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Abstract ; Pyrite and calcite are closely associated with uranium minerals in large in-situ
leachablesandstone-type uranium deposits in China. The co-injection of O, and CO, in the
process of neutral in-situ leaching of uranium will induce pyrite oxidation and calcite disso-
lution. At present, the effect of calcite dissolution on pyrite oxidation and uranium fixation
in the coexistence system of the two is not clear. In this paper, the effect of calcite disso-
lution on uranium fixation by pyrite oxidation under CO, and O, conditions was compara-
tively studied by static batch experiments and numerical simulations. The results showed
that the adsorption rate of U( VI) by pyrite oxidation in neutral Tris buffer system without
CO, partial pressure was as high as 90% . The fixation rate of uranium in the uranyl car-
bonate system was significantly reduced under CO, partial pressure, and about 32% of
uranium was adsorbed. In the coexistence system of calcite and pyrite, the removal rate of
uranium was 27% under the condition of O, alone, and the removal rate of uranium by py-
rite oxidation was only 2% when CO, and O, are combined. The numerical simulation re-
sults showed that Ca,(UO,) (CO; ), accounted for 80% and 95% of the O,+pyrite+calcite
and CO,+0,+pyrite+calcite systems, respectively. X-ray diffraction( XRD) , X-ray photo-
electron spectroscopy ( XPS) and Fourier transform infrared ( FT-IR) results showed that
the formation of goethite and lepidocrocite on the surface of pyrite increased the adsorption
of U(VI). The dissolution of calcite promoted the formation of Ca-UQ,-CO; complex,
which affected the fixation of U( VI) by pyrite and its oxidation products and improved the
migration ability of U( V).

key words: pyriteoxidation ; dissolution of calcite; CO, +0O,; U ( VI) speciation; U ( VI)
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T A U S B R A [ A AL, A )
b S R A A R T2 PR ) [ R RNy S
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1.1 SEI##

FHH LR K 0. 15 mm A7 o 57 1 K 9K o 2k
B, 4% 1 A FEH) XRF ( X-ray fluorescence spec-
trometer) 7 BT 45 R . EERHT 1Y EE T2 FeS,,
[ 50N 98.5% , %4 Rb . Th Pb As.Zn Cu,
Co Mn Ca S ICER, J7itA M EZ W5 R
CaCO, , A HUN 99. 9% , IO AR, S50
FIALEE e/ AL =5l U, 0, ALK S
FeCl, - 4H,0 B R H,S0, 4F3IE P mk C,HN, -
H,0 . R ¥ B¢ HONH,CI, Z & # H,COONa -
3H,0, 4 2 CH,COOH ., # iR H PO, . = & 1k %k
TiCl, JRZE H,NCONH, BkFRES CaCO; , =2 P2
FLHJ5E (Tris ) C,H, NO,  BR R & 4% NaHCO, | £k 2
HCl 2% fb 4 NaOH | i A fL & H,0, (2 HNO,
FIAER CH,COCH, %5, LA LRI A/ #r4t

®1 EHH W XRF TESTER
Table 1 XRF elements analysis results of pyrite

TR FESEIARE/ % | TR B R %

Rb 0.001 8+0.000 8 Th 0.022 5+0.003 5
Pb 0.048 4+0.006 0 As 0.155 6+0.009 5
Zn 0.178 6+£0.012 6 Cu 0.022 0+0.007 1
Co 0.267 9+0. 160 3 Fe 68.085+0.436 5
Mn 0.132 7+0.046 8 Ca 0.658 1+0.107 9

S 30.426 6+2.529 6 — —

1.2 EELIHME

K% pH 11 ( PHS-3C, BB ER L0y
AHRRAFD) ; A BTN TR (FB224, HA) 5K
T HEIRAR 53 4 (THZ-82 , 43 4% X 4 el 7 ) 1 25 i
) 3 AT UG A 66 BE T (T6 i Y, db 5 A
il A A PR AR 7] 5 F G XT84 (101-
3AB, KETH B WA A A A ) 5 128 TR
(QZTDZF-6050 , < 5¢ i 8 5l PRI i 1 15 4 A7 BR 2>
H)) B R RN 28 (WCF-0.5) ; i i A 2 5 Ol
(TGL-15B, ARG WA DAL A A FRA FD) 3 R4
FEM (COY, RERAERAMRATH) .
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1.3 XEHEEHE
13,1 HlbRuE R A B

HEBRIFRIL 1. 179 2 ¢ FEifE /SR AL —=Hh(U,0,) , &
F 100 mL HEFRH ARKKIMA 10 mL 52 3 mL 1d
AL AR , 55 1 R AL, BCE 3 min, RS
TR R, H 2RI ARG | CE fERD IR
AR AR, WU B, R H S K
WA 1000 mL 25, fin ks 4l K i R 22 20
2 A AR EIIRWORIE N 1 ¢/L,

