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Slag/metal Separation Process of Gas-reduced Oolitic
High-phosphorus Iron Ore Fines
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Abstract : Slag/met al se paratio n proces s of th e highl y redu ced oo lit ic high -phosphoru s iro n or e fines wa s investigat ed .

Samples wer e prepared using th e re duced ore fin es (met alli zation rat e : 88 % ) and powder additives of CaO and

Na , CO , . Slag/ metal se pa rat ion behavior tests wer e conduct ed using a qu enching method and the obtained metal parts

were s ubjec ted to dir ect ob servation as well as mi crostructure exa m ina t ion with SEM and EDS; iron recov ery and

phosphorus distribution test s wer e conduc ted using a Si-Mo high temperature furnace and th e obtained met al parts

were exa mi ne d by ICP-AES analysis and mass measurem ent. Thermodynamic ca lcula tion using coexis te nce th eory of

s lag s t ruc ture was also performed. Results show th at temperatu re for slag/ me ta l se para t ion mu st be higher th an

1823 K and a satisfying slag/metal separation of the highly reduced ore fin es needs at least 1 m in ; phosphorus con ­

tent of hot metal is mainly determ ined by thermodynamics; temper ature of 18 23 - 1 873 K and Na, CO , mixing rat io

of about 3 % are adequ at e for cont ro lling pho sphoru s conte nt to be less th an 0.3 ma ss % in hot metal; temperature,

time and Na , CO , m ixing ra t io do not have significa nt eff ect on iron recov ery, and iron recovery ra te could be higher

than 80 % as long as a good slag/ metal separat ion resu lt is obtained.
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1 Experimental

Ta ble 1 Composition of oolitic hi gh-phosphorus

iron ore sample mass %

1. 1 Sample preparation

The oolit ic high-phosphorus iron ore was suppl ied

by W uh an Iron and Steel Company. Co mposition of

the ore sample is lis ted in Table 1. T he ore sa mple

was crashed and ground to a siz e less than 1 mm.

T he ore fin es were reduced us ing an intensified

and t im e on t he slag/metal separation w er e s tudied.

A ddi tionally , Na2CO, as a new ad di tive was in tro­

d uced for its low cost and has been fo un d effe ct ive

for dephosphorizat ion of molten pig iron and hot

m etal [7.8] , therefore its effe ct on the slag/ m etal sep ­

aration process was invest igated as we ll.

P
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MnO Al, 0 3MgO

0.1812. 1

SiO ,CaO

1. 97

TFe

19. 2

A number of tech nical routes have been pro­

posed on processing the oo li tic h igh-phosphor us iron

ore in China[l- t]. Gaseous reduct ion foll owed b y

melt ing sep arat ion to directly produce low- phos­

phorus hot metal, which was proposed b y the au­

t hors of current stud / 5
] , is one of t he feasi b le

routes . M eta llization ra te of the fines could excee d

85 % by applying microwave pret rea tment to the ore

fin es in gaseous reduction stage[6]. Because of t he

high reduction degree of the fines , the su bsequent

step, slag/metal separation process, needs fu r ther

s tudy to m axim ize iron recovery ra te and m in im ize

pho sp horus level in hot m etal. Many factors could

aff ect phosphorus partition ratio and iron re covery

rate in slag/ metal separat ion process. For exam ple,

additive CaO can signif ica ntly change phosphorus

pa rtit ion ratio in melt ing separation of the ore fines

with a metallization of 65 % in the previous tests of

current autho rs -'" .

In t he pres ent resea rch , effe ct s of tempera t ure
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gaseous reduction method as described in Ref. [5 ]. A v­

erage fin al m etallization rate of the fin es for thi s re­

sea rc h was a bo ut 88 % . Powder additi ves ( ch emical ­

ly p ure Ca O and N a,C0 3 ) were then we ll m ixed

with the re du ced fin es to prep a re sa m ples. M ix ing

ratio of CaO to the red uced fin es satisfied that basic­

ity ( w c,o / w s;o, in mass % ) of the sa mple was 1. 0 and

mi xing rati o of Na, C0 3 varied for diff eren t purposes.

te rm ined te mperat ure at a heat ing rate of 10 K/mi n.

After holdin g fo r the predeter mi ned t im e, the sa m ­

ple was a llo w ed to coo l down to 773 K at 10 K /min

and then to room te m perature na turally. During the

w ho le se paration p rocess, inert gas at m osphere was

kept by hi ghl y pure argon fl ow of 200 m L/ m in in

the cha m ber. The o btained m et al pa rt was w eig hed

and iron recovery rate was es t im a ted by Eq. ( 1) .

