FONT, J.M. and REDDY, R.G. Modelling of antimonate capacity in copper and nickel smelting slags. VII International Conference on Molten Slags Fluxes

and Salts, The South African Institute of Mining and Metallurgy, 2004.

Modelling of antimonate capacity in copper and nickel
smelting slags

J.M. FONT* and R.G. REDDYf

*Department of Metallurgical and Materials Engineering, Institute for Innovation in Mining and Metallurgy, Chile
1The University of Alabama, Tuscaloosa, USA

The thermodynamic Reddy Blander (RB) model was extended for deriving antimonate capacity
and antimony distribution ratio between the slag and the copper and nickel matte a priori. In this
study, the antimonate capacities in the FeO-FeO; 5-MgO-NiO-SiO;, FeO-FeO 5-MgO-CuOy s-
SiO; and FeO-FeO; 5-MgO-NiO-CaO systems and the antimony distribution ratio for the FeO-
FeO; 5-MgO-NiO-SiO; slag/Ni matte, FeO-FeO; 5-MgO-CuQOy5-Si0O; slag/Cu matte and FeO-
FeO; 5-MgO-NiO-CaO/Ni matte equilibrium systems were evaluated at 1523 K and 1573 K. In
general, good agreement was found between the calculated RB model data and the reported
experimental data for both antimonate capacity and antimony distribution ratio. The antimony
distribution ratio model developed here can be extended for prediction in multi-component base
metal slags and copper and nickel mattes and, thereby, may lead to develop and/or improve the
efficiency of antimony removal from the base metal smelting, converting and refining processes.
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Introduction

The difficulties of treating or eliminating many unwanted
impurities such as As, Sb, Bi, Se, etc. in the base metal
matte smelting stage have many detrimental effects. Such
as on the physical properties and quality of the metal, on the
environment of the surrounding areas, and on high
operative cost in the overall refining process. Several
researchers1-? have studied the behaviour of various
impurities by considering thermodynamic and industry
operation approaches. At present, the high oxidative
smelting condition, which enhances the volatilization of
impurities, is the operational trend for eliminating As and
Sb from the condensed phase by collecting them after its
condensation into the gas cleaning facilities of the
downstream smelting-refining processes. Knowledge of the
behaviour of these impurity elements in the slag phase is
considered to be very important for controlling the metal
refining and purification processes a priori.

However, much of the available information is restricted
to specific experimental conditions (temperature, pO, and
composition of the multi-component system) while for
industrial data, the slag/base metal matte system data is
lacking.

Recently, the authors have successfully developed a
thermodynamic model for the arsenate capacity in several
multi-component systems!0-11, The arsenate capacity,
which is a measure of the ability of an oxide system to hold
impurity, is based on the fundamental knowledge of the
chemical and solution properties of the condensed
phasel2-18. Hence, due to the very limited understanding of
the antimony behaviour in the base metal slag systems, this
paper presents a thermodynamic model for understanding
and predicting a priori its behavior by determining the
antimonate capacity and antimony distribution ratio
between the slag and the base metal matte.

Theoretical considerations
Antimonate capacity

By considering SbO;” as the stable species of antimony at
higher temperature, and by using the same considerations of
the Reddy-Blander model for the arsenate capacity
derivationl0, the antimonate capacity becomes,
wt pct SbO;~
Cypr = —( P o ) (1]
* ag, Po,

Where, asp is the activity of Sb, and po, is the partial
pressure of oxygen. The antimony equilibrium reaction with
MO is given by:

3 5
5M0(1)+Sb(1)+102 (g)=M3/2SbO4(1) (2]

Where M is the antimonate compound forming element (Fe,
Ca, etc). By combining the equilibrium constant, Ky, of
reaction [2] with Equation [1], the antimonate capacity is
derived for measurable quantities in Equation [3].

K a3/2
C. . =(wtpct SbO) | —MMo__ 3
o = (Wtpet SHOT ) o .

Where, am;,SbO;s is the activity of the super cooled liquid
M;3,SbOy.

