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A bath smelting furnace is a clean technology replacing sinter machines to
simultaneously produce lead-rich slag and lead metal. Lead-rich slag can be
used as a feedstock for blast furnaces or smelting reduction furnaces to pro-
duce lead metal. Understanding the reduction mechanism of lead-rich slag by
carbon provides useful information for the complete reduction of the lead
oxide. Kinetic studies on the reduction of lead-rich slags with CaO/SiO, ratios
of 0.38, 0.56, and 0.80 were carried out in the temperature range 1073—
1473 K. The volume of the product gas was measured continuously to repre-
sent the extent of lead-rich slag reduction. It was found that the reduction was
initially chemically controlled and then diffusion controlled. At the chemically-
controlled stage, the activation energy of the reduction was higher at lower
CaO/SiOy ratios. An increase of the CaO/SiOs ratio from 0.38 to 0.56 can
decrease the activation energy from 273 kd/mol to 95 kd/mol. At the diffusion-
controlled stage, the activation energy was determined to be 392 kdJ/mol,
294 kd/mol, and 280 kJ/mol for the slags with CaO/SiO, ratios of 0.38, 0.56,
and 0.80, respectively. Formation of liquid plays an important role in the
reduction of the lead-rich slag. The reduction mechanism has been analyzed

by experimental results and thermodynamic calculations.

INTRODUCTION

Lead is an important metal in modern industry
due to its excellent ductility, corrosion resistance,
and low electrical conductivity. It is widely used in
metallurgy, radiation protection, and chemical
power sources.”? China produced 1.9 million tons
of lead in 2020, which is four times as much as the
second-largest producer, Australia (0.48 million
tons).> Sintering-furnace has been a traditional
process to produce lead metal, but has the disad-
vantages of low SO, utilization, high lead fugitive
emissions, and expensive coke consumption. Several
new lead production technologies, including TSL,
QSL, Kaldo, and Kivcet, have been developed, but
they have not been extensively applied in China due
to high capital investment and unsatisfactory feed-
back from industry.* The Yunan Metallurgical

(Received February 25, 2022; accepted June 29, 2022;
published online July 13, 2022)

Group introduced the ISA process to simultaneously
produce lead-rich slag and lead metal. The lead-rich
slag was reduced in a blast furnace to obtain lead
metal.® The Shuikoushan (SKS) process has been
developed in recent years, and has become a main-
stream lead-smelting process, with %pgroximately
80% of lead production in China.”” The new
technology has a high automation degree, friendly
operating environment, high production capacity,
low waste emissions, and high SO, concentration
and utilization. In the SKS process, an oxygen-rich
bottom blow furnace is used for smelting oxidation
to produce lead metal and lead-rich slag. A second
oxygen-rich bottom blow furnace is used for smelt-
ing reduction to produce lead metal from the lead-
rich slag.

Lead-rich slag is produced from liquid which has
different properties from the sinter. It is important
to understand the reduction mechanisms and kinet-
ics of lead-rich slag in order to optimize the reduc-
tion operations. Upashya® found that the reduction
of PbO in a liquid slag by carbon in iron contained
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two stages, a chemically-controlled stage and a
diffusion-controlled stage. Kinaev et al.'° compared
the reduction kinetics of lead-smelting slag by
graphite and coke. They reported that the reaction
rates were almost independent of carbon reactivity
Ca0/Si0,, and the SiOy/Fe ratio. Zhao et al.li
compared the reduction characteristics of synthetic
lead-rich slag and industrial lead sinters by CO gas.
It has been shown that the extent of reduction of
dense slag is equivalent to those achieved with
conventional sinters. Rapid reduction is associated
with increased proportions of liquid phase in both
sinter and slag. Hou et al.'? reported the reduction
kinetics of lead sinter and synthetic lead slag by
carbon at 1073-1473 K. They found that the forma-
tion of liquid was essential in order to have a rapid
reduction reaction, and that the liquid proportion
was influenced by the compositions of the sinter and
slag. Liao et al.'® investigated the phase equilibria
of the system PbO-“FeOx”-Ca0-SiO5-Zn0-Al;03 to
characterize lead-rich slag. They found that the
liquidus temperatures of the lead-rich slags were
determined by their bulk compositions. It was
reported that the basicity (Ca0/SiOs) of the TiOo-
bearing slag is one of the important parameters
affecting its viscosity.'* However, little work has
been reported on the reduction kinetics of lead-rich
slag at different CaO/SiOy ratios.

