Oxidative removal of Cu from carbon-saturated iron via Ag phase into B,O3 flux

Hideki ONO* and Katsuhiro YAMAGUCHI
Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Abstract: The oxidative removal of Cu from carbon-saturated iron via the Ag phase into B,O3 flux was attempted at
1523 K. The Cu content was reduced from 4 to below 0.2 mass%, and Cu in the molten iron could be removed into the
B,0; flux by the method proposed in this study. Furthermore, the Cu distribution ratio between the B,0; flux and Ag,
L cuiux-ag) (= [Mass% Cu]gnux / [Mass% Cu]n ag)) and the dependence of the activity coefficient of Cu,O in the B,0;
flux, ycu(n flugy, ON the oxygen partial pressure were measured. The greatest value of Lcygiux-ag) Was found to be 17 at 0.6
atm of oxygen partial pressure. Using this value, the distribution ratio of Cu between the B,0; flux and
carbon-saturated iron, Lcygiux-re) (= [Mass% Culn sy / [Mass% Cuin re-cyy) is calculated to be 120 at 1523 K. A
numerical calculation of mass transfer on the solutes in the Ag phase is performed, and the optimum condition on the

removal of Cu by the method proposed in this work is discussed.
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1. Introduction

In Japan, approximately 30 million tons of waste steel scrap is purchased every year, and approximately 3 million
tons thereof is exported[1] . Almost all of the iron ore and coal consumed in Japan are imported and so, waste scrap is a
valuable iron source and should be recycled as far as possible. Furthermore, recycling the thermochemically-reduced
steel scrap reduces carbon dioxide emissions. However, waste steel scrap contains Cu and Sn, which are deleterious
elements in steel-making and cannot be removed by oxidizing-refining in a conventional steelmaking process.
Therefore, these elements accumulate in the molten iron, and it becomes a major problem in recycling steel scrap with
Cu being the most troublesome element. The amount of available waste steel scrap with low Cu content is declining,
and the scrap with higher Cu content is difficult to recycle without diluting the Cu content with pig iron. Therefore, the

establishment of an industrial method for removing Cu from iron is on urgent necessity.

Cu attached to steel scrap can be removed by advanced magnetic separation after shredding or Cu dissolution into a
solvent such as molten Al[2-4] or aqueous NH3 solution[5]. However, complete separation of the Cu from the steel is

difficult in reality, and the dissolution of some of the Cu into the molten iron is unavoidable.

The liquid phase of the Fe-Cu binary system is miscible over the whole composition range. It has been reported that
the liquid separates into Fe-rich and Cu-rich phases by adding C[6,7] and B[8]. However, the Cu content of the Fe-rich
phase is approximately 5 mass%, and it is difficult to use this Fe-rich phase as an iron source. On the other hand, using
the immiscibility of Ag and Pb in Fe, the reduction of the Cu content of the Fe phase has been achieved by the
distribution of Cu between the Fe and Ag (Pb) phases[7]. However, because the distribution ratio of Cu between Ag

(Pb) and Fe is insufficient, the quantity of Ag (Pb) necessary for this removal treatment is large and this method is not



economically viable. We have proposed and attempted the oxidative removal of Cu[9] and Sn[10] from Fe-C(satd.) via
Ag, and the Cu and Sn contents of the Fe-C(satd.) have been decreased to 0.4 mass% and below 0.001 mass%,
respectively. The lower limit of Cu in the Fe-C(satd.) can be decreased by absorbing the Cu oxide into the flux.
Therefore, it is important to find the flux which has higher absorption ability of the Cu oxide. Accordingly, in this work,
the activity coefficient of Cu,O in the B,O; flux is measured. In addition, the oxidative removal of Cu from the
Fe-C(satd.) via the Ag phase into the B,0; flux is performed at 1523 K.