Development of the antimonate capacity was done under
the same previous considerations for deriving the arsenate
capacities in the basic and acidic composition ranges!0.
Hence, the antimonate capacity for basic melts in the MO-
Si02-FeO 5 system (0 <(Xsioy + Xreo15 + ) < 0.33) is
given by Equation [4]:

100K, ayeM,, . 4]
.o [1-2(Xg0, + Xpg, +-)]
Sboji - WS/ZSb04 M
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Here, YM3,,SbOy is the Henrian activity coefficient of
M3/,SbOy4, M is the average molecular weight of the
solution (M= MwmoXwmo + Msio,Xsio, + Mreoy sXreor 5 +-)-
Mspo, is the molecular weight of SbOy, and X; is the mole
fraction of component i. While the antimonate capacity for
acidic melts in the MO-Si0,-FeO; 5 system (0.33 < (Xsio, +
Xre01 5 +++) < 1)1619 s given by:

100K, a,,oM

SbO3~

c _ (Xsl'o2 + Xreo,, +) oSh 51
M ay,, Sbo,

Sbo3~ M
From the Flory’s approximation for monomer and
polymer mixtures of silicate melts13-18  the activity of
M3/,SbO4 monomer units can be expressed in term of
volume fraction of the Sb ion as,

1

In aMmeO4 =In¢,, +(1 - m)q)p + /,t(;)i [6]
Where ¢sp, and ¢p are the volume fractions of monomer Sb
and the total polymer (1-¢sp), respectively, W is a very small
constant for the weak interactions between the Sb anions
and silicates, which depend on the average polymer chain
length, m. Hence, for melts containing primarily polymers
(¢6p = 1), m can be obtained from the following
relationship20:

1 1
—=(1-ay,,) ( -2 [7]

m Xsio, + Xpeo,, +--.)

The relationship between W and m for the polymer
mixture is,

1 1
“:Z 1—; [8]

The antimonate capacity for the FeO-CaO-FeO; 5-SiO,
multi-component system at a constant (Si02+FeO;s5) mole
fraction?! is given by,

log CSbO?’, (Fe. Ca)o Nr.olog CSboj’, rot [9]
Neyolog CSboj’,Cao to
The Nreo and Nc,o are the electrical equivalent cationic
. X X
fractions (Ngeo = PO and Neyo = —2Ca0__y,
Xro T Xcwo Xro T Xcoo

CSboi',Feo, and CSboi', ca0 are the antimonate capacities in
the FeO-SiO; and CaO-SiO; binary systems at constant
(SiO2+FeQg 5 +---) mole fractions, and CAso?{,(Fe, cayo 18 the
antimonate capacity of the FeO-CaO-FeO; 5-SiO, system.
Hence, for a given composition (0 < Xsio, + Xre01 5 + <1)
and temperature, the antimonate capacity of binary and
multi-components systems can be predicted by using
Equations [4], [5] and [9].

The equilibrium constant for reaction [2] at 1523 K and
1573 K is presented in Table I for different MO-SiO;
binary systems. It is important to note that due to the lack of
liquid data for Cag/28b04, Mg3/2SbO4, Ni3/28b04 and
CusSbOy4 system, the available solid data of M3,»SbO421
was used in calculating the Gibbs energy for reaction [2].
Nevertheless, it is expected that when the liquid data is
used, the antimonate capacity will be in some extent larger
than those estimated with the solid data.

Antimony distribution ratio

The antimony experimental data were reported mainly
in the form of distribution ratio between the slag and
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the base metal matte (Ni, Cu), defined as
(wt pet Sb in slag)

s/m

* Iwt pct Sb in base metal matte}
previously derived L):/fllo-ll, an expression for the
distribution ratio and the antimonate capacity model was
derived for the a priori L3y, as given in Equation [10].

5/4
CSboi’ Vb p 0, [10]

Ms;;of( {”T}

Where, ys, and {nt} are the antimony activity coefficient
and the total number of moles per 100 g of base metal
matte, respectively.

Hence, similar to the

sim __
LSb -

Results and discussion

Effect of matte species on antimonate capacities and
antimony distribution ratio

The RB antimonate capacities were calculated for each of
the slag composition data reported experimentally in the Ni
and Cu matte in equilibrium with quantities of NiO and
CuQg s in the FeO-FeO 5-MgO-SiO; base slag at 1573 K
and pSO; of 0.1, respectively25. The experimental
antimonate capacities were derived by using Equation [9]
and the reported data of Lss{{)n for the Ni or Cu matte25. The
data of 7ysp for the Ni2 or Cu matte4, the amo in the MO-
SiO; binary system23, and the experimental pO;, and {nt}
were also used in the calculations. Figure 1 shows the
experimental and RB antimonate capacities for the FeO-
FeO, 5-MgO-NiO-SiO; system (1-a) and the experimental
and RB antimony distribution ratios between the Ni matte
and the FeO-FeO; 5.MgO-NiO-SiO; slag (1-b).