2 Results and Discussion

w here, "I is iron recov ery ra te ; m obt I S m ass of the

ob ta ine d metal pa r t ; and m tot is total iron m ass In

the sa m ple .

Phosphorus co n ten ts of the m etal and t he slag

w ere m easured using ICP-AES analysis.

2. 1 Slag /metal separation behavior

2. 1. 1 E f f ect of mel t ing tem perature

Three t emperature level s w ere exam ine d. Fig. 1

shows cross-secti on im ages of the obtained m etal

pa r ts and Fig. 2 shows the ir m icros tructures. F rom

F ig. lC a), it co uld be seen that , a t 1773 K, shape of

the m et al pa r t is near the m elt ing cr uci ble; slag pa r ­

t icl es in the m etal a re clearly visible and man y pores

an d flaws spread on its cross-section. From Fig. 2 (a ) , it

could be seen that a dis tinct bound ary exis ts between

m etal phase and slag phase as indica t ed by EDS re­

s ult s ( Points 1 and 2). It is thus judged that the

sa m ple was on ly part ially m elted a t 1 773 K. A t

1 77 3 K , un melted so lid phase in h ib its coa lesc enc e

and gro w t h of s lag dropl ets and hot m et al dropl ets;

therefore, these dropl e ts could m ove on ly in a sho rt

dis tance and slag / m eta l separa tion fai led. From

F ig s. lC b ) and 1 (c) , it co uld be seen that the slag/

m etal separation is greatly imp roved when melting tem­

perature is high er than 1823 K. Slag par ticles and flaws

1. 2 Slag/metal separation behavior trials

Quen ch m ethod was ado pted in these runs.

Fi rstly. an Si-M o high temperature furnace was hea ted

to a pred etermined temperature . and then h ighl y

p ure argo n at a flow rate of 200 mL/ m in was in tro ­

duced in to the cha m ber of the furnace. Sa mple wi t h

basici ty of 1. 0 and Na , C0 3 mi xing rat io of 2. 0 %

was used . In each run. 5 - 7 g sa mple was put in an

A I, 0 3 crucible (</> 30 mm X 45 mrn ) w hic h was pro­

tected b y a graph ite crucible . It was then in ser ted

quic k ly in to the cha m ber and slag/ m eta l separa tion

test s ta r ted. Mel ti ng t ime was ca lc ula ted w hen the

furnace te m perature returned back. The sam ple was

quench ed aft er holding in the cham ber for a given

t ime. T herea fter it s cross-s ec tion image was taken

for exa m ina t ion of slag / m eta l separa tion result; its

mi cr ostructure was exam ine d by SE M and EDS.

1. 3 Phosphorus distribution and iron recovery trials

After t im e and tem pera t ure for sa t is fying s lag/

m etal se para t ion w ere determin ed, ex pe r imen t s on

phosphorus distribution and iro n recov er y w ere ca r ­

ri ed out . Sa mples w ith basicit y of 1. 0 and different

Na,C03 m ixing rat ios w ere used . In each r un , 30 ­

35 g sa mple was put in an Alz03 cruci ble ( </> 45 mm X

11 5 mrn ) w hic h was also prot ec ted by a graphi te

cr uci ble. It was then pl aced in the cha m ber of the Si­

Mo furnace. T he sample was hea ted up to the p red e-

"1 = m oh t X 100 %
rn t ot

(1)

Melting time : 10 min; Na, C0 3 mixing ra t io: 2% .

( a) 1 773 K ; ( b) 1 823 K ; (c) 1 873 K.

Fig. 1 Cross-section images of the metal parts obtained at different melting temperatures
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Melting time : 10 min, Na,C0 3 mixing rat io : 2% ,

( a ) 1 773 K , ( b) 1 823 K , (c) 1 873 K.

