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1 Introduction and description of the task

The classical procedure for the separation of tin, arsenic and antimony from lead is the selective
oxidation of these metals with the oxygen of air in a refining furmace. As oxidation products from
this process complex lead oxides develop, that are called skimming. Up to now some questions are
still unanswered: the formation of the axides, the necessary oxygen, the influence of the interaction
of the different trace elements in lead on the phase composition of the oxides as well as the maxi-
mum possible refining grade and minimal lead loss. From the view of the industry most important
are: the selective separation of the trace elements at the same time the maximal enrichment of these
elements in the oxidation product as well as the lowest possible oxidation of lead and & total re-
muoval of the trace elements,

There is a lot of litersture about the oxidation of Pb-Sn-As-Sb-melts that are in some cases contra-
dictory. In general it is assumed on the base of thermodynamic calculations snd practical knowl-
edge that the oxidation of Sn, As and Sb runs in this sequence because in this sequence the heat of
formation of the pure oxides decreases. That the oxidation process is far more complex shows the
compesition of tin skimmings. Interesting are the high Sb-concentrations and the low As contents of
the tin skimming that should appear sccording to the heat of formation of Sb0; and As:Os the
other way around.

A great number of investigations on the oxidation of Pb-melts with trace elements was conducted
on unmoving air. These investigations show that the oxidation on unmoving air i4 restricted by dif-
fusion in the oxide tayer. In the industry the air is injected into the melt so that on permanently new
forming surfaces the diffusion restriction is overcome. Therefore the oxidation is restricted by the
through heterogeneous reactions at the phase boundary melt-bubble-surface developing solid-liquid
oxide layer. The developing oxides rise to the melt surface and are oxidised further depending on
the atmosphere in the furnace. But this oxidation only plays a minor part in the separation of As-,
Sn- and Sb, To evaluate the As-, Sn- und Sh-separation from lead during injecting of air the devel.
oping oxide phases at the air bubble surface with the permanently changing melt composition and
oxygen concentration have to be understood. An answer fo this question can be the phase dingrams
of lead and its trace elements with oxygen as well as the phase disgrams of the developing oxide
systems that give an overview of the possible phase transitions in all possible systems lead-trace
elements-oxygen.
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The knowledge about possible more component compounds of the trace elements, reaction of
compeunds with oxygen and the by this way developing reaction products in a lead melt is requi
for the estimation of the efficiency of the trace element separation as woll as the type and amount
the developing oxides. Phase diagrams show these conditions in a graphical form,

2 Methodology

To clarify which reactions run in a ternary system and which final products do develop W, Guert
did propose so culled “clarifying intersections™ [1]. With this procedure phase dingram tri
that contain compounds are divided into sub triangles by quasi binary lines. By these means the
ternary system is broken up into 4 series of secondary sub-systems whose components are simple
compounds and show the equilibrium of the sub-system [2]. This division of ternary systems in &
series of secondary sub-systems is called triangulation.

The division of a ternary system with for example two binary compounds M and M; in & binary
system is trivial (Figure 1), whereby the ternary system A-B-C is divided by quasi binary cuts C-M,
and C-M; in three secondary sub-systems A-M,-C, M-C-M; and M3-B-C.

Figure 1:  Triangulation of & ternary system with two congruent melting binary compounds M,
and M; in the system A-B

More complex is the case when in rwo binary boundary systems and in the ternary system binary
compounds do form.Here two possibilities of trisngulation can be performed (Figure 2 and Fig-
ure 3). The quasi binary cut Mz-B (Figure 2) or the quasi binary cut M;-C (Figure 3). With both
variants the cut M, -M; is quasi-binary,
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Figure 2: Triangulation of a temnary systemn with two congruent melting binary compounds M,
and M; in the boundary systems A-C and A-B (first varant)

In case of the quasi binary cuts M;-B and M;-M; (first variant) the system A-B-C is divided info

three sub-gystems: A-M-Mz, M;-M;:-B and Mz-B-C. Are the cuts M-M; and M;-C quasi-binary

(second varinnt) the primary system is divided into the following sub-systems: A-M;-M, M;-M;s-C

and M;-B-C.

Figure 3:  Triangulation of a ternary system with two congruent melting binary compounds M,
and M; in the Boundary systems A-C and A-B (second variant)

An investigation of the first vanant shows that the compound M, can not be in equilibrium with the
component C but the compound M is in equilibrium with the component B. With the second vari-
ant the compound M 18 in equilibrium with the component C but the compound M; can not be in
equilibrium with the component B. In case the cut Mx-B is quasi binary (Figure 2), no reaction will
oceur during the melting of compound Mz with the component B, But during melting of the com-
pound M with the component C & reaction M +C=M;+B will run and My and B will develop. In
case the cut M;-C is quasi binary (Figure 3), no reaction will occur during melting of compound M,
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with the component C. but during the melting of My and B the following reaction will run:
Mr+B=M+C and M, and C will develap.