2. Principle of the oxidative removal of Cu from molten iron via Ag into the B,0O; flux

It is impossible to remove Cu in molten iron by the oxidative refining because the molten iron is oxidized in
preference to Cu, in principle. Accordingly, in this work, Ag is used as a solvent for Cu because Ag and Fe are
immiscible and Cu is oxidized in preference to Ag. A schematic diagram of the oxidative removal of Cu from iron via

Ag phase is shown in Fig. 1. The distribution of Cu between Fe-C(satd.) and Ag is expressed as shown in Eq. (1):
CU inrecy = ClUinag) @
The oxidation reaction of Cu in the Ag is expressed as shown in Eg. (2):

1 1
@(in Ag) +§Oz(g):§CuZO(I) (2)

By combining Egs (1) and (2), Eq. (3) is obtained, and the oxidative removal of Cu from molten iron is possible
without oxidation of the Fe-C(satd.). The lower limit of Cu content of the Fe-C(satd.) is calculated from the equilibrium

relation of Eqg. (3) and is shown in Eq. (4)
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where N.

iiniy Kay ;/f(inj), Po, and @; are the mole fraction of i in j, the equilibrium constant of Eq. (3) (=

9.71x107)[11], the activity coefficient of i in j at infinite dilution in the pure substance reference, the partial pressure of

oxygen and the activity of i relative to the pure substance, respectively. By substituting for ¢, e.c,(=50.2) [9],
Po, (=1atm) and ag, o (=1), Ngynrey is calculated to be 1.96x10° (0.26 mass%), and this value is the lower
limit of Cu at the conditions of p, (=1atm) and a, , (=1) - In Eq. (4), the Cu content of the Fe-C(satd.) can be

more decreased by decreasing aCUzo. Besides, the oxide flux, which is melted at the operating temperature and has a

strong affinity for Cu,0, should be selected for decreasing a effectively.
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Fig. 1 Schematic representation of the oxidative removal of Cu into oxide flux via Ag phase proposed in this study.

Morinaga et al.[12] regarded the basicity of slag as the quantity =~ Table 1 Values of the basicity parameter, B,

which was proportional to the reciprocal of the coulomb force of representative oxides.
between cation and oxide ion and proposed the basicity parameter, Oxide B

B, as shown in Eq. (5) K;0 3.381

. Na,O 2.349

C | zx2 Cu,0 2.326

"l (r +1.40)° Li,O 1.719

A BaO 1.561

A ©) PO | 1.307

Bcao — Bsio, SrO 1.269

B=> nB CaO 1.000

i SnO 0.931

FeO 0.723

where z;, r; and n; are electrical charge, ion radius (A) and mole Zn0 0.723

CuO 0.703

ratio of cation i, respectively. Values of the basicity parameter, B, MgO 0.641

of representative oxides are shown in Table 1. In Table 1, oxides Bizgs 82;3

Fe .

with large B are strongly basic. Because Cu,0 is classified as a Gazzoz 0.269

basic oxide, oxides such as B,05 and SiO, which are classified as Al,O; 0.198

- . . . ZrO, 0.190

acidic oxides seem to have a large capacity of Cu oxide. The Sno, 0.148

melting point of B,O3 is 753K and is lower than the experimental TiO, 0.133

temperature of this work, 1523K. The activity curve of the TeO, 0.078

GeO, 0.045

B,03-Cu,0 system is calculated at 1523 K, using FactSage 6.1 B,O; 0.026

and is shown in Fig. 2. The B,03-Cu,0 system has a negative bias, SiO, 0.000

P,0s -0.103

and the B,O3 is expected to have a large capacity of Cu oxide. In

this work, the activity coefficient of Cu,O in the B,0; flux,

¥ Cu,0(in flux) is measured to determine the capacity of Cu oxide. Besides, the oxidative removal of Cu from the

Fe-C(satd.) via Ag into the B,0; flux is attempted. The quantity of Ag needed for the oxidation removal is low, in
principle, because Ag is used as an intermediary phase for the oxidative removal of Cu. Carbon plays an important role
in lowering the melting point of iron and raising the distribution ratio of Cu between the Ag and Fe,

L cu(agre) (= [Mass% Cu](inag) / [Mass% Cu]in re(-cy))-



3. Experimental

The experimental apparatus consisted of a mullite tube (70 mm outer diameter, 60 mm inner diameter, 1000 mm
length) and a vertical MoSi, electric resistance furnace connected to a proportional integral derivative action controller
with a Pt-6%Rh/Pt-30%Rh thermocouple.