Fig. 2 SEM images and EDS resu lts of th e met al parts obta ined at different melting temperat ures

co uld not be eas ily obs erved in m etal, and both of

the two metal pa r ts have a near-sphere shap e d ue to

the s urface tension of hot m etal at hi gh tempera ­

ture ; m oreov er, the two m etal part s exhibit som e

m etal proper ti es . Co mpar ing Fi g. 1 ( c ) to Fi g. 1 (b) ,

the diffe rence is tha t some slag lines cou ld be found

in the cross-section of the m etal pa r t ob tained at

1 823 K while they could not be fo und in the m eta l

pa rt obtai ne d a t 1873 K. As temperature is h igher

than 1 823 K, reduced ore fines co uld be fully m el ­

te d. Fl uidity of ho t m etal and liq uid slag thereb y in ­

creases; therefore, hot m etal dro pl et s sink and liq­

uid slag dro pl ets float up in the cr uci ble , coalescing

and fo r mi ng the fina l m etal pa r t and s lag pa r t re­

spe ct ive ly . Their mi cro s tr uct ures a re given in Fi g s. 2

(b) and 2(c) . E DS resul ts (Poi n t 1 in Fi g. 2 ( b ) an d

P oint 1 in F ig. 2 (C» sho w the detect ed pa r ti cles are

sl ag incl us ions an d E DS res u lt (Point 2 in F ig. 2 ( b) )
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show that the de tected a rea is metallic ir on. Fi g s. 2

(b ) and 2(c) sho w that slag inclusions and po res a re

randomly distributed in m etalli c iro n; howev er . in

the m etal pa r t obtai ne d a t 187 3 K, they are m uch

sm aller. Viscosi ty of ho t m etal decreases with the

in cr ease of te m perature , so s lag incl usion and gas

bubble remov al eff iciencies a re im prov ed . Thou gh

increasi ng tempera tu re favors im p rovi ng s lag/ meta l

separa tion , it is considered that m elting temperature

abo ve 1 823 K co uld ensure a sa tisfying slag / m eta l

sepa ra tion.

2.1.2 E f f ect of m elting tim e

Fi g. 3 shows se quen ti al cross-sect ion im ages of

the obtained m et al part s a t 1 823 K and F ig. 4 shows

their m icro structures. From Fi g s. 3 and 4, it IS as -

sumed that the sam ple experienced the follo wi ng

four steps in the m elt in g process. A t m elt ing t ime of

1 min, m ost of ore fines si n tered together as their

surfac es were m el ted, and the sam ple presen ted a

shape nearl y like the mel ting cruci ble ( Fig. 3 ( a» ,

ho wever, oo litic st ru cture in the ore fine re m ai ne d

un ch anged in this stage (Fig. 4( a » . At m elting t ime

of 2 min, the sam ple underwent a vo lu me shrin kage

as amoun t of liqu id phase inc r eased in the sam ple

and its poro sity was then reduced, however a moun t

of solid phase in this s tage was s ti ll enough to s up­

por t its in iti al shape ( F ig. 3 ( b»; oo lit ic st ructure in

the ore fin e was des troyed, metall ic iron te nde d to

be in the outer area of the fine and slag concen t ra ted

in its core area (Fig. 4(b» . At melt ing time of 3 rnm ,

Melting tem perat ure : 18 23 K ; Na, C0 3 m ixing ra t io : 2 % .

( a) 1 m in; (b) 2 m in; ( c) 3 m in; ( d) 1 m in.

Fig. 3 Cross-section images of the obtained metal parts at different melting time

Mel t ing tem perat ur e : 18 23 K ; Na, C03 m ixing rat io : 2 % .

( a) 1 m in; (b) 2 m in; ( c) 3 m in; ( d) 1 m in.

Fig. 4 SEM images of the metal parts obtained at different melting time
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2. 2 Phosphorus distribution and iron recovery

2.2. 1 T herm od y na mic considera tion

Several theories have been proposed to estimate

phosphorus pa r ti tion ratio bet w een slag and hot
m et al[9- 11J. In the presen t research , ga ngues , un re­

d uced iron oxide ( w us ti te) an d addit ives in the sa m­

p le form ed a ve ry com plicated slag system. To ta ke

a full considerat ion of effects of various co mponents

on phosphorus parti tion rat io, the coexis tence theory of

slag st r uc t ur e[IIJ was app lied. In this theory, phos­

phorus parti tion ra ti o at equi librium is defined as:

as m ost so lid to liquid t ransit ions had fin ished, the

sa m ple cr um bled and a pr imary m et al par t was

fo r m ed wi t h many pores and slag inclusions inside

( F ig. 3 (e». Size of ty pica l slag incl us ions was more

tha n 30 {lm (Fig. 4(e» . When melting time reache d

4 min , co mparatively bi g slag in cl usions and gas

bubbles in hot m et al had floated up s uffici en tly , so

the hot m et al go t pu rified and it fina lly cha ng ed to

an near-sphere sha pe, size of typical slag in cl usions

was as small as 2 {lm (Fig. 4 ( d » . The abo ve ana ly ­

sis ind icates that good slag/metal separat ion of the

sa mple needs a t least 4 m in .

