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Langmuir J5 #2# Freundlich J5 %8, M1 0¢ REITE 0. 94 LU b W BT S iy B 45 A8 AH 4351 11.76 (18. 40 Al
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ma 2100DV Y JBH & 45 B9 1 Rk S OGS (ICP-
AES, &) ;754 B8 Ab-AT L4 6 B 35 pHS-3C
ARG SR (P E ) ; Beckman Avanti J-E
VR O R E D 20 H]) s H, S0, (FeSO, -
7H,0 NaOH 2835 R 53t 4l , W | A il7))
1.2 MEERMSRL T ST & (Acidithiobacillus ferro-
oxidans ,A. £ 1LX5) 4R B2 BB H =

A, f LX5 ARSI N5 Te s alifb i, 1
A fERTERCIE RS 9K BE R AL [ 4Ll - (NH, ), SO0,
3.5 g KCl 0. 119 g K,HPO, 0.058 g.Ca(NO,), -
4H,0 0.0168 g . MgSO, - 7H,0 0. 583 g, 7K 1 L,
FH15 mol L™" H,S0, 3 pH 4 2. 5; eI T Ay : FeSO, -
TH,044.2 ¢ L™ /0.5 mol L™"H,S0,i% pH % 2.5,
BT 28°C A AR 180 r min T PRG T IR, R 4K
AR BBUR WIS IR 3R (A7 2 D)UY BEJE R
TR LR E PEDR AT U8 LARR 25 A2 B R DT TE ) ( Bk
RN 3 s FHEMAE 10 000 x g 1 5.0 U
PRI 5 DA FH R 1 1) 2 B8 7Kk =k, B S T i v 1)
AN a R BT 5 SRS FHTCRIK B TR SE TR A . R WL
JEEAR I A I A R TR P A AR
2.5 x10%4> ml ™" [ EHI 2 H: 0D, fH 4 1. 240,
L3 =MRETYREDER
L3.1 ke PrEmam HELOER A f LXS
ML BT B RO E] 0.2 mol L™ %) FeSO, %V,
i HAEAMA RPN SR E] 2 x 10%cells ml ™' %
Ji1 0. 05 mol L™" ) H,SO, 45 & &2tk pH Hy 3.0,
PRIFROVAR 2 BRF R 250 ml, o EIRIRGWE T
180 r min AR ARIK T 28°C F IR 5%, sh S
MRS RH R pH F1 Fe®* e, Kigi— @t Ja,
R AE U TTTER] 0. 45 wm JEMENCEE , I L8 1
TKPEPIIR ,50°C N HETFREE A o
1.3.2 WEERIAD G 7R pH 2.5,
A4 250 ml 0.2 mol L™'f#) FeSO, 0.033 5 mol L™'
() K, SO, TR A PR A £ LX5 K 1k 40 i B VR i
HAEAR R AT A A 2 x 10%cells ml '
ERIEABE T 180 r min ' fEEAEK T 28CF
YRR 7%, sh SR MR A Wb 89 pH il Fe® ' ¥R,
B WG AR R AR S DTTE A 0. 45 pum I8
RSB, FH A B F/KBEMI K, 50°C M HET-FRE £ H
1.3.3 SHERAER 0.2 mol L' FeSO,
W, FERD AL f LXS IR 1R 20 AR T R el A A
TR Z HP AR & k5 2 x 107 cells ml ™' 4 FiRIRA
WCET 180 r min ~ R RIEIRT 28°C MR B 5%,
Fnj A AR iR 1 h B 0 NaOH %57 pH

YeFFTE 4.0 2ody, B —E NG R &R b A iy
UUUE A 0.45 pum P8 B AE, H 258 1 K Ve IR,
S50CTIHETFRE A H .
L4 RETHYNEESRIE

A, fLXS A AL G B 7= 0T A0 538, A
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Rotaflex D/Max B3R 25 148 Jy « 4 |8 R 50 KV, HL L
150 mA , 4575 20 H7 10° ~80°, 2K 0. 02°, 14
BEHE 5° min ', Cu 80 ( 2 B 28 Ko FR ST 4
TS 5% Je 20 i 43 #7 € Hitachi S-3000N 45 4 HL
BE(SEM) 158 . T M AE O AE 35 5 D ok b 58 53 F
VE 5 % 4, TN R T H R R 20 KV,
WML T S, T 38R I b o R R
SRIGYET 6 mol L™"HCL J& , 5% I A B A& 25 B 71k
KHHEIEAL (ICP-AES) (Optima 2100DV, Perkin El-
mer) 2 H A1) Fe S K 0 R &1,
1.5 EHHRIERNR AT YA E

