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Abstract—The reactivities of 15 minerals, such as rutile, ilmenite, titaniferous magnetite, zircon sand, chalco-
pyrite, alunite, scheelite, xenotime, monazite, molybdenite, sphalerite, wolframite, apatite, kaolinite and rhodochro-
site with (NH4)S80, were thermodynamically and experimentally investigated in order to find the possibility of
{NH4),SO, being an alternative sulfation agent.

According to the experimental results, 13 minerals except zirconsand and molebdenite were well decomposed by
{NH4),80, and useful components from corresponding minerals were extracted, respectively.

In this study (NH4),S0, showed high possibility as an alternative sulfation or decomposition agent.

1. A g A oln AL ETAe] AL T HHE

Ho3ic}, FE9 IS 4% 5 e AL

JEZRE 59 A £ FEAREY FE2THS Aejupoln] olalyt shehd Hsjubyo] AFAHA £
HaddEel w2} Be zle)s} slo} viHESe] AF HxAe] =7 e 2 BHe A BAL EE
Jutde g FEF9 Ei->EYA-FUdAA] A #abA whg-Aol g B AEs sAHER g
& 23 sdFEo] Foixn gk ol=g dHY A g4 Aelabge Az ofgd old oE Ase
233%F 2 A 9AQ FE 2TAL AF £3S 3 W o] 7t FopHE ALFHI 9ok
A ZzA AHAA 4BBAE AL eEE F o AMRF3 e M F9 3 AT

480



FARLE FRAAY BES BeA 481

Ab s ol &% 2o ubygal A g, o
59 EerEg Ak whHelti1-3]. A e
Ze) g AHedle WE FE olE £ 93 A=
UoR FPFHEE AARY 23 FHE FLA e
el #BHREL ZdlolA Hi rjd=a glen
22 A8 viwA Faue] A2 sstekEe] o
A e AMEslEe 7o)l 2ade] FAeith
Zejt A 2Est EAY GEAMEEe] vE ol
A ANFE FA 7L A=A Rl qlok 2Rz
bedt T Bl EdAle] Ade e A7
Zke} @Al e diafolm, o)m) o)t Fal A=A vhAky
[4,5], d3}8(6, 7], 341<3(8,9] So] A14-H u} et
2 F RA9e 53] g4 250 28 ek
4=E 7T Qi o)§ B}AdF At wEe
o2 FAHFNME vmH oA 1 Hsli7} 4
o|3tiL AeAe abAste] HIAQl EaA 2 A
7FeE 72 sleh

o] A Fe Feldle Aav|ERA AHEE
$ont o Are] Ff£3 Ay Ao Q3
Ee] 3453 AMEE ZAske 7igel Ledole
vl g2 Apge] slgEm 2k et o] ket
BE2 AAH22 coke oven gasZHE], E3H-T Al A,
18] 3 caprolactam®] A|ZFA SellA YAEE Jof
A= B AA AA AR i R-Fo] o]Ejt FAER
AR = 7hetel AlAY FAatey AR FF T
Aol o]23 ic}{10]. zejn 2 HA7ix] Hiw|E
ol M2 4571 §le o FAtrEe Hole
A7 Aol o] FAMEFY ANRE SELS
Fa T Foke YA4HE A AR A
o]ct.

W] £ A7 o)Ak A ZAE A
U BE 1Y #4-¢ Z3se oujoa] 15%9
8 AAA BEEF RAGEFY WS T3
o) FEBYE IHoT HFAANRES FET¥ F
e £ A2 ALE 7FeAS AR

2. Ol HE

2 d7e (NH).SOE siA 2 3te] 388
33t RAA FEFY FEAHEE & M=
e Fuidl g8 F2% 5 de AR TAAN
el A 2 (NHY.S0,.8 34, & A2 &
A2 ALgrbsAdE 2ARRA ke Aol

ol & s (NH) SOt #Eo] 83t JEF

FEAEY BAlslr} o) Fojzjel slug B oj8F
I2ANME FEF FAAEY F43 P4 99
A ZdeA elas] Roxt gl

FEY TAEE A8EE FAle=s (NH,)S0,0l
23 gAatsiurg-2

(MeO)  MO) ;) s01a +p NH,),SO, -

Me, SO.) . MO) , ) s0ua +gaseous product (1)

714 Me: ¥elF&322 sk FANE

M gangueld ¥ % 7elg4 AR
22 H1 248t P4E [Me(S0,).(MO) ] iy
At Lu(E = gD 4347
(Me) . 80.) . MO) y)isona +qH,0-
xMeLorusier TV MO) insormvie (2)
Azt I FRAFEMe)S F2o] shsstA =He
Zeld.

o]2]& (NH,),S0,0l % fraT4 A9 Fabsi=
WSO 3Fo) FEe] FAAE] (NH,),S0,9 A
kg, A& SO o3 a3 4L ALY S
e} oloh= el (NHY),S0,71 A Eafl 5]o] A=
%783 NHHSO, (NH)H(SO): =& S0, %9
WA b oke) vbg Bl 93 AR AMN T waE
3% Zolth. (NH,).S0, #AHEsie) 74 JHEY
7% NH "1SO.} (NH),HSO, 58 (NH.),50.4 7
5t FAtel ubg o2 whed ()3 ol R A
o]} SOzl o3 Faksiubg-2

