
1

Solubility of Silver in Molten Slags as a Measure of Basicity

JOO HYUN PARK and DONG JOON MIN

JOO HYUN PARK is a Doctoral Student and DONG JOON MIN is a Professor.

Yonsei University

Department of Metallurgical Engineering

134 Shinchon-dong Seodaemun-ku, Seoul 120-749, KOREA

Fax: +82-2-312-5375 & Tel: +82-2-361-2840

Key Words: silver solubility, basicity, viscosity, nitride capacity, and sulfide capacity

Abstract

The solubility of silver in molten MO-B2O3 (MO = CaO, BaO, and Na2O), CaO-RO

(RO = B2O3, SiO2, and Al2O3), and CaO-Al2O3-CaF2 slags was measured at high

temperatures to modify a measure of basicity ( SB ). The relative basicity of pure BaO

and Na2O was obtained as 1.3 and 2.4 with reference to CaO (1.0), respectively, based

on Ag solubility in MO-B2O3 slags; and that for the acidic oxides such as SiO2 and

Al2O3 was estimated to be 2.6 and 3.8 with reference to B2O3 (1.0), respectively. The

relative basicity of CaF2 was also obtained to be 1.3 with reference to CaO. The

relationship between the viscosity of various slags and SB  indicated the compensation

for the effect of Al2O3 in silicate melts and the effect of CaF2 on slag viscosity. The

nitride and sulfide capacities in various slags could be also expressed as a good linear

equation by using the present measure of basicity.

INTRODUCTION

Basicity ( −2O
a ) is one of the most important thermodynamic concepts affecting the

physicochemical properties of molten slags. However, because of the impossibility of

direct measurement of single-ion activity,[1] an empirical Vee ratio has widely been used

in iron and steelmaking processes, although there is very little theoretical meaning to

this expression.[2] Since the ionic characteristic of slag was reported, various indirect
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measures such as capacity,[3] redox equilibrium of transition metal ions,[4] activity of

basic oxides,[5] and (theoretical) optical basicity[6] have been proposed; but these

basicity measures have been restricted within slag systems.

Recently, it has been reported that solubility of noble metals such as platinum[7] and

silver[8,9] in molten slags could be an indirect measure of basicity. Previous studies

showed the dissolution mechanism of silver into the slags and indicated that Na2O was

considered to be more basic than BaO was, followed by CaO in the B2O3-bearing

slags.[9]

In the present study, the slag system was extended to the CaO-RO (RO = B2O3, SiO2,

and Al2O3) and CaO-Al2O3-CaF2 to understand the relative basicity of pure acidic

oxides and the effect of CaF2 on slag basicity; thereafter the basicity scale of slags

containing CaO, BaO, Na2O, B2O3, SiO2, Al2O3, and CaF2 in the form of modified Vee

ratio considering the ionic character of slag was suggested and was compared to the

viscosity data, nitride and sulfide capacities reported in the current research literature.



3

EXPERIMENTAL

A super kanthal electric furnace was used for an equilibration of silver and slag melts.

The temperature was controlled within ± 2 K using an R-type (Pt-13Rh/Pt)

thermocouple and a proportional-integral-differential (PID) controller. The slag samples

were prepared using reagent-grade pure oxides and CaF2. A schematic diagram of the

experimental apparatus is available in previous articles.[8,9]

The slag samples and silver were maintained in graphite crucibles under a CO

atmosphere to control the oxygen partial pressure by C/CO equilibrium reaction. The

impurities in the gases were removed by passing the gases through CaSO4, Na2O • CaO,

and silica gel. The equilibration time was predetermined as 12 to 18 hours for each slag

system. After equilibrating, the samples were quenched by Ar gas and crushed for

chemical analysis. The content of silver and that of each component in the slag was

determined by atomic absorption spectrometry (Shimadzu, AA-6601 F/G) and titration

methods, respectively.
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THEORETICAL CONSIDERATION

The dissolution of silver into the slags, which is dependent of slag basicity, under

reducing condition has been known to occur by equations [1] and [2] in an arbitrarily

acidic and basic slags, respectively:[8,9]
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By using the equilibrium constant of equation [1], the following relation can be

deduced.
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where −2O
a , 

2Op , +Ag
f , ]1[K , and C are respectively the activity of the −2O  ion, the

oxygen partial pressure, the activity coefficient of the +Ag  ion, the equilibrium

constant of equation [1], and a constant at a fixed 
2Op , +Ag

f , and ]1[K . The solubility

of silver ( )Ag%mass(log + ) is expected to be inversely proportional to the activity of

the −2O  ion ( −2O
log a ), with the slope of 1/2 at a fixed temperature and oxygen partial

pressure, assuming that +Ag
f  is independent of slag composition. This could be

qualitatively confirmed from the experimental results that the activity coefficient of

Ag2O was independent of composition in each slag system with approximately the same

value. Then, the following general expression can be deduced:
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where 
i

2
MO

O
)( −a  and iC  are respectively the activity of the −2O  ion dissociated from

the basic oxide MOi in the same activity of MOi and a constant defined in equation [3].