The triangulation of the system A-B-C can only be conducted by the quasi binary cut of both possi-
ble cuts (M;-B or M-C). A admission of both cuts means that at the intersection x of the cuts My-B
and M;-C four solid phases {components B, C and compounds M; and M) of the ternary alloy with
the composition x are in equilibrium, based on the phase rule this is not allowed at all temperatures.

The ternary alloy of the composition at the intersection of the quasi binary cuts M»-B and M;-C can
also appear in one phase in the solid in case the alloy forms a ternary compound st this position
(Figure 4). With a formation of & ternary compound (S) the cuts M-8, 8-B, 8-C, M:-8 and the in-
tersecting cuts M)-M; and A-S are quasi-binary.

Also with the formation of a ternary compound (3) there are two possibilities of the triangulation of
the ternary system A-B-C: by the quasi binary cuts M-S, 8-B, 5-C, Mz-S and M;-M; (Figure 4/1)
or by the quasi binary cuts M-8, §-B, 5-C, M:-5 and A-5 (Figure 42)

Figure 4: Triangulation of the system A-B-C with binary (M; and M;) and one ternary (5) con-
gruent melting compound,

Which cut is quasi binary is established by the investigation of the phase composition of the temary
alloy x;, that has the composition of the intersection of the possible quasi-binary cuts. The numbes
of quasi binary cuts and the number of secondary sub-systems in a temary system that are devel-
oped by trisngulation is equal [6];

Rl +3N, (Eq. 1)

T= 1+Ny+2N, {Eq. 2)

With: R-Number of developed quasi binary cuts; Ny- Number of binary compounds in the
ternary system; Ni- Mumber of ternary compounds in the temary system; T- MNumber of devel-
oped temnary sub-systems

The development of these “clarifying intersections™ for multi component systems were conducted
by [3]-[6], where first a triangulation of the ternary systems was performed. The tetrahedron space
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of & four component system is divided by quasi binary planés in secondary tetrabedrons (compars-
ble to the triangulation but with planes instead of lines). Esch secondary tetrahedron is for equilib-
rium conditions a system where the components are simple materials (compounds).

This division of multi component systems in secondary sub-systems can lead to answers aboul pos-
‘sible reactions, concentration nreas in which resctions run and possible products that develop in
multi component systems by these reactions. For the investigation of a metallurgical process for
‘which the precise phase diagram of the components is not valid it is advisable to start with the tri-
‘angulation and tetrahedronisation of the respective sysiems [6],

3 Three component system Pb-As-O
3.1 Triangulation of the system Pb-As-O

The triangulation of the system Pb-As-0 (Figure 5) can be conducted with the help of the boundary

systems of the system Pb-As-O [T]:8], the publicised cuts PhO-As;0s- and PhO-As:0;- [9] as well

a5 the indication of a lead precipitation from PbO-As:0s-and the As-distribution between metal and

slag [91:[10].

Becpuse from PhO-As;Op-mixtures products of the Ph0O-As;Os-cut form [9], the PHO-As; 0, is not,
the Pb0-As:05 in comparison is quasi binary. But there have to be quasi binary cuts between Pb
and the amsenates of the Ph-As:0s cut, that confirm the lead precipitation of PhO-As;O-mixtures,

“as well as between As and arsenates of the PhO-As:0s cut, that exploin the As-contenis in the metal
“with at the same time high As-contents in the oxide layer. Figure 6 shows the developed trianguln-

“tion of the system Pb-As-0,

The existence of quasi-binary cuts Pb-3PbO* A0+, As-3IPbO*As;05 and As:0; ~IPbO* As, 05 was
- confirmed by thermo dynamical caloulations.

‘Figure 5:  Triangulation of the systems Pb-As-0 (Atomic.-%)
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From the triangulation of the system Ph-As-0 follows, that lead precipitations from the PhO-As:0,-
mixtures can be described by the following reactions:

10<PbO=+<As; 0> =2{Ph+<3Ph0* A5 D> {Eq. 3)
16<PbO>+2<A 505> =4(Pb)+<BPHO* As:0s>+<4Pb0* Agy 0> (Eq. 4)
6<PHO> +<As;:05> =2(Pby+<4PbO* As;Os> (Eq. 5)
11<PhO>+2<As0y> =4(Pb)<d  PHO*AsDs+<3IPHO*As;05> (Eq. 6) -
3<Pb0= +<As; 0y =2(PbH-<3PHO*As;: 05> (Eq. 7)
T<PHO> +3<As,05> =(Pb) +2A8m+2*<3PHO*As;0> (Eq. 8)

According to these resction equations (Eq. 3 - Eq. §) no pure As:0; is formed but mixed oxides do
develop. The per mol As;(; conducted metal precipitation increases according to the equations (Eq.
3 - Eq. 5) from 20 % up to app. 32,5 %. Above that amount they sink again according to (Eq. 6) to
app. 9 % increase ngain according 1o reaction Eq. 7 to 20 % and finally sink again according to (Eq.
&), Because the formed oxide phases and their mixtures have very different melting temperatures
the conduct of the reaction can be handicapped by this reasons as well. The intersection of the con-
nection line PbO-As:04 with the quasi binary cut Pb-3Pb0* As:0y in Figure 5 shows the minimal
value of the metal precipitation. It shows n As;Oh-content in the mixture of app. 15-16 % (As-
comtent app, 12 %), that complies good qualitatively und quantitatively with experimental re-
sults [10],