G310 g AW A s 3 B AR i A #
250 ml ,pHS8. 0 ) NaOH ¥ ' F 25°C 180 r min '
FEIR(HYG-C Y VIR R4 ) HiR$E 12 h,
FA g, R oKz oKk k. s
FIH PI7E 50°C Mt B E AT h & .
1.6 As(Il)&i&HIH &FNE

As () fifs 25 T8 B4 ) 25 - 1 ff Bk B S 78 110°C
T2 h {4314l As,0, 0.659 5 ¢ T 100 ml %
e, A 20 ml i 20 %0k 40% 1Y NaOH 5 1 %5
fift, FH 25877k (> 15 MQ em) & BERRS, #4110 ml
Pegkzl HCL, JFH] HCL 375 pH 2 7, €45 % 500 ml,
PAH A As (T) 1000 mg L™, F 4°C k4
WESCORAR o R T R AR A ) T R I A R R
AR BER) As (I %, As (1) R HTE AL
KA -JRF 2661 (HG-AFS) Il o AL 4% Rt
RN B A 7R AFS-PF6 5 5% % 3k 4, Il
FESAE N U 200 VAT HLE 30 mA, R T1L 2%
7T mm, JBF AR A R B =R, 2T (Ar
99.999% ) Jfi f: >~ 800 ml min ~' . &7k < A
Rk A AR B > 0. 999 ; I AR L R AT E
REIUBR K7 0.1 g L' #RIH 4% 44l HAL; 8
JF528 2% i) KBH, .
L7 REFHX As() ¥z hZFidk

HERRFRI 0. 05 g A= 4 G B A it [ 47 49 R 42k
WLAK 0.5 g A EFIERBLIMABIAT Jy 40 ml | i &
WK 1 mg LY As (1) %P, A1 0.1 mol L™
NaOH =% HCI 375 pH 24 3.0, 2R J5 & T 25°C M
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180 r min ~'BEPEH . A BITEVETS 5.10.20 .30 40 .
50 .60 .90 120,180 F1 240 min J5 BUEE, 5 115 Wk
Hr As (ID) W B2, MR 0 (1) SRASANTH] pH T 1 B 51
Xt As () B9 EBRF . [R5 B AN s ok 5 4 %of B8
AB B, LA S BRPHUREXT As () W BRGS0
Re% =100 x (C, - C,)/C, (1)

2 Co €437 g W B 490 s B 220 R o B 200 R v
As (I #eBE(mg L71)
1.8 RAEH 3T As( 1) BT B B9 11 2K T8

Pl & 5.10 .20 .40 .60 .80 ,100 mg L™y As (1)
BEEETEI, 3 B PRI 0.5 ¢ BEHHER BN, 0. 05 g it [G
TR0, 05 g &40 B TR BE 194 50 ml 1)
S As BBV, 7E BURN R M 1L R K R B
i, 8% pH 4 3.0, J NaOH 77, 7 15°C .25C
1 35C 5644 T PR35 ,48 h J5 00 0 B F- 15, FHAL
A 0.45 pwm (IR U8, I BV, R0
AR TN W B S A BRI AN
TR 6 500 X6 HE AR B DL R SR RE XS As (1)
W B 1 5 1)

Re% =100 x (C, - C,)/C, (2)
A, Co L C 51 51 R W B 400 b sk 220 0 ¢ Bsf 220 3 W
As (I ¥eFE (mg L™Y) o HE T2 66
FE AR TR, I (3) TR B 2 1
x  V(C,-C,)
“=w="w (3)
S, AP 70 W RS BT Y B fE (mg ) , WA W f
FIRE (g),V AKEWRIEFI(L) , Cyo i
VTR (mg L"), C, i v s I3 1) 1 i
WPE (mg L"), q, A B 57 1 R 510 8% BFF 37 5 1) o
(mgg™'),