If )( III CC −  term is constant within experimental uncertainty ( %3.5± ), the difference

in Ag solubility in different slags will be directly proportional to the difference of

basicity between each oxide MOi. This means that the relative basicity of basic oxides

can be estimated in the simple binary slag system with the same acidic oxide.

In the same way, the relative basicity of acidic oxides can also be expected. In this

case, because the activity of the −2O  ions dissociated from CaO in the CaO-B2O3,

CaO-SiO2, and CaO-Al2O3 systems is not identical, 
i

2
MO

O
)( −a  is replaced by

i

2
CaO

O
)( −a  in equation [4], here i means different slag system.

RESULTS AND DISCUSSION

Silver Solubility in Borate, Silicate, and Aluminate Melts

Figure 1 exhibits the solubility of silver in the MO-B2O3 (MO = CaO, BaO, and

Na2O),[8,9] CaO-RO (RO = SiO2 and Al2O3), and CaO-Al2O3-CaF2 slags as a function of

the content of basic oxides. In the B2O3-bearing slags, the compositions of 65 (mol%)

CaO, 45 (mol%) BaO, and 35 (mol%) Na2O exhibits a minimum Ag solubility, in each

slag system. The order of Ag solubility in the left hand side of the minimum point is

“CaO-B2O3 > BaO-B2O3 > Na2O-B2O3”; thus it was indicated that Na2O would be more
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basic than BaO would be, followed by CaO.[9]

In the CaO-bearing binary slags, the order of Ag solubility is “CaO-Al2O3 > CaO-

SiO2 > CaO-B2O3”. Since it has been generally accepted that the interaction between

+2Ca  ions and borate polyanions ( −n
yxOB ) is larger than that of +2Ca  and −n

yxOSi ,

followed by that of +2Ca  and −n
yxOAl  at the same composition,[10] it is suggested that

B2O3 exhibits a more acidic characteristic than SiO2 exhibits, followed by Al2O3.

The solubility of silver in the CaO-Al2O3-CaF2 ( 25.0
2CaF =X ) system also exhibits

a minimum Ag solubility at about 45 (mol%) CaO, which is shifted to the more acidic

composition than that of CaO-Al2O3 system (65 (mol%) CaO); thus it is suggested that

25 (mol%) CaF2 addition qualitatively enhances the basicity of slag by the following

equation:

       −−−− +=+ 24
3

8
72 O]FAlO[2F2OAl                                [5]

Equation [5] is not an overall reaction for the depolymerization of aluminate, because

the slag is constituted by many other polymeric groups.

The relationship between )Ag%mass(log +  and MOloga  (MO = basic oxide) is

shown in Figure 2.[11-14] The slopes of the lines for the acidic B2O3-bearing and silicate

melts are close to the expected value of –1/2, while the slopes are larger than –1/2 in the

acidic CaO-Al2O3 (-CaF2) systems. The origin of the discrepancy in these systems may

be on the interactions between −2O  ions and aluminate polyanions. However, the exact

reason why occurred these phenomena is not manifested yet.

In the acidic B2O3-bearing slags, the relative basicity of CaO, BaO, and Na2O can be

estimated as about 1.0, 1.3, and 2.4, respectively, from the difference in Ag solubility at

the same activity of MO in each slag system. In the CaO-bearing slags, the order of

relative basicity of B2O3, SiO2, and Al2O3 is found to be about 1.0, 2.6, and 3.8. In

addition, it can be estimated that the effect of CaF2 on Ag solubility is about 1.3 times

larger than CaO. Based on the present results for Ag solubility in various slags, a new
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basicity scale ( SB ) in the slags containing CaO, BaO, Na2O, B2O3, SiO2, Al2O3, and

CaF2 established as a form of modified Vee ratio is as follows:
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The solubility of silver in each slag system is shown as a function of SB  in Figure 3.