3.1 Measurement of the activity coefficient of Cu,O in the B,O; flux

The experimental conditions are shown in Table 2. Ten grams of reagent grade Ag (purity: 99.9%), 0.20-0.22 g of
reagent grade Cu (purity: 99%) and reagent grade B,0O; (purity: 99.9%) were charged in an alumina crucible (38 mm
outer diameter, 45 mm height, 30 cm® capacity). The crucible was inserted into an alumina crucible (52 mm outer

diameter, 42 mm inner diameter, 100 mm height), and the sample was melted in the furnace under argon atmosphere at

1523 K. Then, the oxygen and argon mixture (total flow rate: 150 cm*/min (s.t.p.), Po, : 0.1-1 atm) was blown onto

the Ag-Cu alloy from 20 mm above the surface of sample for over 1-12 h. After the equilibrium was attained, the
alumina crucible was withdrawn from the furnace, and the sample was quenched rapidly under argon gas flow. The Cu
content of the Ag and the Ag, Cu, Al and B contents of the flux were analyzed by an inductively coupled plasma-atomic

emission spectrometry (ICP-AES).
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Fig. 2 Activity curve of Cu,0-B,0; system at 1523 K.

Table 2 Experimental conditions of the measurement of the activity coefficient of Cu,0 in the B,O; flux at 1523 K.

N Initial mass of reagent (g) Time Po,
I Ag Cu B,0; | () | (atm)

1 10 0.20 0.45 6 0.1
2 10 0.20 0.50 6 0.4
3 10 0.20 0.50 6 0.6
4 10 0.21 0.46 6 0.6
5 10 0.21 0.51 1 1
6 10 0.20 0.46 6 1
7 10 0.22 0.50 12 1
8 10 0.22 0.97 12 1




3.2 Oxidative removal of Cu from carbon-saturated iron via Ag phase into B,O; flux

The alumina crucibles and tubes shown in Figs. 3 (a) (Run 9), (b) (Runs 10-17) were used in the experiments with
the experimental conditions shown in Table 3. Runs 9-11 were performed without B,O3;. The B,O; and
B,03-Al,03-Ag,0 fluxes used for the experiments were preliminary made in the following manner, and the

compositions of these fluxes were analyzed by ICP-AES:

(1) B,0; flux: the reagent B,O5 contained in an alumina crucible (38 mm outer diameter, 45 mm height, 30 cm®
capacity) was inserted into the furnace at 1523 K under an argon atmosphere for 3 h. The Al,O3 content of the flux
was 0.4 mass%, and this value is lower than the solubility from the phase diagram of the B,03-Al,03 system

(approximately 4 mass%) [13].

(2) B,03-Al,03-Ag,0 flux: the reagent B,O; and sufficient mass of reagent Ag were contained in the alumina
crucible (38 mm outer diameter, 45 mm height, 30 cm?® capacity) and inserted into the furnace at 1523 K under an
argon atmosphere, and the B,0; and Ag were pre-melted. An alumina tube (3 mm outer diameter, 2 mm inner
diameter) was inserted in the melt, and oxygen gas (150 cm®min (s.t.p.)) was blown into the melt for 1.5 h. The
B,0;3- 6~7 mass%Al,03-15 mass%Ag,O was obtained.

A small path was made at the lowest point of the alumina tube (21 mm outer diameter, 16 mm inner diameter,
50 mm length), and the tube was set in the alumina crucible as shown in Figs. 3 (a) and (b). The reagents Ag and Cu
were weighed and placed in- and out-side the alumina tube. A graphite tube was inserted into the alumina tube, and the
prepared Fe-4 mass% Cu-C(satd.) alloy was placed in the graphite tube. A graphite lid was placed on the graphite tube
and the alumina tube was sealed with an alumina lid and cement. The alumina crucible was placed in an alumina
crucible (52 mm outer diameter, 42 mm inner diameter, 100 mm height) and was inserted into the furnace under an
argon atmosphere (100 cm*/min (s.t.p.)) at room temperature. The furnace was heated to 1523 K for 2.5 h. In Run 11,
oxygen gas (15 cm®/min (s.t.p.)) was blown into the Ag from the alumina tube (3 mm outer diameter, 2 mm inner
diameter) for 0.5 h. In Runs 12-17, oxygen gas (150 cm*min (s.t.p.)) was blown onto the Ag from the alumina tube
which was set approximately 40 mm above the metal surface. For Runs 9-13, the samples were pre-melted at 1373 K
under an argon atmosphere (100 cm*/min (s.t.p.)) for 0.5 h to melt the Ag-Cu alloy, and the furnace was heated to 1523
K and was held for 0.5 h to distribute Cu between the Ag and Fe-C(satd.). Thereafter, oxygen gas was blown onto the
flux. After the experiments, the alumina crucible was withdrawn from the furnace, and the sample was quenched
rapidly under argon. The Cu content of the Ag, the Cu and Ag contents of the Fe-C(satd.) and the Cu, Ag, Al and B
contents of the flux were analyzed by ICP-AES. The powder X-ray diffraction spectrum analysis of the oxides which
were formed at the path in Run 9 was performed. The Ag both in- and out-side the alumina tube was chemically

