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Abstract: According to the ion and molecule coexistence theory, a thermodynamic model of lead oxide activity in
PbO—Ca0—Si0,—FeO—Fe,0; slag system was established at the temperature of 1273—1733 K. The activities of PbO in slag were
calculated, and their equal activity curves were plotted. The influences of slag basicity Q, iron oxide rate R and temperature 7' on
activity Np,o and activity coefficient yp,o were also investigated. Results show that the calculated values of yppo are in good
agreement with the reported experimental data, showing that the model can wholly embody the slag structural characteristics. Nppo
departures positively from Raoult values, and increases with increasing PbO content in slag but changes little with 7. ypyo increases
with increasing Q, and goes through the maximum with increasing R for basic slag (0>0.3). Results can be applied to the

thermodynamic research and operational optimization of modern lead smelting technologies.
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1 Introduction

Nowadays, some novel technologies, such as QSL,
Kivcet and Ausmelt/Isamelt, are replacing conventional
lead-making methods [1—3]. The activity of lead oxide is
an important parameter that can be widely applied to
lowering lead content in slag as well as to optimizing
operational parameters of lead smelting process. Several
articles have been published on the phase equilibria in
lead smelting slags [4—6]; however, only limited data on
activity of PbO in CaO—SiO,—FeO—Fe,0O; slags have
been reported [7].

The ion and molecule coexistence theory (IMCT)
[8,9] has been developed to express the reaction ability
of components in a slag by the defined mass action
concentration N; according to the mass action law, like
the traditionally applied activity a; of component i. The
IMCT has been successfully used to predict sulfur,
phosphorus or oxygen distribution at slag—metal
interface [10—13], and has been verified as an efficient

method to calculate the activities of structural units in
various slags [14—17].

In the present work, a thermodynamic model of lead
oxide activity in PbO—-CaO—SiO,~FeO-Fe,0; slag
system was established according to the IMCT and
verified by reported data [7]. The effects of slag
composition and temperature on activity and activity
coefficient of PbO were investigated, and the equal
activity curves of PbO were plotted.

2 Establishment of PbO—CaO—-SiO,—FeO—
Fe,03 activity model

2.1 Slag structural units

According to the basic hypotheses of the IMCT [9],
the main assumptions in the developed thermodynamic
model for calculating the activity (mass action
concentration) of PbO in PbO—CaO—SiO,—FeO—Fe,04
slag can be simply summarized as follows.

1) Structural units in the studied slag are assumed to
be composed of simple ions, such as Pb*", Fe*", Ca®" and
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0%, simple molecules SiO, and Fe,O;, and complex
molecules as silicates and ferrates. Every cation and
anion can be generated from the basic components and
exist in the form of ion-pairs as (Pb*+0%"), (Fe*" +0*)
and (Ca*"+0%).

2) The ion-pairs, simple molecules and complex
molecules are under chemically dynamic equilibrium, by
taking (Ca2++02_) and Fe,O; to form CaFe,O, as an
example as (Ca2++027)+FezO3:CaFeQO4, and the
chemical reactions of forming complex molecules obey
the mass action law.

These hypotheses imply the relation between the
mole number of basic components and the defined mass
action concentration of each structural unit in slag, and
connect the defined mass action concentrations of basic
components and complex molecules with the chemical
reaction equilibrium constant.

According to the IMCT, it can be reasonably
obtained that there are four simple ions as Pb*", Fe*',
Ca®" and 02_, two simple molecules as SiO, and Fe,04
in  PbO—CaO-SiO,—FeO—Fe,O; slag. Meanwhile,
according to phase diagrams of CaO—SiO,, FeO—-SiO,,
FeO—Fe,05, SiO,—PbO, CaO-FeO-Fe,O; and CaO-—
FeO-Si0O,, 13 kinds of complex molecules can be
possibly formed in PbO—CaO—SiO,—FeO—Fe,0; slag in
the temperature range from 1273 to 1733 K. The
structural units are listed in Table 1.