This study aims to investigate the effect of CaO/
SiOsy ratios on the reduction mechanisms and
kinetics of lead-rich slags. The reducibility of the
lead-rich slags is examined by experimental mea-
surements and thermodynamic analysis.'® The
reduction kinetics of lead-rich slag with various
CaO/Si0, are discussed using the shrinking core
model. 519

RESEARCH METHODOLOGY

Preparation and Characterization
of Lead-Rich Slag

Typical compositions of some industrial lead-rich
slags are given in Table I, from which it can be seen
that the PbO concentration of these slags ranged
from 33.3 to 58.1 wt.%, while the Ca0O/SiOq ratio
ranged from 0.33 to 0.69.

The lead-rich slags used in the present study were

selected based on industrial slags and prepared by
melting pure PbO, ZnO, Fey;03, CaCO3, and SiO,
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powders in corundum crucibles in an induction
furnace. The bulk compositions of the slow-cooled
lead-rich slags were measured by XRF, as shown in
Table II. The PbO, ZnO, and Fey,O3 concentrations
are approximately the same in the three samples
(labeled Y1, Y2, and Y3), and the CaO/SiO; ratios
are 0.38, 0.56, and 0.8 for Y1, Y2, and Y3, respec-
tively. The lead-rich slags were mounted in epoxy
resin, polished, and examined using optical and
scanning electron microscopy. A JEOL 8800L elec-
tron probe microanalyzer with a wavelength-disper-
sive spectrometer (WDS) was employed to measure
the compositions of the phases present in the slags.
An accelerating voltage of 15 kV and a probe
current of 15 nA were applied. The average accu-
racy of the EPMA measurements is within 1 wt.%.

The typical microstructures of Y2 have been
reported previously'? while the typical microstruc-
tures of Y1 and Y3 are shown in Fig. 1. It can be
seen that in the slow-cooled samples, glass, spinel,
and melilite are the major phases present in both
samples. The proportion and sizes of the solid
phases in Y3 are higher than those in Y1. Some
lead-containing silicates, such as Pb-Ca silicates
(PCS) and Pb-Fe silicates (PFS) are also observed in
Y1 and Y3, respectively. Slightly different phase
assembles in the sample indicated different cooling
rates of the sample. Figure 1la shows the sample
located on the surface or close to the crucible wall
which had a fast cooling rate.

Reduction of Lead-Rich Slag

The equipment used in this study is shown in
Fig. 2. The reduction experiments were carried out
in graphite crucibles (18 mm OD, 14 mm ID, and
40 mm high) which were placed in a corundum
reaction tube (19 mm ID) and heated in a vertical
furnace. A Pt/Pt-13%Rh thermocouple inside an
alumina sheath supported the graphite crucibles
held on the hot zone of the furnace. The exit port of
the off-gas was connected to a water-containing
pressure device, which captured the gas generated
from the reduction reaction, and displaced the same
volume of water into a container sitting on a
balance. The balance was connected to a computer
to continuously record the weight changes.

The graphite crucible placed on the platform was
slowly raised into the hot zone of the furnace after
30 min of flushing by ultrahigh purity argon. The

Table I. Typical compositions of industrial lead-rich slags (wt%)

References PbO ZnO Fey03
He et al. 2° 58.13 8.04 12.34
Liu et al. 2! 42.75 14.22 16.15
Pi et al. 22 37.03 17.60 20.27

33.34 19.70 17.44

54.10 1.20 16.15
Wang et al. 23 46.96 12.89 16.32

CaO SiO, Al,O4 Ca0/SiO,
3.07 8.31 1.78 0.37
5.30 7.65 - 0.69
4.81 14.35 - 0.33
4.59 13.71 - 0.33
3.74 8.14 - 0.47
4.31 7.88 1.05 0.54
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Table II. Compositions of the lead-rich slags for reduction experiments