analyzed separately. In this work, the C content of the Fe-C (satd.) was approximately 4.5 mass%[9].



Table 3 Experimental conditions of oxidative removal of Cu from carbon-saturated iron
via Ag phase into B,O; flux at 1523 K.

Fe [[mass% Cu]| Flux | Po, | Time [ Flow rate

No. Flux Al Cu ) 2
90| O Jaoyg| (nFe) | @ |@m| () |cni/min)

9 30 0.61 9.9 3.0 7 15
10 - 65 2.0 7.4 3.0 - 1 | o025 | 100
11 65 2.0 7.7 3.9 0.5 15
12 60 0.55 8.0 3.9 3.5 3
13 B205-ALO; 60 0.17 8.0 3.9 3.6 ! 3 150
141 go,- 59 0.55 7.9 3.9 6.0 1
15 | ALO, 60 1.0 7.9 3.9 3.5 1 3 150
6 00 59 0.56 7.9 3.9 6.0 1
17 Y2 60 1.0 7.8 3.9 3.7 3.5

carbon ~_|

flux = A (
Fe-Cu-C(satd.)

Ag-Cu N
AlLO, \ A

(a) (b)

Fig. 3 Schematic cross section of the experimental arrangement of the crucible.

4. Results
4.1 Measurement of the activity coefficient of Cu,0 in the B,0; flux

The experimental results are shown in Table 4. The components of flux are assumed to be B,03, Cu,0, Al,03 and
Ag,0. The distribution ratio of Cu between the i and j phases is defined by Lcyg - j(=[mass¥% Cu]iniy/ [Mass% Cu]inj))-
In our previous work, the Cu content of the Ag was approximately 1.5 mass%, which was measured without oxide flux
in an oxygen atmosphere (1 atm) at 1523 K[9]. In contrast with the previous work, the Cu content of the Ag of this work
(Runs 1-8) is below 1.5 mass%, which shows that the B,03 flux has an absorption capacity for Cu,0. The variation of
the Cu content of the Ag with time is shown in Fig. 4 for the experiments performed in an oxygen atmosphere (1 atm)
and for the same initial mass ratio of B,O3 against Cu (approximately 2). As shown in Fig. 4, the Cu content of the Ag
already reaches a constant value after 1 h. Therefore, the equilibration time is judged to be less than 1 h, but the other

experiments were performed for longer than 6 h to give sufficient time for equilibration. For Runs 1-7, the dependences

of the Cu contents of the Ag and flux on Po, are shown in Fig. 5. From the results in Fig.5, the dependence of

L cu(fiux-ag) ON Po, is shown in Fig. 6. The greatest value of Lcygux-ag IS 17 at a partial oxygen pressure of 0.6 atm

under the experimental conditions in this work. The dependence of the Ag content of the flux on Po, is shown in Fig.



7. The Ag content of the flux rises with an increase in

Po, -

Table 4 Experimental results of the measurement of the activity coefficient of Cu,O in the B,O3 flux.