The arsenic distribution between metal and slag can be described by the following repction equa-
tions {As-separation from Ph-melts). (Intersections of the tie-line PhO-As with the cuts of the sec-
ondary sub-system Figure 5):

13Pb0O+2As =5Pb+BPHO* As:0s {Eq. 9)
22Pb0+4As  =10Pb+EPBO* As;0:-+4PhO* As:D; (Eq. 10)
IPbO+2ZAs  =5Ph+4PbO* As Oy (Eq. 11}
17PbO+4As  =10PE+4PBO* As; O+ 3PRO* As; 0y (Eq. 12}
BPbOH2As  =5Pb+3PhO*Asy0s {Eg. 13)

With these reactions per | mol of transferred As, 2.5 mol Pb are precipitated. The intersection of the
conpection line PhO-As with the quasi binary cut Ph-3Pb0* A5:0. delivers the minimal As-content
in the slag (app. & % As or app. 10,5 % As;0;) where a As-precipitation of the PbO-As-mixtures is
conducted. This agrees with experimenta] results [9].

Figure & shows the for the As-separation from Pb relevant corner of the temary system. The point
*x" (heterogeneous equilibrium (“x;")-melt and oxygen ling I-1) lies in the secondary sub-system
PoO-8PbO* As: (-0, therefore the melt oxidises with the formation of PhO and BPHO= Az 0.
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The As-content in the oxide layer should not be lower than 5 Mass % at the direct oxidation of As
by oxygen (Intersection of the line of the oxygen concentration and the quasi binary cut
EPBO*A5:0:-0), that does not lie in good relation to results from laboratories and the industry
{app, 16 Mass.%) [11].

Figure 6: The Pb-corner of the system Pb-As-0 (schematically)

Because as mentioned above the activity of lead is 1 and the activity of arsenic is below 0,01
[12]:013], during the injection of air in & Ph-As-melt at first o Ph oxidation is conducted. The
formed PhO 15 solved in the melt (solvability of PbO at B00°C 15 app. 045 Mass.-% [14] and oxi-
dises the As according to the reaction (Eq. 9 - Eq. 13). The by the reactions {Eq. 9 - Eq. 13) formed
mixed oxides can contribute to the As-separation as well:

BAs=9*(BPLO* As;0: =20Pb+13%(4Pb0O" As:04) (Eq. 14)
ZA4+B*(APDO* AsyO)=5Ftr-9*(3PbO® AsyD4) (Eq. 15)

In case the oxygen solubility (PBO) is added in the phase diagram Pb-As-0, a composition at the
point i {Figure 6) agrees with the composition in equilibrium of the composition of a Ph-As-melt
at the point “x' with the in the melt solvable oxygen (line 0-0, Figure 6), This “equilibrium com-
position” is moved to lower As —contents with constant oxygen concentrations in the melt (direction
of the arrow 0-0, Figure 6). By the oxidation of As of first 3Pb0* As;0s-compounds are formed
thar are in equilibrium with the Pb-melt. The As-content in the melt is determined by the equilib-
rium of the reaction Eq, 13, whereas the As-content in the oxide layer can at the beginning reach
viulues up to app. 16,7 Mass.-%, this is confirmed by [11].

As 15 possible to see from the triangulation of the system (Figure 5) an As-oxidation from a PhO-Ag
mixture is only conducted in the oxide layer above 8 % As content (Intersection of the connection
line PhO-Ag in the quasi-hinary cut Pb-3Pb0* A5:05), With higher As-content in the oxide tayer the
As-content in the mixture should increase by reactions of lead with the arsenates. This discovery 18
in accordance 1o qualitative and quantitative results [9);[153:[161.
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32 Thermodynamic boundaries of the As-separation
by oxidation of Ph-As-melts

Because of thermo dynamical data of compounds of the cut PhO-As:04 only data for the compound
APbO* Asy0y is available only this data was used for the calculations. The deviation for the calcula-
tion of the As-content will only be minimal because the heat of formation of similar mixed, oxides
will not differ significantly. The achievable As-separation by the in the melt solved PO can be
described by the reaction Eq. 13,

Table 1 shows the with the software FACTSAGE 5.1 calculated As remaining equilibrium contents
of Eq. 13 with different As‘O starting conditions under the assumption that the formed oxide phase
consists of solid PhO and 3Pb0®*As.0; or a liguid slag phase. For the calculation it was assumed
that all charge materials have the same tempernture that is equal to the temperature of the reaction,

The values of Table | show that the remnining As-content in a Pb-As-melt during a oxidation with
PbO is strongly dependent on the temperature. In case a solid oxide phase is formed the As-content
in the metal at the same temperature is independent of the surplus oxygen. In case & liquid slag is
formed the remaining As-content in the metals is substantionally lower. Between 800 and 1000 °C
the As-content has therefore a minimum when a oxygen surplus O/As > 4/1 is present, The remain-
ing As content is then substantionally lower because of the formation of liguid oxide phases in
comparison to the formation of solid exides (4-19 ppm in comparison to 255 ppm,

Table 1). For u comparison equilibrium calculations were conducted for the application of gaseous
oxyyen for the separation of As from lead melts. According to these calculations during the oxida-
tion of Pb-As-melts by oxygen simultaneously PbO and PHO und As:O can develop.