2 ZRHHHE

2.1 EYRERET VT IFEE

211 fbzEa 3 FRAER WITTEE A
fi#T 6 mol L™" HCI H, Fij ICP-AES %2 H i 1y Fe
K.SWEH» &Y Fe/S BER M, HEE Rk 1
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Table 1 Comparison between the biogenic secondary iron minerals and their benchmark agents, respectively, in chemical composition, and color

&k fr % RIS ULEE T Chemical composition TEYEI©,
{RZ System Fe’* oxidization ~Mineralization Fe/S IR L Color of the
Fe(% ) K(% ) S(% ) .
rate (%) rate (%) Fe/S molar ratio ~ sediment
0.2 mol L™" FeSO, +A. f 100 39.34 47.82 0 6. 46 4.23 7.5 YR4/6
0.2 mol L~! FeSO, +0. 035
100 71.92 33.46 7.73 12. 82 1.49 5YR6/8
mol L™! K,S0, +A. f
0.2 mol L™' FeSO, +A. f
100 100 62.83 0 0 — 5YR4/7
NaOH J&75 pH 4. 0
B R4
” — — 57.79 0 4.14 5.33 7.5 YRS/8
Standard schwertmannite
B BRI
” — — 33.45 7.79 12.79 1.50 5YR6/8
Standard jarosite
bRt gk
— — 62. 84 0 0 — 2.5 YR2/5

Standard goethite

X E 3 BT B bR FRATT R B A
B S 1) Fe/S BEIR /N TFARUE S . Bigham
S SV W W b SO% T R T 43 B0 o 1
10%~15% () Fe/S Ji+FE/RE R 4.6 ~8.0) ,{H
AT BISN, AN PhLD AR Al A 1 P D 2 M
K R B it G0 Fe/S TR BE R L 3.43 ~
4.97; Regenspurg 25" to 4% 8 fi A1 T4k A B H4 e EC

W) Fe/S JRlBE IR H AT 3. 81, A LATEAS [R] 453
HIE It FCT MUY Fe/S JRUFBEIR LU AT 22 52 /9,
EH Al A~ 2 R R, & A0 1 -5 i T
PIHER AL 1EA KPR EmE, A2 i 67y L
VEMIHIAL AL Fe/S J5UT B IR e LA K B8 45 o e
AR ARBL . A B BEER BT S AR A A R
HA—E
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2.1.2 XRD I SEM 734 X T8 Y0 H R % E,

Z/ASEI SRR/ NYVNE Sl LR/ E S O ZE PV GUER#S

B PR XA EATE AT EOR, BRI AT Tt AR 3 MRS PITCTER) XRD [IE LA 1,
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PDF#29-0713
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T S=HEEH Y, =884, G=%4k" Note: S=Schwertmannite, J=Jarosite, G=Goethite

B A G R 1 (a) EERERANL (b) ANEFERE™ () B XRD PSSO i B P

Fig. 1 XRD patterns and SEM graphs of the biogenic schwertmannite (a) , jarosite (b) and goethite (c)

M1 IRATATLLE 1,76 0.2 mol L' FeSO,{AZR
A AL f AR IR 40 77 A IR A B DO TE (T 1
(a) ) WICERG Yy, 455 ER 2 X S5 R
MIXAREAM—3 7 . XRD (&35 b @R, 3 Fh s i
RZEWH 15 JCPDS K Jr (PDF#47-1775 ) Ho it [G ™
YINRHENE S 2 W) & o TTE K AR50 T AR U
Pyt R RAF- (1 1 (b)), Fo A A U i xss 7 114 )22 T 1]
PE d {55 JCPDS < ( PDF #36-0427 ) KFe, (SO, ),
(OH) Ay d {E5E4AHF . X TAE0. 2 mol L™' FeSO, ,
NaOH J45 pH 4. 0, [F] B & 4 =5 e BE 1 AL f R 120
LAY 254 R IR LB VE (T8 1 (e) ) 25 & BE 3L,
A R I L 9 )22 T H] BB d (B 55 JCPDS K 1 (PDF
#29-0713 ) a-FeOOH (1) d {E 554 A1 .

