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ABSTRACT : In order to remove Fe impurity from low-grade pyrophyllite ore, the effect of certain
variables such as particle size, concentration of sulfuric acid, amount of ammonium sulfate, added
hydrogen peroxide, and temperature were studied. The euhedral cubic pyrites were observed in the
low-grade pyrophyllite ore by reflected light microscopy, and quartz and dickite were identified in the
sample by XRD analysis. The results of the Fe removal experiments showed that the best Fe removal
parameters were when the particle size was at -325 mesh, the addition of H,50,, (/VH,),SO, and H,O,
was at a 2.0 M, 10.0 g/l, and 3.0 M concentration, respectively, and at a 70C leaching temperature. In
the dissolution kinetics analysis, the dissolution of Fe from the pyrite surface was a controlled chemical
reaction, and the Fe dissolution reaction was proportioned to 0.066/R, [#,SO,]'"*° [(NH,),S0,1°™,

[Hz ()2111.425’
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Table 1. The chemical composition of pyrophyllite ores- a: high grade pyrophyllite, b: low grade pyrophyllite

(unit: wt.%)
No SlOz A1203 Fezo3 MnO MgO CaO NaZO KzO TiO2 P205 SUM LOI SUM-+LOI
a |62.15]30.89 | 0.36 0.01 | 0.04 | 0.09 | 0.00 | 0.48 | 0.59 | 0.08 | 94.70 | 5.01 99.71
b |71.64| 1856 | 3.57 0.01 | 0.03 | 0.08 | 0.00 | 0.48 | 0.57 | 0.08 | 95.02 | 4.88 99.90
M E F32 08 820 Anand ef al., 1988; Ghosh

At ald, o= 9 xsiko] 1FS ddH
(pyrophyllite, Al,Si,0,,(OH),)°] B Foz »
EH lom, g e, wskEE, vist
HEEE, 8§ =M, §Y, =] 98, 334,
ol Tl AHSHI vk =3 P 7 =
< 22N 5o Az Jehd Ade 112 A
H(Al) 22 3ol Stk

HeAe A7 e S3Y it &
I 22 Fkero]  dH A (hydrothermal  alter-
ation)= ol AAEM, o]F Elo] dFHdS
Hho} giydalo] AAdEE FRF FH A o] FAHT
Aol 23 FHALE TGl ost A
AN oF WIAHM Fe BEER W Hi 2=
Fe,0, FFo 2 Yepdth gd4ld I 7o,
£ F¥Y(rutile) 2 HE FelE A, Fe,0 At
Sl=2RE foisi, dukdos dald e
Fe,0, 32 ©F 0.18-02 wt.% W E dHA 9l
THSanchez-Soto et al., 1994; Gucek et al., 2005).
H| & mjfolA|gt FHAEo| BTEE A8shH,

Fe,O5= 2N, maghemite, goethite, lepidocro-
cite SOZHE 7Yk Aoz AFHYL

(Sahin et al., 2003).

AL IHE, A9 22 4H4)38-E(industrial
mineral)oll -8 FG4EE AAS] st &4k
~KPanias et al., 1996; Taxiarchou et al, 1997,
Veglio et al., 1998; Ambikadevi and Lalithambi-
ka, 2000; Lee, 2006, 2007), S~ EE(Sasowsky
et al., 2000), o} E]>4Fd(Torrent et al., 1987),
PEYo}, drFolitd 9 SdEEFAA(Rao er
al., 1993; Das and Anand, 1996; Mohapatra et
al., 2002), FE L 2~(De Michelis et al., 2009) &
o] AHZ-H AT