Table 1 Structural units of PbO—CaO—SiO,—FeO—Fe,0; slag

system
Ph Simple
ase
. molecules Complex compounds  Ref.
diagram .
and ions
CaSiO3, CaZSiO4,
Ca?* OF Ca;3Si0s, 3Ca0-28i0,
Ca0-SiO, Co7 (1523 K<T'<1737K); [18]
8102
CaSi0;, Ca,SiO,,
3Ca0-28Si0, (7<1523 K)
Fe*', 07,
FeO-SiO, eSiO Fe,Si0, [18]
2
FeO-Fe,0, S0 Fe;0 18
S €03 Fe,0, €304 [18]
, Pb*", 0%, PbSiO;, Pb,SiO,,
Si0,~PbO . . (4]
SIOZ Pb4SlO()
Ca”", Fe*',

. CazFezos, CaFezo4,
CaO-FeO-Fe,0; O, [18]
CaFe3O5, Fe3O4
F6203
Ca™,Fe’,  Ca;SiOs, Ca,SiO;,
CaO—-FeO-SiO, 0%, Fe,Si0y4, 3Ca0-28i0,, [18]
SiO, CaSiO;, CaFeSiO,

2.2 Chemical reactions between units
The mole numbers of five components in 100 g
PbO—Ca0O—-SiO,—FeO—Fe,0O; slag are assigned as

b = x?:ao , by :xl(:)eO , by= xgbo > a1 = xgioz and
a, =x2€203 to represent the chemical composition of
the slag. The defined equilibrium mole number x; and
mass action concentration (activity) N; of all structural
units in PbO—Ca0—Si0,~FeO—-Fe,0; slag are listed in
Table 2.

Table 2 Definition of unit’s activity and mole number

Unit Activity Mole number
(Ca*+0%) N, X
(Fe*'+0%) N, X,
(Pb**+0%) N; X3

Si0, Ny X4

Fe,0; Ns Xs
Fe;04 Ne X6
CaFe,04 N, X7
CaFe;0s5 Ng Xg
Ca,Fe,05 Ny X9y
PbSiO; Ny X10
Pb,SiO, Ny X1
Pb,SiOq Ny, X12
CaSiOs N3 X13
Ca,Si0,4 Ny X14
3Ca0-28i0, Nis X5
CaFeSiO, Nis X16
Fe,SiOy4 Niq X17
Ca;3Si0s Nig Xig

The total equilibrium mole number Zx can be

expressed as
18

Do x=2x +2x, +2x3+ ) x; (1)
i=4

According to the IMCT, the mass action
concentration (activity) of ion couples in the form of
ion-pairs, ie. (Pb*+0%), (Fe*'+0O*) and (Ca*'+0%),
should be represented as

CaO =Ca’" +0*

2x,
N1:Nca2++NO2— :gs
X =05N, ) x Q)
FeO = Fe** + 0%
2x,
N2:NFCZ+ +Noz, :g,
X, =05N, ) x (3)

PbO = Pb** + 0%~
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_2n
-

X3 =0.5N;> x 4)

N3=N

pp2 T NOZ,

Meanwhile, the activity of other independent
structural units can be calculated by

Ny =, (i=45,-18)
2. 5)

X =N x, (i=45,18)

The chemical equations between the units of the
PbO—Ca0—-Si0O,—FeO—Fe,0; slag system are shown as
follows:

(Fe** +0?7) +Fe,0, = Fe,0,
AG® = -45845.5+10.634T (298-1870K),
N6

K = , Ne =K,N,N. 6
1 N2N5 6 14Y24Y5 ()

(Ca”* +0*")+Fe,0; = CaFe,0,
AG® =-99218.15-152.8371g T +
526.62T (973-1489K),

AG® =51672.20-83.46T1g T +
205.21T (1216—-1733K),

— N7

- NINS

K, , Ny =K,N|Ns (7)
(Ca®** + 0% )+ (Fe** +0%7) + Fe,0, = CaFe,0s5

AG® = -14653.8—27.2142T (973-1733K) ,
NS

=———, Ny = K5N,N,N 8
N,N,Ns 8 3V V¥ s (®)

K3
2(Ca** +0%") +Fe,0, = Ca,Fe,0;
AG® =-53172.4-2.5121T (973-1723K),
N,
K,=—"—, Ny =K,NN )
4 N12N5 9 44Y14Y5
(Pb** +0%*7)+Si0, = PbSiO;
AG® =-25120.8+1.256T (973-1773K),
NlO

K= , Nyp = KsN3N. 10
5 N3N4 10 54V34V4 ( )

2(Pb** +0%7) +Si0, = Pb,SiO,
AG® =-33494.4-6.699T (1158—1773K) ,
Nll

K, = , N, =K,N?N (11)
6 N32N4 11 647344

4(Pb** +0%7) +Si0, = Pb,SiO;
AG® = —67118-615.9327 +99.079TIn T —
0.04964977(1158-1773K),

Npp B 4
K; = NN, s Nip =K;N5 Ny (12)

(Ca* +0*)+Si0, = CaSiO,
AG® = -36425.2-30.5636T (298—1813K),
N13

Ky = , Ni3 = KgN\N 13
8 N1N4 13 84V14V 4 ( )