WX SEM B 4B, FAT T R AW 5 i 3

PP LE AL 24 52 B AR AR, ot AR RS 2
FE2 2 10wm Z 0], 3 A1 ER AL AR SN UL 5 B2 52 IR
(K 1(b)), BMEER ARG G M
A BRI AR RS AR AR, 297 150 pum, SR 1T
PRS2 i A BT 205 R L PR TR
ROFHART RN 8 AT R o RETE 70 A7 th R Wi
W) EELAOTERE N Fe (K O S HI H, WEF| A1)
IR ET R (B 1 () ) BBtk Ak 6 i —
MERIR . MIEECH #i SEM 4558 (& 1(a) ) K, T
IR Py S B IR A=, A ke BT Y BRI T
Sk SRR B A, 1R BB Hh A U A AR X
LT
2.2 REHKH WX AMD HEd As( 1) B9 0R i 3h
h#E

M As (IDWRHER 1 mg L™, RADWIB
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T B At FC ) AT R iy 1 g L1
B 10 ¢ L' 7F pH3. 0 F125°C 180 r min ™'
FMEE L As (D) 7E5t IR0 4) b W 2 B gh 25748
Ll 2 iR o

100 ] *

»

T ZB# As removal (%)

0 50 100 150 200 250
B 18] Time (min)
K2 As (D) fEA DR AR ) 1 ) 25 B 3 B R
i) A9 224k (25°C , pH3. 0)
Fig. 2 Variation of As (Il ) removal rate of biogenic secondary

minerals with adsorption time(25°C ,pH3.0)

As (1) 75 3 Fhyx A1 4 % Wz B B 2 445 T 43k
PN B, RIVHE46 %) PRk Wi B i B F il f %) e i
BB B . FRERETBER AT % As (D) We B Ak &
Pt P9 #E 20 min AN As (D) B9 LBRFEC A
72.70% ,50 min B} 24238 90% ,60 min DL W fff

I ¥y=0.947 9 x+9.586
250 |- R*=0.9976 250

200 200
0150 150
=)
£
)
& 100 100
<

50 50

- y=0.896x+19.22
| R=0.9918

FEW] P18, 22 90 min B IR BF AR K B P-A7 , I IS 1Y)
As () ZR5ERIE 98. 47% , BHPERILAE 40 min I E
W R 172 /9 As (1) , 2 60 min B As (1) 25
FRATIK 91. 13% , & 120 min B FEA T 35 0% ffF-
i, As (1) ZBRFEH 97.56% , X FEEG M,
20 min LLN As (M) AT 2:B% 55. 37% ,60 min B 5L A]
F4:93.13% 1 As (1) , & 120 min B} FEAS 15 ) 1%
BfF-1, As (1) £ BRFE A5 97.56% LA b4
LKW, As (D) 5 3 kA0 Py 7e iR ol 25°C ffk
R 180 r min ™ B PR AP AR 1% Mk 4 b RECR UE I B
SN IR B A PR, S 21 5 it EC T ) 0 G
As (1) B~V £ I [8] € 4528 240 ming [R5, XF A8
R R WIS AR AR REXT As (1) AW RRF AT L5 42 220
Aits

FIFH Lagergren 5l — g% 2 (4) X As (1)
TE 3 PR WL R i AR A T

t/Q, =1/(KQ,*) + 1/Q, (4)

Hrp Q =(C, -C) xV/m (5)
K, 0,.0. 5518 ¢ B2 FEdr e As () #E kA=
) 1AW BR R (mg g ™) 5 C, L CL 4350 W B0 i st
ZIA ¢ B 2R As (1) MR (mg L™1) 5V ORIR T
PRFLCL) sm SR BB & (g) 5 K Sk W 3 5 5
B, WEERIE 3,
- y=0.8167x+33220

R*=0.977
A 2500 - .

