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Abstract

In this paper, Ag contained in the lead-silver slag was recovered during the melt-vaporization process. The existing Ag state
in the soot was analyzed, the influence of the reaction temperature, the carbon ratio, and the reaction time on the removal
rate of the silver was investigated, and the process conditions were optimized using reaction surface methodology. Silver
chloride, silver metal, silver sulfide, silver oxide, and silver sulfate are the main silver phases in lead-silver slag, of which
silver chloride and silver sulfide are the main phases. The silver oxide (Ag,0) and the silver chloride (AgCl) in the lead-
silver slag volatilize to soot, the silver sulfide (Ag,S) is oxidized by oxygen to silver sulfate (Ag,SO,), and elemental silver
volatilizes with Pb and Zn to form alloys. The silver is ultimately present as Ag, AgCl, Ag,0 and Ag,SO, in the soot. The
removal rate of the silver gradually increases with increasing reaction temperature and tends to remain stable at 1300°C.
With a gradual increase in the carbon content, the removal rate of silver first increases and then decreases. The highest
value is 80.12 wt% when the carbon content is 16.30 wt%. As the holding time increases, the silver removal rate gradually
increases and then stabilizes at 79.97 wt% even at a holding time of 150 minutes. The optimum process conditions for silver
removal are a reaction temperature of 1340°C, a carbon content of 16.10 wt%, and a holding time of 165 minutes. The
average removal rate of silver under these conditions is 80.42 wt%. The research in this article provides a theoretical basis

for the removal and utilization of silver from lead and silver residues.
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1. Introduction

Lead-silver slag is a solid waste produced in
hydrometallurgical zinc smelting, and approximately
3000 tons of lead-silver slag is generated for every
10,000 tons of electric zinc produced [1]. The world’s
greatest zinc metallurgical production in China, more
than 6.5 million tons of zinc, has produced large
amounts of lead-silver slag simultaneously [2]. Lead-
silver slag contains harmful elements such as arsenic,
lead, cadmium, copper, and zinc, and the heavy metals
in the slag can cause significant harm to human health
and environment. It was reported that the
concentration of harmful elements in water, soil and
plants in areas near smelters is much higher than that
in locations far from smelters [3-5]. At present, lead-
silver slag is stored in slag fields due to its low
reutilization rate, which causes environmental
pollution, wastes land resources and makes the
recover and reuse of the valuable metals in the slag
difficult [6-7]. Therefore, many scholars have
investigated methods to recover and extract valuable
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metals from the slag to recover valuable metals, create
economic benefits and protect the environment [8-
15]. The melt- vaporization method is based on the
fact that the metals (Pb, Zn, Ag, etc.) and metal
compounds in the slag have different thermodynamic
properties, saturated vapor pressures and melting
points and are volatilized into dust during high-
temperature treatment. Valuable metals can be
recovered from the dust.

The research on roasting metallurgical slag
containing Pb and Zn shows that valuable metal
resources such as Pb, Zn and Ag can be recovered
from flue dust, and metallic iron can be recovered
from the slag [16-20]. Wang et al. [21] studied the
effects of reaction temperature, reaction time and the
pulverized coal ratio on the recovery of lead and zinc
in flue gas and the metallization rate of iron in pellets
by using a direct reduction method, with jarosite slag
as the raw material and pulverized coal as the
reducing agent. The optimal experimental conditions
were the ratio of pulverized coal of 25 wt%, the
temperature of 1250 °C, and the reaction time of 1 h.
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The recovery rates of lead and zinc were thus 96.97
wt% and 99.89 wt%, respectively. Li et al. [22] used
the method of reduction roasting to study the effects
of coke addition, temperature, reaction time and CaO
addition on the recovery of metal zinc and metal lead
from dust in lead-silver slag, and the optimum process
conditions were roasting at a constant temperature, a
coke dose of 40 wt%, a temperature of 1200 °C, a
reaction time of 1 h and a CaO additive dose of 4
wt%., the volatilization rates of zinc and lead were
98.85 wt% and 97.6 wt%, respectively. Xu et al. [23]
used oxygen bottom-blowing smelting to
synergistically treat lead-silver slag, and the results
showed that the process could be used to recover 98
wt% lead, 90 wt% zinc, and 98.5 wt% silver from the
flue dust and slag.

