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Abstract  Thermodynamics and kinetics of vaporization of lead sulfide from typical copper-smelting
mattes of commercial interest are investigated in the temperature range 1388 K to 1573 K by vapor
transport technique and plasma arc spectroscopy. The total mass of the dominant vaporizing species PbS
thatleaves the matte is described by the Newman’s numerical solution to the second Fick’s law combined
with the experimental boundary conditions of the system. This solution is obtained through the
application of the Laplace transform series expansion method stated by Crank. The three steps that are
used to describe the rate of vaporization of PbS are: the diffusive transport of PbS through the liquid phase,
the equilibrium at the gas-matte interface and the diffusion through the stagnant layer of gas above the
surface of the melt. With the particular experimental set-up and the condenser weight gain, it is shown
that the activity coefficient of PbS is simply a function of the temperature and the composition of the
bearing phase. The enthalpy and the entropy of dissolution of PbS in hot lipuid mattes are estimated to
berespectively-41 KJ/mol and 20 to 40 J/mol.K depending on the temperature and the composition of the
liquid mattes of this investigation.

Keywords  Kinetics, Vaporization, Lead, PbS, Matte, Transportation Method, Activity Coefficient,
Dissolution, Entropy, Enthalpy
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INTRODUCTION

Copper-smelting systems usually produce around
2.5 tons of molten matte for each ton of blister
copper. This matte contains up to 5 percent of heavy
metal impurities such as lead, zinc and tin. These
metals are encountered in increasing concentrations
in both copper concentrates and scraps which are the
feed materials for the smelters.

Due to their high volatility, the impurity elements
may be carried insulfide, oxide and/ormetallic forms
with the off-gases from smelting and converting
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fumaces. They are potentially hazardous because
they can condense and choke the dust-cleaning sys-
tems of the smelters and/or converters. They may
also leak into the environment with the fugitive
emissions of the furnaces.

The elimination, recovey and reduction of impu-
rity elements from smelting and converting copper
mattes depend upon the provision of precise thermo-
dynamic and kinetic information on their vaporiza-
tion process from complex Cu-Fe mattes. Knowl-
edge of the mechanisms of evolution of the residual
species is an important element of any investigation

Vol. 8, No. 4, November 1995 - 199



on the ways (a) to diminish the potential harm to the
environment, (b) the methods for improving the
smelter and converter operations and (¢) the proce-
dures for extracting possible metallic by-products
from copper-making systems.

Complex molten mattes are less understood than
most other phases of practical interest. Vaporization
of the residual species from these systems depends,
however, on their thermodynamic and kinetic prop-
erties and conditions [1,2]. While thermodynamic
information is scarce and greatly dispersed, there is
virtually no kinetic information available on the
vaporization of most residual species from these
phases.

The information available on the activity of PbS
is, forexample, restricted to afew high copper sulfide
mattes [3,4,5,6]. Because of the difficulties usually
encountered working with these phases, the published
data are extremely scattered. PbS activity coefficients
of 0.13 [3], 2.4[4], 0.035 [7] and 0.166 [8] are, for
example, obtained from the studies on dilute sulfides
of similar conditions. It is said that the discrepancies
are related to the extrapolation of the lower
concentrations of the activity data [8]. It seems,
however, that the crucial reason rests upon the failure
of the experimental systems used by some of the
previous researchers to assure equilibrium between
the gas and the melt.

From a thermodynamic point of view, the
emissions from hot liquid mattes carrying a few
percent lead may contain Pb, PbS, Pb,S, and S,.
However mass-spectrometric measurements have
shown that at the experimental temperatures of 979 to
1182 K the predominant component emitted is PbS
[9]. Based on the extrapolation of such information,
it has been deduced that PbS is the predominant
fugitive emission to evolve from a lead bearing
sulfide at higher temperatures of smelting and con-
verting furmaces [7].

