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G HEZNE Ak AE il A AEE 7] 3t 3 ks e 2| o}l Thiobacillus ferrooxidans =
HAHEF] pyrite(FeSy) A Ao AH4-3lgch o]27 v]YE D3tol] 95 pyriter} ohef gislof e A4
HEZNE JA2 HEE 92 & Uk 2] SRET o] AAE N o8] FAHFS] J3¢e 24
st x5 F =R T fervooxidans®) FF Qo= FEUY el YA E 75%HE pyrite S
AA & 5 Ak T ferrooxidans®] BA4-E 18] oI AR 43 H3E-¢ Ao FhrEo] e dEZ 3
2E 7 ASE & 7 Uk kA o] pHe} A3} pyrited 7o) BAlE pH=A—K log[FeS,12 F &8s ch
Bl G go 2 RE 70%(w/v) 7HA olZ& HE slurry FXEol4 7-129 F2tell 80-90%2) pyrite S #| A&
T At T ferrooxidansel 2% pyrite 2345+ slurry FXo w}e} 506-1,714 mg-FeS,y/L-day?] 3t& 2.9,
pyrite2] FXoll tisf 1x}2(y,=8424 Sy 22 RH ¢ ek HHPES Astr] 93 ot JEukgr) 2
AR A& v AE 233AS Altstdc

Abstract—To make a clay suitable for the production of ceramics, from a marine clay, a sulfur-oxidizing
bacterium Thiobacillus ferrooxidans was used for the removal of pyrite(2.4 wt% FeS;) from the marine clay.
Influences of several process variables including microorganisms involved, slurry concentration, and medium
composition were evaluated in terms of the rate of pyrite removal. Although the reaction rate was slow,
a significant amount of pyrite in the clay could be also removed only by the inherent microorganisms in
the clay without inoculation of T. ferrooxidans. A good fraction of the nutrients requirement was supplied
from the clay itself. When a pyrite-adapted T. ferrooxidans was used, about 80-90% of the pyrite was removed
in 7-12 days for slurry densities up to 70 w/v%. The relationship between the amount of oxidized pyrite
per volume and pH could be expressed as pH=A—K log[FeS,]. The rate of pyrite oxidation ranged from
506 to 1,714 mg-FeS,/L-day depending upon slurry concentration. A process concept for continuous microbial
desulfurization of clay was proposed in the present .tudy.
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1. M e

Aty g EAL 989 HEY AF 23
7o gk wbyl o Fofl, mEA Azt AHEE A
Abet7] fslMe EeEo] AL 4Ae HEE AME-3
ofo} glc}. Pyrite(FeS,) 7} o}f3F grslel U= HES
A4t 7loht ®317) 58 Az, ©x7)E 5
u cheke o}k 7har) WAEe slwbE 447
7] e.od-& frtsld, =2b7] ApA 7L A A gkE At 7
Fol 47 4E74A7 §A "ok A4se F el
HEZ sl e Faa A AR Eo 2 e
ek FU el Agelle 38T 49 4Ae HES o)
Axlo] A|uk, ddl 24 d229 Shimane#o = 4
A 254 Her) ngd=E gl Az4dt AR o
E5] 5 9t} 28]. Shimane®d 2] 54rE-Ql FHHMA(Seki-
shu 7124 Aaeke dB AT PiE2 e
712ke] 20% BAEE AA s, AHEEE RS FS ¥
7 THESZ A o] Ao HEAE(Ysunotsu) F2.
29 Follx AFF e A HEE A3l
Azsta ik 22y o] YA A HEZF 10d
I 9bAs] g Ao «dlAEn) Ysunotsudols
422 dAZ2% gled, o HMZEdE H4 HE
e e g=e] ek ey ol f HAMECdE 14
wt% 9] pyrite?} FEo] gl 719)e) d82e FA
gslch AAAEE 7)dAze A58 HliAe &
$EQ pyritest 722 33t A B A Ao} gt
[28].