Ag is a precious transition metal present in lead-
silver slag, with a content of approximately 150.00
g/t. The melt-vaporization process has a large
treatment capacity and high treatment efficiency,
resulting in a high recovery of lead, zinc and silver.
However, during the melt-vaporization process, the
phase evolution and state of Ag volatilized from the
lead-silver slag is unclear. Therefore, in this paper, the
melt-vaporization method was used to treat lead-silver
slag, and the phase evolution of silver in the treatment
process was studied. The influence of reaction
temperature, the carbon ratio, and holding time on the
removal rate of silver was explored, and the response

Table 1. Composition analysis of the lead-silver slag (wt%)

surface method was used to analyze the optimal
process parameters for silver removal, which
provided a theoretical basis for the comprehensive
recovery of silver from lead-silver slag.

2. Experiment
2.1. Experimental materials

The raw material used in this paper was lead-silver
slag from the Northwest Lead-Zinc Smelter of Baiyin
Nonferrous Group Co., Ltd. After being dried at 80 °C
for 24 h, the slag samples with particle sizes less than
0.074 um were broken and sieved through a 200 mesh
sieve. The chemical composition of the lead-silver
slag was analyzed by inductively coupled plasma
spectrometry (ICP, ICAP-7000, Thermo Fisher), and
the results are shown in Table 1. Table 1 shows that
the content of Ag in the lead-silver slag was 149.00
g/t.

The results from X-ray diffraction (XRD, Rigaku
D/max-2004, Rigaku) analysis of the lead-silver slag
are shown in Figure 1 (a). The main phases in the
lead-silver slag were jarosite (KFe,(SO,),(OH),),
quartz (Si0,), zinc sulfate (ZnSO,), iron oxide
(Fe,0,), lead sulfate (PbSO,) and zinc ferrite
(ZnFe,0,).

Due to the low content of silver, the silver-
containing phase cannot be detected. The
microstructure and main elemental distribution of the

Element Fe Zn Pb Sb Ag* Ca S
Content/wt% 20.3 6.43 3.66 0.13 149 5.23 14.03

Element Al Cd As Si Ga* In* Ge*
Content/wt% 0.86 0.14 0.19 6.02 13.9 44 8.5

Note: * indicates g/t

) 1-K(Fe;(SO,),(OH),)
2-Si0,

3-Fe,0,

4-PbSO,

5-ZnSO,

6-ZnFe,0,

Intensity / a.u.

20/ ()

Figure 1. (a) XRD spectra of the lead-silver slag; (b) SEM diagram of the lead-silver slag and surface scanning diagram
of different elements



Y.-Y. Shen et al. / J. Min. Metall. Sect. B-Metall. 59 (2) (2023) 349 - 361

351

lead-silver slag were analyzed by scanning electron
microscopy (SEM, JSM-6700F, JEOL), as shown in
Fig. 1(b). It can be seen from the surface scanning
energy spectrum that Fe, Pb, O, Si, S, Ca and Zn were
mainly distributed in the lead-silver slag and consisted
of large particles, and Al was evenly distributed.

Chemical phase analysis of silver in the lead-silver
slag was carried out, and the results are shown in
Table 2. Silver chloride, metallic silver, silver sulfide,
silver oxide and silver sulfate were the main phases of
silver in the lead-silver slag, among which the
contents of silver chloride and silver sulfide were
much higher than that of metallic silver and silver
oxide and silver sulfate. Additionally, Ag was
associated with Pb, Zn and other elements in the lead-
silver slag [24-26].

In this experiment, carbonaceous material was
used as the reducing agent, and the carbon powder
was obtained from the Northwest Lead-Zinc Smelter
of Baiyin Nonferrous Metals Group Co., Ltd. The
results from the analysis of the carbon powder are
shown in Table 3.

2.2. Experimental method

The lead-silver slag was pretreated, and the
original slag was dried in a vacuum drying oven
(DZF-6030A, Yiheng) at 80 °C for 24 h. After drying,
the lead-silver slag was loaded into a style crusher
(GJ-400-1, Yongsheng) for crushing and was sieved
through a 200 mesh screen.

The pretreated lead-silver slag was mixed with a
certain proportion of carbon powder, placed into a ball
mill (QM-3SP04, Nju-instrument), mixed thoroughly,
dried after mixing and then pressed into flakes using a
tablet press (FW-4, Tjtp) at a pressure of 20 MPa. The
slag sample was placed in a corundum crucible, and
the total mass of the corundum crucible and the slag
sample was weighed.