R Yo ammonia, NH)E &4, doldA,
Cu-Ni-Co-Fe "] E(matte) ¥ Wts] Fof &
3te] Cu, Zn, Ni, Co, Fe, Mn®} &< F85345S

et al, 1990; Niinae et al., 1996; Park et al.,
2007). YEYols gl 283t pH 109
A 11 H91e 2] &0l HUA ou’t, &'
o] o] g3 o g 4tsl.gZErKSabba and Ak-
retche, 2006). StEUoFE I ¢} o] 4kshE
ZEfe] FAe] Agshd Sd-8Fo] Yot N,
Co, Fe, Mné} Z& F85&52 38 + U
(Niinae ef al., 1996). ©]¢} o] ¢ELjolr} g3}
Feoly AshgEe] 855 8= AR A
|5 olfr= &= Wl8o] Akl a&o] wl¢
Hojum, v SAFR FA4, @ STIYeE
Ik A e] Bol, Sl 5 FHES B
sk S0 Hojur] wiZoltk 181 F9l Bt
PEUolE= Fe-dis &3AA HAFsiEl #
AAMolu AHM o= A= B0 HoAW]
wlZo]th(Beckstead and Miller, 1977a, 1977b;
Ghosh er al., 1990, 2002, 2003). &, ¥EUYol=
Fes} WHgste] E(Fe(NH,),50,)% BAsL
Fe(OH),, Fe,Op3H,0 3 Fe,0,8F 22 A4t
St AAAIE sEol Hojur] wEolthBe-
ckstead and Miller, 1977a; Das and Anand,
1995).

Uil A gl 23 EAS gry
of gfow At AdHe FHAFTS S
AT ob HuEA Ztt) dEUol S5 o
B3 Fe AlA 7]&0] 43H o8 FhPAThE A=}
IPE, AL A4 B Aua 22 4RgE
T 8% T s FoE Vg
b B AT F2L gl e SE4
= YEUo} &2 o] g3l Fes Az o= A
Astaapsil o, ojnf hryol =8 ofs}
o §3)== Fe AvS 83 59 o= s|Msta
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Fig. 1. Reflected-cross polarizing microphotographs for euhedral pyrite crystals in the pyrophyllite ore from
Seungsan mine. magnification a; 100X, b; 50X. PI; pyrophyllite, Py; pyrite.
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Fig. 2. Effect of particle size on the leaching of
low-grade pyrophyllite ore(leaching condition(a); sa-
mple 1.0 g, sulfuric acid 0.5 M, ammonium sulfate 5.0
¢/1, hydrogen peroxide 0.5 M, working volume 100 ml,
room temperature). particle size @; +140 mesh, A;
140~200 mesh, ¥; 200~325, l; -325 mesh).
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ANz2zH & ALY

M4

HEd A=
A AEe A slid Argaela] %9
o} AEFH AdAE AFHFAKTable 1). A3l
AGE A8 Fe AIAE Hal A i
o] st APL AR, o] AlFol it
AvES AZsIR A, ARE w2t 4714 ¢
T2 FA AR (wet sieving)dFATE FAA AL
ASTM sieving setol] 552 o]-&3lo] 4714 ¢
5(+140 mesh, 140 ~ 200 mesh, 200 ~ 325 me-
sh, -325 mesh)Z A¥3}9]c}

3 AR Bl AE 1.0 g2 747t 3kl
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Fig. 3. Effect of sulfuric acid(a) and ammonium
sulfate(b) concentration on the leaching of low-grade
pyrophyllite ore(leaching condition(a); -325 mesh sa-
mple 1.0 g, ammonium sulfate 5.0 g/l, hydrogen pe-
roxide 0.5 M, working volume 100 ml, room tem-
perature). sulfuric acid concentration @; 0.5 M, A;
1.0M, ¥;20 M, I 3.0 M) (leaching condition(b);
-325 mesh sample 1.0 g, sulfuric acid 2.0 M, hy-
drogen peroxide 0.5 M, working volume 100 ml, ro-
om temperature). ammonium sulfate concentration ;
@ 10 gl A; 50 g V70 g1, K 10.0 gl).