Sample Ca0/SiO, PbO ZnO
Y1 0.38 49 10.7
Y2 0.56 51.8 11.4
Y3 0.8 50.4 11.1

F6203 CaO Si02 A1203
16.1 1.2
17.0 1.3
16.5 1.3

IOOpm

Fig. 1. Typical microstructures of slow-cooled lead-rich slags: Y1(a, b) and Y3(c, d); G glass, M melilite, S spinel, Pb lead metal, PFS lead-iron

silicate, PCS lead calcium silicate.

gas flushing was then stopped, and the reaction
tube was sealed. The argon gas was turned on
carefully to enable the water to stay at point A
indicated in Fig. 2, and then the argon gas was
stopped. The balance was adjusted to zero and the
program on the computer was started to record the
data. A 5.00-g lead-rich slag sample of approxi-
mately 1 mm diameter was added to the graphite
crucible from the top of furnace. Once the slag
sample touched the graphite crucible, the reduction
reaction started, and CO/CO, gases were generated
and captured in a water-containing pressure device,
which was led to the displacement of water into a
container on a balance (accuracy 0.001 g). The
volume of CO/CO, gases was continuously recorded

every 5 s by determining the weight of the water.
Up to 400 ml of CO/CO;, gases (approximately 400 g
H,0) can be generated during the reduction of 5 g of
lead-rich slag. When the graphite crucible was
lowered from the hot zone and cooled to room
temperature under Ar gas flow, the reduction
reaction was stopped. The product gas was the
mixture of CO and COy during the reduction. The
composition of the gas mixture was not analyzed.
The total gas volume was used to represent the
extent of the reduction.

Thermodynamic Calculations

The thermodynamic software, FactSage 8.1, was
used to predict the proportions of the phases and the
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Fig. 2. Assembly of the vertical furnace, gas collection, and data
recording system used in this study.

viscosity of the liquid slags at high temperature.'®
The activities of ZnO and PbO in the slags were also
calculated using FactSage. The databases selected
were “FactPs” and “Ftoxide”. The solution phases
selected in the calculations were “FToxid-SLAGA”,
“FToxid-SPINA”, “FToxid-MeO”, “FToxid-cPyrA”,
“FToxid-PyrA”, “FToxid-WOLLA”, “FToxid-Bred”,

“FToxid-bC2SA”, “FToxid-aC2SA”, “FToxid-Mel”,
“FToxid-Oliv’, “FToxid-Mull”, “FToxid-CORU”,
“FToxid-ZNIT”, “FToxid-WILL”, “FToxid-PbO”,

and “FToxid-PCSi”.

RESULTS AND DISCUSSION
Reduction of Lead-Rich Slag by Carbon

When carbon reacts with liquid slag containing
Fe;03, PbO, and ZnO, the reactions below may
occur:

PbO(l) + C(s) = Pb(l) + CO(g) (1)
Fe,03(1) + C(s) = 2FeO(s) + CO(g)  (2)
ZnO(l) + C(s) = Zn(g) + CO(g) (3)

FeO(l) + C(s) = Fe(s) + CO(g) (4)

Figure 3 shows the extent of Egs. (1-4) at 1473 K
for Y2 calculated by FactSage. The reduction of
Fe;03 to FeO starts first and is followed by the
reduction of PbO to Pb. When Egs. (1) and (2) are
almost complete, the reduction of ZnO to Zn beginss.
Metallic iron was not observed in the sample after
the reduction, indicating that Eq. (4) did not occur
in the temperature range investigated.

The reducibility is calculated according to:
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g. 3. Extents of reactions (1-4) at 1473 K in Y2.

o=Vn x100% /Vr (5)

where V,, is the experimentally measured gas
volume (ml), V1 is the total volume of the theoret-
ical gas generated from Eqs. (1, 2 and 3) (ml) by 5 g
slag, and « is the reducibility (%).