In Ag . 0 . .
No. | (mass%) In oxide flux (mass%) L cu Flux composition (mole fraction) Vv
Cu Cu Ag Al B |MA9 N, N ag,0 Najo, | Ne,o,
1 0.779 7.1 26.6 8.5 7.22 9.1 0.084 0.184 0.234 0.498 0.676
2 0.543 7.3 354 9.9 7.66 | 134 0.076 0.216 0.242 0.467 0.729
3 0.475 8.0 38.1 10.1 7.45 | 16.8 0.082 0.229 0.242 0.447 0.634
4 0.492 7.6 39.3 9.9 753 | 154 | 0.077 0.236 0.236 0.451 | 0.719
5 0.499 7.5 39.0 9.3 719 | 15.1 0.079 0.242 0.232 0.447 0.927
6 0.537 8.0 40.5 10.5 4.08 | 14.8 0.099 0.297 0.306 0.298 0.861
7 0.638 8.3 38.6 | 108 | 3.63 | 13.0 | 0.106 0.292 0.327 0.275 | 1.128
8 0.352 5.1 417 | 10.8 [ 4.79 | 14.6 | 0.062 0.295 0.306 0.338 | 0.595
3 :
1523 K
2.| 4
1h .
1 ~ > ]
% 5 10 15
Time/h
Fig. 4 The variation of the Cu content of the Ag with time at 1523 K.
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Fig. 5 Dependences of the Cu contents of the Ag and flux on at 1523 K.
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Fig. 7 Dependence of the Ag content of the flux on Po, at 1523 K.

4.2 Oxidative removal of Cu from carbon-saturated iron via Ag into B,03 flux

The experimental results are shown in Table 5. The Cu content of the Ag and Fe-C(satd.) before oxidation is
calculated from the initial mass of Fe, Ag and Cu and Lcyagre) (=7.15)[9] and is also shown in Table 5. In Runs 9 and
11, the Cu contents of the Fe-C(satd.) and Ag are confirmed to be decreased from those before oxidation. In Run 10, the
molten iron moves outside of the alumina tube, and iron oxide is formed. In the experiments performed with
B,03(-Al,03-Ag,0) flux (Runs 12-17), the experimental results are classified into three types: (1) Both the Cu and Ag
contents of the flux are low and the Cu contents of the Fe-C(satd.) and Ag phases do not decrease (Runs 12 and 13), (2)
The Cu is dissolved into the B,O; flux and the Fe is not dissolved (Runs 14 and 15), (3) Both the Cu and Fe are
dissolved into the B,03 flux (Runs 16 and 17). For Runs 15-17, the Cu content of the Ag inside the alumina tube cannot
be measured because there is an inadequate amount of the Ag phase present. From the result of Run 14, it has been

clarified that the Cu content of the Fe-C(satd.) can be decreased to below 0.2 mass% with the B,03-Al,03-Ag,0 flux.



In Run 9, the Cu content of the Ag in- and out-side the alumina tube differs, and the distribution ratio of the Cu

between the Ag inside the alumina tube and the Fe phases, Lcyag(nsice)}-re), COrresponds to the equilibrium value. The

powder X-ray diffraction pattern of the oxides formed at the path in Run 9 is shown in Fig. 8. FeAl,0O, is identified, and

the Cu transfer in the Ag phase is considered to be blocked at the path by the formed FeAl,Q,.

Table 5 Experimental results of the oxidative removal of Cu from carbon-saturated iron via Ag into B,O3 flux.

Before OXIdat(:OFI Experimental result (mass%)
(calc.) (mass%) L cugagre)
No. (inAg) | (inFe) (in Ag) (in Fe) (in B,O3)
Cu Cu (outer) [Cu (innner)] Cu Ag Cu | Ag | B | Fe | Al | (outer) [ (inner)
9| 292 0.41 2.75 161 0.38 | 0.08 4.2 7.2
10| 3.27 0.46
11| 353 0.49 3.22 3.12 0.47 0.06 6.6 6.9
121 140 0.20 1.47 1.37 0.18 0.06 | 0.068 | 0.193 | 30.6 0.51 1.46 8.3 7.0
13| 0.79 0.11 0.81 0.78 0.11 0.07 0.044 | 0.151 32.1 0.49 1.46 7.3 7.1
14| 1.48 0.21 1.25 1.36 0.19 0.06 1.73 17.9 20.0 0.19 9.46 6.5 6.6
151 213 0.30 172 029 | 009 | 689 | 252 | 144 | 171 10.7 6.0
16| 1.49 0.21 1.37 0.20 0.07 0.98 9.81 21.1 4.61 9.71 7.0
171 211 0.30 1.71 0.41 0.12 2.08 3.77 10.3 27.4 11.6 4.1
4000
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Fig. 8 Powder X-ray diffraction pattern of the oxides formed in Run 9.
5. Discussion

5.1 Activity coefficients of Cu,0 and Ag,0 in the B,0O; flux

The activity coefficient of the Cu,0 in the flux, ¥ cu,0(in flux) is represented by Eq. (7) from the equilibrium of Eq. (6).