0.5 M, 3R H(ammonium sulfate, (N, ),S0,)
5 g/, FakerA 0.5 M EE8 100 miol 7}
atal AF2olA Fe &24ES FdsAth Fert
AUz §=5+= HTE =23 fst A=)
T3]3 IR F(ammonium sulfate, (VH,),S0,),
SiKsulfuric acid, H,50,), 384 (hydrogen



100 pr T T T T T
2 a
a ] A
80 F e . i °
v A ®
60 b A 9
2 e
40 F L ]
T 20 :
£
E‘ 0 P . " N L
E 100 1 ' |
D b ’ &
= 80} '
(]
L |
60F 8
40 |
|
20 ¢/
0 r
0 10 20 30 40 50 60
Time(min)

Fig. 4. Effect of hydrogen peroxide concentration(a)
and temperature(b) on the leaching of low-grade
pyrophyllite ore(leaching condition(a); -325 mesh sa-
mple 1.0 g, sulfuric acid 2.0 M, ammonium sulfate 7.0
g/l, working volume 100 ml, room temperature). hy-
drogen peroxide concentration @; 0.5 M, A; 1.0 M,
V; 2.0 M, Bl 3.0 M) (leaching condition(b); -325 me-
sh sample 1.0 g, sulfuric acid 2.0 M, ammonium su-
Ifate 7.0 g/l, hydrogen peroxide 3.0 M, working volu-
me 100 ml, room temperature). temperature @; 40C,
A; 50C, V¥, 60C, I 70C).

peroxide, H,0,) &= e 4L
sttt 8= Aol APH = s A

2 8589 2.0 mlE AFHS Fe 2 A
FER7)(AAS)ZE =35

2
A9 A A diste] AupA-s A&t
H AR v] 7 ((Nicon, ECLIPSE LV100DOL)

o]

o)

S WS =3 dA AR st sshE
Aet7] st SrislE AASHARTE AE 1.0 ¢
< G(AKHHNO):GAH HC )= 1:3 ratio) 4.0 ml
of F7ktal 4FUE  heating  block(model;
DMB-2, 24 hole)ollA 70CE 1A7F &<k Bajst
et Halshe 2 w8l dA = AL WA
at7] 98ted 2ol 18 cm Zo]d X(pyrex) WEA
AHES ARSI Srial 892 1Az 5<%
oA AT FrEs] &4 2@ Ry}
B89 32 SHTE 44 36 346t
= A F4 o] 2] &4 (Wei et al., 2005)°]

S

r=0.9875

slope=0.06678
r=0.9821 ]
r=0.9748
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Fig. 5. The variation in fraction(X) with time at
various particle size(a). particle size @; +140 mesh,
A; 140 ~ 200 mesh, ¥; 200 ~ 325, l; -325 mesh,
Insert shows the corresponding reaction oder plot(b).

dojubr] wiizell 3142 pH 2 olste] ALK HNO,)
S0z LYl H T Veglio et al., 2001). 3]4-&
B 045 mm AIAZ At AAFFEG7
(atomic  absorption spectrophotometry, AAS,
AA-7000, Shimadzu, Japan)E ©]83l] Fe g
< AL

hedral cubic form)Z AFEE 1L Q1O H(Fig. 1), 4
FAol|A Feol SO BE-ERE 285, a4 #F
Ae nEd 9 7hEAgste HEolA FHE A
Fe7} ARl =] 7] w ol Ee] 7kx]7F "olzl
TH(Ambikadevi and Lalithambika, 2000). 4F3%
oA o] 0.3-5 wt.% HIAZ EA|SIA T,
H|E k2 ghefolg} slojEty, o] Qlate] 4H4)%
59| E97) ady, =3 i A9 EeE
o] EYoE Qlste] 7HARIel7E ARtk Veglio
et al., 1998). A F91 G4 B4l tiste] XRD
A4S 7% A glo|E9 MY sdEH =
31 o] Yehsith drolA BEETY Ao
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Fig. 6. The variation in fraction(X) with time at vario-

us sulfuric concentration(a). sulfuric acid concentration

@ 05M, A; 1 M, ¥; 2M. Insert shows the corre-

sponding reaction oder plot(b).