Table 1:  Selected calculations for the equilibrium of the reaction
B=<PhOr=+2As p, =5(PhH-=<3PH0*Ag; 0>
| Chams mixture (Moll | Temperature
Ph | As | PRO in[C]
330

300
L
3

20

500
A30
00
800

350
0 LS00
B0 | 4687 E
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The in the Pb-As-melt injected oxygen oxidises at first Pb to PbO that in » subsequent step reacts
with As.

4 Three component system Pb-Sb-O
4.1 Triangulation of the system Pb-Sb-O .

For the system Pb-Sb-0 (Figure 7) with known 4 binary and 10 temary compounds result according
to Eq. | and Eq. 2 34 quasi binary cuts and 25 secondary sub systems. For the conduet of the trian-
gulation it was considered that by the oxidation formed high valence oxides should lie on a direct
line between low valence oxides and oxygen. Also a complex oxide mixture lies on a line between
the individual oxides. Based on these geometric conditions the compound SPHO*25b,0; [19] can
be modified as 3PbO*SbyO; [21). The compounds of the PHO-5by0y cut are nccording to these ob-
servations 8Pb0*25b;0y instead of 8PbO*Sby0y [19] and 4PbO*28b:04 instead of 2PBO*Sh,0,
3<x<3 [19] and lie on an intersection of the lines between SPHO*She0y-3PhO*Sba0s and PhO-
Sb:0y as well as IPPO*Sby0y-PO*Sby0y and PbO-Sb:0y. The sub system of the triangle PBO-
Sb:04-0 desoribes the oxidation of PbO-Sby0,-mixtures as follows:

During oxidation SPHO*Sba0; reacts step wise to higher valence oxides under the formation of
PbO, following the reactions:

2*(5PRO*Sha0s ) +H0: =2PbOH-EPBO* 25k, 0 (Eq. 16)

EPRO*28b, 00+ =2IPbOH2*{IPBO*Sb04) (Eq. 17}

» Compounds! Sub-systems:
1 SPROYSba0, I Fi-SF0=51n 08P b Shy(),
d  IPROShA0, B 5P 5 BP0 Siy O IPLO S0y
o : 1 P51 O P S - JP B B o,

IV PRS- WP S b = PO 288, 0,

4 BPRO2858,0, ¥ ] ey
5 IPhO*Sb0, V1 PRS0 -4 PO 25y Dy PO S0,
6 4PBO* M VI PRl 0P S b D Sl Oy
T PRO*SE0, VI P Sy -5y e Sy

Figure 7:  Triangulation of the system Pb-Sb-0 { Atomic %)
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In dependence of the oxygen supply in a SPbO*Sha0w-3Pb0O* Sb:0y mixture the phases are oxidised
s follows:

IPHO*Sk0+1/20; =3PbO*Shy0, (Eqg. 18)
IPO*Sh0-0y  =3Pb0*Shi0y {Eq. 19)

During the exidation of 3PH0*Sh:0:-PHO* 50y mixtures can additional to the oxides of Eq. 1%
and Eq, 19 form the following oxide phases in dependence of the mixtures composition and the
oxygen supply:

PbO*Sb:05+1/20; =PbO*Sh;0, (Eq, 20)
IPHO*ShiOr+ PRO*Sh:05+0:  =4PbO*2Shy04 (Bq 21)
PHO*Sb:05+0; =PhO*Sby0s (Eq. 22)
IPHO*Sb;05+3(PO*Sby05)+407=2(IPbO*251,05) (Eq. 23)

The sccuracy of the triangulation of the svstem Pb-Sb-O can be validated by the comparison with
publicised experimental results of different mixtures.

In [17] the oxidation of two mixtures with the molar composition 3PBO/2Sky0; and PHOV3 Sha0y
were jnvestigated. Based on the experimental results it was concluded that during oxidation of PhO-
ShyO-mixtures ShyOy in the form of antimonates develop. Into consideration can be taken pyroan-
timonate (2Ph0O*Shy0s) and metaantimonate (PRO*Sho0s). Whereas in mixtures with a PhO-
content lower than 30 Mol-% also the formation of free Sbz(0y is possible,

The oxidation of mixtures with a concentration relation up to PhO/Sb:05=5 is conducted theorcti-
cally under the formation of PHO and 8PHO*25b,04 or PHO and IPHO*Shy0s and not with a forma-
tion of a homogenous antimonite phase [19]. Relative weight gain above 130 % [19] can be de-
scribed by the stabilisation of PhyOy at the presence of HyO or OH-groups in the mixture:

