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1

Table1 The experimentd conditions and rete laws of kinetic reaction of meta minera

«C ) E/
(K-mol -9
B 50 ,pH=2,1= FeS+ 4R +8H0 = 15F*" +  d[c(Fe®) ]/ dt= @ [24]
) 0.0l m,Hd 207" +16H* (R)  k(A/ m)- c(Fe*")
0 pH=1 2,Hd FeS + 14F’ +8H,0 = 15F¢" + Ry, = - k[ c(Fe*")]%% [21]
) N2 2% +16H* (RD)  [c(H")] *®
20 40 pH=2 4,HA oo+ }
;o Gna) (o) - FeS+ 7120, + RO =FE™ + 200 o o) o 5.9 [21]
(021 10) x10° Ra *2H (R2)
0 pH=2 4,HA(+ FeS+152H0, = Fe® +2300 + -
) NeQ) i\ H* +7H,0 (R3) Roy= - ke c(HO) [21]
3 25 ,pH=75 85, ;
0.005 mol/ L NaHQD;, F_"SZ+15’402+7’$229+4OO§_ R = Rk GO/ [1+ K o
)  p0) =608 20 x =Fe(OHa(9 +2305" +4HOs c(0)] 1ol
10* Pa (R
_ FeS + 14F®* + 8H0 = 15F%* + 0w
) 25 pH=2 HA 28 + 161" (RY r=k[c(Fe®*)1° [4]
—_— = . 2+ .
% ,_aH -_6.143 9.91, Fe?* + HyS(aq) = FeS() +2H* d[cH(FeS)]/dt ki a(Fe™)
Fes st RDr (RS) j[( (ZFSe(Hs»]/dt 71
NapS+ 2 + - c =
F&’* +2HS” =Fe(H92(9  (Re) ke a(Fe*) - [ a(HS ) |2
25 15 pH=5 8, _
FeS(9) +HyS(ag) = FeS + Hx(9) dl c(FeS) 1/ dt = k- c(Fe9) -
2 L H
2 8 mol/L H,S R c(HS ) R.7 [25]
100 157 pH=3 4.5,
. _ e - d[c(Cu,a) ]/ dt =
21.2003 0.03mo/L QUD;, 20" +FeS=QUReS +OFT (RB) o o(Cu 20) 94.29 [26]
FesOs +2H" = Fe0s + F** + H0
2 6 ,pH=1 7, _ 2.1
0.001 moi/L Nad, Np + . (RO)  dIN(FE)J/dt = IS [18]
o, 3FeTiO; + 6H* = 3TO, + 3R +  [c(HY)] 8.1
3H0 (R10)
FecD 2% 60 ,p(00)=(1L8& o . dlc(Fe,t) 1/ dt = ke(S/ V) -
1.98) x10° Pa FeQ0;(9) = Fe* + 003 (RL) [c(Feeq) - c(Fe,1)]? w12
27 7 ,p(0%) = . L dic(Fe,) [/dt=- k(S V)-
— (0.744 1.3%0) x10° Pa Fe¥" + 05 =FeC0s(9 (R [c(Fe,t) - c(Feeq)]? 108.3 [27]
2 23 ,pH=386 R=102%(ss)- (RF)
8.35,p(0;) =202.65  UOz+1/20,+2HQD; +H0= [10° 2% 8009, 58.52 [28]
2127.825 Pa, UO,(003) »(H0) 3 (R13) a( 300y w(0):-a(H")- )
e-7045/T
2% ,pH=70 82, _ _
0.001 0.1 mol/L UO, + 1/ 20,(g) +2HQ05 = ?[ ?éu)) ]]égt[_lk(:(ij\)/i "
NaHQOs , p(0,) = (0.30 (UO,) (009%™ +H0 (R14) c?u 5)2] [29]
4.05) x10° Pa
2% pH=3 12, U0 + (n- 2) HO= =k [c(H)]®® (3<
| =0.008m,NadOs (+ U©H) ¥ "*+(n-4HH" pH<7) [19]
NaHQO,) Hp (n=0 4) (R15) r=ky, (7<pH<11)
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TS (FE"+S _FeS) . Schooren  (1991)
; FeS ,
(precursor) , FeS
[30] 25 300 (0 @)
250 300 , FeS
FeS , .
FeS ,
FeS ; 100 ,
FeS ,
: FesS -» (FeS-x) - (FsS) -
(FeS) ; 100 , FeS
, pH
, ; H,S HS
Rickard (1997) FeS H.S ( 1 R?,
H,S , ,
pH 33.7 K/ ol ,
FeS H.S(aq) (2] SEM ,
FeS ,
(MO) { FeS —SHy} , S—s H—S
H2[23]
2.3
(CuFesy)
: Cwper  (1989) (<
100 ) pH>2 Cu ,
«C ) Fe (=] ,
(Feo.09 CusD, , ,
CurFe , A (Cup.1Fep. 99 B
Fe( ) ,Fe( ) .,Cu( ) .,Cu( ) ,Cu
( ) : Fick ,
Cu
Rickard  (1994) 100 157 CuS0,
( 1 R9, ,
) 94.29 kJ/ nol
, , [26]
2.4
Qandgf (1976) (p(0y) <0.020 265 % 10° Pa)
, H*