Heo| &g 93] 53 wEe st & 3
FESLS A3 = e 3 A vhdelolE: o] 4%
u| g8 gg-gAolct. 3 A3} whe|e]opE HA(FE,
ojed, $-2hg, M) o2 NE9 FE F53H[1-3], He
o] =3-2A[4-17], 49 23FA[18] ¥ o}shatvt
2} HS9b 72 83t 7hae] AlAFA[19-21]0 ¢
453 glck n|AE G3FA L] SR AR, A 8t
ol 4] zsle} 7bsste, sHEtEES ¥ ARSI
o) S o] st AR A sl o] Qe 3} 4kt
utgg)ops tiie] Bage COE A 5
gledo} ujAE(autotroph)e)® F 44 (acidophilic) &
24| o]dl| &3t v| M BE5-& Thiobacillus ferrooxidans,
Sulfolobus acidocaldarius, Thiobacillus thicoxidans} ~L
©]9) 394 Thiobacillusi® v EEolc) ol & FE
& o2 AL E7|E stARE B kg Fte] 2 A
227 o] AHgH7IE ok Eickde FE T
ferrooxidans St T. thicoxidans F Leptospirillum fer-
rooxidans <} T. thiooxidans, —L 2}l AHAd 34t gl 4ol A
29 BASA o4 vl EY E§E0] AR

SIEI2E H32A MH2E 199444 48

glch. A 24 Mere] @3t T. ferrooxidans<} S.
acidocaldarious & o)43to] 5-304 E<2lol| <F 80-90%2)
pyriteE AAZ 5 & oz deA 4-16].

¥ a7 52 37 A AJHo] gol §i-E e
Y HES 3 A3} wleejo}g o] &3l pyriteE A
Agozyn Jde] HER Jsle FHE Mise
Zolch T. ferrooxidans & ] 83 FES] N2 7} 1,
pyrite A A LT} A A Lol 3t o] FHATES B
BzRAEe) g EASIAC

2. MENE W Y

2-1. AR2 #F 9 "X

H ool A-4-¥ wpsgjol= T ferrooxidans(ATCC
19859) o}t}. A A=) = Silverman2] 9K medium-g& »}
2.3} tH22]. 9K medium-& MS(mineral salts) me-
dium[ (NH4):S0,, 3.0 g/L; K;HPO,, 0.5g/L; KCI, 0.1
g/L; MgS0;-7H,0, 0.5 g/L; Ca(NQ;),, 0.01 g/L]3} o
Yx el FeSO,-TH,0(45g/L) 2 o] %ol gt} wiok
& wokle] pHE 1N-H,80,8 2028 A4,
Aol A 2-34 7 Asledr). o] il FA-& 6,000 rpmel] A
oF 15% Fob dARelsted FAE 33, MS me-
diumo.2 #gA)7l F 23] whEa A st F
Zalgdel 59 FAE G A4317] e py-
riteol] -2-A1717] 5ted FA EH= pyrite(5 g/L) 7t
EolalE MS mediumell 4] 149 FoF H-5A1 Ak H-$-
Ag F dolg)i pyrite &S 1,500 rpmol] 4] 537}
LAl H-eg)abo] v oo R RE| $41 A A FAlE
6,000 rpmell A < 1587+ LAl 2] sted v o 0 2 H-E]
Fejsled o, MS mediumel] Y3e F=2 HHA|A
ol 3o Mol Aol Ab&-shich

2-2. AEWY

AHL-E HAHEE A E oA dF¢ Yunotsu 5
oA MAF AogA FeteFs vERG AR A d
o]E]Z Table 1o AAlslgich. EE A3 250 ml9
shake flaskoll4] 4=383}9i 3, 100 mle) MS mediumel|
Qsl= ko) FEE Hrtslgc). $=5 T ferrooxidans
Febol (10° cells/ml) S 5ml¥ HFsldct HE =
A3t o vtelElolE Y 2a5H-E A St
20%9] slurry XA T. ferrooxidans 3 JE34A 3L
231438 Psleich =gl pyriteol] H-8A1Z T, ferro-
oxidans3} A2 22 T ferrooxidans2] pyrite At
3545 zApskgh dR-ge] AY-e pyriteol A$
2 & A3tk g HE ghEe] de do
e Fabslr] fte] HES FHe A7 vz 9
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Table 1. Compositions of marine clay and land clay

Marine clay Land clay

Proximate analysis: wt%

Moisture 10.6 -

Volatile matter* 15 -
Sulfur analysis*: mg/g-clay(%)