PbO+5Pb0*Sb:05+3/20:=Pbi 0+ 3PBO*Sby 04 (Eq. 24)
Compared to the assumption [19] of a oxidation from Sb{llT) to Sh{V')
Sb04+0s=8k 0, (Eqg. 25)

From the reaction Eq, 24 o weight gain of 150 % results in comparison to 100 % of by the reaction
Eq. 25,

Agcording to [19] PhO-ShO-mixtures with a fraction of up to 70% Sh0, after a heat treatment in
a inert stmosphere consist of;

« PhO, 3PHO*Sh,0, and possible 8PbO*Sh. 0,
* 3PbO*Sk0, and PbO*Sb:0,

After [17] ShyOy; is broken up at the presence of PhO under the formation of PbO®*Sb:05,
2PbO*Sho0y and PRO*ShOs,
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Then-ilngulrtiunhnﬂummmumpﬁmma:lnanlnmmmphmnnlylimemmpnundsnfm
PhO-5b:0s-cut are broken up and the following phases appear:

<BPHO*2Sb10.>  =<SPHO*Shy0h>+<3PhO*Shi05> (Eq. 26)
25<IPHO®Sb,06>  =<3PHO*Sb;05>+<3PbO*Shy0> (Eq.27)
<APHOPISh0y>  =<IPhO*Shy0y=—PHO* SO {Eq: 28)
2<PbO*Sb0>  =<PbO*Sb;0:>+<PbO*Sb;05> (Eq. 29)

During the oxidation of PbO-8b,04-mixtures compounds of the PbO-Shy0:-cut are formed.

The trisngulation of the sysiem Pb-Sb-O predicts that the following phases can appesr in a PhO-
Sb:0s-mixture ut the same time:

* PbO and 3PHO*Sha0x

* IPBO*Sby0y and IPHO*250,0,
* IPbO*28h:05 and PRO*Shy0s
* PHO*SbaOs and Sha0y

This is in accordance with experimental results in [19], In an inert simosphere the compounds
3PbO*5b:0s and PbO*Sby0; can form compounds of the PbO-8by0s-cut under the formation of
oxygen after the following reactions:

IPBO*8by0.=3PbO*Sh0,+1/20; {Eq. 30)
PHO*Eb,04 = PHO®ShaOy+120, (Eq. 31)
A according gas development in connection with charscteristic boiling noises were noticed by [17],

4.2. Thermodynamic boundaries of Sb-sep. from
Pb-5b-melts by oxidation
As can be seen in the triangulation (Figure T) Sb can be oxidised by in Pb solved PHO as well as

with oxygen in ense the oxygen concentration in the oxygen carrier is higher than 16,47 Mass.-%
Oy The oxidation of Sb by PO is described by the reactions Eq. 32 - Eq. 15:

PHO+25b=1Ph+SPhO*Sby 0, (Eq. 32)
6PBO-+28b=3Pb+3Pb0*Shy0; (Eq.33)
4PbO+25b=3Pb+PbO*Sh,0, (Eq. 34)

3P0+ 25b=3Pb+Sb,0; (Eq. 35)

In case the oxygen concentration is above Bpp. 16,5 Mass. % O; (the oxygen concentration of

Sby0h is 16,47 Mass.<% O3) in the oxyEen camier a simultaneous oxidation of P and Sh is con-
»ducted:
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S(Pb)+28hwt5 {01} =2<PbO=+<3PbO*SkyDs> (Eg. 36)

Because thermo dynamical data for the compounds of the system Pb-Sb-0 gre not available except
fior Sba0;, Sba0y and Sby0y, for the calculations only the available data was used. This can lead to &
too high equilibrium concentration of Sb in Pb melts in comparison to the true values that adjust
during the formation of Pb-8b mixed oxides. Table 2 shows some by the software FACTSAGE 5.1
calculated values of Sb-equilibrium concentrations in Ph-melts at 500 to 800 *C. -

Based on this values it can be assumed thst a temperature increase of 500 to 800 °C increases also
the Sb-cotitent in the melt substantionally, The required oxygen supply for the Sb-oxidation is
O/8b=3/2 (Mol) according to the compound SkyO,,

Table 2:  Selected calculations of the equilibrium of the reaction
3<Pb0>+28bp=3(Ph)+Sha0s ( *-liquid; **-solid)

Educts [Mol] Tem- Prodycts (Mol| Gl
PyTOTe Metal phagg Sing ohase S
Ph_ 13 | <PhD> ¢l Py S ult] Shen Ipom] |
1 500 101,00 0332451 - 0333744 1950
2 06 10141 005948 055009 0470265 45
3 SO} 10041 005945 L e 0.47026== 345
100 - F i B 10253 3501 - _ (32405 2017
3 800 Joz4s | 024430 | Qsdones 0.37765* 1480 |
- 800 10148 (27544 151564 036275 Li95
2 500 02,00 | 066746 i 0666777 | 3845 |
3 5061 102,91 006036 | 00008t | 0Gwgge 345
1] S00 10291 006036 30005 0.96982 % 345
10 300 10294 006036 100054 0.96982 % 345
2 i) 10200 LAD450 : 0.40756% ST
S 3 800 | 10300 | osa7se k 0736210 | 3000
] _ B 103,96 024791 FALE L el DATHO4* 1400

