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Kinetics and mechanism of chromate reduction by biotite and pyrite
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The removal of chromate from aqueous solution using finely ground pyrite and biotite was investigated by batch
experiments and the kinetics and the mechanism of chromate reduction were discussed. The chromate reduction by
pyrite was about hundred times faster than that by biotite and was also faster at pH 3 than at pH 4. When pyrite
was used, more than 90% of initial chromate was reduced within four hours at pH 4 and within 40 min. at pH 3.
However, more than 400 hours was taken for the reduction of 90% of initial chromate by biotite. The results indi-
cate that the rate of chromate reduction was strongly depending on the amount of Fe(Il) in the minerals and on the
dissolution rate of Fe(II) from the minerals. The reduction of chromate at pH 4 resulted in the precipitation of (Cr,
Fe)(OH)s), which is believed to have limited the concentrations of dissolved Cr(Ill) and Fe(Ill) to less than
expected values. When biotite was used, amounts of decreased Fe(Il) and reduced Cr(VI) did not show stoichiomet-
ric relationship, which implying there was not only chromate reduction by ferrous ions in the acidic solution but
also heterogeneous reduction of ferric ions by the structural ferrous iron in biotite. However, the results from a
series of the experiments using pyrite showed that concentrations of the decreased Fe(Il) and the reduced Cr(VI)
were close to the stoichiometric ratio of 3:1. It was because the oxidation of pyrite rapidly created ferrous ions
even in oxygenated solutions and the chromate reduction by the ferrous ions was significantly faster than ferrous
ion oxygenation.
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Table 1. Chemical composition and structure formula of
biotite and pyrite samples.

Biotite (wt.%) Structure formula  Pyrite (ppm)
Si0, 3856 Si 5973 Fe 523400
AlL0, 10.55 Al[4] 1926 S 380300
FeO 20.00 Ti[4] 0.100 Ca 14630
Fe,0, 0.00 dnrifriﬂee 8000 K 946
MnO 0.71 Mg 1054
Ca0 0.06 Al[6] 0.000 Na 67.7
MgO 13.63 Ti[6] 0.171
K,0 9.96 Fe?* 2591 Cu 1838
Na,0 0.46 Mn 0.093 Co  689.4
P,0; 0.00 Mg 3.147 As 4466
TiO, 233 g"cmh.e' 6003 Sr 857

ral site
96.26 Pb 2.8
LO1 268 Ca 0.010 Zn n.d.
H,0 1.25 Na 0.138 Cd n.d.
H,0* 143 K 1.968 Ni n.d.
F 404 DME o016 Mmoo nd
layer
OF 1.70 Cr n.d.
(SES/I+H20+) 101.73 (OH) 1.473
TOTAL 100.03 F 1.979
3.452

n.d.: not detected.
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RE SN2 EE 25°C A2elA] AAE
o1, magnetic stirrer ¥19| 2L #2874 S5
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ORP
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Suspersion
(2 liter)

I Magnetic Stirrer I

Experimental Set 1. Pyrite, 0.01M Na,SO,, pH=4, A/V=1.03
Experimental Set 2: Pyrite, 0.01M Na,SO,, pH=3, A/V=1.03
Experimental Set 3: Biotite, 0.01M Na,SO,, pH=4, A/V=2.13
Experimental Set 4: Biotite, 0.01M Na,SO,, pH=3, A/V=2.13

Fig. 1. Schematic diagram of experimental setting for the
batch reactor experiment.
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Table 2. Experimental conditions and chromium and iron concentrations in the solution for the batch kinetic experiments of
chromate reduction by pyrite.