Matte compositions in many smelter and con-
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verter samples show a lead content of around 0.9 to
2.6 weight percent. This indicates a PbS mole frac-
tion of 0.005 to 0.015 in a typical pseudo-temary
Cu,S-FeS-PbS system. However, the matte contents
used by many investigators are far greater than this
value [3, 4,5,7]. The mole fraction of PbS in the
pseudo-ternary Cu,S-Fes-PbS niattesused at 1473 K
by Eric and Timucin [7] has been larger than 0.20; in
the pseudo-binary Cu,S-PbS system used by Azuma,
et al., [4], it has been greater than 0.06; and in the
pseudo-ternary Cu,S-FeS-PbS system used by
Nesterov, et al., [3], it has been greater than 0.076.

It has previously been shown that the extrapola-
tion of the lower concentration of constituent activi-
ties in the Cu,S-FeS-PbS system can lead to the
misleading results [8]. This can also be shown to be
true for higher concentrations where the validity of
Henry’s law is not justified. The matte compositions
used by Sinha, et al., [8] and Roine and Jalkanen
[10,11] have been in the very low ranges of less than
0.009 and 0.002 mole fractions PbS. Their results
must, therefore, be attributed to the infinitely dilute
solutions and cannot be used for higher concentra-
tions. The chemical composition of the samples used
in this study covers the range of 0 to 3 mass % PbS,
up to 56 mass% FeS and 41 to 97 mass% Cu,S.

The only information available on the kinetics of
vaporization of PbS is that of El-Rahaiby and Rao
[12]. Theirresults indicate considerable influence for
both pore-diffusion and chemical reaction when PbS
is vaporized from solid mixtures used for direct
reduction of PbS. Their study is limited to the vapor-
ization of PbS from solid PbS/4 CaO samples in the
temperature range 1058 K to 1196 K. Because of
considerable differences in the composition and the
state of the samples, their findings are not applicable
to higher temperatures where most mattes are homo-
geneous molten liquids.

The purpose of this study is to contribute to the
limited amount of information available on the
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thermodynamics and kinetics of vaporization of lead
sulfide from complex Cu-Fe mattes of various chemi-
cal compositions. A combined thermodynamics ver-
sus kinetics approach is utilized here to remedy the
undesirable problems usually encountered with tran-

sitional vapor-pressure techniques [1,2].

EXPERIMENTS

Synthetic mattes are made of carefully mixed -200,
-100 and -100 mesh Cu,S, FeS and PbS (99.999,99.9
and 99.45 mass % pure) powders, respectively. Each
sample is held in an alumina boat which, in tumn, rests
in a larger carrier boat. The carrier boat is placed
inside the reaction chamberand is heated radiationally.
The reaction chamber is a 90 cm long, 3.6 Cm 1.D.
alumina tube that is enclosed in a horizontal tube
furnace that is heated by four silicon-carbide ele-
ments. The reaction chamber includes a hot zone of
at least 5 times the length of the carrier boat.

High purity argon (99.999%) is passed over re-
duced copper screen and H,0/CO, absorption col-
umn. The flow rate of the gas is controlled with a
constant-head capillary flow-meter. In orderto obtain
a well defined oxygen pressure in the gas, pure iron
powder is placed before the vaporization zone of the
reaction tube. A semi-cylindrical ceramic insert is
placed upstream from the matte sample to develop a
well defined flow of gas over the sample.

To diminish the loss of heat at the inlet and outlet
of the reaction tube, appropriate insulations are used
at both ends of the furnace. The exception is for the
water-cooled copper cap which receives the enthalpy
of condensation of the vaporized substances. The
temperature profile inside the furnace is so that the
maximum temperature is between the sample and the
condenser finger. Careful examination of the surface
of the reaction chamber indicates no condensation on
the interior of the chamber.

The furnace temperature is maintained within
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12°C during a test. This is done both manually and
thermostatically by hand manipulation ofthe voltage
regulator of the furnace. A precise calibration of the
temperature readings is made by means of a separate
Pt/Pt-Rh thermocouple whose bead is positioned at
the middle of the region where the carrier boat is
placed. Measurements show that there is no consid-
erable temperature error and that the experimental
figures are reproducible.

Before each experiment, the copper screen is
reduced with commercially pure hydrogen for at
least one hour and the whole assembly is purged with
purified argon for at least thirty minutes. Condensa-
tion front is covered with a thin foil of aluminum
wrap whose weight is about 0.8 grams. After receiv-
ing the volatile species of the gas, the wrap is re-
moved and re-weighed. The captured deposit is then
dissolved in hot nitric acid. This is done by dipping
and then flushing the covered part of the wrap into 25
cm”® of 3 mol/liter HNO, at 67°C. Experiments show
that fresh deposits dissolve faster.