— 355 —



1999,6(2)

HOO3 , ,
), HCO; (28]
>0. 303975 x 10° Pa) HQOO;
12 , ,
[29]
7 H* (n=0.53) ,
pH=7 11 , pH ,
uo, ( )
, , { >UOH;'}
2.5
White  (1994) (FesOa) (FeTiOs)
, (<36 h) ,FE
) pH ’
120d =
YTt ,
[18]
, , (FeQ0s)
[27] ,
3
' - [34] ’
(1) :
: FeS
, H,S FeS FeS
®) , FeS

— 356 —

(
0o
pH [19]
pH
HQO3
utt

pH=1 7 Nad

Slton Sea
[32]

(p(O2)



1999 ,6(2)

250 300 ,
FeS ( )
(31.%] 300 350 ,
©) (
), Fe* HS
) HS (
, H,S HS ,
FeS Fe&[Sl 32]
(4 FeS H,S ( 1 R?)
H, ,
8) 1 9x10" 2 9x10 ®nol
3x10°"* 3x10 °nol
, , H.S 1 mol/L ,
32x10 ®nmol-L" - st :
1mmol/L FeS 1 mol/L H,S , 1000a 100 t
Ho ( ) ,
FeS H (%2] ,
(snk) ,
- [
(5)
)
( FeS) ,
Fe( ) Cu ,
' [33]
(6) , 250 350 ,
Fe( ) ,
, - [26] '
@
(pH=1 2) (0.1 mm)
( ) 10° 10° a; (pH =6)
10’ a, (>10° @)

125

[36]

37]

(
(pH=
FeS
FeS H,S
0.3L/s
[25]
H,  H,S
FeS
(o7 == -
Cu

[18]

— 357



I 1999,6(2)

(1) Fe,Cu Pb,Zn,S Mo ,Mn, S Ag
W, ,Cu ,Mn ,
2 (<200 ),

(3) :

(4) :

(5) : :

1 , JHdlmann R, . . : ,1992. 158

1994.117 128

3 . . ,1997(4) :33 39

4  Rimdidt J D ,Nemvoomb W D. Measurement and andyssdf rate data: The rate of reaction of ferric iron with pyrite. Geochim
Cosmochim Acta ,1993 ,57: 1919 1934

5 , , . . ,1997(1) :53 59

6 Rickard D. Bgerimenta concentration-time curvesfor the iron sulfide precipitation process in agueous ol utions and their in-
terpretation. Chem Geol , 1989,78: 315 324

7 Rickard D . Kineticsdof FeS precipitation: Part 1. Gonpeting reaction mechanisms  Geochim Cosmochim Acta, 1995 ,59:
4367 4379