Figure 2 shows the experimental and RB antimonate
capacities for the FeO-FeO; 5-MgO-CuQg 5-SiO; system (2-
a), and the experimental and RB antimony distribution ratio
between the Cu matte and the FeO-FeO; 5-MgO-CuOy s-
Si0; slag system (2-b).

It is clearly noted in Figures 1 and 2 that there is good
agreement between the calculated RB model and the
experimental data for the antimonate capacities and
antimony distribution ratios at 1573 K and pSO; of 0.1. It is
important to highlight that these good agreements may be
ascribable to the accurate composition of the slag, which
includes the dissolved quantities of NiO or CuQOgs that
affect the composition of Xyo in the slag and the ayp in the
RB antimonate calculations. This is especially true at high
matte grade where the dissolution of Ni or Cu into the slag
is considerably high. Moreover, the slight differences
between the RB model calculated data and the experimental
ones may be due to the uncertainties of the experimental
LSS/E1 values, and the Gibbs energy value estimated from the

Table I
Equilibrium Constants for Antimonate Forming Reactions22-23

Log Kwm (reaction 2)
M) 1523 K 1573 K
Fe® 11.0 10.4
Ca 10.3 -
Mg 10.2 9.6
Cu -4.7 -6.0
Ni® 34 3.1

(USolid state  @Estimated for liquid
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solid data. Table II shows the experimental and calculated
antimonate capacities and antimony distribution ratio at
1573 K and 1523 K.

Effect of slag composition and temperature on
antimonate capacities and antimony distribution ratio

As shown in Figures 1 and 2, the good agreements between
the model calculated RB and the experimental data were
achieved for multi-component systems with high acidic
components. However, for basic systems like multi-
component systems with Xsio, = 0, it is important to
evaluate the antimonate capacity by the RB model. Thus,
considering the slag composition obtained from the
reported antimony distribution ratio data between the FeO-
FeO; 5-MgO-NiO-CaO slag (Xsio, = 0) and Ni matte at
1523 K and pSO; of 0.17, the RB antimonate capacity was
calculated using Equation [4]. The results are presented in
Table II and Figure 3(a). The experimentally derived
antimonate capacity data are also included in the Figure.
These were derived by considering Equation [10] for the
reported data of Lss/{,n Ysb, PO2, {nt}, and amo2723, while
Figure 3(b) shows the experimental and the derived RB
antimony distribution ratio. In general, in Figure 3, a good
agreement is noted between the experimental and the RB
calculated antimonate capacity and LSS/E] data.

Moreover, when the temperature effect is taken into
account, a good agreement is noted between the calculated
RB antimonate capacity and LSS/;T with those experimental
ones (see Figures 1-3). This effect is ascribable mainly to
the Kyo values used in Equations [4] and [5].

(a)12
0.1 atmp SO,
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% 0 E i ’ [ ] ]
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> 0o
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b) 1
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1573 K
0.1 F B m| o
2
& ==
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0.001 L 2 .

Conclusions

The thermodynamic Reddy Blander model was extended
for a priori predictions of antimonate capacity and
antimony distribution ratio between the slag and the base
metal mattes. The derived RB model was used for
evaluating several multi-component slags and base metal
mattes (Ni and Cu) at different pSO, (0.1, 0.5 and 1) and
temperatures (1523 K and 1573 K). A good agreement was
clearly found between the calculated RB model and the
reported experimental data for both antimonate capacities in
the FeO-FeO; 5-MgO-NiO-SiO,, FeO-FeO; 5-MgO-CuO 5-
Si0,, and FeO-FeO; 5-MgO-NiO-CaO systems, and
antimony distribution ratio between the FeO-FeO, s-MgO-
NiO-Si0O; slag/Ni matte, FeO-FeO; s-MgO-CuQg 5-Si0,
slag/Cu matte, and FeO-FeO; 5-MgO-NiO-CaO/Ni matte.
The use of this model for a priori prediction of other
impurity capacities, such as Bi, Cr, Se, and Te in the non-
ferrous smelting slags and mattes is very feasible. Such
predictions will be very useful in understanding the
behaviour of impurities, and therefore new developments
and improvements for a priori impurity control in the non-
ferrous smelting processes may be achieved.
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Figure 1. Antimonate capacity for the FeO-FeO; 5-MgO-NiO-SiO, multi-component system (a), and antimony distribution ratio between the
FeO-Fe0;,5-Mg0O-NiO-SiO; slag and Ni matte at 1573 K and pSO; of 0.1 (b)
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Figure 2. Antimonate capacity for the FeO-FeQ; 5-MgO-CuQy 5-SiO; multi-component system (a), and antimony distribution ratio between
the FeO-FeO.5-MgO-CuQ,5-Si0; slag and Cu matte at 1573 K and pSO; of 0.1 (b)
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Table I1
Experimental and calculated antimonate capacities and antimony distribution ratio at 1573 and 1523 K2-7