XRDEA A E AZHA agkon, A 9 As
of thale] FEa3le] AASE Fe kS =43
A} 3922.1 mgkglE UERTH

oz 37| 51}

A Algd x3hd NS AAS] Y8t
o grYol §E4FL FYPsIgon, 4714 U=
ANF(1.0 g5 34t 0.5 M, 3HIREFE 5.0 /I, 3
Aslers 0.5 Mol 78kl Aol A dRYol &
248 TPtk 0% B9 Fe 854S
33 A3}, +140 meshollA Fe §%F8°| 13%,
140 ~ 200 meshollAE 14%, 200 ~ 32504 =
15% 183l -325 mesholl A= 18% =2 UERITE
Fe 8282 U5 I7)7} 248 wet Z2718H9
th ol Y=Vt A4 we EHF o] F7t
st7] dizoltt. 9] Fe §&&°] Uthu= Als
+ -325 mesho|S17] Wiol T 8 P-L -325
meshE 393} Th

3M =T 51}

it F5 ©E Fe 8% 58S Yol ¢
3}o] 2325 mesh A E(1.0 g)Z MIAEF 5.0 g/,
FHekstra 0.5 Mol A7tstal @4 25 WA
A 7FEA dEYol §E4%E AU HFig.
3a). 60 B SEHPS Sy A, I F
Z7F 0.5 MY © Fe §&89°] 18%, 1.0 MY o
34%, 2.0 MY o 40% 123l 3.0 MY W 40%E

Aol| H71E 3K H,50,)2 A
dM(Fes,)e Sallste] Fe?t o

< Aojt}. ksl ozt
Fe*'7b Rt R ASIET ARl oStk
(Fe(NHy) S0 22 =S gAsHHE Aoltt
(Beckstead and Miller, 1977a; Das and Anand,
1995). 1822 3 F=rt ST Aol
23k gHMo] o gol &3d Aotk it &
=720 M 8! 3.0 MY ® Fe &= ol 4%
1588.1 mg/l @ 1576.4 mg/lE e} O Fe 8=
go] Y2 U= 4t F5+= 2.0 Motk o

=
§2UYL FA BEE 20 MOE AT,

2MUZE 5T &

e E F5o WE Fe 85 888 YolR
7] 9l3ke] -325 mesh AIE(1.0 gy 34t 2.0 M,
Ipbskras 0.5 Mol J7kekal At SR 5
HIAIA 7HEA RY ol £248S Tttt
(Fig. 3b). 60 &2 84S Fls 24, &
ARIEE 57 1.0 gl1Y W Fe £&80°] 40%,
50 g1¥ @ 60%, 7.0 g/1¥ ® 77% 3L 10.0
g1 o 76%= UERST FAEE FE7F 7.0
g/l ¥4 | Fe &%l 3045.8 mg/lIZ YER} F
O &E&S EJth &89 iR 4
(H,50)°l 23t FdXN(Fes,)o2RE 7}
L= T 57 50 E A Aot} w3t
|8 H7kE SR E((VH,),S0,)3 Fe**
7} 833t Feso, € 8/33FAY ammonium iron
sulphate hydrate (NH,),Fe(S0,), H,0= B4 A
o|thMohapatra et al., 2002). “L2]3 ammonium
iron sulphate hydrate= |A 7FrE3l=o] goe-
thite?} 22 HFAsES FAL Zlolth. Moha-
patra et al(2002)2 AU EFOE AT &
Hof| Al A X (goethite)o] HAHE AES XRDE
RIS T B St ofste] §da] Zof
I gHA o] gajE YRS BallE
ARES AEER AAA7ed 71dds A

pkslrd 5 Wsle] WE Fe 8% 885
Yol 7] 95l -325 mesh AlF(1.0 g)5 34t
2.0 M, g 7.0 g/l Arlsta saksles
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Table 2. Effect of initial particle size(R,) on the fraction(X) of pyrophyllite ore reacted(conditions; sample
1.0 g, sulfuric acid 0.5 M, ammonium sulfate 5.0 g/l, hydrogen peroxide 0.5 M, working volume 100 ml,

room temperature)