The complete dissolution of the deposit by this
process usually takes 30 to 60 minutes. The stabiliza-
tion of the mixture, however, needs a much longer
time during which the solution must be kept warm.
The aqueous solution is diluted to 100 cm?® and
analyzed by a DC plasma arc elemental emission
spectrometer. The analysis is repeated several times
and the average is utilized for mathematical calcula-
tions.

Blank measurements indicate that the weight
change of the uncovered wrap is not considerable. A
comparison of the total gains in the weights of the
wraps with the total loss in the weight of the boat in
the same experiment shows that there is an almost
fixed difference betweenthe two. This difference can
be attributed to the vaporization of the non-condens-
able species such as moisture, plus the reduction of
the boat under highly purified argon atmosphere.

Corrections are made for escape of the gas during
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the replacement of the wrap. The corrected weight-
gainbetweeni™ and i +1™ readings is thus, by simple
arithmetic:

AW =AW __ lsi-li oy
¢ " (tie1-t)-At

where AW _ is the measured weight gain, tis the time

and At is the time difference for removing the wrap.

These corrections have in no case been more than 5

percent.

The weight losses of the samples are seen system-
atically consistent with the weight gains of the finger.
Any resistance due to the deposition on the surface of
the finger can simply be ignored due to the large
contact area and sharp temperature drop here.

The initial weight of all samples is 5 grams. The
greatest condenser weight gain for 3 hours of contin-
ued vaporization is 0.21 grams. This weight gain is
due to the condensation of different components of
the gas, as shown by:

AW, =AW, +AW,_ +AW §2+AWSZ+AWR 2)

AW, is the total weight gain, AW, , AW
AWn,s, and AWs, are contributions of the corre-

Pb?

sponding components and AW, is the weight
gain for other residual impurities and substances.

The vaporization experiments are performed
at eight different temperatures between 1388 K
and 1573 K under argon atmosphere. The base-
compositions of the mattes are selected along
Cu,S-FeS binary in the Cu-Fe-S system (Figure
1). They consist of upto 2.6 percent lead asthe
forth constituent (Table I). From the liquidus tem-
peratures demonstrated in Figrue 1, it is obvious
that except one matte which is kept atthe liquid/
solid mushy region, all the other mattes are
homogeneous liquids with different superheats at
the temperatures of the experiments. An example
is matte Il in which the amount of the superheat
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masshfFe

Figure 1. The liquidus in Cu-Fe-S system [13] and the
base-composition of the mattes used in this investigation.

differs from a small value of ~120°C at 1140°C to
a relatively large amount of ~280°C at 1300°C .
Since the evolution rates ofthe gases may depend
on the amount of the superheat, it may be worth
while to study this effect.

RESULTS

Various mattes of Table I are extracted to determine

TABLE L. Initial Composition of the Mattes.

Matte | mass%Pb | mass% Cu |mass%Fe mass%$S
1 2.60 32.80 35.64 28.96
II nil 33.84 36.72 29.44
it 2.60 4480 26.09 26.51
v 2.08 45.07 26.25 26.59
A% 1.65 4530 | 26.38 26.66
VI 1.39 4543 | 2646 26.70
VII 0.95 45.67 26.60 | 26.76

Vi 0.78 45.76 26.65 26.79
IX 2.50 45.20 2630 25.90
X 2.56 4478 | 2608 | 2650
X1 1.08 45.50 2649 | 2692
XII nil 46.16 | 26.92 26.92

Xi 2.60 77.60 | nil 19.80

Xiv nil 80.00 nil [ 2000
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the effect of time and temperature on weight and
composition of the vaporized materials. Sample ex-
amples are demonstrated in Figure 2 in which typical
results are given for different boats. Re-extraction
tests are performed for two mattes of the same com-
position at different temperatures specified in the
figure. The arrows indicate the starting time of the re-
extraction tests. These tests are carried out on frozen
samples initially melted, subsequently vaporized and
finally cooled-off while remained in the same carrier
boat. The purpose of the re-extraction tests is to
determine the influence of the initial physical charac-
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teristics of the mattes on the vaporization process.