1.3.2  URRE A ECH

HERPRER 0. 1 g PURREE (NH,VO;) T 300 mL
FEpr FH /D s M 2K 8 SO, FIA 250 mL
KRR A MR, P HEREE
A1 000 mL 75 &, HI 2K 7 B 2 20 52+
A1 HCE 7 d S R RTE A
1.3.3 R ehs PR Ak Ay T )

HERRFRI 0. 2 ¢ R BRI (C ,H, O, NSNa)
F10.2 g TC/KBRERH (Na,CO, ) , F /2 8 4l 7K i
WK, SR G R A 1 000 mL 25 30, i 4l 7k
BB ZIEL RIS,

1.4 LBH*
14,1 RERBCERH BURLIY il 55

B RIRE R AR N IRATEH4 (A
PRFVECR 0 ~ 10% ) v 22 3 BT PR T B )5, 2
LA 0. 15 mm BUFRAES , 76— E W R
R 12 h L2 B 3R T A A R, N R R
N, (99.99% ) HIIHB Al K BE 2 ik, SR G TE 60 °C
HASHFR P4 24 b ARETFER P
1.4.2  J7ffA M Bl 5

SR FH 1R RE BRI 1 Jr M A0 3 2o BRI AT LATL A 18
TR, TEERESHE P IR 4T WAL A2 SN, 76 5 3 Ky
500 r/min YA RIS 2 h, I 0 o 44k 7 4
A T FLAR N 0. 15 mm ARG 097 A 84
FHAR 27K I B0 R 2 W) R Y 4% 5T, 7E 60 °C H
AP TR 24 h A RETFER PR
1.4.3  BERW Sk Bl 0 5250

HERRFRI 2.0 ¢ BOEKH™ 5 1.0 ¢ il &, 0%
1 o/L bR UEA A 1 g/L NaHCO, ¥ I A 2 4k
JEHE AW B U (VI B0 kR R R
10 mg/L,HCO; )45 Bt W B~ 500 me/L, ¥
HCI 8¢ NaOH ¥ VK % W 1Y pH {H 8 95 £ 7.0
(£0. 1), O SEAF5 010 O, + B R +Tris O, +15
BRE+ 5 A7 . CO, +0, + LK +Tris ,CO, +0, +
R+ 7 A B TR R KV TR R PR A
(25 °C,150 r/min) &% 30 d, & WHBCEEN & 13
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W) pH, I 1 0. 22 wm AL 38 I,
SRV UM T 4366 A AE 652 nm (KT
SEVWCT R UCVD) s ik B 15t u (v £
B KRN ER 30 KU TE Y = ik 5 200
HL(8 000 r/min) &.0> 10 min, JHHE N, W75 8
4K PEVE 3 ¥K,60 C T EZ T 12 h J5FEHEHT
JEERRAESIHT . U(VD) ZERFATHHE LT .
P=(C,~C.)/Cyx100% (1)

K. Py UCVL) B3 51579% ;C, 2 U(VD)H)
U TR, BN mg/ Ly C, ROV R Y U (VI i
R B meg/L,
1.5 A%

VAT VR I R B 1 43 BT R FH AR HE IS b 43l
R 5 At B o kB8 1) 43 AT SR T IR e AR A i
o shry BT AR A (2) 15,

V
C=T><V' (2)

o C T Bl Y B R RS, B mg/ L T R
BRI B A 1HE 5 Y806 b F 3R 5 B, B2 mg/mL; V,
AR HEF AR B mLLs V, SR iR T FE R
PURR B R AR AR AR, B mL,
1.6 H{EEH

PHREEQC J2 M C 185 4n'S W47 /K SCHEK
WA B TR AR, (36 KR W BC & L W -
FRIC | BT A R TG A A R -TOTE L k-
Jit o AR Sl A e 1) B R S R T M A T
R T 28 G AR, I 255 A [ K 3% i B (S 36 2%
PR 1Y 8 AT SR T S U 23T
1.7 REFER

K H X B 26 715 57 XRD ( X-ray diffraction,
Bruker D8 , T A & s BH A BR A 7] ) B TAFE
£ 5 A 9l 40 kV F1 40 mA, KK
0.01 (°)/min, FHE R 17.7 s/ 2,20 Ju [l 5° ~
90°, K Jade 6.5 FEATHAE M, R
AR 21 Ah 3 FT-IR ( Fourier transform infrared
spectroscopy , Nicolet460 , $€ Bk "« H /R B4 A FR A
") FEAT AT BT L 400 ~ 4 000 em™ HYH
e, FIH X G40t il XPS(X-ray photo-
electron spectroscopy, Escalab 250Xi, 38 2R K i /K
FHEA RA R E B Woe R M2, >R Al Ko x
SYEIRAEST XPS 34T,