2000
1500
1 000

500

O 1
0 50 100150200 250
I 8] Time (min)

0 50 100 150200 250
I &) Time (min)

0 50 100 150200 250
I} 1] Time (min)

K3 Lagergren il “ 2 AT R0 A6 MM As () BB 2l ) 24005

Fig. 3 Fitting of As (Il ) adsorption kinetics of biogenic secondary iron minerals with the Lagergren second order kinetic model

K3 RIS A5 R R W], U~ JOH R Ty PR RBAR 47
Mgtk 3 FPUCER PR As () B9 BR 35 727, 1
B R 7 RE M ARG, AR 5 2R K00 ) it R )
H0.997 6,518k A 0.991 8, FEEFEIL K 0.977,

PR, 3 A AR R A AR s As (D) B % Bi i
TAUTGNL, W R AR H K 350 it A4 K =
0.094 g mg ™' min~' £k K=0.042 g mg™' min~",
HAEZRIL K =0.020 ¢ mg ™' min ',
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Wl o 3ot A 3 T o o S AN E S B, A —
W5 By W0 B J5 )™ RS e 7 B v 1) A R o ) 28 ok (e
PTHO 5 565 BRI R 8 B R B e (CBOAE
PO 5 55 = Bir B W B I 6 7R P 2 T A A
R0 o 3 R A A B Sk Al bR i 5t
JE S — 5 B BT . fE— AL T,
B2 et AR T i P A P JBE ™ Pl ) R RS T 7 0%
R 2 11 25 5 A Y W B2 AT IR Y, X — i R A
RO B 2 B0/ N I A SE s T AR I B 2 2 T R
Ry O AR X — I AR, W BN

As (ID) 7E 3 Rk A= 1 b 1) W BiF 359 445 5 I R
o WM BB N AT PR S 18, X 20 i TR
T As % JRE IR AR 3 IO P S A 1 5 55 — T i, IR
790 2 T P % B2 5 i P ] A SEE 4 T 328 9 o 0, 9
WP As FUA A B TR R RRR P4 RE R

40
35t
30t

W25t

ER

<15}
10}
5.

JITLL 3 Bl AE A W) A B 120 min J& , WRRFHERAR R
et . Gl RERRLS |1 IR 1 P U
MR LERCPP A BRI AT S8 B, 1T As (ID) AEUCAE A9 Y
MR AERC T Bh ik 2P, LG AR, As (1) 7
UL ) PR TR S 345 A 20 RO AR P R
111732 = SO s
2.3 REST WX AMD IR As( 1) B IR L
h#E

I 500 15°C 25°C 35°C I}, pH3. 0 264 it
FCA ) BB R R R B R 552 Tk % Rt 2 an 151 4 e
MRo FTLUE 3 Rk AL 1) i) 45 I T2 AR 10, 3
AR 2 As (D IAAWREEART 20 mg L',
M R A 2 LT 1 AR AL, B I 0T As (1D
JERHEIN , S IR BN R, ELAE AR T i R
B IR B B 22 AR I

. 250C 35 L 3SOC
13
25t AG
on
020} A
=15}

10 }

0
-10 0 10 20 30 40 50 60 70 80 90
C, (mgL™)

0
=10 0 10 20 30 40 50 60 70 80 90
C.(mgL")

=10 0 10 20 30 40 50 60 70 80 90
C.(mgL")

g R PET As(IDFER A0 LRI, C M AS(IT Bk & Note: g, is the amount of As(Ill ) adsorbed perunit weight of minerals

at equilibrium concentration, and C, is the equilibrium As(Ill ) concentration

K4 7E pH3. 0 AR EE N 15°C 25°CH 35°C 25 T AWy U FR A 49y B ERBIURN B ERA™ X As (L) F) R B 255 R 25
(S =Tt ECa ¥y ,) = BEHERAL, G = £HERA™)

Fig.4 As (II) adsorption isotherms of biogenic shcwertmannite, jarosite and goethite formed at pH3. 0, and at 15°C , 25°C and 35°C

(S = Schwertmannite, J = Jarosite, G = Goethite)

TF5 RO BB, AT ) Langmiur ) 1 Fre-
undlich®’ J5 78 4t 1R W B 5 . F) ] Langmiur A1
Freundlich &5 W B 77 78 X6 W 56 485 SR 47 0 #r, R
T EaR W7 R4 e i g ig As (D) 7Eik 4R
W BRI R AR, AR S, & HUE S E T
%2,

M2 PSR AT LUE I, RS P As (1)
B [ 4T85 Langmiur A1 Freundlich J5 #2398 3 4f-
ARG , #H ¢ REIITE 90% L) I, Langmiur #1455
it FRA ) AT A 7 =AU W B AT R B AH 5C
RE % Freundlich T8 &, AHXF 1 5, Freundlich %%
Langmiur B8 55 4 #h il iA s PR LA E =AWl B2 T
XFAs (D) BWERMAT R0 3X BT As () 7 AR P 0
PRIt EA0™ 40y B PRk DL RN B k4 1y W o B it ) 3
BAAYT TR B o 8 TN B B A A s R