The value of

the Y cu,0(in flux)

Y cu,0(influx) =

2Cu(l)+1/20, (g) = Cu,0(l)

°2 2 12
_ 7Cu(inAg)NcU(inAg) Po, K(6)

N Cu,O(in flux)

(6)

()

is calculated by substituting K (=9.71x10®)[11], 7éu(inAg)(:3,14) [14] and the



experimental conditions and results into Eq. (7). The dependence of on is shown in Fig. 9. The

¥ cu,0(in flux) N B,05 (influx)

value decreases with an increase in N From the results, the B,O3 flux has an affinity for Cu,0O,

¥ cu,0(in flux) B,0, (influx) *

and it is possible to remove the Cu into the B,03 flux.

The distribution ratio of Cu between the flux and molten iron, Lcygiux-re), 1S expressed as a product of Lcyux-ag) and
Lcu(agre). The value of Lcyag-rey Measured in our previous work is 7.15[9] in the region of the dilute solution. In this
work, the largest value of Lcyux-ag) 1S 17 at a partial oxygen pressure of 0.6 atm. Accordingly, Lcygux-re) iS €stimated to

be up to approximately 120.
On the other hand, the oxidation of Ag is expressed as follows[11].
2Ag(1)+1/20,(g)=Ag,0(s) (8)

o

AG =

—53100+84.1T (J/mol) )

Because pure Ag,0 is decomposed entirely at 1523 K, the standard of activity is selected as solid Ag,O as was used by

O

Wakasugi et al[15]. Byg,0 CAN be determined by the Po, because Apg is assumed to be nearly unity. Fig. 10 shows

as a function of N The value of y, oiq, decreases with an increase in N and is
2

j/AgZO(in flux) B,0;(influx) B,0;(influx)

smaller than that of ¢, oy - The value of yq, oinyy increases with an increase in  p, because the B,Os
content of the flux decreases as a result of the increase in Ag(Ag,0O) content at high Po,: @ shown in Fig. 7. As a

result, there is an optimal Po, (0.6 atm) which maximizes the value of Lcyux-ag) as shown in Fig. 6.

1.2 T T T
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® 10
1t O 06 A
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N B,0; (influx)

Fig. 9 Dependence of ¢, oinfixy ON NBzos(inﬂux) at 1523 K.
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Fig. 10 Dependence of ¥ g oinfiy ON NBZO3(mﬂUX) at 1523 K.

5.2 Behavior of solute elements in the oxidative removal of Cu from carbon-saturated iron via Ag phase into
8203 flux

In Run 9, the Ag phase is separated at the path by FeAl,O,, which is formed by the reaction of Fe and O in the Ag
phase with the alumina. In Run 10, the experiment, of which the apparatus is shown in Fig. 3 (b), is performed on
condition that the path is widened sufficiently. As a result, molten iron is pushed from the inside to the exterior of the
alumina tube. This is because the dissolved oxygen reaches the Fe-Ag interface, and the inner pressure of the alumina
tube rises because of the CO gas generation. In Run 9, the molten iron is not pushed out of the tube because the transfer
of oxygen inside the alumina tube is prevented. In a similar way, the distribution ratio of Cu between Fe-C(satd.) and
Ag inside the alumina tube is equal to the equilibrium value (=7.15)[9] because transfer of the Cu is also prevented.

Therefore, control of the oxygen supply is important.

On the other hand, the B,03; flux is expected to control the amount of oxygen transported in Runs 12 and 13.
However, oxidation of the Cu in the Ag phase does not occur because the dissolution rate of oxygen into the flux is low.
On the other hand, the Cu is absorbed into the flux in the experiments using the B,03-Al,05-Ag,0 flux whose oxygen
potential is high (Runs 14-17).

The cross sectional area at the path of Runs 16 and 17 is larger than that of Runs 14 and 15. As a result, the Cu and
Ag are dissolved into the flux in Runs 14 and 15, and the Fe in addition to the Cu and Ag is dissolved into the flux in
Runs 16 and 17. It is important to investigate the behavior of the Fe, Cu and O in the Ag in order to know the
mechanism of the oxidative removal of Cu from carbon-saturated iron via Ag into B,O3 flux. Accordingly, a numerical

calculation of mass transfer on the solutes in the Ag phase is tried in the next section.