8 Rickard D. Kinetics and mechanismsd pyrite formetion at low tenperatures AmJ Sd, 1975 ,275: 636 652

9 Lasga A C. Ratelavsd chemicd reactions In: Lassga A C,Kirkpatrick RJ ,eds  Kingtics d Geochemical Processss. Re
viens in Mineralogy ,1981 ,8: 1 68

10 Hegeson HC. Kineticsdf masstranger anong dlicate and aqueous ol utions  Geochim Cosmochim Acta, 1971 ,35: 421 469

11 Luce RW Burtlett R W ,Parks GA. Dislution kineticsof megnesum slicates Geochim Cosmochim Acta, 1972 ,36: 35
50

12 Lagache M. New data on the kinetics of the disolution of dkai feldpar a 200  with GO, charged water. Geochim Cos
mochim Acta ,1976 ,40:157 161

13  Perovic R Berner RA ,Qldhaber M B. Rate control in disolution of dkai fd dpars—study of reddud feldgpar grains by X-
ray photoelectron ectrosoopy. Geochim Cosmochim Acta, 1976 ,40: 537 548

14 Qandgdf D E Changesin surface area and norphology and the mechani sm of forgerite di solution.  Geochim Cosmochim Ac-
ta,1978 ,42: 1899 1902

15 Berner RA. Mechaniamdf fe dgpar weathering —ebservation of fel dparsfrom ils  Geochim Cosmochim Acta, 1979 ,43:1173

11869
16 Nicholon RV, Gllham R W, Reardon E J. Pyrite oxidation in carbonate bufered olution: 1. Bxerimenta kinetics

— 358 —



1999 ,6(2) I : : : I

17

18

19

20

21

23

24

26

27

28
29

31

32

37

Geochim Cosmochim Acta, 1988 ,52: 1077 1085
Nicholon RV ,Gllham R W ,Reardbn EJ. Pyrite oxidation in carbonate bufered solution: 2. Rate control by oxide coatings
Geochim Cosmochim Acta, 1990 ,54: 395 402
White A F,Peteron ML ,HochellaJdr M F. Hectrochemigry and di sol ution kineticsof megnetite and ilmenite. Geochim Cos-
mochim Acta,1994 ,58: 1859 1875
Bruno J ,Casas | ,Puigdomenech I. The kingtics of di solution of UO, under reducing conditions and the irfluence of an oxi-
dized suface layer (UO.. ) : Applicaion o a conti nuous flow-through reactor. Geochim Casmochim Acta, 1991 ,55: 647
658
Perry DL ,Tso L ,Gauuder KA. Suface sudy o HFand HF H,SOgtreated feldgpar usng Auger eectron spectrosoopy.
Geochim Cosmochim Acta, 1983 ,47: 1289 1292
Mckibben M A ,Barnes H L. Oxidation of pyrite in low temperature acidic Dlutions: rate lanvs and suface textures Geochim
Cosmochim Acta,1986 ,50: 1509 1520
Taylor B E,Wheder M C,Nords¢rom D K. Sable itope geochemigry of acid mine drainage: experimenta oxidation of
pyrite.  Geochim Cosmochim Acta, 1984 ,48: 2669 2678
Rickard D Luther 11l GW. Kineticsd pyrite formetion by the H,Soxidation of iron( ) nono-sulfide in aqueous ol utions
between 25 and 125  : the mechanism. Geochim Cosmochim Acta, 1997 ,61:135 147
Wersma CL ,Rimdict J D. Ratesdf reaction of pyrite and marcaste with ferric iron a pH =2. Geochim Cosmochim Adta,
1984 ,48: 85 92
Rickard D. Kingticsdf pyrite formation by the H,Soxidation of iron( ) norosuifide in agueous ol utions between 25 and
125 : the rate equation. Geochim Cosmochim Acta,1997 ,61: 115 134
Rickard D ,Conper M. Kinetics and mechanism of chal copyrite formetion from Fe( ) disulfide in agueous solution ( < 200
). Geochim Cosmochim Acta,1994 ,58: 3795 3802
Geenberg J , Tomn M. Precipitation and di sl ution kinetics and equilibria of aqueousferrous carbonate vs tenperature. Ap-
plied Geochemistry, 1992 ,7: 185 190
Qandgdf D E A kinetic sudy of the disolution of uraninite. Econ Ged ,1976,71: 1493 1506
Posay-Dowty J ,Axtmann E ,Crerar D ,et d. Dislution rate of uraninite and uranium roll-front ores  Econ Ged , 1987 ,82:
184 194
Shoonen M A A ,Barnes H L. Reactions forming pyrite and marcadte from lution : nuclegtion of FeS; below 100
Geochim Cosmochim Acta, 1991 ,55:1495 1504
Shoonen M A A ,Barnes H L. Reactions forming pyrite and marcadte from solution: via FeS precurors below 100
Geochim Cosmochim Acta ,1991 ,55:1505 1514
Shoonen M A A Barnes H L. Reactions forming pyrite and marcasite from ol ution : hydrothermal processes  Geochim Cos
mochim Acta, 1991 ,55: 3491 3504
Cowper M ,Rickard D. Mechanismdf cha copyrite formetion from iron nmonosulphidesin agueous olutions ( <100  pH=2
4.5). Chem Gedl ,1989,78:325 341
, . . ,1994 ,19(3) : 313 318
Murowchick J B ,Barnes H L. Hfects of terperature and degree of supersaturation on pyrite norphology. Amer Mineral |
1987 ,72: 1241 1250
Berner R A. Burid of organic carbon and pyrite sulfur in the modern ocean : its geochemica and environmenta S gnificance.
Amer J Sci 1982 ,282: 451 473
Wachterhauser G Pyrite formetion the firg energy sourcefor life: a hypothess System Appl Microbiol , 1988 ,10: 207 210