Figure 4 shows the reducibility of Y1 (CaO/SiOg =
0.38) and Y3 (CaO/SiOy = 0.80) as a function of
reaction time at 1073, 1173, 1273, 1373, and 1473 K.
It can be seen from Fig. 4 that the reduction of lead-
rich slag includes two stages, as reported by
Upashya.” At the beginning of the reduction, the
reaction was chemically controlled, and the
reducibility increased rapidly with time. With the
progress of the reduction, the reaction was con-
trolled by diffusion. The reducibility increases
slowly with time at this stage. Temperature has a
significant influence on the reducibility. In the case
of Y1, the reaction between the lead-rich slag and
carbon was limited at temperatures below 1273 K.
In the case of Y3, the reaction between the lead-rich
slag and carbon was limited at temperatures below
1173 K. It is clear that the reducibility of Y3 is
always higher than that of Y1 at the same temper-
ature, indicating the CaO/SiOy ratio has a signifi-
cant effect on the reducibility of the lead-rich slag.

The effects of the temperature and Ca0O/SiOy ratio
on reducibility are shown in Fig. 5. Figure 5a and b
shows the reducibility of three slags at 200- and
3500-s reduction to represent the reactions at the
chemically-controlled stage and the diffusion-con-
trolled stage, respectively. It can be seen that, in
both stages, the reducibility always increases slowly
at low temperatures and rapidly at high tempera-
tures. Slag Y2 (CaO/SiO; = 0.56) and Y3 (CaO/
Si0Oy = 0.80) have similar reducibility, but always
higher than that of Y1 (CaO/SiO5 = 0.38). It seems
that a critical CaO/SiOy ratio is required between
0.38 and 0.56 to promote the reduction of the lead-
rich slag. Higher CaO/SiO, ratios than 0.56, which



Kinetic and Thermodynamic Studies on Lead-Rich Slag Reduction at Various CaO/SiO4 Ratios 3629

70
(a)
60 -
1473K
50 -
S
40 |
5 1373K
)
2 30}
=
L
(a4
20 F
ok 1273K
1173K
O 1 1 1 1 1 I1073K
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)
70
(b) 1473K
60 - 1373K
S0
S
Z 40}
=
g 1273K
2 30F
(o)
[
20 F
10 7 1173K
1073K
0 1 1 | 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Fig. 4. Reducibility as a function of reaction time: (a) Y1, CaO/
SiO, = 0.38, (b)Y3, CaO/SiO, = 0.8.

can only increase the flux cost and slag volume are
not necessary.

The typical microstructures of Y1 and Y3 after the
reductions at 1173 K and 1373 K are shown in
Fig. 6. These microstructures do not represent the
phase assemblages at high temperatures, as the
slags were not quenched after the reduction. As
shown in the figure, glass, spinel, and melilite are
the major phases present in all the samples which is
similar to the microstructures of the lead-rich slag
before reduction. In addition, metallic lead is
observed in all the samples. indicating the reduction
of PbO to Pb occurred in these experiments.

Reduction Kinetics

It can be seen from Fig. 4 that the reduction of
lead-rich slag includes two stages, the chemically-
controlled stage at the initial reactions and the
diffusion-controlled stage at the further reactions.
The reduction Eqgs. (1, 2, 3 and 4) are mainly liquid—
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Fig. 5. Comparison of the reducibility of three slags: (a) after 200 s
reaction, (b) after 3500 s reaction.

solid reactions and the shrinking-core model is often
applied to analyze the reaction kinetics. The exper-
imental results of the lead-rich slag reductions have
been analyzed in two steps.

(1) The reducibility of the reduction reaction can
be calculated as a function of time at a fixed
temperature. In the chemically-controlled
stage, the equation can be expressed as:!¢~*°

1- (1-a)?= kt (6)
where o is the reducibility, ¢ is the reaction time,
and k% is the reaction rate constant. It can be seen
from supplementary Figure Sl(a) (refer to online
supplementary material) that this equation was
found to be able to simulate the experimental
results in the chemically-controlled stage, as shown
in Fig. 4. The reaction rate constant can be obtained
for each experiment at a given temperature.

In the diffusion-controlled stage, various reaction

models have been proposed. It can be seen from
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Fig. 6. Typical microstructures of the reduced slag: (a) Y1 1173 K; (b) Y1 1373 K; (c) Y3 1173 K; (d) Y3 1373 K; G glass, M melilite, S spinel, Pb

lead metal, PFS lead-iron silicate, PCS lead calcium silicate.

supplementary Figure S1b that the one suggested
by Dickinson'® provided the best fit to the experi-
mental data shown in Fig. 4 to describe the reduc-

tion in the diffusion-controlled stage:
2
(1- a)*1/3—1] — kt (7)

Similarly, the reaction rate constant in the diffusion-
controlled stage can be obtained for each experiment
at a given temperature. The reaction rate constants
from the experimental data are given in Table III.