] Fraction of Fe(x)
ULlfzc(mi +140 mesh 140-200 mesh 200-325 mesh -325 mesh
(R,=0.104 mm) (R,=0.089 mm) (R,=0.059 mm) (R,=0.044 mm)
0 0.0156 0.0228 0.0247 0.0259
1 0.0258 0.0364 0.0500 0.0549
5 0.0463 0.0514 0.0705 0.0827
10 0.0577 0.0755 0.0880 0.1103
15 0.0724 0.0858 0.1227 0.1307
30 0.0985 0.1026 0.1310 0.1571
45 0.1278 0.1431 0.1539 0.1849
60 0.1357 0.1487 0.1563 0.1883

X=Fe content in raw pyrophyllite ore / Fe content in

TEE WA AN dEYol 824RE T
S tH(Fig. 4a). 60% 59 £&49S 33 2
3 s A 571 0.5 MY Fe 8589 77%,
1.0 MY o 86%, 2.0 MY ] 95% 18]1 3.0 M
A o) 97%= YEeERgTE IksEA 57 3.0 M
o of Fe %" sleko] 3813.4 mg/lZ UERY )
9 &8&&S BT IS A(H,0,)= 4
Zol A L«_xﬂi a3 FAEEoA = A=
]_

gt =, WA, Ao, &AM, &
2 FFES S2AE o sk art 4kst
A2 AHS-EtiMurthy and Prasad, 1996; Antoni-
jevic et al., 1997, 2004; Aydogan et al., 2007a,
2007b). 1Y PIHHEE S HisES 85
AN de AR AR-ET(Jiang et al., 2003,
2004; Parlda et al., 2005). %Pﬁ}$i7} 2R

o BN AGHE ot DB B
J+ wgstel 40 B8 A4S Rolt

M“i RAAE ka9l B2 3o FAo= 2
831 9] wEel Htstras 187 SulA
2 BdtiAydogan er al., 2007a, 2007b). IA+3s}
T Y3 s 2 SAAR 2E3t] o
ol 85l &30 e 2xwsld o
& 8§43 A Islrd 5 3.0 MO £

Hate] a3,

g
o = dolir] Yskd -325 mesh A&

r

leaching solution

(1.0 95 &4t 2.0 M, FAIEE 7.0 gloll 7
sta IEkEA FE 3.0 MOE 3lo]  ghryo}
SEHP S TP THFig. 4b). 60 F¢ &=
APE T A, &5 2571 40CH Fe &
£0] 96%, 50CY wl 98%, 60CY w 99.47% 1
Y 70CY o) 99.65%= YT §2L%7}
3713 Fe 8580 S718kH ol &% $71
o <3t i}ﬂHPSOl FZH7] WEelth. &,
Fe §%8&°] 2% ulgsled J7lsly] wjiol
Arrhenius %‘*4 < o] g3t Aol A|(activation
energy)E T T %lq(DimitrijeVic et al., 1996;
Demirkiran and Kunkul, 2007). <% 70C¢% o
Fe €% 3teFo] 39082 mg/l= UFEM Aol &
£S Byt

e

oo

5l <&t (dissolution kinetics)

|8 ofste] ol 2FE FHA o]
gad of FHAS T FA A= 7S
GHEM o ZHE Fert 83ld Wl &, Fe 852 &
8N} HEshs A FHoA dojdrt 3
A2 g ol A Fe7]' L=5)o] S9N & Lo o]
FEH A= FEA YA JAH Aopxit) o]}
o] SEA FA FHUOZHE] Ferl 83l-A A
AA FA dA 2717 At 7Pgshe As
530K shrinkage core) ERolgt gl thFE,
aAEdo]l HAY A} WSS o, 3/(solid
phase)®] =7] WS/} dojd o] S I/-AA
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Fig. 7. The variation in fraction(X) with time at
various ammonium sulfate concentration(a). ammonium
sulfate concentration ; @; 1.0 g/, A; 5.0 g/l, ¥; 7.0
g/l. Insert shows the corresponding reaction oder
plot(b).
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Fig. 8. The variation in fraction(X) with time at
various hydrogen peroxide concentration(a). hydrogen
peroxide concentration @; 0.5 M, A; 1.0 M, V¥; 2.0
M, Il 3.0 M. Insert shows the corresponding reaction
oder plot(b).
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Fig. 9. XRD pattern of pyrophyllite ore.(a: raw pyrophyllite, b: 325mesh, c¢: sulfuric acid, d; ammonium sulfate,