Figure 3 shows several more re-extraction results.
Mathematical manipulation of these results indicates
that the activity coefficients obtained from the ex-
traction of the solid frozen samples are comparable
with those obtained through the extraction of the
mixed sulfide powders. This proves that the pull-out
solidification of the melt produces similarhomogeni-
zation effect as that caused by the mixing of the
powders.

From analyses and the total weight gain results,
the total amount of PbS vaporized from different
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Figure 2. Typical weight gain results (a, band c) and analyses (d) of condensed materials evaporated from binary and ternary
mattes with compositions given in Table 1. (a) L =036cm, L,=0.60 cm; (b and c) L1=O.26 cm, LZ:O.76 cm. For illustration

of L and L,, see Figure 5.
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Figure 3. Effect of the homogenization due to pull-out
solidification on the total weight of the species vaporized

from different mattes. The arrows point to the times at
which the pre-extraction experiments are ceased.

mattes of this investigation is determined and used to

calculate the fractional weight of the lead sulfide, as

defined by Equation 3:
s = VS 3)
(Wpbs)e
where (W, ), and (W, ) are the weights of PbS

vaporized up to t=tand t=c, respectively. A sample
example of the fractional weight gain is demon-
strated in Figure 4.

A schematic representation of the vaporization
system is provided in Figure 5. It is assumed that the
rates of vaporization of components other than PbS
are negligible[7]. The species PbS must diffuse first
through the melt towards the matte-gas interface, i.e.
y=L,, and then through the stagnant layer of gas
filling the upper empty part of the boat extending
fromY=L toy=L,

Several tests are conducted to determine the effect
of the geometry of the samples as compared to
that of the reaction tube. Observations show that
with the present geometry, the rate of flow of
argon do not affect the wvaporization rate. An
example is shown in Figure 6 in which the total

mass of the species vaporized from Matte HI of
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Figure 4. Effect of time, temperature, matte composition
and boat dimmensions on the PbS fractional weight gain.

Table I is demonstrated against the argon flow-rate.
The insignificant effect of gas flow-rate (Figure 6)
helps to rule-out a varying thickness for the stagnant

gas layer.

RATE OF VAPORIZATION

Assuming the PbS concentration of the gas stream to
be negligible, the following partial differential equa-
tion and boundary conditions can appropriately de-

scribe the system:

2
?:Dl%—c—;{ fOI' OSySLl (4)
. y
Cl = (CI)O at {t= 0 (5)
= 2 y=0 ®)
y
C D [(Cg) =L '0]
D, %y = DelC9y-1,-01 7
Foy 7 La-Ls
Ar =
-
L i
A L2 | Stagnant Gas Layer | ~_Alumina
v o[ |- = LqudMatte - - /< Boat

Figure 5. Schematic representation of the vaporization
system used in this study.
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Figure 6. Effect of the inert gas flow-rate on the total
weight of the species vaporized from Matte 111 at 1473 K.

K = (Cyy-1, ®)
€1y,

K = ®yLi _ Cgy-1, .RT _RTP1K ©)
@dy=L; Y1iCpyr/p1 M

C: concentration of PbS in the lipuid matte

t: time

D: diffusivity of PbS in the lipuid matte

y: distance from bottom of the boat

(¢),: initial concentration of PbS in the matte

L: depth of the lipuid matte

D diffusivity of PbS in the gas

Cg: concentration of PbS in the gas

L, total height of the alumina boat

K. equilibrium concentration ratio

Pg: partial pressure of PbS in the gas

a: activity of PbS in the liquid matte

Y activity coefficient of PbS in the liquid matte

P density of the liquid matte

K: equilibrium constant for PbS vaporization

Itis assumed that there is equilibrium at the liquid/
gas interface and that steady state diffusion occurs in
the stagnant layer of gas filling the upper empty part
of the boat (L,-L, in Figure 5).