2(Ca** +0%*7) +Si0, = Ca,Si0,
AG® =-118905-11.3044T (298 -2403K),

K9 _ N14

=— . Niy=KyN,’N, (14)

3(Ca** +0?7)+28i0, = 3Ca0-2Si0,
AG® =-236972.9+9.6296T (298 —1773K),
N 3,2
Kig=—55, Nis =K;oNy'N, (15)
N’N

4

(Ca** + 0¥ )+ (Fe*" +0%7) +Si0, = CaFeSiO,
AG® =-72996.8—29.3169T (973-1643K) ,
N16

=16 N =K, NN,N 16
N1N2N4 16 114V14Y24V4 ( )

Kll
2(Fe** +0%7)+Si0, = Fe,Si0,

AG® =-32260+15.27T (25-1500°C),
N17

2 b
2 4

Ky, = N17:K12N22N4 (17)

3(Ca** +0?7)+Si0, = Ca,SiO;
AG® =-118905-7.179T (25-1500°C),
N
K13 =%» le =K13N13N4 (18)
Ny

The equilibrium constants K,;(i=12,---,13) in
Egs. (6)—(18) can be calculated by AG® of each reaction
obtained from Ref. [19].

2.3 Activity calculation model
According to the conservation law of mass, the
following equations can be deduced.
1) For the mole number of CaO
by =X+ X7+ x5+ 2x9 + X3 + 2X74 +3x5 + X6 +3X5 =
(05N + N; + Ng+2Ny+ N3+ 2N, +3N5 +
(0.5N, + K,N,Ns + K;N,N,Ns +2K,N2Ns +
KgNyN, +2KoN{:N, +3K,,N; N} +
K11N1N2N4+3K13N13N4)~Zx (19)

2) For the mole number of FeO
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by =Xy + X5+ X3 + X6 + 2% =
(0.5N, + Ng+ Ng+ Njg+2N,;)- Y x =
(0.5N, + K, N,Ns + KN, N,Ns +
K11N1N2N4+2K12N22N4)-Zx (20)
3) For the mole number of PbO
by = x5+ X0+ 2% +4x;, =
(0.5N3+Nyg+2N, +4N),)- D x =
(0.5N; + KsNyN, + 2K NiN, +
4K;NYN,)- Y x (21)
4) For the mole number of SiO,
ay = X4+ X0+ X F X0 X3+ X4 +2x5 + X6+
Xy7 + X8 =
(Nyg+Nyg+ N+ N+ N3+ Ny +2N5+
Nig +Nyq +N18)'zx =
(N, + KsN3N, + K(NIN, + K, N3N, +
KgN\N, + KoNEN, + 2K, N N7 +
K, ,N,N,N, +K,;N3N, +
KisNiNg)- Y x (22)
5) For the mole number of Fe,O3
Ay = X5+ Xg+ X7 +Xg + Xg =
(Ns+Ng+N;+Ng+No)- D x =
(Ns + K,N,Ns + K,N,Ns + K3N,N,N; +
K4NiNs)- Y x (23)
6) For the sum of all activities

18
D N; =N, +N,+N;+N,+Ns+KN,N; +

i=1
K,N\Ns +K;N,N,N5 + K,NINs + KsN3N,, +
KNiN, +K;N;N, + KgNyN, + KoNEN, +
K, oNNZ + K, \N,N,N, +
K, ,NiN, +K3N}N, =1 (24)
The following equations can be obtained when
Zx in Egs. (20)—(23) was eliminated using Eq. (19):
b,(0.5N, + K,N,Ns + K;N,N,Ng +2K NNy +
KgN\N, +2Ko NN, +3K,,N; N +
K\ NN, Ny +3K,3N7 N, )~
b, (0.5N, + K;N,Ns + K;N,N,Ns +
K\ \N\NyNy +2K,N3N,) =0 (25)
by(0.5N, + K,N,N5 + K;N,N, N5 + 2K, N N +
KgN\N, +2KoNiN, +3K,,N; N7 +
K\ N\N,N, +3K3N7Ny) -
b, (0.5N; + KsN3;N, +2K NN, +

4K;N{Ny) =0 (26)
@,(0.5N, + K,N,Ns + KN, N, N5 + 2K ;NI Ns +

KgN,N, +2KoNEN, +3K,,Ni N3 +

K\ \N\N,N, +3K,3NPN,) -

By (N, +KsN3N, + KgNiN, + Ko N3N, +

KgN,N, + KoNiN, +2K,,NiN; +

Ky N\Ny Ny + K NN, + K 3NPN,) =0 (27)
a,(0.5N, + K,N,N5 + K;N,N,N5 + 2K N} N5 +

KN, N, +2KoNEN, +3K,oNi N7 +

K\ N\N,Ny +3K3N7Ny) -

K3;N,N,Ns+K,N:N5)=0 (28)

