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Abstract: Slag/metal separation process of the highly reduced oolitic high-phosphorus iron ore fines was investigated.

Samples were prepared using the reduced ore fines (metallization rate: 88%) and powder additives of CaQ and

Na, COj3. Slag/metal separation behavior tests were conducted using a quenching method and the obtained metal parts

were subjected to direct observation as well as microstructure examination with SEM and EDS; iron recovery and

phosphorus distribution tests were conducted using a Si-Mo high temperature furnace and the obtained metal parts

were examined by ICP-AES analysis and mass measurement. Thermodynamic calculation using coexistence theory of

slag structure was also performed. Results show that temperature for slag/metal separation must be higher than

1823 K and a satisfying slag/metal separation of the highly reduced ore fines needs at least 4 min; phosphorus con-

tent of hot metal is mainly determined by thermodynamics; temperature of 1823—1873 K and Na,; CO3; mixing ratio

of about 3% are adequate for controlling phosphorus content to be less than 0. 3 mass% in hot metal; temperature,

time and Na, CO3 mixing ratio do not have significant effect on iron recovery, and iron recovery rate could be higher

than 80% as long as a good slag/metal separation result is obtained.
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A number of technical routes have been pro-
posed on processing the oolitic high-phosphorus iron
ore in China" *. Gaseous reduction followed by
melting separation to directly produce low-phos-
phorus hot metal, which was proposed by the au-
thors of current study™, is one of the feasible
routes. Metallization rate of the fines could exceed
85% by applying microwave pretreatment to the ore

(6] Because of the

fines in gaseous reduction stage
high reduction degree of the fines, the subsequent
step, slag/metal separation process, needs further
study to maximize iron recovery rate and minimize
phosphorus level in hot metal. Many factors could
affect phosphorus partition ratio and iron recovery
rate in slag/metal separation process. For example,
additive CaO can significantly change phosphorus
partition ratio in melting separation of the ore fines
with a metallization of 65% in the previous tests of
current authors™.

In the present research, effects of temperature

and time on the slag/metal separation were studied.
Additionally, Na,CO; as a new additive was intro-
duced for its low cost and has been found effective
for dephosphorization of molten pig iron and hot

1[7.81

meta , therefore its effect on the slag/metal sep-

aration process was investigated as well.
1 Experimental

1.1 Sample preparation
The oolitic high-phosphorus iron ore was supplied
by Wuhan Iron and Steel Company. Composition of
the ore sample is listed in Table 1. The ore sample
was crashed and ground to a size less than 1 mm.
The ore fines were reduced using an intensified

Table 1 Composition of oolitic high-phosphorus
iron ore sample mass %
TFe CaO SiO2 MgO MnO Al O3 P

49. 2 1.97 12.4 0.48 0. 38 6.2 0.81
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gaseous reduction method as described in Ref. [5]. Av-
erage final metallization rate of the fines for this re-
search was about 88%. Powder additives (chemical-
ly pure CaO and Na,CO;) were then well mixed
with the reduced fines to prepare samples. Mixing
ratio of CaO to the reduced fines satisfied that basic-
ity (weo/wso, in mass¥) of the sample was 1. 0 and
mixing ratio of Na, CO; varied for different purposes.

1.2 Slag/metal separation behavior trials

Quench method was adopted in these runs.
Firstly, an Si-Mo high temperature furnace was heated
to a predetermined temperature, and then highly
pure argon at a flow rate of 200 mL/min was intro-
duced into the chamber of the furnace. Sample with
basicity of 1.0 and Na,CO; mixing ratio of 2.0%
was used. In each run, 5—7 g sample was put in an
Al O; crucible ($30 mm X 45 mm) which was pro-
tected by a graphite crucible. It was then inserted
quickly into the chamber and slag/metal separation
test started. Melting time was calculated when the
furnace temperature returned back. The sample was
quenched after holding in the chamber for a given
time. Thereafter its cross-section image was taken
for examination of slag/metal separation result; its
microstructure was examined by SEM and EDS.