The slag sample was placed into a high-
temperature dust collection furnace (KSL-1700X-A2,
Kjmti), and the corresponding reaction temperature
and holding time were set. A fan was used to inject air
into the stove, and the gas flow rate was 600 mL/min.
The condensation dust collection device was turned
on, and the furnace was closed after the temperature

Table 2. Results of silver phase analysis in the lead-silver slag

of the furnace dropped to room temperature.

The soot in the dust collection box and the exhaust
pipe were collected and uniformly mixed, and the
phase and microstructure of silver in the soot were
analyzed. The corundum crucible was removed from
the furnace and its total weight was measured, and the
corundum crucible was crushed to collect the tailings
after the experiment, which were destroyed by a
crusher and screened by a 200 mesh sieve. The silver
content in the tailings was measured, and the removal
rate of silver in the lead-silver slag was calculated
according to Formula (1).
s*Wi—

R="TT 100% (1)
s - Wi

where R is the removal rate of silver, wt%; m_ is
the mass of lead-silver slag, g; w, is the content of
metal zinc in lead-silver slag, wt%; m, is the mass of
tailings after the lead-silver slag reaction, g; and w, is
the content of metallic silver in the tailings after the
lead-silver slag reaction, wt%.

Since the content of silver in lead-silver slag was
only 149.00 g/t, the phase and microstructure of the
silver were difficult to characterize. Therefore, an
expanded slag batch experiment with high silver
content was carried out. Table 2 shows that the silver
phases in the lead-silver slag were mainly Ag,S and
AgCl, together accounting for 93.15 wt%. Therefore,
Ag,S and AgCl were added to the original slag for the
experiment. The additional Ag,S added (analytically
pure, Shanghai Macklin Biochemical Technology
Development Co., Ltd.) was 5.85 wt%, and the
additional AgCl added (analytically pure, Shanghai
Macklin Biochemical Technology Development Co.,
Ltd.) was 3.46 wt%. A certain proportion lead and
silver slag, carbon powder, Ag,S and AgCl was
pretreated via ball milling to mix evenly and was then
dried. The samples were placed in a corundum
crucible in a high-temperature dust collection furnace,
and soot and slag were collected. XRD phase analysis
was performed on the soot, SEM-EDS
characterization methods were used to observe the
microstructure of the soot, and the mineral states were
analyzed by mineral dissociation analysis (MLA,
V2.7, FEI). The phase and content of Ag in the slag
and soot were determined by chemical phase analysis

Phase AgCl Ag AgS Ag0 Ag,SO, Footing
Occupation/g, t-1 51.60 5.30 87.20 1.40 3.50 149.00
Occupation rate/wt% 34.63 3.56 58.52 0.94 2.35 100.00
Table 3. Carbon powder composition analysis
C t Ash Volatile |Fixed carbon| Total sulfi
omponen Fe Ca0 MgO ALO, Si0, olatile ixed carbon| Total sulfur
Content/wt% 1.14 0.91 0.10 3.43 5.73 2.06 83.07 0.72
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and ICP, and the removal rate of silver was calculated
based on theoretical calculations and experimental
results.

Optimized single-factor experimental conditions
were selected to study the effect of experimental
conditions on the silver removal rate in the lead-silver
slag. In Design Expert, the response surface method
module based on the Box-Behnken Design was used
to optimize the silver removal rate, and then the
response surface model was fitted and analyzed.
Finally, the response surface experimental design was
implemented and optimized to verify the results. In
this paper, a response surface experimental design
consisting of three factors and three levels was
adopted. The three levels were denoted by -1, 0, and
1. The reaction temperature (A), carbon ratio (B), and
holding time (C) were independent variables, and the
silver removal rate (R, ) was used as the response
value for experimental optimization.

3. Results and discussion
3.1. Thermomechanical analysis

The Gibbs free energy of the silver phase in the
lead-silver slag during the melt-vaporization process
was calculated by the reaction module in the
thermodynamic software FactSage. Table 2 shows
that the silver phases in the lead-silver slag were silver
chloride (AgCl), silver sulfide (Ag,S), silver oxide
(Ag,0) and silver sulfate (Ag,SO,). The chemical
reactions that may occur during the melt-vaporization
process were as follows:

24g,5+C =44g+CS, )
Ag,S+CO=24g +COS 3)
1/24g,50, +C = Ag +1/ 280, + CO )
1/24g,50, +CO = Ag +1/280, +CO, (5)
Ag,0+C=24g+CO (6)
Ag,0+CO=24g +CO, (7
1/24g,5+0,=1/24g,S0, )