By transforming Eq. (24), the following equation
can be obtained:

N, +N, + N3+ N, +Ns+K,N,Ns +
K,N,Ns+K;N,N,Ns +K,NINs +
KsN3Ny +KN3N, + KNy N, + KN, N, +
KoNEN, + KN} N +K,,N,N,N, +
K,NiN,+K;3;NiN,—1=0 (29)

Equations (25)—(29) are the activity models for the
PbO—-Ca0—-Si0O,—FeO—Fe,0; slag system.

3 Calculation flowchart

The activity model is a set of higher order equations
and its calculation process is a typical solving process of
nonlinear equations. The calculation flowchart of the
activity model is shown in Fig. 1.

[ Input 7, b, by, by, a, and a, |
v

| Calculate K, (i=1,2,+,13) |
Y

[ Linearize higher order equations |

[ Initialize NO (=1, 2, -, 5)
Y

[ Solve linear quations

| [NO=N,]

No

Yes
Output activities N, (i=1,2, -, 5) |

End

Fig. 1 Calculation flowchart of activity model
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For the calculation process, the temperature 7 and
the compositions (b, by, b3, a; and a,) of the PbO—CaO—
Si0,—FeO-Fe,0; slag system were inputted at the
beginning. The equilibrium constants of each chemical
reaction K;(i=12,---,13) then can be calculated. After
being linearized, the higher order equations of the
activity model were transformed to linear equations
about activities N; (i =1,2,---,5), which can be solved
by the Newton iterative method. To control the iteration
process, a precision parameter ¢ was adopted.

In this work, an activity calculation program was
developed using Delphi 7.0 based on the activity model
above. ¢ was set to be 1x107*, because the activities can
be regarded as the desired values when all of them
changed less than 1x107 in the iteration process.

4 Results and discussion

The PbO activity Np,o and the PbO activity
coefficient ypro (Ypro=Npbo/fev0, fovo 18 the mole fraction
of PbO in slag) were calculated for slags with different
compositions at different temperatures (7).

The slag basicity (Q) and the iron oxide rate (R),
defined by Egs. (30) and (31), are introduced to simplify
the description of the slag composition.

O0=w(Ca0)/[w(CaO)+w(SiO,)] (30)
R=w(FeO,)/[w(FeO,)+w(CaO)+w(SiO»)] 31)

4.1 Effect of slag composition on activity and activity
coefficient of PbO in slag

Figure 2 shows the model calculated values of the
activity coefficient of PbO (ypyo) in PbO—CaO—SiO,—
FeO—Fe,0; slag with different Q at 1573 K when the
mass ratio of FeO to Fe,Osis 5.0:1 and the mass fraction
of PbO in slag is 1%. The corresponding measured data
by KUDO et al [7] are also shown in Fig. 2.

3.0
= — R=0.60, calculated values
* — R=0.31, calculated values
2571 o — R=0.60, measured values
*— R=0.31, measured values x
20} 7=1573 K . &
2 -
& 157 & e
o
n D o
1.0F o .E' - £
o ™ ¥
0.5F "o * %

0 01 02 03 04 05 06
)

Fig. 2 Comparison of calculated values and measured data of
PbO activity coefficient in slag

As shown in Fig. 2, the model calculated values of
yppo are in good agreement with the measured data,
showing that the activity calculation model can reflect
the structural characteristics of the PbO—CaO—SiO,—
FeO—Fe,0; slag system.

It can also be seen from Fig. 2 that ypyo in the slag,
varying from 0.5 to 2.5 depending on the slag
composition, increases with increasing Q. At a fixed R,
the higher the Q value is, the higher the ypyo is. The
effect of O on the activity coefficient is stronger for
R=0.31 than for R=0.60, because the slag with R=0.31 is
less diluted with iron oxide than the slag with R=0.60.
This means that CaO can reduce the solubility of PbO in
the slag system, but SiO, can improve it. Therefore, in
order to reduce the lead content in smelting slag, slags
with high CaO content are usually adopted in modern
lead smelting process.

Figure 3 shows the effect of R on the PbO activity
coefficient ypyo at 1573 K when the mass ratio of FeO to
Fe,051s 5.0:1, the mass fraction of PbO is 15%, and Q is
equal to 0.1, 0.3 and 0.5.