5.3 Numerical calculation of mass transfer on the solutes in the Ag phase

The diffusion coefficients of Cu, Fe and O in the Ag at 1523 K are known to be 4.49x10°° (m?/s), 4.93x10°° (m?/s)
and 1.76x10°® (m?/s), respectively[16]. The solubility of the oxygen in the Ag is 0.24 mass% at a partial oxygen

pressure of 1 atm[17].



The one dimensional Ag phase whose length is 20 mm is defined for the calculation. The Fe-Ag interface and the
Ag-flux interface are located at 0 and 20 mm, respectively. Initially, the behavior of the diffusion of Cu, Fe and O is
calculated based on Fick's second law without consideration of the oxidative reaction. The calculation conditions are as
follows:

(1) At 0 mm, the mole fractions of Cu and Fe in the Ag are fixed at 0.05 and 0.0012 (3.0 mass% and 0.06 mass%),
respectively.

(2) At 0 mm, the mole fraction of O is fixed to be zero because the oxygen that reaches the Fe-Ag interface reacts with
carbon in the Fe-C(satd.) and forms CO gas.

(3) At 20 mm, the mole fraction of Cu is fixed to be 0.0252 (1.5 mass%). This value is determined from our previous
work performed without oxide flux at a partial oxygen pressure of 1 atm[9]. The mole fraction of the Fe is fixed to
be zero because the transported Fe is fully oxidized.

(4) At 20 mm, the mole fraction of O is fixed to be 0.016 (0.24 mass%), which is the solubility of the oxygen in the

Ag at a partial oxygen pressure of 1 atm.

The mole fractions of Cu, Fe and O are calculated based on these conditions, and their steady states are shown in Fig.
11. The contents are expressed as mole fraction, N; (i = Cu, Fe, O). The absolute quantity of Cu is much larger than that

of Fe.

5 ~ .- hETN ~
O.O:

(i=Cu, O, Fe)

0.01

0

Ag-Flux
interface

Fe-Ag
interface

Fig. 11 The diffusion profiles of Cu, O and Fe in the Ag at the steady state when the oxidative reaction is not
taken into account.

Position / mm

Therefore, the calculation is performed in consideration of the oxidative reaction of Cu and out of consideration of

that of Fe. The calculation conditions are as follows:
(1) Under the initial condition, the mole fraction of Cu over the whole position is 0.05.
(2) The mole fraction of Cu at 0 mm is fixed at 0.05.
(3) Under the initial conditions, the mole fractions of O at 20 mm and the other position are 0.016 and 0, respectively.
(4) The Cu and O react immediately, and the formed Cu,O is removed from the system.

(5) The lowering limit of Cu is 0.0252, which is the equilibrium value at a partial oxygen pressure of 1 atm.



The calculation result of the Cu and O mole fractions is shown in Fig. 12. The Cu content of the Ag decreases with
time and reaches steady state in approximately 11 ks. The oxidative reaction occurs at a fixed position (4 mm), on
condition that a stable supply of Cu and oxygen gas is provided and the length of the Ag phase is 20 mm. In a similar
way, the O content increases with time, and the reaction achieves steady state for 11 ks. These results show that to keep
the position of the oxidative reaction outside the alumina tube makes it possible to enhance the oxidative reaction of Cu
and prevents the oxygen from being reached at the Fe-Ag interface. The steady states are shown in Fig. 13 where the
initial mole fractions of Cu at the Fe-Ag interface are fixed to be 0.1, 0.05 and 0.04. As the initial mole fraction of Cu
in the Fe-Ag interface decreases, the position of the oxidative reaction gradually moves to the negative direction. When
the Cu content of the Fe-C(satd.) decreases, the Cu content of the Fe-Ag interface also decreases and the oxygen gets
close to the Fe-Ag interface. When the Cu contents of the Fe-C(satd.) and Ag phases decrease and close to the
equilibrium, the driving force of the Cu transfer is lost. As the result, oxygen in the Ag reaches the Fe-Ag interface and
reacts with C in the Fe-C(satd.), and CO gas appears to be formed. In fact, oxygen reaches the Fe-Ag interface, and CO
gas forms before the Cu content reaches the equilibrium in Runs 15-17. Because of the CO gas formation, a part of the
Ag inside the alumina tube appears to be pushed out of the alumina tube in Run 15, and a part of the Fe and most of the
Ag inside the alumina tube are pushed out in Runs 16 and 17. Besides, once the oxygen reaches inside the alumina tube,
the formed Fe and Cu oxides appear to rise to the Fe-Ag interface and react with C in the Fe-C(satd.), which is also

conductive to CO gas formation.
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Fig. 12 Variation of the diffusion profiles of Cu and O in the Ag with time when the oxidative reaction
is taken into account at 1523 K (Initial mole fraction of Cu in the Ag phase is 0.05).