(2)  According to the Arrhenius equation, the
reaction rate constant as a function of tem-
perature can be expressed as:

k = Ae ™/ 8)

where A is the pre-exponential factor (s 1), E is the
activation energy (J-mol 1), R is the gas constant
(8.314 J mol ' K1), and T is the absolute temper-
ature (K). Equation (9) can be rewritten as:

In(k) = ~ 7o+ A 9)

Therefore, the activation energy can be obtained
from a linear relationship between In(k) and 1/T.
Figure 7a and b shows the relationships between
In(k) and 1/T in the chemically-controlled stage and
the diffusion-controlled stage, respectively. It can be
seen from Fig. 7a that the slopes of Y2 (CaO/
SiOy = 0.56) and Y3 (CaO/SiO5 = 0.80) are close,
and that they are significantly different from that of
Y1 (CaO/SiOg = 0.38). The activation energies of Y1,
Y2, and Y3, at the chemically-controlled stage, are
273 kd/mol, 95 kd/mol, and 100 kJ/mol, respec-
tively. This again confirms the results shown in
Fig. 5 that a critical CaO/SiO; ratio is present
between 0.38 and 0.56 to decrease the activation
energy at the chemically-controlled stage. Similarly,
it can be seen from Fig. 7b that, at the diffusion-
controlled stage, the activation energies of Y1, Y2,
and Y3 are 392 kd/mol, 294 kd/mol, and 280 kJ/mol,
respectively. The increase of the CaO/SiO, ratio,
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Table III. Experimentally determined reaction rate constants

Chemically-controlled stage

Diffusion-controlled stage

1073 K 1173 K 1273 K 1373 K

1473 K

1073 K 1173 K 1273 K 1373 K 1473 K

Y1 -

1.2 x 100 94 x 100 5.0 x 100 4.0 x 10™
6 6 5 4

1.3 x 10~

1.3 x 100 84 x 100 6.8 x 100 1.2 x 10”
10 8 7 6 5

Y2 38 x 100 39x 100 12x 10" 3.1x 10" 53 x 10 3.6 x 10° 4.3 x 100 51 x 10 9.8 x 100 4.0 x 10~
5 5 4 4 4 7 6 6 5

Y3 24 x 100 7.7x 100 1.1 x 100 23 x 100 6.5 x 10~
5 5 4 4 4

- 21x 100 51 x 100 45 x 100 6.2 x 107
7 6 5 5

M
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Fig. 7. The relationship between In(k) and 1/T for the reduction
reactions of Y1 (CaO/SiO, = 0.38), Y2 (CaO/SiO, = 0.56), and Y3
(Ca0/SiO, = 0.80): at the chemically controlled stage, and (b) at the
diffusion-controlled stage.

from 0.38 to 0.56, significantly decreases the acti-
vation energy, from 392 kd/mol to 294 kJ/mol. A
further increase of the Ca0Q/SiO, ratio, from 0.56 to
0.80, only slightly decreases the activation energy,
from 294 kJ/mol to 280 kd/mol. In conclusion, an
increase of CaO/SiOy ratio in the lead-rich slags is
favorable for increasing the reaction rate in both the

chemically-controlled stage and the diffusion-con-
trolled stage, while the increase of the reaction rate
is not significant if the Ca0O/SiO, ratio in the lead-
rich slag is higher than 0.56.