2 ZR51TME

2.1 WRMISEIREER
W1 ErR, X TR — BB R R B

0.2 mol/L Tris 1 A 2 w7 455 400 v M 92 1S 3R 5
O, +FERA +Tris KR (K 1(a) ) Tris BT INEE R
GEAEREA RV R NI pH AR RIFE 7.0 42
A7, U VL) Jo g e 5 i s oy Fsf TRk BB A1, B 1 26 3
KEEZE 1.0 mg/L A4 HARFERRE , RIZYA 90% 1)
U(VD) #[EETED PRI, CO,+0,+HEEKH™ +Tris
RZ(F 1(b)) Y pH {EAE 6.0 ~8. 0 Z[a])%
Bl U(VI) T e 52 ISR A 2 fe IR {E 5 me/L
JE WA RS I 30 d S5 U (V) Jo i e
FaE7E 6.8 mg/L, BIZ1H 32% 1) U (V1) ¢ [# & 78
TR, XTI ffa g Ak R e iR
ALMYERTT , JCis R HE 0, i 25 COo, i,
VWY pH Y4EREE 7.0 ~8. 0 ZJa] {HX} U(VI)
i Wk BE S N 6], O, + BT + 5 i A 1A R
(Bl 1(e))Hr U(VI) BTk BN 2 7. 25 mg/L,
BIZYA5 27. 5% 1 4l B 0 2 [ 28 #2079 3% 1,
CO,+0, + B + I AR R (E 1(d) ) R
1 UV s o B /NI B R B, Bl S -4 BT 3k
FIR SFFP-Ts, U (VD) B E T2 9.8 mg/L,
R wIG R R, BT Rl L, co, i1 o, 3
TN AT POV A S A R R 53 T 8 ™ Xl 1)
W2 B, - LIS I i S A 86 7 P ™ 3 T ) ‘it 25 Bl
BT A s R L AR R
2.2 SHAIEBERSEMLER

TP 48 5 T 252 R Tl A 40 3R TR S R
WHE I EEIR R, A TR A FE R
U(VD) A TES it PHREEQC S 4 HEE Ca-
UO0,-CO, R R4 & R WAL I AR A 356 1)
A p (U(VI)) A 10 mg/L,p (HCO;) K
500 mg/L, If#fih 5 o/ L, #EA" N 10 g/L,pH N
6.0 ~9.0 PR, 25 AR 2 iR, O, + Tk +
Tris A2 K 2(a) H,pH 4 7.0 ~8.0 JLREI U(VI) &
ZLA(U0,),(0H);, (U0,),(OH); F1(UO,),(OH);
FILAAFAE, CO,+0,+ 4R +Tris KR E 2(b)
th pH H1.5 EM‘U(UOz)z,(OH);\(U02)3(0H>; N
(UO,),(0H);.U0,(C0;)3 . U0,(CO,)7 A
FEAE, AT O, +B 8 + T A & 2(c) Fll CO,+0, +
W + I A R R 2(d) P, 76 pH 7.0 ~8.0
JEFEIY Ca,(UO,) (CO,), AAEWH U(VI) IERIE
2,76 CO, MEMRZR F Ca, (U0,) (CO,), I L)
1 80% ,F CO, 43 EEFR T Ca,(UO,) (CO; ), B
FoEiik 95% . PHH Ca,(UO,) (CO, ), S5 alfE
B M AR SR R T RSP B A
VBt (1 53 SRy R 4, — 505 4 0k R R 7 ik
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fisf ) /d i Thl/d
(2)O+ LA +Tris (b)CO+O,+ 54k H"+Tris

10 = =10 e - e 2710
o o8 'O/O,o/o_o\‘_/‘——o—w 8
on on
£ 61 -6 £ 6F =6
b - z
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24