( 3 )
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Melting temperat ure : 1 823 K: Melt ing time: 10 min .

( a) Phosphorus d ist ribut ion, (h) Iron recovery.

Fig. 5 Effect of Na, CO, mixing ra tio on separa tion results

ot hers co uld be fo und in R ef. [ 11].
(2 Na+ +O' -) +SiOz=NazO 'SiOz

[
134 055. 2 + 40. 02T ]

K 0:a20 ' Si02=exp RT

3 (2Na+ +OZ- ) + PzO s =3NazO · PzO s

[
1 017 734 - 257. IT]

K 31\:a20 ' 1'205 = exp RT (4)

Phosphorus par tition rat io is then calcu lated by

Eq. ( 5)

L I' = 141. 941'H eo L,nK 0 (l + K 3FeO' 1'205N f,eo +

K 4FeO' 1'205N }.eO + K ZMgO' 1'205N Lgo +

K 3MgO' 1'205N Lgo + K ZCaO' 1'205N t~,o +

K 3CaO' 1'205N ~~aO + K 4CaO' 1'2051\lt,o +

K 3MnO. 1'205N LnO+ K 31\:a'0 . 1'205N ~a, 0 ) ( 5 )
w here, K i is chemical equ ilibrium constant ; L, n is

m ol es of total uni ts and N i is mass action co ncentra­

tion re p resented by mole fr action.

2.2.2 E f f ect of Na ,co 3 ad di t ive

Fig. 5(a) shows that NaZC0 3 is necessary to re­

tain phosphorus in the s lag as WI' is h igher t ha n O. 5

m ass % in the sa m ple free of NaZC0 3 and it dro ps to

about 0.3 mass % in the sample wit h Na ZC03 m ix­

ing ratio of more than 3 % . Therm odyn ami c calcu la­

tion indicates that L I' increases wi t h an increase of

Na, C0 3 m ixin g rat io ; however , expe r ime n ts indi­

ca te that maximum L I' ap pears w hen NazC03 m ixing

ra tio is n ear 3 %. T h e th erm od ynam ic ca lc u la tions

agree well wi t h expe r imenta l results w he n NazC0 3
m ixing ra t io is less than 3 % , bu t serious deviation

co mes when it is more th an 3 % . The deviation increas-

(2)
WI'205

L I' =--z­
WI'

where, L I' is phosphorus partition ra tio ; WI'205 is PzOs

concentrat ion in s lag melt, mass % ; an d WI' is P

concentrat ion in m etal melt, m ass % .

T he inves tiga te d slag syste m is considered to be

CaO-MgO-MnO -FeO-Alz0 3-P, Os-SiO, -Na, 0 as addi­

tive Na, C03 is decomposed to Na, O and CO , a t tem ­

perature above 1673 K. Structural un its of the investiga­

ted slag system were selected wit h a reference to the

slag sys tem of CaO -MgO - M nO -FeO -F ez03-Alz0 3­

P , O s-SiO z[II] and conclusions in Refs. [8 , 12 ]. Ions

incl ude F e2+ , Mg2+ , Ca 2+ , Mn2+ , Na+ , and O z- ,

while si mple oxides in cl ude SiOz, P, O, , A l, 0 3 and

complicat ed compounds incl ude 3FeO • PzOs , 4FeO •

P,Os ' 2MgO • r.o.. 3MgO · P, Os ' 2CaO · P, Os'

3CaO· r.o., 4CaO · r.o. . 3MnO · r.o.. 3NazO '
r ,Os, MgO • SiOz , 2MgO • Si Oz , CaO • Si O z ,

2CaO • SiOz , 3CaO • SiOz , MnO • SiOz, 2MnO •

SiOz , 2FeO • SiOz , Na, 0 • SiOz , CaO • MgO • SiOz ,

3CaO • Al, 0 3, 12CaO • 7Al, 0 3, CaO • MgO • 2SiOz ,

2CaO • MgO • 2SiOz, 3CaO • MgO • 2SiO" Ca O •

6A lz0 3 , MgO • AI, 0 3, FeO • AI, 0 3 , 3A l'03 •

2SiO z, CaO • Al, 0 3, CaO • 2Alz0 3, CaO • Al, 0 3 •

2SiO z, 2CaO • A l, 0 3 • SiO z.
Thermod ynamic data of co mplicated co mpounds

in vol ving Na.O is give n in E qs. (3 ) and ( 4 ) [I2J and
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Fig. 7 Effect of melting temperature on separation results

eve n w hen the m elt ing t ime is as long as 30 m in .