Selected standard free energy data is used to
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calculate the equilibrium constant K of the vaporiza-
tion reaction. The results are given in Table II. The
binary inter-diffusivity D, used in Equation 7 is
estimated from the Chapman-Ensckog theory [14]:

D = 00018583 7>  f 1 1 (10)
£ P(OAr-pbs) Qar-pos ¥ Mar Meos

where the collisiondiameter ¢, . is taken to be the

same as that of Ar and Pb:

=1
O PbS 5 (GAr+G

)= om_%:%(3.29+3.42)= 3.36A
(1)

is determined at

Pbs.

and the collision integral Q

Ar-PbS
dimensionless temperature, T*, __ , forthe Lennard-
Jones potential [14]:
T*Ax-PbS . (%)Ar-PbS .T (12)

The average intermolecular force parameter,
(S/K B)Ar-PbS’ 1S

()

= [[£] [E] Y(192Tw)(124)= 423K
R T, e

Ar-PbS

a3)

in which T,, is the melting temperature of PbS and is
depicted from Reference 15 and other physical data

TABLEIL Equlibrium-Constant and Inter-diffusivity Data.

|

T(CC) | K=P°, Q, . ns D‘ D,
| [3,7,81 [14] (cm?/S) (cm?/S)

1115 0.11741 0.90 161 | 1.34X105
1120 0.12396 0.90 162 137X103
1125 0.13082 0.90 .63 141X10°
1140 0.15342 0.89 1.68 1.52X10°
1150 0.17030 0.89 1.70 1.60X 10°
1200 0.28095 0.88 1.81 2.03X10°
1210 0.30928 0.88 1.85 2.12X10°
1250 0.44846 0.87 1.92 2.53X10°%
1300 0.69499 0.87 202 3.12X10° [
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are depicted from References 14 and 16. The
values ofinter-diffusivities for different experimen-
tal temperatures are summarized in Table II.

Inter-diffusivity correlations of liquids are taken
similar to those for solids by many authors [17, 18].
For pseudo-binary Cu,S-PbS mattes one can write,
for example:

D=X D. +X. D (14)

1= “*pbs Cuzs Cu2S "~ Pbs

in which X, - <<1 and hence:

D, =X cuzs Deos™ Devs (15)

More complex correlations are available formulti-
component systems in the literature [19]. From the
widely sparse diffusivity data available in the litera-
ture, the molecular diffusion coefficient of PbS is
estimated by comparing the thermochemical proper-
ties of the molten oxide and sulfide systems of similar
compositions [20]. The results are illustrated in Table
1L

A detailed discussion of how to solve Equations 4
to 9 is given by Carslaw and Jaeger [21]. The frac-
tional weights of the vaporizing substance obtained
from the numerical values of Newmann [22] are
illustrated by Crank [23] and Szekely, et al., [24].
They have plotted the fractional weights of the vapor-
izing substance for different values of parameter

which is the positive root of the following equation:

BtanB=A (16)
in which A is defined by:
K.L,D
R = (7
(L2-L1)Dy

and the fractional weight of the vaporizing substance

206 - Vol. 8, No. 4, November 1995

PbS is given by:

v 227 e-BiDyLE
nsl Br (Ba+A7+ )

(18)

Figure 7 shows the fractional vaporization data
obtained experimentally and theoretically at differ-
enttemperatures and matte compositions. The curves
are comparable with the mumerical solutions plotted
by the above authors. The horizontal axis is scaled in
terms of the dimension-less quantity defined by Equa-
tion 19. From the best match of the data, the closest
values of A and from there the closest figures for K
are obtained. These figures are calculated for the
initial stages of vaporization when the matte compo-
sition has not yet significantly been changed. Using
these values, the activity coefficient of PbS is ob-
tained from Equation 20 and is tabulated in Tables III
and IV.

0= D_'; (19)
Li
Y= RTpl% (20)

The variation of the activity coefficient of PbS
with both temperature and composition of the matte
is described by the following equations which are

found from the experimental results:

1nypbs=-49Tﬁ+1.61 for Matte No. I @1

inypbs=-%+l.30 for Matte No.IIl  (22)

1nypbs=-%+o.3o for Matte No. XIII  (23)

From the slope and the intercept of the Invy,  vs.
I/T curves, the excess enthalpy and the excess

entropy of dissolution of PbS in the liquid mattes of

Journal of Engineering, Islamic Republic of Iran
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Figure 7. A comparison of the theoretical with the experimental fractional vaporization data obtained at different

experimental conditions specified in the figure assuming constant PbS activity coefficients. Note that the origin of the vertical

axes is shifted for a number of the curves.
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TABLE III. Calculation of the Activity Coefficient of PbS Dissolved in
Liquid Mattes of Different Compositions and Temperatures. The values
are determined for the initial stages of vaporization when %PLS=3.