The Gibbs free energy of the above reactions (2)-
(8) in the temperature range 0-1500 °C at standard
atmospheric pressure was calculated. Fig. 2(a) shows
the relationship between different reactions AG? and
the temperature of the silver phase. It can be seen
from the figure that Ag,S could not be reduced by
carbon and carbon monoxide, while Ag,S could be
oxidized by oxygen oxidation to form Ag,SO,. Ag,0
and Ag,SO, could react with carbon and carbon
monoxide, but Ag,SO, did not react with carbon when

the temperature was less than 100 °C.

The possible decomposition reactions of the four
phases (AgCl, Ag,S, Ag,0 and Ag,SO,) of silver in
the lead-silver slag were as follows:

AgCl = Ag +1/2Cl, ©)
1/24g,50, = Ag+1/250, +1/20, (10)
1/24g,S = Ag +1/ 4S8, (11)
1/24g,0 = Ag +1/40, (12)

Fig. 2(b) shows the relationship between AGY and
the temperature of the silver phase decomposition
reaction. As seen from the figure, AgCl and Ag,S did
not decompose. When the temperature exceeds 200
°C, decomposition of Ag,O tended to occur. When the
temperature was 1300 °C, Ag,SO, tended to
decompose.

The Equilib module was used to calculate the
vapor pressure of the silver phase in the
thermodynamic software FactSage. The relationship
between the vapor pressure of the silver phase and the
temperature is shown in Fig. 2(c). It can be seen from
the figure that Ag,0 had a high vapor pressure at a
temperature of 200 °C, indicating that Ag,0 had good
volatility and volatilized into the flue gas. When the
temperature reached 600 °C, the vapor pressure of
Ag,SO, began to increase and increased sharply after
a temperature of 900 °C was reached. Combined with
the reaction Gibbs free energy, the results show that
Ag, SO, was preferentially reduced to metallic silver
at low temperatures, and volatilization was preferred
to reduction at higher temperatures. When the
temperature was 1000 °C, the vapor pressure of AgCl
gradually increased, reaching its maximum at more
than 1300 °C, at which point AgCl volatilized into the
soot. The vapor pressure of Ag,S and Ag was low at
1200-1600 °C, indicating that Ag,S and Ag did not
have wvolatile properties at the experimental
temperature.

3.2. State of Ag in soot

The XRD physical phase analysis of the soot
collected from the silver slag experiment is shown in
Fig. 3(a), which presents the XRD spectrum of the
silver slag soot. Based on the results in Fig. 3(a), the
main phases of the soot were ZnO, PbS, PbO, AgCl,
Ag)0 and Ag,SO,, in which silver existed in the form
of AgCl, Ag,0 and Ag,SO,.

SEM-EDS analysis was conducted on the soot
collected from the silver slag experiment. In Fig. 3(b),
the dense distribution area of Ag was consistent with
that of Cl. The atomic ratio of Ag to Cl was close to
1:1, suggesting the presence of AgCl. The atomic ratio
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Figure 2. (a) Relationship between different reaction AG’ values of the silver phase and temperature. (b) The relationship
between the silver phase decomposition reaction AG’ and temperature. (c) The relationship between vapor pressure and
temperature of the silver phase

of Zn to O in the rod-like material was close to 1:1,
indicating the existence of ZnO.

Fig. 3(c) is the SEM-EDS spectrum of Ag,O in the
soot. It can be seen from the diagram that Ag was
distributed in gray—white area 1, and Pb was
distributed in dark gray area 2, which was
complementary to the location where Ag was located.
O, Zn, S and Cl existed simultaneously. It can be seen
from Fig. 1 that the atomic ratio of Ag to O in the gray
area was approximately 2:1. The analysis of XRD and
surface scan of the soot imply that Ag,O existed in the
soot.

Fig. 3(d) is the SEM-EDS spectrum of Ag,SO,. It
can be seen from the figure that the dense distribution
of Ag in region | was consistent with that of S. O was
enriched in the whole region, and the atomic ratio of
Ag to O to S was approximately 2:4:1 according to
spectrum 1. Comprehensive analysis of the XRD data
and the surface scan of the soot showed that soot area

1 was Ag,SO,. Region 2 was rich in Zn and O. In area
2, the atomic ratio of Zn to O was approximately 1:1,
and soot region 2 was ZnO.