A further increase of oxygen supply leads 1o a formation of PhO. After [175{19] the melting tem-
peramure of a PHO-8byCh-mixture decreases to app. S50°C by the addition of app. 40 Mol % ShyD;.
Based on this fact the slag phase should be liquid at B00°C. In contradiction the ealculation program
shows at B00°C solid PHO and liquid Sh;D;. Because the literature about the melting temperature of
Phi-8b:04-mixtures can be viewed as significantly representative the conclusion has to be drawn
that the database of Fact Sage 5.1 is not complete in this area. The question how this impacts on the
calcalated Sh-contents s open. The caloulated Sh-equilibrium content in Pb-melts after the Sb-
oxidation by PbO at 500°C is about 345 ppm independent on the starting concentration of the Ph-
melt. The Ph-content in the metal phase increases with the tumover of Sb to Sb:0y by PhO. A sur-
plus oxygen supply compared to the stoichometrical necessary amount for the oxidation leads to an
increased Ph cidation and & decreased Sh content in the slag phase. The relation of Sb/0 of the
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quasi binary cut Pb-Shy0; with given Sb-content provides the maximal oxygen concentration in the
Pb-melt at which a “pure™ Sh-oxidation is conducted.

5 Three component system As-Sb-O
5.1 Triangulation of the system As-Sb-0 .

The triangulation of the system As-Sb-0 shows Figure 8,

N
N\
N

Figure 8: Triangulation of the system As-Sb-0 (Atomic %)
With the help of FACTSAGE the equilibrium fractions of the phases with the reaction between Sb
and As:0s, Sb and AsyOy, As and Sby(s as well as As and 5b:0y were calculated (Table 3),

The caleulntions show that Sh is oxidised at S00°C by As;0, and As;Oy. In return As is oxidised by
Sb;0s and Shy04, depending on the concentration conditions, This result complicates a direct an-
swer about the possible quasi binary cut in the system As-Sb-0.

The sequence of the formed oxide phases by the application of different oxygen carriers with an
increasing oxygen confent remains undisturbed:
Sbz20h—Sbz 0+ AS20—Sb0s+ A0+ S0y — Ay 05+ 8ba Oy — AsOrtAsy O+ 8ba0y

The trisngulation of the system As-Sb-O (Figure 8) confirms that by the oxidation of an As-Sb-melt
different oxide types depending on the oxygen concentration and the melt composition are formed.
Sb can be oxidised selectively by Asi0; and As;0s in 8 As-Sb-melt 10 Sb0; (Sub-system As-
Sba0;-5b), As in comparison can only be oxidised together with Sb
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Table3:  Selected caleulation for the equilibrium of the reaction
between Sb and As;D; resp. As;Cs at 500 °C

Educts [Mal] | Products [Mall in -AG [Idiumover]
LShfAsOy [ AsOe |8 1 As  LASD. | AsO. | S50, Shily

s |1 6 04 - - L0 = 95,014
2 11 - 00174 09828 | 00175 |- nos2s |- 65,014
Lolin - 00175 0982 | 050875 |- 049128 |- 36,140
1 12 2 00175 009875 | |5087 |- 049128 |- 43,407
4 |- | 125 0,78 - - 15667 |- 120,678
2 1- 1 00175 poszs  losmas |- 099417 | - 176,585
3 1- 1 0pi7s 19825 LB36x | - L4971 - 837,162
f 5 00175 09825 150 s i0 L0 229,86
1 1- | 00038 09962 L s . 0.5 226,059

The intersection between the quasi binary cut As-Sby0y and the tie-line berween metal composition
and oxygen gives the maximal Ox-concentration, at which Sb is oxidised. The slag composition is
also a function of the alloy composition and the oxygen concentration in the oxygen carrier as
shown by the equilibrium calculations.

6 Four component system Pb-As-Sb-O

6.1 Tetrahedronisation of the system Pb-As-Sbh-O

The tetrahedronisation of the system Pb-As-Sb-0 was conducted on the basis of the triangulization
of the temary boundary systems and the topology rule of multi component systems (Figure 9).

The thermodynamic existence of some quasi binary planes was confirmed by in-house caleulations.