T(°C) | Matte L,
E— | - L2 o Ll

1120 I 052
1200 I 052
1140 I 052
1150 I 1.50
1150 I 1.50
1150 I 1.50
1200 I 052
1200 I 1.50
1200 it 1.50
1210 I 1.50
1250 I 1.50
1250 il 1.50
1250 I 052
1300 m 052
1300 i 1.50
1115 X111 052
1200 X111 052

A K, Y
0.37 6.017x10°¢ 0.1468
0.65 1.402x10° 0.1595
035 6.090x10° | 0.1217
0.90 5.647x10¢ 0.1024
0.95 6.961x10° 0.1081
0.95 6.961x10% | 0.1081
0.57 1.229x10° 0.1399
1.70 1.271x10° | 0.1447
1.45 1.084x10°% 0.1234
1.35 1.031x10° 0.1073
2.50 2.196x10° 0.1619
1.90 1.669%x10° 0.1230
0.85 2.154x10° | 0.1588
1.00 2.970x10° | 0.1459
2.90 2.986x10° 0.1467
0.10 1.601x10¢ 0.n411
0.19 4.098x10¢ 0.0466

TABLE IV. Calculation of the Activity Coefficient of PbS Dissolved in
Liquid Mattes of Different Initial PbS Concentrations. Other compositions

are given in Table I.

T(C)| %PbS = Matte —L1__

L,-L;
1150 | 125 XI | 150
1250 | 240 vV | 052
1250 | 191 v | 05
1250 | 1.60 vI | 052
1250 | 1.10 VI | 052
1250 | 090 VIl | 052
1300 | 1.10 vl | 150

this study are evaluated. The results are given in
Table V.

DISCUSSION
The kinetic model described in this paper is used to
calculate the fractional vaporization from various

liquid mattes of this investigation. The calculated

fractional vaporization (F_) must fit with the experi-
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K !

0.75 1.052x10% | 0.0854
0.95 1.702x10% | 0.1775
1.40 1.943x10* | 0.2615
0.90 1.903x10° | 0.1681
0.40 1.803x10° | 0.0747
0.54 [.702x10° | 0.1009
0.15 1.900x10° | 0.0065

mental ones (F)). A criterion for determination of the

fitness is defined by Equation 24:

i=al 3 (Fo-Fr)®0 (24)
i=l

in which minimization of the quantity, 8, can lead to
the most appropriate coetficient.
Examples of the calculated versus measured frac-

tional vaporizations are demonstrated in Figure 7.
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TABLE V. Excess Enthalpies and Excess Entropies of Disso-
lution of PbS in Cu,S-FeS-PbS Mattes.

Matte X,,s | AHFps(J/.mol) | ASEss (J/K.mol)
I 0.014 41462 -13.39
I 0.015 41188 -10.81
Xm | 0.020 40714 249

The calculated values are almost in all cases satisfac-
torily consistent with the experimental data. Minor
deviations are, however, observed at lower times
when the steady state vaporization conditions are not
fully developed yet, and at greater times when the
concentration of PbS falls substantially below its
initial value. The former difference can simply be
described by the heating and the melting processes
that must initially occur in the system. The latter
indicates that the higherinitial concentrations can not
be assumed in the range of Henry’s law behavior with
a constant activity coefficient of PbS in the system.
This latter conclusion contradicts the assumption
made by many authors about the Henrian behavior of
the concentrated complex matte systems.

If, for example, the initial concentration of PbS is
outside the range of Henry’ law behavior and with the
negative deviation from ideality of PbS, as is indi-
cated in Tables III and IV, the continuation of the
vaporization process lowers both the PbS concentra-
tion and the value X, during a continued vaporization
test. A comparison of the activity coefficients ob-
tained for similar mattes of different initial PbS
concentrations such as mattes III, IV, V, VI, VII and
VIII of Tables III and I'V can also be taken as a proof
for this conclusion.