Fig. 4 shows the backscattered electron
micrographs of soot MLA. As seen from Fig. 4(a), the
silver-lead alloy showed that most silver-bearing
minerals in the ore sample were entirely or partially
encapsulated with lead due to the intergrowth of silver
minerals and carrier minerals. It can be seen from Fig.
4(b) that the silver minerals in the zinc-silver alloy
were distributed in a wrapped or connected state with
metallic zinc and zinc oxide. Monolithic silver was
mainly formed as a Pb-Zn alloy and carried into the
soot by Pb and Zn volatilization.

3.3. Effects of reaction temperature, the carbon
ratio and holding time on the silver removal rate

Based on the melting characteristics and
thermodynamic calculations of the lead-silver slag, the
effect of reaction temperature on silver removal in the
range of 1100-1400 °C was studied. Fig. 5(a) shows the
effect of reaction temperature on the removal rate of
silver in lead-silver slag under experimental conditions
consisting of a holding time of 120 min and a
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theoretical carbon ratio of 14.30 wt%. As seen in the
figure, silver removal from the lead-silver slag in the
melt-vaporization process gradually increased with
increasing reaction temperature. It tended to stabilize at
1300 °C because the reaction proceeded more fully
with an increase in reaction temperature. When the
reaction temperature was 1100 °C, the removal rate of
silver was only 24.01 wt% because the lead-silver slag
was not entirely melted at the lower reaction
temperature, and contact between the materials is
insufficient. The vapor pressure of AgCl increased
slowly at this reaction temperature. When the reaction
temperature rose to 1300 °C, the removal rate of silver
increased to 80.26 wt%. The silver in the soot was
mainly AgCl, Ag,SO,, metallic silver in the form of
alloys and Ag,0. When the reaction temperature
exceeded 1300 °C, the removal rate of silver remained
unchanged. The highest removal rate of silver was
81.29 wt% at 1400 °C. Considering comprehensive
energy consumption, a reaction temperature of 1300 °C
was selected as the best temperature for silver removal.

Fig. 5(b) shows the experimental results of the
effect of the carbon ratio on the removal rate of silver

100

in the lead-silver slag under experimental conditions
consisting of a reaction temperature of 1300 °C and a
holding time of 120 min. It can be seen from the figure
that during the melt-vaporization process of the lead-
silver slag, the removal rate of silver increased first
and then decreased with a gradual increase in the
carbon ratio. When the carbon ratio was 10.30 wt%,
the silver removal was only 61.54 wt%. The amount of
carbon powder added was insufficient, the reducing
atmosphere was weak, and the volatilization rate of
lead and zinc was low. The highest removal rate of
silver was 80.12 wt% when the carbon ratio was 16.30
wt%. When the carbon ratio increased to 22.30 wt%,
the removal rate of silver was 76.13 wt%. The reason
for the decrease in removal was that when an excessive
amount of carbon powder was added, some of the
carbon did not burn sufficiently to accumulate in the
slag, making the slag less fluid and more viscous,
which affected the volatilization of lead and zinc,
decreasing silver removal [27-28]. Based on the above
considerations and comprehensive analysis, it was
concluded that a final carbon allocation ratio of 16.30
wt% was best for silver removal.
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Fig. 5(c) shows the effect of holding time on the
removal rate of silver in the lead-silver slag under
experimental conditions consisted of a reaction
temperature of 1300 °C and a carbon ratio of 16.30
wt%. It can be seen from the figure that the removal
rate of silver in the melt-vaporization process of lead-
silver slag gradually increased with increasing
holding time and then tendsed to be stable. When the
holding time was 30 min, the removal rate of silver
was only 61.90 wt%. As the holding time increased to
150 min, the removal rate of silver was 79.97 wt%. A
sufficient holding time was conducive to the
volatilization of AgCl and Ag,SO, and the reaction of
lead and zinc, so the removal rate of silver increased
with increasing holding time. When the holding time
was increased to 210 min, the highest silver removal
rate was 81.18 wt%. When the holding time was
increased to more than 150 min, the reaction of silver
reached equilibrium, and the removal rate did not
change with increasing holding time. Hence, the silver
removal rate tended to be stable. To achieve best
silver removal, a holding time of 150 min was chosen
based on considerations of comprehensive energy
consumption and production efficiency.