— 1 T T =
0.1 \ 1523 K
i \\ NCu(at Fe-Aginterface) b
I \ ——- 01
\\ ............. 005
—~ N 0.04 ]
® L \ _
3 \
¥ 0.05r \ b
— \\
\ \
\ \
L "\ - N i
- "";‘—"
L -4--«‘"‘:«;::“;/ 4
oF I__.==_~"_"_— ) A
0 10 20
Fe-Ag Position / mm Ag-Flux
interface interface

Fig. 13 \Variation of the diffusion profiles of Cu and O in the Ag with the initial mole fraction of Cu at the
Fe-Ag interface when the oxidative reaction is taken into account after 15 ks at 1523 K.

Under the experimental conditions of this work, oxygen will easily reach the inside of the alumina tube because the

initial Cu content of the Fe-C(satd.) before oxidative removal is close to the equilibrium lower limit (0.26 mass%) at

the conditions of p, (=latm) and a, , (=1) . and the driving force of Cu transfer is low at the initial condition in

this work. On the other hand, based on this discussion, the driving force is increased by decreasing a, o with the

oxide flux in this work. The result is shown in Fig. 14 when the lower limit of Cu in the Ag decreases to 0.01

(0.6 mass%) using the oxide flux. The value of 8cy,0 is calculated to be 0.10 under this condition. Other calculating

conditions are the same as the calculation in Fig. 12. As the result, the time to achieve steady state is 17 ks and the
reaction position is 5 mm. By comparison of Fig. 14 with Fig. 12, the reaction position moves towards the Ag-flux
interface by 1 mm and the time to reach steady state becomes long because the amount of reactive Cu increases.
Accordingly, it is effective to use the oxide flux in order to ensure the driving force of Cu transfer and enhance Cu

removal in this work.



T T T
0.05f+ gz srggreseeeenenas 'O i
0.04f CU% i 1
o) E 5% :
© o003 % Pl
> . . B H
o 17
I 5 % : H
= 0.02- i o E
0.01+ 1523 K e K % i
Numerical value: 17 5 1
time (ks) 0.1)0
0_ -
1 Il Il
0 10 20
Fe-Ag s Ag-Flux
interface Position / mm interface

Fig. 14 \Variation of the diffusion profiles of Cu and O in the Ag with time when the oxidative reaction
is taken into account and the lowering limit of Cu is decreased by using flux at 1523 K.

6. Conclusion

In order to remove Cu in molten iron, the oxidative removal of Cu from the Fe-C(satd.) via Ag into the B,O3 flux is
proposed and tried at 1523K. As the basis, the activity coefficient of Cu,0 in the B,O; flux is measured at 1523K. The

conclusions are as follows:

(1) B2Og is one of the suitable flux for absorbing Cu because the 7, oinnux Value is smaller than unity. Not only Cu

but also Ag is absorbed in the flux as an oxide. For this reason, there is a suitable oxygen partial pressure for the Cu
removal. In this work, the largest value of the distribution ratio, Lcyiux-ag) (= [Mass% Culin fiux / [Mass% Cu] i ag)
is 17 at an oxygen partial pressure of 0.6 atm. The value of Lcygiux-re)) (= [Mass% Cu]in fiuxy / [Mass% Culnre-c)) IS
estimated to be approximately 120 from the product of Lcyiux-ag) and Lcyre-ag)-

(2) The Cu in Fe-C(satd.) can remove effectively by applying the oxidative removal via Ag into the
B,03(-Al,03-Ag,0) flux proposed in this work.

(3) From a numerical calculation, it is found to be effective to use the oxide flux in order to decrease the lower limit of

Cu, to ensure the driving force of Cu transfer and to enhance the continuous Cu removal.
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