1.3 Phosphorus distribution and iron recovery trials

After time and temperature for satisfying slag/
metal separation were determined, experiments on
phosphorus distribution and iron recovery were car-
ried out. Samples with basicity of 1. 0 and different
Na, CO; mixing ratios were used. In each run, 30—
35 g sample was put in an Al, O, crucible (445 mmX
115 mm) which was also protected by a graphite
crucible. It was then placed in the chamber of the Si-
Mo furnace. The sample was heated up to the prede-

termined temperature at a heating rate of 10 K/min.
After holding for the predetermined time, the sam-
ple was allowed to cool down to 773 K at 10 K/min
and then to room temperature naturally. During the
whole separation process, inert gas atmosphere was
kept by highly pure argon flow of 200 mL/min in
the chamber. The obtained metal part was weighed
and iron recovery rate was estimated by Eq. (1).
7= 100 % 1
m ot

where, 7 is iron recovery rate; m., is mass of the
obtained metal part; and m,, is total iron mass in
the sample.

Phosphorus contents of the metal and the slag
were measured using ICP-AES analysis.

2 Results and Discussion

2.1 Slag/metal separation behavior
2.1.1 Effect of melting tem perature

Three temperature levels were examined. Fig. 1
shows cross-section images of the obtained metal
parts and Fig. 2 shows their microstructures. From
Fig. 1(a), it could be seen that, at 1773 K, shape of
the metal part is near the melting crucible; slag par-
ticles in the metal are clearly visible and many pores
and flaws spread on its cross-section. From Fig. 2(a), it
could be seen that a distinct boundary exists between
metal phase and slag phase as indicated by EDS re-
sults (Points 1 and 2). It is thus judged that the
sample was only partially melted at 1773 K. At
1773 K, unmelted solid phase inhibits coalescence
and growth of slag droplets and hot metal droplets;
therefore, these droplets could move only in a short
distance and slag/metal separation failed. From
Figs. 1(b) and 1(c), it could be seen that the slag/
metal separation is greatly improved when melting tem-
perature is higher than 1823 K. Slag particles and flaws

(a) (b)

Melting time: 10 min; Na,COjz mixing ratio: 2%.

(a) 1773 K;

(b) 1823 K;

(c) 1873 K.

Fig. 1 Cross-section images of the metal parts obtained at different melting temperatures
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Melting time: 10 min; Na,COjz mixing ratio: 2%.

(a) 1773 K;

(b) 1823 K;

(c) 1873 K.

Fig. 2 SEM images and EDS results of the metal parts obtained at different melting temperatures

could not be easily observed in metal, and both of
the two metal parts have a near-sphere shape due to
the surface tension of hot metal at high tempera-
ture; moreover, the two metal parts exhibit some
metal properties. Comparing Fig. 1(c¢) to Fig. 1(b),
the difference is that some slag lines could be found
in the cross-section of the metal part obtained at
1823 K while they could not be found in the metal
part obtained at 1873 K. As temperature is higher

than 1823 K, reduced ore fines could be fully mel-
ted. Fluidity of hot metal and liquid slag thereby in-
creases; therefore, hot metal droplets sink and lig-
uid slag droplets float up in the crucible, coalescing
and forming the final metal part and slag part re-
spectively. Their microstructures are given in Figs. 2
(b) and 2(c). EDS results (Point 1 in Fig. 2(b) and
Point 1 in Fig. 2(c)) show the detected particles are
slag inclusions and EDS result (Point 2 in Fig. 2(b))
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show that the detected area is metallic iron. Figs. 2
(b) and 2(c¢) show that slag inclusions and pores are
randomly distributed in metallic iron; however, in
the metal part obtained at 1873 K, they are much
smaller. Viscosity of hot metal decreases with the
increase of temperature, so slag inclusion and gas
bubble removal efficiencies are improved. Though
increasing temperature favors improving slag/metal
separation, it is considered that melting temperature
above 1823 K could ensure a satisfying slag/metal
separation.
2.1.2 Effect of melting time

Fig. 3 shows sequential cross-section images of
the obtained metal parts at 1823 K and Fig. 4 shows
their microstructures. From Figs. 3 and 4, it is as-

10 mm
—_—
|

sumed that the sample experienced the following
four steps in the melting process. At melting time of
1 min, most of ore fines sintered together as their
surfaces were melted, and the sample presented a
shape nearly like the melting crucible (Fig.3 (a)),
however, oolitic structure in the ore fine remained
unchanged in this stage (Fig. 4(a)). At melting time
of 2 min, the sample underwent a volume shrinkage
as amount of liquid phase increased in the sample
and its porosity was then reduced, however amount
of solid phase in this stage was still enough to sup-
port its initial shape (Fig. 3(b)); oolitic structure in
the ore fine was destroyed, metallic iron tended to
be in the outer area of the fine and slag concentrated
in its core area (Fig. 4(b)). At melting time of 3 min,

(d)

Melting temperature: 1823 K; Na;CO3 mixing ratio: 2%.