For a general condition of non-Henrian behavior,
different amounts of A’s are utilized through a com-
puter program to find the best matching activity
coefficients (Figures 8a and 8b). the values obtained
through this procedure are functions of both matte
composition and temperature. Calculations show that
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the effect of slight variations in such properties as p,
and D, is negligible.

From Figures 2 and 3, a pull-out solidification of
the matte causes an obvious initial change in the rate
of vaporization of the melt. Repeated experiments on
aroom temperature holding of more than twenty four
hours has shown almost the same effect as a 600°C
annealing of ten, five or even three minutes. The new
curves all consistently fit with the three-stage model
described here. It can, therefore, be concluded that
the forced mixing homogenization due to the pull-out
solidification can cause the creation of a new matte
from a previously partially extracted melt.

The negative values of AHpys and ASpys show that

the dissolution of PbS in all liquid mattes causes a

1~
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a Y _._,.,.l-l" -
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& 2 -
N0 .
& -
Y 0.2
— BRANAAAAA 5 I
0 o- L1=0.26cm, L2=0.76cm
o 0.4 0.8 1.2 146 2
(2]
a
' {hnasuned)
F {Calculsiad}
G £ — s
-~
%} 1.5
; .f
- n
" od 3 |

i

£ /
A AB A,
/ : g g
a

L1=0.36cm, L2=0.60cm
a 0.4 0.8 1.2 1.6 z

=

¢!
b

Figure 8. Calculated vs. measured vaporization data for
matte [ITat 1250°C assuming variable activity coefficients.
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reduction in the volume of the system [15] and a
liberation of energy and entropy. These findings are
consistent with the previously obtained empirical
linear relationship on the maximum or minimum of
the excess extensive quantities of the liquid metal/
semi-metal binary alloys [25] with covalent bonds
[26,27]. The relatively large value of -ASh.sindicates
the tendency of the sulfide molecular species to
cluster [28] and that all the mattes are unlikely to obey

a regular solution model.

The decrease in -ASpss from matte I to matte XIII
indicates that the PbS dissolves less ideally in Cu,S-
FeS than in Cu,S mattes. A comparison of the mo-
lecular geometry and specific conductance of FeS,
PbS and Cu,S [29,30] shows that the similarity be-
tween the first two is greater than that between the
last. This may be due to the alterations in the vibra-
tional entropy which is accompanied by a reduction
of the specific volume of PbS; and to vibrational
ordering, which can be attributed to the polar bonds
between Pb and S. The negative excess entropy of
dissolution of PbS is apparently due to the partial
polar forces in the Cu,S-FeS melts that consist partly
of Pb*, S, Cu* and Fe? ions. Basically these forces

exerttheirinfluence on the vibrational entropy terms.

SUMMARY

A modification of the conventional transportation
technique is used to determine the thermodynamics
and the kinetics of vaporization of lead sulfide from
complex Cu-Fe mattes. The content at time t of PbS
in the matte is obtained by subtracting the vaporized
amount from the initial value. The vaporized amount
is calculated from the weight and chemical analysis
of the condensed materials.

The rate of vaporization of PbS is simply deter-

mined from the weight gain and from analysis of the

210 - Vol. 8, No. 4, November 1995

materials captured through condensation. It is found
that this can be a successful method for producing
reliable data in highly corrosive environments simu-
lating Cu-Fe smelting and converting systems.

From among many kinetic equations available, a
vaporization model based on three consecutive steps
of 1) diffusion in the liquid, ?) equilibrium at the
interface and 3) diffusive transf.er in the gas, has
proved to appropriately describe the PbS vaporiza-
tion system.

Application of Equations 3 to 18 to the vaporiza-
tion of PbS from Cu-Fe mattes shows that there is an
acceptable match between the experimental and the
calculated data (Figure 8a and 8b). The experimental
results are furtherutilized to calculate the activity and
the activity coefficient of PbS. Based onthese results,
Equations 21, 22 and 23 are obtained for activity

coefficient of PbS versus temperature.
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