— 359 —



I : : : I 1999,6(2)

REACTION KINETICS OF METAL MINERALS AND
ITS GEOCHEMICAL SIGNIFICANCE

Zhang Sheng
( Guangzhou Ingtitute o Geochemistry , Chinese Academy o Sciences, Guangzhou ,510640)

Abstract The techniques and methods of kinetic exserimerts and the research advarice of reaction ki-
netics of metal mineras are outlined in this paper. The three fuiidamenta types of chemical reactors
used in kinetic experiments are batch reactor (BR) ,plug flow reactor (PFR) ,and mixed flow reactor
(MFR). The mathematical methods to determine rate law include the integration methods ,the differen
tid methods ,and the hybrid methods ,and the initia rate method of differentid methods is the nogt
widdy goplied one. At present ,the rate laws and reaction mechaniams of pyrite oxidetion ,pyrite and
chal copyrite formetion ,uraninite and maegnetite di sl ution in aqueous ol utions are mainly sudied ,and
it is disoovered that (1) oxidation rate of pyrite controlled by surface reaction assume fractional depen
denceon Fe®* and O, noldities in acid olutions; (2) Pyrite cannot nucleate directly from ol utions
beow 300 it canonly forminitially through sulfidation of a FeSprecursor. The rate equation of re-
action between FeS and H,S to form pyrite is of the second order ; (3) Chalcopyrite isformed by reac
tions of pyrrhotite or pyrite with Cu#* the former proceeds via a series of mediate metastable phases of
Cu Fe aulfide whereas the rate equation of the latter is goparently of the firgt order which is controlled
by surface reaction; (4) The nonlinear behavior of magnetite dissolution a acid pH can be represented
by a shrinking core model (SOM) ooupling with surface reaction and diffusion trangoort. These kinetic
experimental results inprove and deepen the knowledge of formation mechaniams of pyrite and chal-
oopyrite in depodts and gability of magnetite in weathering crug ,etc. The researches in future will be
carried on with nore metd minerd's under high tenperature and pressure conditions

Key words metd minerd ,kinetic experiment ,reactor ,rate law ,reaction mechaniam
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