(a) 1 min; (b) 2 min;

(¢) 3 min; (d) 4 min.

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

Melting temperature: 1823 K; Na,CO3 mixing ratio: 2%.

(a) 1 min;

(b) 2 min;

(¢) 3 min; (d) 4 min.

Fig. 4 SEM images of the metal parts obtained at different melting time
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as most solid to liquid transitions had finished, the
sample crumbled and a primary metal part was
formed with many pores and slag inclusions inside
(Fig. 3(c)). Size of typical slag inclusions was more
than 30 pm (Fig. 4(c)). When melting time reached
4 min, comparatively big slag inclusions and gas
bubbles in hot metal had floated up sufficiently, so
the hot metal got purified and it finally changed to
an near-sphere shape, size of typical slag inclusions
was as small as 2 um (Fig. 4(d)). The above analy-
sis indicates that good slag/metal separation of the
sample needs at least 4 min.

2.2 Phosphorus distribution and iron recovery
2.2. 1

Several theories have been proposed to estimate

Thermod ynamic consideration

phosphorus partition ratio between slag and hot
metal”® "), In the present research, gangues, unre-
duced iron oxide (wiistite) and additives in the sam-
ple formed a very complicated slag system. To take
a full consideration of effects of various components
on phosphorus partition ratio, the coexistence theory of

[11]

slag structure''’’ was applied. In this theory, phos-

phorus partition ratio at equilibrium is defined as:
Wry05

: (2)

r

L r—

where, L, is phosphorus partition ratio; wp,o; is P, Os
concentration in slag melt, mass%; and wp is P
concentration in metal melt, mass%.

The investigated slag system is considered to be
CaO-MgO-MnO-FeO-Al, O;-P, O5-Si0;-Na, O as addi-
tive Na, COj; is decomposed to Na, O and CO, at tem-
perature above 1673 K. Structural units of the investiga-
ted slag system were selected with a reference to the
slag system of CaO-MgO-MnO-FeO-Fe,0,-Al,0;-
P, 0;-Si0,"" and conclusions in Refs. [8,127]. Ions
include Fe*" , Mg?", Ca*’', Mn*", Na', and O* ,
while simple oxides include SiO;, P,Os, Al,O; and
complicated compounds include 3FeO * P,O;, 4FeO -
P,0;, 2MgO - P,0O;, 3MgO + P,0;, 2CaO « P,0O;,
3Ca0 + P,O;, 4Ca0O * P,O;, 3MnO * P,O;, 3Na, O *
P,0;, MgO - SiO,, 2MgO - SiO,, CaO - SiO,,
2Ca0 -« SiO,, 3Ca0O * SiO,, MnO -+ SiO;, 2MnO -
SiO; » 2FeO « SiO, , Na, O « SiO,, CaO « MgO - SiO,,
3Ca0 * AL, O;, 12Ca0 « 7Al, O;, CaO » MgO - 2Si0,,
2Ca0 « MgO - 2Si0O,, 3CaO « MgO - 2Si0,, CaO -
6A1,0;, MgO + AlL,O;, FeO « AL, O;, 3AL0; -
2Si0;, CaO « Al; O;, CaO + 2A1, 04, CaO « AL, O; -
2Si0; , 2Ca0 « Al,O; * SiO,.

Thermodynamic data of complicated compounds

involving Na, O is given in Egs. (3) and (4)"% and

others could be found in Ref. [11].
(2Na" +0% )+Si0,=Na, 0 « Si0,

134 055. 2+40. 02T
K Naz0 - sio, = €XPp RT J (3)
3<2Na} +()2 )+PZ()3:3N32()' Pz()’,
1017734—257.1T
K3Na2()'l’2()5 —exp RT (4)
Phosphorus partition ratio is then calculated by

Eq. (5)
Lp=141. 94N} 20K o (1+ K 350 - pp0s Nieo +

K 4FeQ » 203 N%“e() +K 2MgO » P2 035 N?\/Ig() +

K 3MgO « 205 N?\’Ig() +K 2Ca0 « P205 NE‘..’A() +

K 3Ca0 « P205 Nﬁfn() + K 4Ca0 « P20s5 N&a() +

K 3MnO « P205 Nl;\/ln() +K3N;AZ 0O-+P205 N:;\':AZ ()) (5)
where, K, is chemical equilibrium constant; 2n is
moles of total units and N; is mass action concentra-
tion represented by mole fraction.
2.2.2 Effect of Na;CO ; additive