El1 CO,+O,+EHKH +FHHEAMERTR U(VI)REF pH FERfEI T4

Fig.1 U( VI) concentration and pH change with time in CO,+0O, +pyrite+calcitesystem
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Fig.2 Complexes morphology of U( VI) at different pH in the “U—Fe—Ca—C—O” system
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BRA 0 LR AF 0 ( PDF#65-1211) |, 45 1E A7 5 1 $2p
(PDF#17-0536) 7£ 260 A 21. 238°4b 15 J& T4 k™ _
[FeO(OH) J(110) FhTE ", i FT-IR §%& (& 4) s fes
AJHN,416 em™ 1799 em™ AY4RAEIEIH T Fe—S % )
FifFHR 5,1 638 em™ 13 593 em™ Ab 4T 6
P B FfE K 51 —OH 25 il % 2, 464 cm™ Ak e UAf
W i I S6F 13 Fe—O 4,1 012 em™ Abig I A T - ‘ . .
. . s 0 200 400 600 300
Fe—O—OH ) 7 fif & 30 , R WU Y hAEAE LEORE/EV
FeO(OH) ™" XRD HI FT-IR &3 ¥E52 T # (@)
e . NN
B B B A LA RO U4f,, U(vI
— U(VI)-sat
v PDF#76-2301£F-4k7)"
o PDF#17-05364H k4 3
. © PDF#65-121 1 #5450" S
.« &
° ° 4 . o
L:"‘:/ T .i FeS,
= ° ‘ 1 [ L4 | '
Bl o | Hw et eeey o FeS,+0,+Tris
4 FeS,+0, . . . . . .
o } ce o ] 381 384 387 390 393 396
o AL Jses esee L fr eV
L 8Os (®)
10 20 30 40 50 60 70 80 90 Fe2ps,
20/(°) Fe2p Fe(I1)-S,(32.7%)
" Fe(IN-O/Fe(IlN)-S
B3 HkE RAHISH XRD E i A — N\ G06%)
Fig.3 XRD patternsof pyrite before and ; Fe(IID)-0(36.7%)
after reaction g
] Fe(I1)-O/Fe(Il)-S
(43.1%)
Fe(I)-S
(13.7%)
 Fe(Il)-0(43.2%)
663 1638 3130 FeS,+O,+Tris
vy 3 i 730 725 720 715 710 705
e | ZEErbleV
5 Y ©
E W
%
| S37(60.5%)
4I16 1 1 1 1 1 1 ’;
500 1000 1500 2000 2500 3000 3500 %
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Fig.4 FT-IR analysis of pyrite before and

after reaction

R XPS B (B 5) e B 1 s ke S
U (VD) BB R ULHEY) & TR B2 2

172 169 16|6 16|3 16IO
L5 ErfkleV
(d)
5 EHW RMATER XPS Bif

Fig.5 XPS patternsof pyrite before and after reaction
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IEE ER 0 Fe S F U &R #20 FK i
S AL, UE I T kT R T [ T A
U 4f S SR U 4f 305 U 41, 5 U 4f,, Z a1
AEREIFRZ M 10. 89 eV, U 4f,, ZMIEHIE 5 T A
W25 4 BE (384. 9 eV H1386.3 eV) 23 il e 04
(381.2 eV Fl1382.9 V) = 3.7 eV F13.4 €V,
VLAV A 22 LL U (VD) F7EAE , B8R U(VI)
FR 1 72 DLW BRE S =17 Fe 2p BT 43 16 X6 g
Fe(I)—S,Fe(I)—0/Fe (I)—S #il Fe (1II)—O0,
Fe(Il)—0/Fe (I)—S XI 1 707.9 eV 1 720.8 eV,
Fe (1) i A0 X L ] T = R BH Fe® AL Fe'™
S2p 4y Xt R S*, 837, S F SOT, FeS, i i)
S*HE ke Fl O, fEFH T & AE L ST Rl SOT, %W
WY AL B P Fe U.S TES 5T
JEAAS

3 %5 i

AR S o Ak S 0 R R A0 [ % bR A
CO, 1 O, 54 5 fff A0 R K = b Oy i
VT B S AL [ Al A VE AL, A3 LR
25 .

1) & CO, AR R A AAEAFIT U(VI)
FEFE R S HL AR e W 2 T I W R, A X
U(VI) MR85 90% LI ., A CO, 3 EIR &
R IR R S 00 AE AR S R T R T Ak X
U V) BB, 20X U (VL) 19 0 B R 25
320 HlTEES THESE S HCOS/CO BB TERATE A
U(VI)-CO, &%, 40 U0, (CO,)Y,U0,(CO,) 5
FUO,(CO,)Y, M T 8Bk B Ak 7™ 1 %t
U( V) FRIWR R

2) CO, By ARIT A B 23 52 I BBk
XF UV B, CO, A1 O, i AR, Tris FJ5
T ZE A EFTR U (VI 19 [ E 25350040 27%
2% ., T CO, WTEALEIE Tr it s i el i
BRI Ca,, JE M R E Y Ca-U0,-CO, AW,
SEOREANSE T R CO,+0, + A + 7 fift £1 1K &
T W H Ca, (U0,) (CO,), WIES & ik
95% , UtH CO, MIAFAE U T 8l i) AT S F L
Bl5rBE , FECERT B LA AP U (VI W
SR A A AR 2 R R b e B R AR
Ao b P R o

3)XRD I FT-IR 43 M4k & B 82 19 4
= LA 3, XPS 0Hr g R U Fe |
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