Sulfate sulfur 461(266)  0.16(25.0)

Pyritic sulfur 12.74(73.4) 0.48(75.0)

Total sulfur 17.35 0.64

Pyrite 23.88 0.9
Iron analysis*: mg/g-clay(%)

Non-pyritic iron 3.66(24.7) -

Pyritic iron 11.14(75.3) 042

“Total iron 14.8 -
Mineral Analysis*: g/100g-clay

Al 10.6

K 2.3

Ti 0.8

Si 309

Na 08

Mg 0.2

) 1.2

Fe 3.8

N 2.3
*: dry basis

SREANL zAsech AE @3 dg AR =
(slurry ¥%)2] 338 2As8l7) 98t 5-70%2] H
Aol Ay FasiArt. o) 24213 A2 wh=]e)
pH, redox potential®} ¥ 315 43191 12, 4k3}= pyrite
& 2R3 A& vk AHEAS

2-3. EM4Y

e 29 sulfated] 9Fe, 1g2 2185 20 mle} 5N-
HCIE FZ3te], 2mle F&47 10% BaCl,-6H:0
Zgof 2mlE &3 ¥ spectrophotometer® AR5}
o] 450 nmoll A =# 38}k cH 23], Pyritic sulfure 2N-
HNO;Z 323 % o-phenonthroline method& A4
8}e] 510 nmell A AFstci24]. whFAFe] 2B 5=
= ferric iron(Fe’* )% #s14l¢l 1% hydroguinone$
Ar)sle] Fe?' 2 344171 F o-phenonthroline meth-
od& AH&-3te] A sgci{24]

Pyrite7} 4t3t2 & A A== HAHA 4 22 (mole)
o} pyritic sulfur® 1%¢] Mol (Fe')e] Y4<rt.
wela], Hol& F% 1g/L+= pyritic sulfurys: 114 ¢
/Lefl sl ggict. B dAFedAe Hele FEEF FAHY
2.2 A pyrite?] 43 %A& BoUEAEH

: sterilized clay (control)

: clay with inherent bacteria .

: clay with pyrite-unadapted T. ferrooxidans
! clay with pyrite-adapted T. ferrooxidans

4400

Leached iron (g/L)

Time (days)

Fig. 1. Removal of pyritic sulfur from sterilized clay and
unsterilized clay with inherent bacteria or 7. ferro-
oxidans(slurry density=20%).

3. 4t % E9|

3-1. geljziotel SHsE

HEWe) Al 2% pyrites} A7 71432 py-
riteel] A7) T. ferrooxidanset A-3A1712 42 T.
ferrooxidansoll 213 pyrite AASHE wlwslgc} gt
dl2ote) Abspatgol ot F&F Helde F=
W 312 Fig 19 218153} T. ferrooxidans& 735344
% HESY 7 o 49 A9 lag phaseF pyritic
sulfur®} Akslr} Ao 2 A)ztglz Zleo| #AE A
gt 27 S HEC M @3o] o) FoA A ¢istrh o]
2Re| o] g 43l wheelole] £ glolx HE
A shs FFEULZE A=A o F3o] FpFEE &
I Ak AT A FEE AYF AE 17,
pyriteol] H-3-5 =] o4& T. ferrooxidanst 104, pyriteei]
L= T ferrooxidans 74 73 Fo Hdxlo) =
3l c}(Fig. 1). ) w¢] pyritic sulfur A A& 27+
76, 76, 87%°1%0ch. A Alzke] At F EaAAE
Holx 71.&, pyritic sulfur®] 2% 1 )9 shirt
HAA R wbgo] Ao w=t Y= FAew
ols) pHr7t spxstAl Popal Aol & olfd 7oz
A7tk Fig 19) 3 ¥: H3laie] Q& Hy @
gec = He zPFe) 7245 192 mg-pyritic S/L-day
o]gl, pyriteoll HSHA| ¥ T. ferrooxidans= 440
mg-pyritic S/L-day, B-$-% T. ferrooxidans~= 637 mg-
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O : control
® : acid-pretreated
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Fig. 2. Removal of pyritic sulfur without and with pretreat-
ment by hydrochloric acid(slurry density=20%).