Fig. 5(a) shows that Na,COj; is necessary to re-

tain phosphorus in the slag as w; is higher than 0.5
mass Y in the sample free of Na, CO, and it drops to
about 0. 3 mass% in the sample with Na,CO; mix-
ing ratio of more than 3%. Thermodynamic calcula-
tion indicates that L, increases with an increase of
Na,CO; mixing ratio; however, experiments indi-
cate that maximum L, appears when Na, CO; mixing
ratio is near 3 %. The thermodynamic calculations
agree well with experimental results when Na,CO,
mixing ratio is less than 3%, but serious deviation
comes when it is more than 3%. The deviation increas-
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Melting temperature; 1823 K; Melting time: 10 min.
(a) Phosphorus distribution; (b) Iron recovery.

Fig. 5 Effect of Na, CO; mixing ratio on separation results
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ing is mainly due to that Na, O may evaporate at
temperature above 1673 K and furthermore the evapora-
tion becomes severe as Na, CO; mixing ratio increa-
ses. Na,CO; mixing ratio about 3% is adequate to
keep phosphorus in the slag and qualified hot metal
for steelmaking could be obtained. From Fig. 5(b),
it could be seen that 7 is 80% —83% when Na,CO;
mixing ratio is 0 —5%. This indicates that effect of
Na, CO; additive is negligible on iron recovery.
2.2.3 Effect of melting time

Fig. 6 (a) shows that wp increases with the in-
crease of melting time when the melting time is 0—
20 min, and it is nearly stable when the melting
time is more than 20 min; variation of wp is within
0.04 mass% through the whole melting period.
Thermodynamic calculation using the above model
indicates that L is 26; as the corresponding experi-
mental value is 22 — 32, it is considered that the
model prediction agrees with the experimental meas-
urements. The comparison indicates that phosphorus
distribution can be near equilibrium when the melt-
ing time reaches 5 min. The above section on slag/
metal separation behavior has discovered that the
period when the melting time is 0—5 min is mainly
for solid-to-liquid transitions; it is thus deduced that
L can reach equilibrium value as soon as these
changes are completed. Fig. 6(b) shows the effect of
melting time on iron recovery. It indicates that 7 un-
dergoes a successive decrease as the melting time ex-
tends; however, 7 still could keep higher than 80%

. 34
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Melting temperature: 1823 K; Na,COj; mixing ratio: 3%.
(a) Phosphorus distribution; (b) Iron recovery.

Fig. 6 Effect of melting time on separation results

even when the melting time is as long as 30 min.

SEM images in Figs. 4(a) and 4(b) show that
metallic iron layers and gangue layers within the ore
particle intimately contact at the initial stage of
melting separation, so slag/metal interface area is
very large during the separation process and could
provide a good kinetic condition for phosphorus
transfer. Hence phosphorus distribution can reach
equilibrium in a short time.
2.2.4 Effect of melting tem perature

Fig. 7(a) shows the effect of melting temperature
on phosphorus distribution. Both the calculations and
the experimental results indicate that low tempera-
ture favors phosphorus remaining in slag. Tempera-
ture above 1873 K is not suitable for melting as w,
is higher than 0. 4 mass%. As for iron recovery, ex-
perimental results are given in Fig. 7(b). Fig. 7(b)
shows that 5 decreases with the increase of melting
temperature though its variation is not evident.
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Melting time: 5 min; Na;CO3 mixing ratio: 3%.

(a) Phosphorus distribution; (b) Iron recovery.

Fig. 7 Effect of melting temperature on separation results
3 Conclusions

(1) Temperature for slag/metal separation
should be more than 1823 K. At that temperature, a
good slag/metal separation of the highly reduced ore
fines needs at least 4 min.

(2) Phosphorus content of hot metal after sep-
aration is mainly determined by the thermodynamic
equilibrium. Temperature and Na, CO; mixing ratio are
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two key factors. The favorable conditions are tem-
perature of 1823—1873 K and Na,CO; mixing ratio
of about 3%.

(3) Temperature , time and Na, CO; mixing ratio

do not have significant effect on iron recovery. Iron re-

covery rate could exceed 80% as long as a good slag/

metal separation result is obtained.
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