e: hydrogen peroxide) Dk; dickite, Q; quartz.
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FEFo} 22-& 83K Chaudhury ef al., 1985;
Chen and Dreisinger, 1994; Levenspiel, 1999;
Zhang et al., 2004; Safari et al., 2009). L& 2&
WF-HA AN e mHZ o] Frtetd
allEe A ol SRt 7] A
A7t =847 W3St Ferl 8257] ol
U2 717} AlRre] AAshiA A4 Fadith o
AA717} A4sh7] wEe] EHAo] st A
o 57H FA ofste] Fe §&&0] VIR
Fig. 33 o], 7] &34 A A717t ZHastd
FHHo] F7ksly] Wiel Fe §&&°] SV}t
T} Table 2004, §EE-EX=A94449] Fe g
FE=89 Fe IS ATl st Az
U ) 2aBrE 27}
UATE =, YA TR o]
SEE8o| IUKL 1R $E8E
FA(1-3(1- %) +2(1-x)°l HYst
of §2A0) thske] A=A 2 M (straight line)
o] Yehdth(Karaca and Ceylan, 1997). Fig. 5]
e A5 v, §EIMA Y =23 A
S& AYsHHtKDimitrijevic et al, 1996). Fig.
6acllAl PY=F7|7F Aol wheh 29 71E7],
< rate constant(K,)7} S71SIATE o= Fe &

ol FHH | vlEsle Frlsle As RoFE
Zo|t}, Fig. 594 =&d 2449 7]€7|(slope,

=

K% 271 4 27N(R)S 95E A B4R
At A HHdog Yehgth Fig. 5914 249
718717} 0.066°1 22 K, W 1/R, BANA, K,
=0.066/R,, SO ZRE L== Fex 0.066/

RO HIEEE HolFe Zlolt. ofw) gdAlr=

0.957°|tHAydogan et al., 2006). Fig. 7914, Fe
B2 27] FW4 HlEEs AT F YA

1, Fe £&2 TH¥HSTd(surfce reaction mod-
eDZ AT F ASE FIRUSHHTHAdebayo er
al., 2003; Antonijevic et al., 1997, 2004).
FiF T Wzl g 828 ARFS B4
g A3t Aol =2HAKFig. 6). oW I F
5 3.0 MY wo] &3 AlQsiatt it
Tt S7VEE S8 tig A 71&7)7}
7k &, 3t w571 S7F6HA Fe 8589
71 B Zolth Fig. 6014 T3 249
71€71, & rate constant(K,,)%t St FEF A

e -

28 ygksto] 2wt A3 71717t 1.1560] =
Z5AhFig. 6). ©| H-&Z4(order reaction)= ¢
Aol x3E A9 Fe &3l K)ol F4t
FE(H,S0,]" ) vEdE ou| gt

StEE w5 Wt izt 8588 Idn
Azt tiste] EAIRE A3 Aol =&H T
(Fig. 7). §Z34A 34 EE FE7110.0 g/l
¢l AsE Attt R E w27t F7HE
T5 Fe §58&2 71, old tigh 249
712717t S7Vetdnk. &, S EE w2t ST
sl Fe §&&0°| S715HE HoF+ Zlo|th Fig.
7oA T3 A9l 7171, Z rate constant( &)}
R E FEE A 22 WHilsle zed
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