Experimental Set 1: Pyrite, 0.01M Na,SO,, pH=4, A/V=1.03

Cr(V)  Cr(lil)  Fe(T) Fe(II)
ID Time(hour) pH Temp.(°C) ORP (mV) DO(mg/L)
(mg/L)
P1-0 0.0 3.97 22.1 446 8.08 5.12 0.00 0.00 0.00
P1-1 0.2 3.51 22.0 441 1.79 2.27 1.49 0.00
P1-2 0.3 4.03 22.0 420 1.80 0.22 0.39 | 0.00
P1-3 0.5 411 22.0 365 8.09 1.68 0.34 0.40 0.00
P14 0.7 4.11 22.0 371 1.62 0.27 0.48 0.00
P15 1.0 4.08 22.0 365 1.42 0.44 0.54 0.00
P1-6 15 4.11 22.1 359 1.22 0.56 0.47 0.00
P1-7 25 4.05 224 363 1.08 0.56 0.58 0.00
P1-8 4.0 4.07 22.7 346 8.22 0.46 1.10 0.79 0.00
P1-9 5.3 4.05 229 340 0.19 1.55 0.91 0.48
P1-10 7.0 4.09 23.1 320 0.03 1.62 1.29 0.09
P1-11 8.5 4.04 23.0 319 0.02 1.68 1.58 0.28
P1-12 10.0 4.00 23.0 317 0.00 1.81 1.90 0.32
P1-13 132 4.02 23.6 307 0.01 1.80 2.20 0.48
P1-14 21.0 4.05 23.7 305 8.56 0.02 1.82 2.77 0.57
P1-15 428 3.93 232 310 0.00 1.79 4.07 0.19
P1-16 63.5 3.88 25.0 310 0.02 1.73 441 0.62
P1-17 111.8 3.85 21.5 312 0.00 1.31 533 0.55
P1-18 159.7 3.77 24.3 313 8.34 0.00 1.12 5.95 0.62
Time: Reaction time, ORP: oxidation reduction potential, DO: dissolved oxygen
Experimental Set 2: Pyrite, 0.01M Na,SO,, pH=3, A/V=1.03
_ Cr(V)  Cr(Il) Fe(Il) Fe(III)
D Time(hour) pH Temp.(°C) ORP (mV) DO(mg/L)
(mg/L)
P2-0 0.00 3.02 234 465 8.08 5.04 0.00 0.00 0.37
P2-1 0.17 3.02 235 482 2.01 2.97 0.39 11.17
pP2-2 0.32 3.06 23.5 480 1.78 3.23 0.34 11.37
P2-3 0.48 3.06 23.5 476 0.89 4.14 0.63 11.29
P24 0.65 3.06 235 472 0.35 4.74 0.70 11.33
P2-5 0.98 3.04 234 466 8.24 0.23 4.87 291 9.27
P2-6 1.50 3.04 233 454 0.02 5.07 5.66 6.86
P2-7 248 2.99 23.7 428 0.02 5.09 8.43 4.40
P2-8 4.50 3.00 244 394 0.03 5.11 11.26 1.96
P2.9 8.48 3.00 259 348 0.02 5.10 12.90 0.46
P2-10 12.65 3.04 26.3 344 8.21 0.02 513 13.41 0.07
pP2-11 20.15 3.02 25.8 344 0.02 5.11 13.91 0.00
P2-12 43.32 3.00 26.2 343 0.01 5.19 14.36 0.00
P2-13 68.07 2.96 24.2 345 0.01 5.21 14.38 0.00
P2-14 117.98 3.02 278 340 8.12 0.01 5.01 14.81 0.00
P2-15 223.15 3.05 26.1 330 0.01 5.11 15.17 0.00
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Table 3. Experimental conditions and chromium and iron concentrations for the batch kinetic experiments of chromate