pyritic S/L-dayolith. Pyritee] 2% T. ferrooxi-
dansE A48 75 HEZFE ] gLl A7
&o] We| FAFE 4 F Utk

3-2. HE9 4kxe| g

Mere] vl AE 28] 79, Hehde] e Ye
Ao} FFE = A FFY A7IsgEE) o
dl2]otel] &) 2t8-& st} Dahgo] dAHA Fx
"rH7-8,13,25]. ol EAEL 93HHAHA P
pHE wjgFH oz F2=|o] wtegjole] A At
t}. ol2id EAEL AMYE T3t AH A A} s}
s3tct. S E FaHe v A7 HFESe]
utej efolel]l )X ¥ 2ALSL7] $8te] 27} 0.1N-
HCIZ Ax )3t e o} Abx 2] 3lR] o4& HES A7
Aol Ae] A o] FX W3E Fig 2¢] EA]3%ith
AAAE & Aol Mol Fxyl AT AolE
T ek e g e olf= AeIAd A HEU
oju] ZEA3} AbstEe) MA wzhr] wEolrth AbH
g5 34 o4& A% A %’%‘?‘Ew‘i‘ 743 mg-pyritic
S/L-dayoll i, A2l HES A$ A I
752 mg-pyritic S/L-day& 5 #$7F A2 {413 e
Bt o] Table L2HE o 4= glko] sl H B =
gtelejole] BA4E A&t FFEelW §7] HEE
Eol Hrhe A} dR}ERI) ol =3 HEYI
A 54 #71E Z‘WﬂE A% Az AAe] %B-%i
o, IFEJAE F& 238 9¢ F dS
u] 3}

spstast H32A H2E 199444 4%

open: w/o MS medium
closed: w/o MS medium

0 1 1 1 I I 1
] 2 4 8 8 10 12 i4

Time (days)

Fig. 3. Effect of nutrient salts addition on pyritic sulfur
removal,

3-3. uljx|o| A3

Table 1ell 4 o 4= 2l& vle} o] HAHEA = o
59 ool &=l gk o) E & 2o AAd
483 JFEo g Algo] sisslth wiela, HEe|
=] e A0 AES 3o vAE JgL =
Atatsdcl. MS medium$ AH8-3F 7399} AL8-3}xA] ¢k
7452 23845 E 5 Fig 3o 2} 20% slurry %
ol 4] MS wjz|ell X9 o &334 T 743 mg-pyritic
S/L-day°lH 3, d-& H7FsHA] @2 Al 457
mg-pyritic S/L-day°]lt}. 40% slurry ¥ 52| 7-$- MS
wf z]ol| A 8] v &84T = 857 mg-pyritic S/L-day®]
3, o9& HrEA e wiR|el A= 560 mg-pyritic
S/L-dayeldle). &, 9% A7slA] o2 A% MS )
AE Al Q& Ao 234x 9] oF 60-65%°] A}
20%9] slurry X4 MS mediumE& A}£-3hed 5
Edoll 70%E AAs L, MS mediumE A}4-5}A]
B2 7Sl 6Y F3lbol| 70%E A A3tk 40% slur-
ry EE4E MS mediumg AHEd AL 8 £
Qbell, AHE-3FA] 232 Afoll= 129 Fdel oF 5% E
AMAsGh Az HAEYWS FUEEY d8e
Sald & o, 3 AkE) vlelg] ool Al WQF of e
A RS FFAA F S-S 4§ gl vEglelr)
ARe Sle 58 PR A3 ‘4]-r°“ =R
A7t A% 9l Bo) A HEE IS ¢+ US
ok ozt MR FFE| Foof & °3°J—£(°5)4
Gz £d 7 U222 v S ME {3t
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Fig. 4. Effect of clay slurry density on pyritic sulfur remov-
al.
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Fig. 5. Removal of pyrite at 70% slurry density.