According to Eq. 2 the system Pb-As-8b-0 consist of 27 quaternary sub-systems, when only 6 bi-
nary and 14 temary compounds are considered (4 in the system Pb-As-0 and 10 in the system Pb-
Sh-0).
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1= SPB(* 5k 0y
- 3PbO*5h, 0,
3 PHIO*Sby 0y
4 BPHO#Sh,0,
5- IFLO*Shy0,
B AP0 25h,0,
T- PhO*EbyD,
# IPHO*Sh,0,

Figure 9: Tetrahedronisation of the system Ph-As-Sh-0

The latest knowledge on the system As-5b-0 [22] shows a seriey of gaseous termary compounds
between As- and Sb-Oxides (As:Shi0y, As:Sbi0y, AsSbiO,), but there is information missing
about:

* Melting temperatune

* Type of melting (congruent, not congruent)

* Temperature range of existence

= Existence of this compound only in the gasecus phase,
By which the consideration of these compounds is not possible for a tetruhedronisation, The limita-
tion for the tetrahedronisation of the system Pb-As-Sb-0 does not pose any significant disadvan-
tages for the interpretation of the oxidation of Pb-As-Sb-melts, because the oxygen concentrution
fiar an oxidation on air is already between the oxygen content of SbaO, (20,8 Mass.-%) and Sby0,
(24,73 Mass.-%) in the system 5b-0, between As- and As:0y (24,26 Mass.-%) in the system As-0,
PbO (7,17 Mass.-%) and oxygen in the system Pb-O. Therefore the oxidation products in the sub-
system of the oxygen corner at the side of Pb-0 and As-Sh-mixed oxides do not have any influence.
The ,oxidation equilibrium products during the oxidation on air are in the sub-systems PhO-
IPbO*Shy0:-BPbO* As:04 and IPbO*Sb;04-BPbO* As;0:-4Ph0* As:05. The formed oxides are
oxidised further because additional oxygen is added 1o the melt at all times. Therefore skimming
cun contain all oxides, that form in the system PhO-8bz04-3Ph0* As: 05,

As can be derived from the tetrahedronsation, the system is characterised by the quasi binary plane
Ph-As-Sby0s. At low oxygen concentrations o Sh-oxidation is favoured and at first with increasing
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oxygen concentrations and decreasing Sb-concentration a parallel oxidation of As and Sb runs. In
cese the oxygen supply is increased further a simultaneous oxidation of As, Sb and Pb is conducted.

6.2. Thermodynamic boundaries of the selectivity for the separation
of As- and Sb during the oxidation of Pb-As-Sh-melts

For the evaluation of As- and Sb Equilibrium contents in a Ph-As-Sb-melt thermodynamic caleuls-
tions were conducted for 600°C and 300°C with theoretical mixures of As, Sb and oxygen. The
results confirm the tetrahedronisation and show that the oxidation sequence of As and Sh depends
on the oxygen supply as well on the As and Sb concentration in crude lead (Figure 10, Table 4), In
case of low oxygen supply Sb is oxidised first and then with increasing oxygen supply As and Sb
are oxidised parallel, The composition melt-oxygen of the sub-gystem Ph-As-Sb-Sha0 (Figure 9)
oxidises under the selective formation of Sb:O; (first arm of the oxidation curve of Sh in Figure
10}, The inflexion point of the ling in Figure 10 give the intersections of the conodes “melt-oxygen”
with the plane (Figure 9) and separates the area of selective oxidation of Sb from the area of parallel
oxidation of As and Sh. A further increase of the oxygen supply moves the composition “melt-
oxygen” in the sub-gystem of the quadmngle Ph-PbO-5b:03-3Ph0* As:0s (Figure 9) where Pb, As
and 5b are oxidised parallel (Figure 11- Mol=6400 ppm) at 600 and 800 °C (Figure 11-Figure 12,
Table 4).

Oxygen supply [mol number]
—a— f5 {CoSb=1,1 Moi=8400 ppm)
B As [CoSb=1'36 Mol=7800 ppm)
—h— A5 b=2 Mok=11580 ppm)
—&—5b {Co=1,1 Maol=5400 ppm)
— b |Go=1'36 Moi=7904 pprni
—fi— 5b {Co=2.0 Mol=11580 ppm

Figure 10: As and Sh-separation by oxidation of a Ph-melt (Pb 100 Mol; As 0.8 Mol=2850 ppm;
Sb 1,1-2,0 Mol) at 600 °C

For the control of the oxygen supply (low oxygen concentration) up to- 50 % of the Sb-content of
the melt can be removed selectively (Shy0y) without an oxidation of As at the same time (Sub-
system Pb-As-Sb-Sha0; in Figure 9). Because of the shift of the composition “melt-oxygen” in the
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sub-system Pb-As-A5:04-8b20y, As and Sb are oxidised parallel later. With increased axygen sup-
ply the composition of "melt-oxygen™ shifts into the sub-systems of the quadrangle PhO-Sby05-
3PbO*As:0:-0, the As and Sb-contents that remain in the melt reach their thermodynamic possible
equilibrium concentrations at the given temperature, A further oxidation of the melt leads 1o o Pb
oxidation only (Figure 11; Figure 12). After the achievement of the equilibrium concentrations of
As and Sb only Pb is oxidised under the precipitation of <PbO> (Figure 11; Figure 12). Independent
on the starting concentrations of As and Sh in the Pb-melt the remaining concentrations of As and
Sb in a Ph-melt after oxidation are 15 resp. 1100 ppm at 600°C and 5 resp, 1400 ppm at B00°C. At
SDO°C the Sb-contents decrease to 345 ppm. This result confirms the temperature dependency of the
thermodynamic potential of Sb20y und As;Os and is in sccordance to in [23] caleulated temperature
dependencies of these oxides: In technical oxidation with air the oxygen concentration is already
that high that a parallel oxidation of Pb, Asand Sb is conducted,