reduction by biotite.
Experimental Set 3: Biotite, 0.01M Na,SO,, pH=4, A/V=2.13

. Cr(VD) Cr(Ill)  Fe(ll)  Fe(II) K Mg
ID Timethour) pH Temp.(°C)ORP(mV) DO(mg/L)
(mg/L)
B1-0 0.0 4.00 21.6 411 8.85 5.17 0.00 0.00 0.00 2.87 0.00
Bi-1 05 4.03 21.7 374 4.57 0.37 0.23 0.00 7.78 0.76
B1-2 15 4.09 219 382 4.36 0.55 0.22 0.00 8.01 0.83
B1-3 3.0 4.05 229 400 4.35 0.54 0.27 0.00 9.35 0.87
Bl1-4 45 4.07 22.6 411 4.20 0.67 0.20 0.00 9.94 0.93
B1-5 8.0 4.04 224 419 4.10 0.64 0.13 0.00 10.14 091
B1-6 120 4.01 22.2 425 8.65 3.98 0.77 0.08 0.00 10.21 0.92
Bi-7 220  4.02 22.7 429 3.80 0.89 0.05 0.00 11.31 0.94
B1-10 455 4.04 240 433 3.72 1.13 0.05 0.00 16.51 0.96
B1-11 70.0  4.02 25.0 437 3.54 1.23 0.04 0.00 20.05 0.98
B1-12 97.0  4.00 22.5 445 3.51 1.31 0.03 0.00 22.65 1.01
B1-13 1450 4.00 220 445 3.36 1.33 0.02 0.00 26.92 1.05
B1-14 169.0  4.03 22.7 445 3.28 1.38 0.02 0.00 25.59 1.08
B1-15 243.0  4.06 22.7 443 8.55 3.19 1.55 0.01 0.00 26.10 114
B1-16 334.0 4.08 23.1 448 3.08 1.64 0.05 0.00 26.97 1.18
B1-17 4323 394 233 451 2.99 1.67 0.02 0.00 29.57 1.14
B1-18 6226 3.9 219 444 2.88 1.33 0.01 0.00 32.06 1.20
B1-19 10395 3.89 252 445 2.74 1.89 0.05 0.00 29.94 1.21
Experimental Set 4: Biotite, 0.01M Na,SO,, pH=3, A/V=2.13
] Cr(V) Crll) Fe(ll) Fe(Il) K Mg
ID Timethour) pH Temp.(°C)ORP(mV) DO(mg/L)
(mg/L)
B2-0 0.0 3.01 20.4 458 8.85 5.19 0.00 0.00 0.00 3.07 0.00
B2-1 0.3 3.09 20.7 456 4.29 0.71 0.40 1.61 6.01 0.92
B2-2 0.5 3.05 209 475 3.99 1.02 0.22 1.80 6.66 0.94
B2-3 1.0 3.03 21.2 490 3.67 1.26 0.21 2.10 7.24 0.99
B2-4 1.7 3.02 21.7 499 3.48 1.42 0.35 2.11 7.80 1.02
B2-5 2.5 3.04 22.2 505 8.76 3.35 1.61 0.27 2.14 8.36 1.05
B2-6 4.2 3.02 22.9 514 2.95 2,01 0.29 2.24 9.37 1.10
B2-7 6.0 3.03 234 519 2.88 2.09 0.28 2.37 10.28 1.09
B2-9 11.8 2.97 23.1 524 2.47 2.52 0.24 2.58 12.06 121
B2-10 15.5 3.00 24.2 527 2.26 2.67 0.27 2.72 12.76 1.19
B2-11 19.5 2.98 235 522 2.14 2.83 0.28 2.76 12.89 1.22
B2-12 24.8 3.02 24.1 533 8.67 1.99 2.79 0.24 2.67 14.51 1.22
B2-13 35.8 3.00 24.9 538 1.70 3.28 0.32 3.01 16.61 1.30
B2-14 44.8 3.01 24.1 540 142 3.03 0.14 3.09 18.04 148
B2-15 59.5 2.99 24.6 544 141 3.11 0.13 3.35 18.54 1.49
B2-17 83.9 3.01 24.6 546 1.17 3.27 0.07 3.48 20.61 1.58
B2-18 107.8 3.01 23.6 547 1.05 3.53 0.32 3.35 24.39 1.62
B2-19  156.0 3.02 235 550 0.88 3.71 0.28 3.64 24.73 1.62
B2-20  204.0 2.94 23.8 560 0.80 4.14 0.32 3.98 35.06 1.68
B2-21 2773 2.97 25.8 564 8.57 0.66 4.30 0.27 4.12 37.23 1.70
B2-22  396.3 2.96 25.6 564 0.53 442 0.31 4.14 37.94 1.70
B2-23 5415 2.99 24.8 561 041 4.81 0.29 3.99 38.13 1.75
B2-24  786.2 2.90 25.3 564 0.28 5.02 0.34 4.14 42.07 1.73
B2-25 1168.7  3.04 26.9 559 0.12 4.99 0.24 4.34 44,94 1.81
B2-26  1603.3 2.88 24.6 537 0.03 513 0.49 4.51 44.75 1.91
B2-27 19150 2.86 263 520 0.03 521 0.85 3.56 45.23 1.97
B2-28 2134.7 2.92 27.1 509 0.04 5.12 0.95 3.88 42.33 1.93
B2-29 2699.7 294 25.9 500 0.02 5.18 1.04 3.60 44.30 1.99
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FIg. 2. Changes in chromium concentrations in solution
versus time at the different experimental conditions. A/V
means a ratio of surface area to solution volume. The
dashed line indicates the initial Cr(VI) concentration.
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o] Crhe& e & (Crp Fe)(OH)t 22 3
AL YAEA7] WEe 2 s)4PiEary and Rai,
1989). ¥3, Cr(VD2] AlA7F 50% wIFH1 Set 3014
£ G FA] 1000117+ o] AlZH Fell= 2ppm
ugke] FEodA HHE o]FL UL B F U