Matte, wt pct Slag, molar pct log Csvos Ly
Temp. K p SO, pO, {n1) Y sb Ni Cu FeO FeO;s NiO CuO,s MgO SiO, CaO | RBmodel Exp. RB model  Exp.
1573 0.1 88E-09 121 102 | 440 482 43 033 95 377 1096 1113 0.04 0.05
1573 01  92E-09 120 120 | 4lL1 485 35 035 99 377 1097 1101 0.04 0.05
1573 0.1 9.0E-09 1.20 1.21 41.0 48.0 4.7 0.33 9.3 37.7 10.96 11.12 0.04 0.06
1573 01 10E-08 121 072 | 496 481 27 036 97 391 1093 11.16 0.03 0.05
1573 01 1SE-08 122 033 | 589 460 38 073 104 391 1081 1117 0.02 0.03
1573 0.1 9.8E-09 1.21 1.00 444 48.4 39 0.33 9.3 38.1 10.96 10.97 0.04 0.04
1573 0.1 8.1E-09 120 106 | 43.4 471 37 032 106 383 1090 1128 0.03 0.07
1573 0.1 49E09 117 531 | 90 513 23 016 76 386 1109 1130 0.12 0.20
1573 0.1  45E-09 117 716 | 15 520 30 001 88 362 116 1133 0.17 0.26
1573 0.1 24E08 124 007 | 706 447 52 125 79 410 1071 1112 0.00 0.01
1573 01 6.1E-09 118 383 | 164 489 34 027 9.1 384 1098 1113 0.09 0.13
1573 0.1 6.5E-09 1.18 2.61 24.7 47.7 38 0.24 10.3 38.0 10.94 11.16 0.06 0.10
1573 0.1 1.0E-08 1.22 0.59 52.5 46.4 3.8 0.60 9.7 39.6 10.84 11.26 0.02 0.05
1573 0.1 5.8E-09 1.18 8.68 21.0 50.8 8.0 0.45 8.2 325 11.08 11.14 0.24 0.28
1573 01  6.1E09 120  9.20 420 | 507 8.1 052 82 324 1106  11.04 0.26 0.24
1573 0.1 6.5E-09 1.21 8.75 49.0 50.6 8.3 0.49 8.2 325 11.06 11.11 0.26 0.29
1573 0.1 9.4E-09 1.24 7.96 65.0 49.8 9.1 0.59 8.2 324 11.00 10.89 0.32 0.25
1573 01  41E08 125 459 750 | 456 132 154 83 314 1065 1046 0.51 033
1573 0.1 1.1E-07 1.25 2.69 77.5 41.8 17.0 3.25 8.3 29.7 10.19 10.14 0.36 0.32
1573 0.1 2.5E-07 1.26 1.25 79.0 37.8 21.1 6.23 8.4 26.4 9.57 9.52 0.11 0.10
1523 0.1 LIE08 124 007 | 69.5 303 314 366 52 294 | 1222 1271 0.06 0.18
1523 0.1 92E-09 124  0.10 | 67.7 325 274 412 6.9 29.1 1234 1271 0.08 0.19
1523 0.1 6.9E-09 1.23 0.15 65.0 45.1 18.7 3.23 43 28.7 12.71 12.81 0.21 0.26
1523 0.1 5.4E-09 1.23 0.23 61.6 50.3 12.7 3.71 4.0 293 12.83 12.83 0.32 0.32
1523 01  S57E-09 123 019 | 63.3 472 160 395 5.2 2727 | 1273 1290 022 0.33
1523 0.1 46E-09 123 031 | 9.1 592 86 3.0l 31 26.1 1300 1273 052 0.28
1523 01 36E09 122 052 | 538 580 76 430 3.6 266 | 1293 1266 0.54 0.29
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Figure 3. Antimonate capacity for the FeO-FeQ s-NiO-MgO-CaO multi-component system (a), and antimony distribution ratio between the
FeO-FeO) 5-NiO-MgO-CaO slag and Ni matte at 1523 K and pSO; of 0.1 (b)
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