MeO+S0,-MeSO, (3)

o Yoz Y F ov] AHY FARAYEL
W@ S8l 29 Aolck 2HEE (NH),SOe
A% FEF FEAR) BARREL (D == ()
Ao Wz meg £ glet WA FojA ol
Fobe) A ArE YT 2RI Adelmz
AT 5 e AQGA ARG R o] F ASE
HE AT,

2-1. H@eEo| FoojA HE

€ dFelA 24 HAAFEL  ilmenite(FeO -
TiO,), rutile(TiO,), titaniferous magnetite[ (Fe,0s),
(FeO - Ti0y),], zircon sand(Zr0.Si0;), chalcopy-
rite(CuS+ FeS), alunite(K;O « 3A1,0; - 450; - 6H,0),
scheelite(Ca0 - WO;), xenotime(YPQ,), monazite
(CePO;), molybdenite(MoS,), sphalerite(FeS - ZnS),
wolframite(FeO - MnQ, - WOy), apatite[ CasF(PO,)],
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Fig. 1. Free energy changes versus temperature

for the some oxide (NH),S0, and some sul-
fide{NH,S0, systems (numbers in this
diagram=numbers of chemical equations
in the text).
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Fig. 2. Free energy changes versus temperature
for the reactions between rare earth oxide
and SO, (numbers in this diagram=num-
bers of chemcal equations in the text).
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Table 1. Sample ores used in the sulfation with (NH,),S0,

Ore name Formular Occurrence Chemxf:al Structure & X-ray diffraction
analysis(%)

Alunite K;0-3A1,03-4S03-6H,0 Korea Al,05=32.26 Trigonal
K,0=8.96
Si0,=17.13

Apatite CasF(POy)3 UusS.A Ca0=46.8 Hexagonal: prismatic crystal
F=49
P;05=31.0

Chalcopyrite CuS-FeS US.A Cu=29.87 Trigonal: sphenoidal crystal
Fe=26.36
$=30.92

Iimenite FeO TiO, Malaysia tot.Fe=27.31 Trigonal: tablar crystal
TiOg=55.54

Kaolinite Al,04-25i0,-2H,0 Korea Al,03;=37.34 Triclinic
Si0,=44.46

Molybdenite MoS, Korea MoS,=87.02 Hexagonal

Monazite CePO, Korea Ce0,=25.0 Monoclinic
L8203 =127

Rhodochrosite MnCOg3 Korea Mn=20.56 Trigonal

Rutile TiO, Australia Ti0y=93.28 Tetragonal

Scheelite CaO-WO;5 Korea Ca0=20.36 Tetragonal
WO3=75.50

Sphalerite ZnS-FeS Korea Zn=45.61 Isometric: usually massive
Fe=14.80

Titaniferous (Fey0y), (FeO-TiOy), Korea tot.Fe=56.31 Trigonal

magnetite TiO,=20.88

Wolframite (Fe-Mn)WO, China W03=32.70 Monoclinic
Mn=2.06
F € ZO 3= 20.38

Xenotime YPO, Malaysia Y,04=32.7 Tetragonal
P,05=23.1

Zircon Zr0y-5i0, US.A Zr0,=62.7 Tetragonal
Ti0;=0.13
HfO,=3.3
Al,03=0.34
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Fig. 3. Schematic flow diagram for the sulfation
of various minerals with (NH),S0,.
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26(°)-CuKa
Fig. 6a. Compgrisons of X-ray diffraction pat-
terns of original samples (ilmenite, rutile
and titaniferous magnetite) with residue
from the leaching.
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4-2-1. Titanium #34-2(Fig. 6a)
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A4S 2 Aol gAY AL F=rt F
AE Ao = JePtey} ilmenited} titaniferous mag-
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gt = olgld Ase (NH).S0.& TiO.2he] ube-

o wolframite
(ASTM 11-591)

5 10 20 30 40 50 60

26(°)-CuKa
Fig. 6b. Comparisons of X-ray diffraction pat-
terns of original samples (rhodochrosite,
scheelite and wolframite) with residue
from the leaching.
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Fig. 6¢c. Comparisons of X-ray diffraction pat-
terns of original samples (chalcopyrite,
molybdenite and sphalerite) with residue
from the leaching.
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Fig. 6d. Comparisons of X-ray diffraction pat-
terns of original samples (apatite, mona-
zite and xenotime) with residue from the
leaching.
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Fig. 6e. Comparisons of X-ray diffraction pat-
terns of original samples (alunite, kao-
linite and zircon) with residue from the
leaching.
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Table 2. Results for the extraction of useful com-
ponents from the sulfated minerals

Ore name Sulfating condition Extraction (%)
Ilmenite temp.=410°C Ti=80.63
Fe=289.21

Rutile temp.=375°C Ti=52.36
Titaniferous temp.=385°C Ti=38.78

magnetite Fe=42.35
Rhodochrosite temp.=390°C Mn=63.45
Scheelite temp.=370°C W0;=62.44
Wolframite temp. = 400°C WO;="73.58
Chalcopyrite temp. = 330°C Cu=84.75
Molybdenite temp. = 380 °C Mo =trace
Sphalerite temp. = 350°C Zn=77.86
Apatite temp.=415°C Ca=41.90
Monazite temp. = 420°C total rare

earth=35.71
Xenotime temp.=410°C total rare
earth=15.67
Alunite temp.=400°C Al=75.43
Kaolinite temp. = 360°C Al=63.47
Zircon temp. =400°C Zr=trace
(Fig. 6e)
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