pH 3% =] W& el Cr(VIel ol =




Zom 3 AN o3 7 289 B VLTS WSTNA 15

s SET 1: 0.01M Na,SO,, PYRITE, pH =4, A/V = 1.03 (m?L)

—n—m Cr(il
4 ——o—eCi(Vl)

®) u—=—m Fe(ll)
i *—e—e Fe(ill)

0 5 10 15 20 25
Hours

50 100 150

Fig. 3. Changes in (a) chromium and (b) iron concentrations
in solution versus time for Cr reduction by pyrite at a pH of
4.0. The A/V and the dashed line are same to Fig. 2.

6 SET 2: 0.01M Na,SO,, PYRITE, pH =3, AV = 1.03 (m?/L)
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Fig. 4. Changes in (a) chromium and (b) iron concentrations
in solution versus time for Cr reduction by pyrite at a pH of
3.0. The A/V and the dashed line are same to Fig. 2.

o=, sielE Fe(7t Cr(VDe) ol Anl=7]
2ol 8 ) Fed hE-H 3712 243513 chFig. 4
9} 6). 22y Set 13} 39 ZZA(H 40014 &4 ff
o Cr(VIye] gol &= Folgh shak= Fe(liDo] 1+
e dtk(Fig. 37 5). 9ol AFFhalel o) o]
Z7AdA = FehS A4E Crer A (Cx
Fe)(OH)y 9t 22 AAELS AAdsr] uje] &9

6 SET 3: 0.01M Na,SO,, BIOTITE, pH =4, AV = 2.13 (m?/L)
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Fig. 5. Changes in (a) chromium and (b) iron concentrations
in solution versus time for Cr reduction by biotite at a pH of
4.0. The A/V and the dashed line are same to Fig. 2.

6 SET 4: 0.01M Na,SO,, BIOTITE, pH = 3, AV =2.13 (m?/L)

—4
£
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Z = Cr(ill)
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0
5
4 \“/‘)X)\'
g_ 3
2 =—a— Fe(ll)
S 2 o—eo—e Fe(lll)
1
[

I\
TWP T 77

T T T
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Fig. 6. Changes in (a) chromium and (b) iron concentrations
in solution versus time for a Cr reduction by biotite at a pH
0f 3.0. The A/V and the dashed line are same to Fig. 2.
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A (Set 17} Set 2)9] A%, W& el Cr(VD
o] 23] AAE o]Fol= fENUolM Fe(e &
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wiE EATE B F doh Fg 37 4). Cr(VDel A
A7) o)e] &4 W EAsH Fe(lo] 2% Cr(VI)
o] #helo] ¢kFH o|F FH3] FoiEe] A= £
o] lgYEE 2 e =459t Eee
AHZ Set 4INE 2 FAE wl$ =2IxIgt Cr(VD)
o] k43| AAE 1000417F FHE FelDele =7t
7¥sh7] AlAERS B S dukFig. 6). ol 3 2
229 gajoA 71913 84 Fe(ol2o] Cr(VD)
o AR 79SS A AAEH
22 o] 3EA dgTa A-¥E gkl S|t}

g o] oI5 AN sk

I

1o fo of

FeS,+7/20,+H,0=Fe?* +250,% +2H* %))
Fe?* +1/40,+H* =Fe®* +1/2H,0 ©
FeS,+14Fe** +8H,0=15F?* +280,2+16H*  (3)