do ¥x7t ¥ Afoe 99 F=vl 7l
ute} pyrite?] AbsHGE ol Al AEo] FlsiA|el, Ho
227t UF & dols 935HE #5171 “jaro-
site A" SubsbA Hob26]. HE FHALS jarosite
AL A YRz kit olatsivth T3 e
dYREe EAHLE walsty, ute2jolr} pyrite
Edel Fabste A& Wl gely, 7HsE & )
gz g Fre A RS zle] =pEA sk
HEU e JE24E weeolrt @8 2 = dFEe)
Ak RES .8 £ 9l7) wFol YN F-53 SRS

uzstel 2ge Faske Aol wA s

3-4. ME sT9o A&
HE slurry B2+ pyrite?] AH3}Ex el AlAE, g

Table 2. Effect of slurry density on the removal of pyritic
sulfur by T. ferrooxidans

Slurry Sulfate Pyritic Pyritic sulfur
density sulfur(sulfate) sulfur(pyrite) removal/duration

(w/v%) (mg/g-clay)  (mg/g-clay) (%/day)

5 0.24(0.72) 1.77(3.80) 84.1/10

10 1.07(3.21) 2.01(4.31) 82.0/10

20 1.54(4.61) 2.03(4.35) 81.8/10

30 1.14(3.41) 1.70(3.64) 84.8/10

50 0.78(2.34) 1.56(3.34) 86.0/12

60 0.99(2.98) 1.67(3.58) 85.0/12

70 1.00(3.02) 1.22(2.61) 89.1/12
Initial  4.61(13.82) 11.14(23.88)

2.4
Slurry density

Q: 5%

2.2 | ®:10x

v 20%

2.0 v : 30 %

a:5 %

70 %
1.8 |

pH

1.8 |-

Time (days)

Fig. 6. pH variation during microbial desulfurization.

Ape] EE Fol E 33-E v)A o, v|QE SyTA
AT DAE Bhe] ok welA, e P
=9} AAEel N7 slurry $%2] 3-8 Hrhshr) 9
stof ofe] Fxel A¥E FYsld) Sy =7}
5-70%% ¢ wiFq 52l A o] Fx ¥3}E Fig 4l
RN, qEZAQ P 2A 70% FXol A2 pH, re-
dox potential, 3 ©]& %% pyrite®} #A&-L Fig. 5l
2odch HES slurry 327} 71842 389 A
0] 298] F& = Zr}slydth Fig. 40| 4 B.5%o] v slur-
ry FEAHE 569 AT A ol o] Fr)
telAr glo] A 23lo] keHUT, wFEY AT
ol 7-129 Aol gato] tjol At AP A gisirh
AR 0 2, slurrysEel wef 7-12 F-akell o 80-90
%] pyritic sulfurz} A A= cH Table 2).
AMeterztel A 1FE 9 slurryelMe 428 53
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@ : Experimental data
- : Eq. (1)
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Fig. 7. pH vs. the amount of oxidized pyrite.

d4 283 ek 2 i HAEH fr)Ee] 2= 54
5202 sl E3Ere) vlegole] AR St 7}
2:817] o Foll ¥H-3-7]198) <4 F-oF A E 2] A]§-Fe)
AgHe el o]y EAdFe Hutd vgE =
FTAL 20-30% o)zt & FelE] FmolAw w
dgole] A& KX 5 UL upeb E ¥R &
A2 »e = ok ol AT At =AE
@3}o] B Ao x B3t Azt =7 Z3ka
2lci13,16]. Fig. 52%€ <o & qlxel AHEHES]
Aol = 70%9] surry FXo A 12 Fakol| oF 87%2]
pyriteE AAZ 4 st whebs, Muke] A5 =g
TEEdME B} A83q HES] v|YE o) 7}
&3l

3-5. gEn pHele| 2HA|

Fig. 42 %8 o 4 gl& ule} 7o) pyriter} uhelg|
ool &J&f AbstslE Fakele wieked o] pHrl G431
7} a3c7), pyrited} 4k} stu g Aefol M= pH ¥
3171 Qlek o] A HE o v E dFA oA ol 5
8% ARE AFcl pHY W3yt £35e AF
o 48] utej2lotel sl 4+3IE pyrite®] ¥ =9} pHe
A& Fig 79 =A1slsdch Pyrite®] Absh wHg-& 4t
25 pyrite?t 22 E(mole) 59 Fiol(HNE
YAl EE uh-gd Fo] £iole ¥ (DY

ey Ale}.
[H+]:[H+]0+[Fe82]msumed (1)

3714 [H' lpe 7] F2012 5, [FeSolomsmats

sjatast X322 H2B 199414 4%

—_~
18 2500
:~ —
S 5
> o
o 2000
0 1z} ~
ug o
\N ;:
%] i
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[ ]
| :
- tooo
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=
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Fig. 8. Effect of slurry density on the rate of pyrite oxida-
tion.