L
w

T
-
=

(PbO) and <PbO>-content of
the slag [Mol]

o N & o0 ©

As-content of the melt and
{As;0,)-content of the slag
=
[

0 0.02 0,04 0,06 0,08 0.1
Oxygen supply [mole fraction O4/Pb]

=#=4As [ 800 “C) ——(As203) 600 °C —&— A5 (BODO "C)
—=— (As203) 800 *C —&— (PbO) 600 °C =h=<PhO> 600 "C
=O=—(Pb0) 80D *C ={=<Pb0=> 800 °C

Figure 11; As-separation by oxidstion of a Pb-melt (Pb 100 Mol; As 0.8 Mol=2850 ppm; Sb 1.1
Mol=6400 ppm) at 600 and 800 °C

The Sb-oxides of the Sb oxidation can be in gaseous, liquid or solid form, The As-oxidation is al-
ways combined with & Pb-oxidation, the developing slag is liquid (Table 43,
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the slag [Mol]

(Sb;0y), PbO) and
<PbO> content of

o N B D 0

i} 0,02 0,04 0,068 0.08 01

Oxygen supply [mole fraction O,/Ph]
—0—5b(B0D°C)  —A—(Sb203)-600°C ——Sb(B00°C)  —O—(PDO)B600°C
—8-<PpO>-600"C —&— (562031800 °C —&—(PLO}-800*C  —i—<PbO>-800°C

Figure 12: Sb-separation by oxidation of a Pb-melt (Pb 100 Mol; As 0.8 Mol=2850 ppm; Sb 1,1
Mol=6400 ppm) at 600 and 300 °C
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Table d:  Selected calculations for the equilibrium of the As and Sb-separation by axidation 600
and 300 °C (*-liquid; **-solid};***-3 bar; *'-10 bar

| Exfucts (Mol m.lﬂ‘lbﬂ Temperature
P a8 o As Sh Pho Auty | Sho, ["a
% 295 | 1088 0ol 0oz | (000 e
1 %2 | o7 | 09 0.095° 0017 | opside s
20 .79 1.758 - = 0. 1973 600
i o666 | 108 gaor | ooser | (oo0e i
05 | opee | oo ga43* | oorse | pomee ki
20 0798 | 1363 . 4 0305% Ll
14 Lo | ol o6t | g3 | gpae —
100 | 08 18 | s | nsw Lasee | oaore | gzage o
2 0416 | o7ms 11440 0192 | o593 i
* | o083 | oam 28100 0a96* | o339 oo
30 0,0047 0,183 2.548° 0,308 0,445% BOD
20 00471 | 0383 2.350° 03760 | 070se o
- 00013 | 0208 £3tye D3m0 | 04200 800
4 80 | 00042 | 0164 5 g5pe 0,308 0,485 &00
2.0 0.0043 | 0,167 Py 0,396" | 0,908 800
20 | 2161 | o099 i R T . 800
100 | 30 | 10 3L 2098 0,989 2,587 P d 600
120 [ 00012 | 0197 | 17017e02170e | 1499° | 0376 800
120 | 0004 | 0,124 & ok 1498° | 0438% 600
15 | 099 | 2am 2 : 0573 o
L5ees L0 2.200 s E m:l! 200
L8 0 | 200 . : 0985 i
100 | 1.0 | 40 - =
geas 1.0 2020 C (985
Liv | 10 2,199 : ) 0897* 800
L5*" L0 2019 % - 0,990 S0
7 Summary

From the thermodynamic investigation of the oxidation of Ph-As, Pb-Sb, As-5b and Pb-As-Sh-
melts the following conclusions can be drawn:

* The sequence of the oxidation of As and Sb in a Pb-melt depends on the concentration of
the trace elements, the oxygen supply and the temperature,

* During a “dry” oxidation of a Pb-melt the following remaining contents of As and Sb can
be reached:
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»

o In binary Pb-Me-melts:
o |9 ppm As and 345 ppm Sh at 500 °C
= 4 ppm As and 1400 ppm Sh at 800 °C
o Intemnary Ph-As-Sh-melts;
s 15ppm As and 345 ppm Sh ar 500 °C
«  5ppm As and 1400 ppm Sh at 800 °C

* The As-Oxidation in a Pb-As and Pb-As-Sh-melt is always combined with s Pb-oxidation,
= Sb can be oxidised selectively in 8 Ph-melt by a directed control of the cxygen supply (par-

tial pressure),

Because the oxidation of As and Sh in & Pb-melt is a heterogeneous reaction “melt-gas™ by the ap-
plication of appropriste mixtures of “nitrogen-air™ and “nitrogen-oxygen™ the selective oxidation of
As and Sb can be controlled,

(1

(2]

B3]

4]

(]

(6]

)

(%]

608

* Recommendations for an improved selective oxidation of As and Sb in Pb-melts in indus-

trial processes can only be given after experimental investigations of the kinetics.
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