Thermodynamic Analysis

High-temperature reactions are fast and
approach equilibrium. Thermodynamic analysis is
used to understand and explain the reaction kinet-
ics of lead-rich slag reduction. To understand the
properties of the slags at different stages of the
reduction, the proportion of liquid, liquid viscosity,
and activities of PbO and ZnO in the liquid have
been calculated from FactSage.'® Figure 8 shows
the proportions and viscosities of liquid slags formed
at different temperatures for the lead-rich slags Y1,
Y2, and Y3. The properties of the lead-rich slags are
directly related to the chemically-controlled reduc-
tion. It can be seen from Fig. 8a that, at low
temperatures, the proportion of the liquid slag
increases rapidly with increasing temperature.
Approximately 60% liquid is formed at 1173 K.
Between 1073 K and 1173 K, the slag with a higher
CaO0/Si0O; ratio can form more liquid. This confirms
the experimental results shown in Figs. 4 and 5a
where Y3 has a higher reducibility than Y1 at
1073 K and 1173 K. On the other hand, it can be
seen from Fig. 8a that, between 1223 K and 1423 K,
the proportions of the liquid in the three slags are
all in the range of 60-85%, and the proportion of the
liquid is higher in Y1 than those of Y2 and Y3. This
indicates that, when liquid is present as the major
component, the proportion of the liquid in no longer
the main factor influencing the reaction rate. It can
be seen from Fig. 8b that the liquid formed in Y1
always has a much higher viscosity than Y2 and Y3
in the investigated temperature range. As the CaO/
SiO, ratio in the slag increases, more Ca®* in the
silicate liquid breaks the long -O-Si-O- chain and
the viscosity of the liquid slag is reduced. The
chemical reaction between carbon and the low-
viscosity liquid was therefore accelerated?*. Fig-
ure 9 shows the activities of PbO and ZnO in the
liquid formed in Y1, Y2, and Y3, respectively. It can
be seen that the activity of PbO decreases and the
activity of ZnO increases with increasing tempera-
ture. The reason is that the dissolution of the ZnO-
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Fig. 8. The proportions and viscosities of liquid slags at different

temperatures for Y1 (CaO/SiO, = 0.38), Y2 (CaO/SiO, = 0.56), and
Y3 (CaO/SiO, = 0.80): (a) proportion, (b) viscosity.

containing phases, such as melilite and spinel into
the liquid, results in higher concentrations of ZnO
and lowerer concentrations of PbO. It can be seen
from Fig. 9 that the activities of PbO and ZnO in the
liquid increase with increasing CaO/SiOy ratio in
the slag. Y2 and Y3 as a group have much higher
activities of PbO and ZnO in the liquid than Y1. The
trends of the activities of PbO and ZnO in the liquid,
together with the liquid viscosity, can well explain
the reducibility of the lead-rich slags at high
temperatures.

CONCLUSION

The reduction kinetics of lead-rich slag have been
investigated by accurate measurements of the gas
volume generated from the reactions. The reduction
of the lead-rich slag by carbon was chemically
controlled at the beginning and then diffusion
controlled. The activation energies at the chemi-
cally-controlled and the diffusion-controlled stages
have been determined based on the experimental

Xie, Liao, and Zhao
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Fig. 9. The activities of PbO and ZnO in lead-rich slags at different
temperatures for Y1 (CaO/SiO, = 0.38), Y2 (CaO/SiO, = 0.56), and
Y3 (CaO/SiO, = 0.80): (a) PbO, (b) ZnO.

data. The proportion and viscosity of the liquid slag
and the activities of ZnO and PbO in the slag have
been calculated using FactSage 8.1 to explain the
reduction mechanisms. The results showed that:

(1) The reduction of PbO and Fe;O3 can happen
concurrently, followed by the reduction of
ZnO. Reduction of FeO by C was not observed
under the experimental conditions.

(2) The reduction of lead-rich slag at different
CaO/Si0, ratios was initially fast but becomes
slower as the reducibility increases. The
reducibility markedly increases at tempera-
tures above 1173 K where significant amounts
of liquid are formed.

(3) The activation energy of the lead-rich slag
reduction at CaO/SiOy = 0.38, 0.56, and 0.80
at the chemically-controlled stage is
273 kd/mol, 95 kd/mol, and 100 kJ/mol respec-
tively. The activation energy at the diffusion-
controlled stage is 392 kd/mol, 294 kd/mol,
and 280 kdJ/mol, respectively. The activation



energy decreases sharply when the CaO/SiO,
ratio is higher than 0.56.

(4) The proportion and viscosity of the liquid
phase and the activities of PbO and ZnO in
the liquid were calculated from FactSage to
explain the reduction mechanisms of the lead-
rich slags.
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