BEAT LU T IR AT R 20012 5 AL = B A
PerktE, BUE TR, htn] DIHERT, As (1)
TE 3 Bl A=Wy R B ) L g B SR T 1R
AP R A

WFTERW, 4 )@ R i 25k (M-OH) X T+ 1 7 4
IR 770 S TRBL TR Ve e (S 28
) v BB LR L Bk BT SR I X R R A )
i, R4 AEE N, 48 A s AL
WA THIAL T A 2 3 AN P17 i AR A T B A v 1 %
T RE , T BAT & W R AR 88 1 03 7 AR AR
T RE A i), — M A2 e — 5 26 R 4 /N R T
Fy— Rl ARt K H 4l T T s R LLST- i Al 2
1o AR E A R M 45 G E BAK, F oK
waREAEALY, TR AR,
AR RIIR A IR . <5 U S A W 3 R
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a Langmiur J7 & Langmiur model

nS  y=0.034 1x+0.194 1
vG
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y:0.355 1x+1.592 4

[S)
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71 6x+0.819 3
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.0
2
0

0264 x+0.197 1
1918 x+0.746 1

-10 0 10 20 30 40 50 60 70 80

e
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e

b Freundlich J % Freundlich model
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e

m § y=046x+0.770 5
20r°1J y=0.2922x+0.194
: v G y=0.2902x+0.7381

ag y=0.577 9x+0.535 4 w S y=0489 4x+0.6507
20 0d y=02624x-00483 horod ¥=02924x+0.0597
V[ vG 3=0298 1x+0.59 Y1vG $=02758x+06555
151
05
0.0
00 05 10 15 20 00 05 10 15 20
leC, lgC.,
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Fig. 5 Fitting of As (Il ) adsorption isotherms of biogenic schwertmannite, jarosite and goethite at pH3. 0 and three different temperatures

(15°C, 25%C and 35°C) with the Langmiur (a) and Freundlich (b) equations
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Table 2 Isothermal As (Il ) adsorption parameters of biogenic schwertmannite, jarosite and goethite at different temperatures
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. i . . . . WAk W
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15 0.982 6 29.33 5.69 0.981 4 3.43 1.73
i ER A4
25 0.991 7 32.47 8.32 0.9453 4.47 2.04
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35 0.990 4 37.88 7.47 0.971 0 5.90 2.17
15 0.987 2 2.82 4.48 0.991 4 0. 89 3.81
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Table 3 Thermodynamic parameters of different sorbents at different temperatures
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THERMODYNAMICS AND KINETICS OF ADSORPTION OF ARSENITE IN ACID
MINING DRAINAGE BY BIOGENIC SECONDARY IRON MINERALS

Xie Yue  Zhou Lixiang'

( Department of Environmental Engineering , College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China)

Abstract Schwertmannite, jarosite and goethite are common secondary iron minerals found in acid mining drainage.
They were formed biological under normal temperature and pressure with the aid of Acidithiobacillus ferrooxidans in this study.
Batch adsorption experiments were conducted under three different temperatures (15°C, 25°C and 35°C) to explore arse-
nite adsorption behaviors of the three biogenic secondary iron minerals in simulated acid mining drainage (pH3.0). It was
found that arsenite adsorption of the three biogenic minerals were of the second order of reaction and could well be de-
scribed by the Lagergren pseudo-second order rate equation, with correlation coefficient being <0.97. Their adsorption

"' min "' for schertmannite, 0.042 ¢ mg ™' min "' for goethite and 0. 02 g mg ™' min ' for jaro-

rate constant was 0.094 g mg"~
site, and their sorption isotherms fitted the Langmuir and Freundlich model with correlation coefficient being > 0. 94.
Their adsorption enthalpy was 11.76, 18.40 and 9.34 kJ mol ', separately for the three different minerals and their AG’s
were all <0. The adsorption of arsenite was a kind of endothermic spontaneous process.

Key words Adsorption; Thermodynamics; Kinetics; Schwertmannite; Jarosite; Goethite