Fe(el <l Cr(VIt CrDo BdsE whe:
@713 2780l 8 U] 2 BE-8 9] 1)

3F’32+(mineral or solution)‘l'I-I(:I’()11"1'61'IJr
= 3FeB_F(minera] or solution)+crOH2++3H20 (4)
£E 44 og FAMO] 4bshuhge 84
Fe(Ma F40]2& Atst (] 134 3), FEx¥d 2
oA Cr(VDe] vk (Cr@iDe 2)2 F40l 28
av|slHA F3E o] Fe(o] Fe(E A+stech
(2] 9. WEbx Feo] 93 Cr(VDo] 4= uf,
Cr(VD) 1molee] CrdDo = $A57) £ Pas
Fe(ID2 3molec]th. o]gfst CrllDo.29] Fhelut-go]
Fakd 279 F3EAE/LY 7] BT A
& 7Agole W89 ) Fee =¥t glon
uke-%719] pH7F 5~831 FZhollA £ | pH7} 5

=

Md

iU

N
[¢]

e Aoz delH Uchk(Patterson ef al, 1997).
9, 484 Fe(Dell &3k Cr(VDe] $Hi5k3o] A9
g 584 Fee] 749 9t Cr(VDe] e
Alol9] [3Fe(ID) : 1ICr(VDIelehe 3BIFEA HAR &
AR & F dom vkgE719] pHF 35~11 F7HlA
28 W pH7t Friste Aoz deA UchEary
and Rai 1988). WEt AN/ eRE o83 Fhelut
S AoIA dojxl whg-g-de] Fe()e} Cr(VDY 3}
slored 2 B3l I dIuker|Ae] Aolel &
g ol 4 Uk

pH 4 276 A 289 79Set 1), 784
U 27pe] 74" 4 7T T e Fel® ¥
=7} 1ppm H|REO.EA] whg o o]z golo) o]
oz FARPHths aakde] deiE FHEUA o
o= gt E3h Cro] dAaiM= Cr() ¥ Cr
9] e 27] Cr(VDe ol vl 50%°)%d F
i), SR 2489 A9(Set 3), §AUY Feol29
Hogko] mi$- 2] wiie) godolr 7hiE Fe()ol
29] g AT F UAh WA pH 431 Fz3dellA
t 84 Fe(De #2438 45t Cr(VDe 398 &
Ate]9] [8Fe(D : 1ICr(VDIelghe 31dEd AA ) o
§ o] Erbesictk. zev pH 39 =791 £&
B A¥EAAe] 739Set 4), FAo] w9 =g
438)¥ Fe ol&9] Hujgo] SE3I] wite)] sjeits
2 g sp)e] Agsic). =3k pH 39 29| 33
A A 27(Set 2P4% w7 #YE Co(VD7}H
5ppmoE TAH7] A E 9] A8 sl o|F
2F @ gtk mEbA o] ¥ AdERye AdE E
=z A Cr(VDe) ko tidh 84 FeDe 2
28 8 A% AAE Fig. 79 YeRAIth 484
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Fig. 7. Changes in concentrations of Cr(VI) and Fe(Il) in reacting solution during Cr reduction reaction by biotite (a) and

pyrite (b) at pH 3.0.
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FedDell 913t Cr(VDe] $hnhs-2 +84 Fes 7
2" g3 Cr(VDe " F Al [3FeD):
1Ce(VD)] W& WgsljokelA| Tt AA] Se5e] Agds)
M= oF 111 M 1mole?] Cr(VI}E $IA17]&H
84 Fe(hol slEter&® Enld vls) A Zag
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& "o AlApetti(Peterson eof al, 1997;
Charlet and Manceau, 1992; Brigatti et al, 2000).
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