The solubility data and SB  show a linear correlation on either side of the minimum

solubility region with some experimental scatters. The solubility is also shown as a

function of theoretical optical basicity ( thΛ ) in Figure 4. There are distinct

discrepancies between data points; this reveals that the relative basicity of BaO and

Na2O would be underestimated in the calculation of thΛ . In addition, the effect of CaF2

on slag basicity was also underestimated, although the equation for CaF2-containing

melts suggested by J.A. Duffy was employed to calculate thΛ  in the CaO-Al2O3-CaF2

slag.[15]

Relationship between Slag Viscosity and BS

There have been many investigations to correlate viscosity data and slag composition

by using NBO/T ratio (i.e., the number of non-bridging oxygen per tetrahedrally-

coordinated atoms) and corrected optical basicity ( corrΛ ), because the viscosity has

been known to be affected by the degree of polymerization of the melt and by the nature

of the network-breaking cations (e.g. Ca2+ and Mg2+, etc.).[16,17]

Figure 5 exhibits the viscosity in the borate, silicate, aluminate, and alumino-silicate

melts with and without CaF2 as a function of SB .[18-20] The viscosity drastically
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decreases with increasing SB  up to 5.0S ≅B , followed by nearly constant value. The

remarkably high correlation is shown in 17 slag systems with CaF2-containig slags in

the temperature range within ± 55 K, approximately. As shown in Figure 5, SB

compensates the effect of different melts such as borate, silicate, aluminate, and

alumino-silicate melts. However, a more detailed investigation is required to understand

the effect of FeO on slag viscosity, the slag used in steelmaking processes.

Relationship between Nitride Capacity and BS

The dissolution reaction of nitrogen into the acidic and basic slags is respectively

suggested by equations [7] and [9] with the capacities in each case (equations [8] and

[10]).[11]
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where 
i

p , ]n[K , ia , and if  are the partial pressure of i, the equilibrium constant of
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equation [n], the activity of i, and the activity coefficient of i, respectively.

In Figure 6, the nitride capacity in various slags is shown as a function of 'SB .[11,21-27]

Here, 'SB  different from SB  for the effect of Al2O3 on nitride capacity is introduced as

follows:

       
)8.16.2(
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XXXX
B

++
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The coefficient of Al2O3 (1.8) was obtained by a trial and error method. The reason

why it was changed the coefficient of Al2O3 is mainly due to the difference in the

stability of nitride between the silicate and aluminate melts, which is reported by K. Ito

and R.J. Fruehan.[23] This difference in the activity coefficient of AlN and Si0.75N

qualitatively indicates the overestimation for the coefficient of Al2O3 (3.8) in SB

(equation [6]). The coefficient of Al2O3 in 'SB  (1.8) is reasonably comparable to the

result reported by K. Tomioka and H. Suito (
322 OAlSiO 5.0 XX + ).[24]

As shown in Figure 6, the incorporated and free nitride capacities in various slags

with and without CaF2 in the temperature range within ± 65 K approximately exhibit

good linear correlations as a function of 'SB  on either side of the minimum point within

scatters of ± 5.8 %.

Relationship between Sulfide Capacity and BS

The principle desulfurization reaction is known as equation [12] based on gas-slag

equilibrium.[28]
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By using the equilibrium constant of equation [12], the sulfide capacity is defined by the

following equation:
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where 
i

p , ]12[K , -2O
a , and -2S

f  are the partial pressure of i, the equilibrium constant

of equation [12], the activity of the −2O  ion, and the activity coefficient of the −2S  ion,

respectively. Hence, the sulfide capacity is a function of temperature, slag basicity, and

the stability of sulfide ion in the slag.

In Figure 7, the sulfide capacity in various slags is shown as a function of ''SB .[28-34]

Here, ''SB  different from SB  is introduced as follows:

       
)8.26.2(

)3.14.23.1(
''

32232

22

OAlSiOOB

CaFONaBaOCaO
S XXX

XXXX
B

++

+++
=                    [14]

The coefficient of Al2O3 (2.8) was obtained by a trial and error method. The reason

why it was changed the coefficient of Al2O3 is not fully understood; it would probably

result from the opposite tendency for the dependence of the activity coefficient of CaS

( CaSγ ) on slag composition in the silicate and aluminate melts.[35,36] The value of CaSγ
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in the CaO-SiO2-CaS melt increased with increasing CaOX  and vice versa in the CaO-

Al2O3-CaS melt. This difference in the activity coefficient of CaS in the silicate and

aluminate melts qualitatively indicates the overestimation for the coefficient of Al2O3

(3.8) in SB  (equation [6]). The coefficient of Al2O3 in ''SB  (2.8) is close to the result

reported by P. Herasymenko and G.E. Speight (
322 OAlSiO 9.0 XX + )[37] and that of C.E.