A3l pyrited] =& Jepdo (DA 22 HE whg-
4¢} pHe ohgo] Aoz Ryl

pH: —lOg[H+:|: _10g([H+]0+[Fe52]mumed) (2)

ulwd AgE pH dAdedEs 2 3o foge)
(A& Agsteto] ()47 7o) IY & ek

pH=A—K log[FeS;] 3)

o714 A9} K& A5o|c}. Fig 72%8 7% Kge
0.5520]t}. o] A& o] &-3tH wioFd o} HEZF S sul-
fater} A o]29 FXE A FAI}A daME, o
%3] pHel Waleie HEo L3 E FAHY 5
pI=

3-6. HEAE Y &

Pyrite Al3l& 5o A& HE slurry $E9 33
Fig. 8¢l 2.9t} Hd) pyrite A4 & Fig 4o ®.ql
woflFel A o] Fxo A7t ulE Wizl
Aabsteich HE <9 A pyrite] Hf At e
AeFx o] Frld gt A8 o2 3haste 1(25-10.1
mg-FeS,/g-clay day: 103-423 mg-FeS,/g-FeS.-day), 4t
27] 29 2 Ho A3kEE 30%9) slurry F&E
742 AL Aoz Friste] 30%elA et 1,714
mg-FeSy/L-dayell =2sldal, 2 o]9 FxeAe
7t asigdch ol#g AYEE M| vAE
FZAANA A& slurry =2 F7bll B2 3%
fAbstel[6-8]. =9l ¥ AN A== slurry
2o wa} 506-1,714 mg-FeS,/L- day(270-914 mg-py-
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ritic S/L-day) 9] & B4tk ol 2L slurry 3%
ol o] F-odet ehitelA] Q& grr} g & ghol
c}

S84 59l HEFE 7t APA o] fA15+& 30%74
22 F= WHo gt (BRID)EEATEE 73]
At AH4-E pyrite AHEbel] g S48 1x}A] 0 8 4]
2 e d g2

v=K. S,=8424 S, @)

A7l A v o9 FEg Ao asl(F)EE, K
(h" )& &EA4, S(mg-FeS,/L) = pyrite2] Fxolt}
Syt 3ol QldA T, ferrooxidansoll sl F-del
BuE £xAge K e 2X1073-25X1072h 101
[14-16], Sulfolobus acidocaldarius2] 735l 2X1073
h7te]ei[11]. Ryul7]¢] 7% Ay Sxi5E
33X107*h'2 FHA e} v}, Fdste] A
3773072 wi g At HAHEL S gL &
Z4pE 8424 h 12 A F-sdkel g Ryus] Aorch
oF 2.23ul] =t} Table 1o ¥.¢l nle} 7ro] B ool A
A3 HAHE F9 H718dH $EE oF 15%84]
FAek(6-12%) Hoh ¥4 gt F, HE= v
ole] #A-& A {7[E o] 2AY] W &
2L S de $ Qe AR AAH7, 8]

3-7. HEQ| o|dE SEEH

£ A7) ARE2 A Y EE A A(sieving) o]} flo-
atationol] 2& pyrite Polg)EE AASA @S A
o4} d& ZAz}Eolch Pyrited] YEIH 4wl
ERAa YA Bie] Uvh7,27]. Pyrite Polz=
utg|gjopr}t o] 43 4 gl FEwiFo] 7] wf o, v}t
g 2|o}E AHE-3led AR 7)EHl= B A7) &8
Hot gely, Mgk n|AE D33 elsiA R
sievingo]1} floatation 3-8 §3le] HEZ Y] pyrite
ol & AASAY, F4-54-& T3l pyrited F7
F2) 8l utegjo}r} o) 4 F & pyrited] EHAHE
aA §FH vgE dagAE Falo] Hr} oAl
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