultural University, Jinzhong 030801, China

*Corresponding author, E-mail: zhangjian82@126.com

Abstract The yield amount of schwertmannite synthesized by A. ferrooxidans is relatively low, a large amount
of Fe’" remained in the solution. In this study, NaBH, was added to the filtrate produced from the traditional
biosynthesis schwertmannite in three batches, and the effect of NaBH, on the synthesis of schwertmannite and
its transformation to jarosite was explored. The results showed that after adding 1.25 g-L™" and 1.67 g-L™'
NaBH, to two treatment groups in three batches, the total Fe precipitation rate reached 47.00% and 62.67%, and
the yield amounts of secondary iron minerals reached 8.92 g-L™' and 10.34 g-L™', respectively. The yield
minerals were schwertmannite in the first batch, a mixture of schwertmannite and jarosite in the second batch,
jarosite in the third batch, respectively. The specific surface areas of synthesized minerals when adding 1.25 g-L™'
and 1.67 g-L™' NaBH, to two treatment groups in three batches were 14.17 m*-g "' and 20.02 m*-g”" in the first
batch, 32.95 m*g ' and 42.74 m*g "' in the second batch, 0.84 m*g "' and 13.68 m*g ' in the third batch,
respectively. In the experiments of catalytic degradation of methyl orange, the removal rate of methyl orange
could be significantly improved by minerals at its specific surface area of 4.94~42.74 m*-g”". The results of this
study can provide reference for the secondary iron minerals synthesis and application.

Keywords  A. ferrooxidans; secondary iron minerals; NaBH,; mineral phase transformation; catalytic
degradation
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