SEM images in Fi g s. -l Ca) and -l Cb) show that

m etall ic iro n layers and gangue layer s wi t hin the ore

pa r ti cle in ti m a tel y contact at the in iti al stage of

m el ti ng separation, so slag/metal in terf ace area is

very la rge du ring the separation process and co uld

provide a good k in etic co ndition for phosphorus

transfer . H ence phosp horus dist ri b u tion ca n r ea ch

equi librium in a short time.

2.2. 4 Effect of melti ng temperatu re

Fig. 7 ( a ) shows the effect of me lting temperature

on phosphorus dist ribution. Bo th the ca lc ula tions and

the expe r imen ta l results in dicate that low tem pera­

ture favors phospho r us remaining in slag. T empera­

ture above 1 873 K is not s ui table for m eltin g as WI'

is h igher than O. 4 mass %. As for iron recovery, ex ­

perim ental results a re given in F ig. 7 ( b). Fig. 7 ( b)

shows that 11 decr eases wi th the increase of m elt ing

temperature though its variation is not evi dent .

( 1 ) T emperat ure for slag/ m eta l separation

should be more than 1823 K. At that temperature, a

good sla g/metal separat ion of the h ighl y re duced ore

fines need s at least 4 m in .

(2) Phosphorus con t en t of hot m et al aft er sep ­

aration is m ainl y determin ed by the thermod ynamic

equi librium. Temperature and Na, CO, mixing rat io are

3 Conclusions

302515 20
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Mel ting tem perat ur e : 182 3 K : NazCO, m ixing ra t io : 3% .

( a) Phosphorus dist r ibut ion: (b) Iro n recovery.

Fig. 6 Effect of melting time on separation results

ing ts m ainly due to that Na, 0 m ay evapora te at

temperat ure above 1 673 K an d fur thermore the evapora­

tion becomes sev ere as N azCO, m ix ing rat io increa ­

ses. Na, C03 mixing ra tio about 3 % is ade qu ate to

keep phosphorus in the slag and qu alifi ed hot metal

fo r stee lmaking co uld be obtaine d. F rom Fig. 5 (b) ,

it co uld be seen that 11 is 80 % -83 % w hen NazC 0 3

m ixin g ratio is 0 - 5 % . T his indicates that effe ct of

N azCO, ad dit ive is negli g ibl e on iron recovery.

2.2.3 Effect of m elt in g t i m e

Fig. 6(a ) shows that WI' increases w it h the l Tl "

crease of m eltin g t im e w hen the m el t ing ti m e is 0 ­

20 m in , and it is nea rly s ta ble w hen the m elting

t ime is m ore than 20 m in ; va riation of WI' is wi t hi n

O. 04 m ass % through the w ho le m eltin g period.

T he rmodyna mic calculation using the above m od el

indicates that L I' is 26; as the corresponding expe r i­

m ental va lu e is 22 - 32 , it is co nsidered that the

m od el pred ict ion agrees with the experimental meas­

urements. T he com pa r ison ind icates that phos phorus

dis t rib ution can be near equi librium when the m el t­

ing t ime reach es 5 m in. T he above section on s lag/

m etal separa tion behavior has discovered that the

period when the melting t ime is 0 - 5 m in is mainly

for so lid-to- liqu id transitions ; it is thus ded uced that

L I' can reach equilibr ium va lu e as soon as these

changes a re completed. Fi g. 6( b) shows the effect of

m el ting time on iron recovery. It indi ca tes that 11 un ­

dergoes a s ucc essive decrease as the m eltin g t ime ex­

tends ; how ever, 11 s ti ll co uld keep higher t han 80 %
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tw o key fact o rs. T he favo ra ble condi tio ns are tem­

perat ure of 1 823-1 873 K and Na2C03 mi xi ng rat io

of a bo ut 3 %.
( 3 ) Temperature, time and Na2C03 mi xmg rat io

do not have significant effect on iron reco very. Iron re ­

covery ra te co uld exceed 80 % as long as a good s lag/

m etal separa tion resul t is o btained.
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