Sims (
322 OAlSiO XX + ).[38] In addition, the coefficient of Na2O (2.4) is exactly same to

the result reported by A.H. Chan and R.J. Fruehan ( CaOONa 6.76.18
2

XX + ).[39]

However, some other values were also reported as 1.4[33] and 3.3.[40]

The effect of CaF2 on −2S
C  has been examined, but there is as yet insufficient

thermodynamic data available on desulfurization of CaF2-containing slags. It has been

found that CaF2 additions did not enhance −2S
C  of the basic steelmaking slags and that

of the Na2O-CaO-SiO2 slag.[40,41] However, A. Bronson and G.R. St. Pierre have shown

that −2S
C  of the CaO-SiO2-CaF2 slag increased with CaF2 additions by the increase of

−2O  ions, resulting from the reaction between −F  and complex silicate anions.[31] As

shown in Figure 7 and equation [14], the coefficient of CaF2 is about 1.3, indicating that

CaF2 enhances −2S
C  of the CaO-SiO2-CaF2 and CaO-Al2O3-CaF2 slags. Although the

coefficient of CaF2 is equal to that of BaO, there is a difference between a direct

contribution of BaO on the refining ability by donating −2O  ions into the melt and an

indirect effect of CaF2 by reacting silicate (or aluminate) polyanions. The proposed

values for the basic oxides and CaF2 in ''SB  are very close to that obtained from the

dependency of phosphate capacity on slag composition in the Na2O (BaO)-CaO-MgO-

SiO2-CaF2 slags (
22 CaFONaBaOCaO 2.11.23.1 XXXX +++ ).[42]

As shown in Figure 7, the sulfide capacity in various slags with and without CaF2 at

1773 K exhibits a good linear correlation as a function of ''SB  within scatters of ± 5.0

%.

The sulfide capacity data is shown as a function of theoretical optical basicity ( thΛ )
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in Figure 8.[15] The CaO-bearing slags exhibits a good linear correlation with thΛ ,

which is in good agreement with the result established by I.D. Sommerville and D.J.

Sosinsky:[43] However, some modifications for the Na2O-bearing and CaF2-containing

slags have been discussed by other researchers.[33,44,45]

In summary, the estimated values indicating the effect of each oxide and CaF2 on the

refining indices are listed in Table I. There are large discrepancies for the same oxide,

for example 1.1 to 3.3 for Na2O, according to the different measures. The relative

acidity of SiO2 and Al2O3 is not known explicitly, which is mainly due to the

amphoteric characteristic of Al2O3. The effect of CaF2 on refining ability is generally

similar to that of CaO or slightly larger than CaO. The origin of these discrepancies may

be on the interactions between slag components and reaction products in each case. In

future works, a more detailed investigation is required to understand the basicity of

various oxides including transition metal oxides and fluorides; and to describe

quantitatively the basicity of slag.
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CONCLUSIONS

The solubility of silver in molten MO-B2O3 (MO = CaO, BaO, and Na2O), CaO-RO

(RO = B2O3, SiO2, and Al2O3), and CaO-Al2O3-CaF2 slags was measured at high

temperatures to modify a measure of basicity. The results of the present study can be

summarized as follows:

1. The relative basicity of pure BaO and Na2O was obtained as 1.3 and 2.4 with

reference to CaO (1.0), respectively, based on Ag solubility in MO-B2O3 slags; and

that for the acidic oxides such as SiO2 and Al2O3 was estimated to be 2.6 and 3.8

with reference to B2O3 (1.0), respectively. The relative basicity of CaF2 was also

obtained to be 1.3 with reference to CaO. Hence, a new measure of basicity ( SB )

could be defined by the following equation:

)8.36.2(

)3.14.23.1(

32232

22

OAlSiOOB

CaFONaBaOCaO
S XXX

XXXX
B

++

+++
=

2. The relationship between the viscosity of various slags and SB  indicated the

compensation for the effect of Al2O3 in silicate melts and the effect of CaF2 on slag

viscosity.

3. The nitride and sulfide capacities in various slags could be also expressed as a good

linear equation by using the present measure of basicity.
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Figure 1: Dependence of Ag solubility on the composition of various
slags (Shaded squares mean the CaO (BaO) saturation).
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Figure 2: Dependence of Ag solubility on the activity
of basic oxides in various slags.
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Figure 3: Ag solubility as a function of BS in various slags.
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Figure 5: Viscosities of various slags as a function of BS.
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Figure 6: Nitride capacities of various slags as a function of BS’.
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Figure 7: Sulfide capacities of various slags as a function of BS’’.
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Figure 8: Relationship between sulfide capacities of various
slags and theoretical optical basicity.
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Table. I: Effects of basic and acidic oxides and CaF2 on the refining indices.

1) Converted values with reference to CaO (B2O3).  2) Relative Basicity with reference to CaO.
3) Ion-Oxygen Attraction  4) Lattice Energy  5) Electronegativity  6) Electron Density  7) Nitride Capacity
8) Sulfide Capacity  9) Phosphate Capacity