3.0
T=1573 K
- 0=0.1
251 — 0=0.3
- (=05

T T

0 01

Ypbo
wh

02 03 04 05 06 07 08

R

Fig. 3 Effect of R on PbO activity coefficient at 1573 K

As shown in Fig. 3, in acidic slag with Q values less
than 0.3, yp,o increases with increasing R, owing to a
dilution of the acid component of silica by iron oxide.
The activity coefficient in basic slag, with Q value over
0.3, goes through the maximum with increasing R. Slag
with O value of 0.5 has the maximum ypyo at R=0.3-0.4.
The acid—base reaction may give a good explanation for
the relation between the activity coefficient of PbO or
lead solubility in slag and the slag composition. For
modern lead smelting adopting basic slag, the iron oxide
rate (R) is vital to decrease the lead content in the final
smelting slag.

Figure 4 shows the relationship between PbO
activity Npyo and PbO mole fraction fp,o in PbO—CaO—
Si0,—FeO—-Fe,0; slag at 1573 K when the mass ratio of
FeO to Fe,0; is 5.0:1 and Q is equal to 0.4.
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1.0
0.8
0.6
2
=
0.4+
T=1573 K
| 0-0.4
0.2 —— R=0.
——R=0.2
0 0.2 0.4 0.6 0.8 1.0

Jeva
Fig. 4 Effect of mole fraction of PbO in slag on PbO activity at
0=0.4 and T7=1573 K

As shown in Fig. 4, Np,o departures positively from
Raoult values regardless of R values. The Raoult
deviation increases first and then decreases with
increasing fppo, and reaches the maximum at fp,0=0.4
when R=0.8, but at fp,0=0.6 when R=0.2.

4.2 Effect of temperature on activity coefficient of
PbO in slag
Figure 5 shows the effect of temperature 7 on the
PbO activity coefficient yppo at 1373 K and 1573 K when
the mass ratio of FeO to Fe,Oj3 is 5.0:1, the mass fraction
of PbO is 15%, and Q is equal to 0.1 and 0.5.

3.0
— 0=0.1, I573K
—— 0=0.1, 1373 K
25} —— 0=05, 1573K

—=— (0=0.5,1373K

04 05 06 07 08
R

Fig. 5 Effect of temperature on activity coefficient of PbO at
0=0.1and 0.5

0 01 02 03

As shown in Fig. 5, the activity coefficients change
little with temperature. Accordingly, the effect of
temperature on the activity coefficient of PbO is not
significant within the temperature range from 1373 K to
1573 K at 0=0.1 and 0=0.5.

4.3 Equal activity curves
Figures 6 and 7 show the equal activity curves of

PbO in PbO—CaO—-SiO,—FeO—Fe,0; slag at 0=0.5 and
FeO/Fe,03 mass ratio of 5.0:1, which is the popular slag
composition of modern lead smelting, at 1423 K and
1523 K respectively. For these ternary diagrams, CaO
and SiO, were bound as one coordinate point, named
Ca0O+Si0,, and FeO+Fe,O; was regarded as another
coordinate point, named FeO,.

CaO+ 1 1 L I 1 1 1 I L
Si0, 0.1 02 03 04 05 0.6 0.7 0.8 09 FeO,
x(FeO,)
Fig. 6 Equal activity curves of PbO in PbO—CaO—SiO,—FeO—
Fe,0; slag at 1423 K

CaO+ 1 1 — 1 1 I L L
Si0, 0.1 02 03 04 05 0.6 0.7 08 0.9 FeO,
x(FeO,)
Fig. 7 Equal activity curves of PbO in PbO—CaO—SiO,—FeO—
Fe,05 slag at 1523 K

As shown in Figs. 6 and 7, the equal activity curves
are almost parallel. PbO activity increases with
increasing PbO content in slag, but the activity curves
near the PbO—CaO+SiO, line vary larger with the
changing PbO content in slag than that near the
PbO—FeO, line for the reason that PbO can combine with
Si0, more strongly than with FeO or Fe,0Os.

5 Conclusions

1) Calculated values of the activity model are in
good agreement with the reported experimental data,
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showing that the thermodynamic model can reflect the
structural characteristics of the PbO—CaO—-SiO,—FeO—
Fe,0;5 slag system.

2) Npyo departures positively from the Raoult values

regardless of R values, and increases with increasing
PbO content in slag but changes little with T.

3) ypvo varies from 0.5 to 2.5 depending on the slag

composition and increases with increasing Q value. CaO
can reduce the solubility of PbO in the slag system, but
Si0O, can improve it.

4) ypyo in basic slag with O values over 0.3 goes

through the maximum with increasing R value. Slag with
QO value of 0.5 has the maximum ypyo at R=0.3—0.4.
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