3.4. Optimization of process conditions by the
response surface methodology

Based on the single-factor experimental results,
the Box—Behnken Design module in Design-

silver (wt%), A represents the reaction temperature
(°C), B represents the carbon ratio (wt%), and C
represents the holding time (min). From the Formula
(13) multiple regression equation, the order of
influence of individual factors on the silver removal
rate is A > B > C. Table 6 shows the results of
regression analysis of variance.

As seen in Table 6, the F value of the silver
removal rate in the model was 224.98, indicating that
this model was significant in predicting the
experimental results. The F value of the mismatch
term was 3.29, and this model’s P value was
significant in predicting the experimental results, at
0.1402 (P<0.05 was considered significant),
indicating that the regression model fitted well. Based
on the F value and P value in the multiple regression
equation and variance analysis of the regression
equation, it can be seen that reaction temperature and
holding time had a significant effect on the removal
rate of silver. The order of influence of the three
individual factors on the removal rate of silver is
A>B>C, that is, the reaction temperature>carbon
ratio>holding time, and the order of the square of the
three individual factors on the removal rate of silver
was B*> A>>C?. The results of the statistical analysis
of the regression equation errors are shown in Table 7.

The model R*=0.9966, which meant that the
accuracy of the experimental results was 99.66 wt%;

Table 5. Response surface experimental design and results

Expert10.0 software was used to design experiments. A RAg:
Reaction conditions were optimized with reaction Reaction Silver
temperature (A), carbon ratio (B) and holding time |Experimenttemperature B: Carbon |C: Holding removal/wt
(C) as independent variables and the silver removal | sequence /°C ratio/wt% | time/min %
rate (R, ) as the response value. Table 4 shows the
experiméntal design for three factors and three levels. ! 1300 18.30 120 74.65
The response surface experimental design and results 2 1300 16.30 150 80.18
are shown in Table 5. . , 3 1250 | 16.30 180 73.34
The experimental data for silver removal in Table
5 were fitted with multiple regression analysis, and 4 1350 18.30 150 79.42
the multiple regression equation for silver removal 5 1300 16.30 150 80.23
from lead-silver slag based on t'he reaction 6 1250 1430 150 65.83
temperature, carbon ratio and holding time is shown
in (13). 7 1300 16.30 150 80.15
R, =80.00+4.184+2.98B+2.48C +0.194B — 8 1300 16.30 150 79.98
0.894C—0.015BC —3.594% -3.98B8* -1.80C" 9 1350 16.30 120 77.66
In the formula, R,, represents the removal rate of 10 1300 14.30 120 68.58
11 1350 14.30 150 73.15
Table 4. Factors and level conditions
12 1300 16.30 150 79.45
A: Reacti
caction | g Carbon | C: Holding 13 1300 | 14.30 180 73.82
Level temperature/ o/ wi% time/mi
°C ratio/wtzo | time/min 14 1250 16.30 120 66.86
-1 1250 14.30 120 15 1250 18.30 150 71.34
0 1300 16.30 150 16 1300 18.30 180 79.83
1 1350 18.30 180 17 1350 16.30 180 80.58
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CV=0.60%<10%, indicating that the model was
accurate and credible; in this model, Adj R*=0.9921,
Pred R=0.9592, R, df- R, ./ =0.0329<0.2, indicating
that the silver removal model fits the actual data well
[29].

Through analysis and calculation in the Design-
Expert software, the residual normal distribution for
the silver removal rate model (Fig. 6(a)) and the
predicted value and actual value distribution (Fig.
6(b)) were obtained. As seen in the figure, the residual

Table 6. Variance analysis of the regression equation

average distribution data points were distributed on
both sides of a straight line, and most of their values
fell between -2 and 2. The predicted and actual values
basically fell on a straight line, indicating that the
model to fit the silver removal rate based on the
response surface methodology had good adaptability.

Fig. 7 shows the three-dimensional response
surface diagram and contour map of the effect of
reaction temperature and the carbon ratio, reaction
temperature and holding time, and the carbon ratio

D f
Quadratic sum CBrees © Mean square F Ratio P Ratio Significance
freedom
Model 411.68 9 45.74 224.98 <0.0001 Predominance
A 139.78 1 139.78 687.51 <0.0001 Predominance
B 71.16 1 71.16 350.02 < 0.0001 Predominance
C 49.1 1 49.1 241.52 <0.0001 Predominance
AB 0.14 1 0.14 0.71 0.4272 Nonsignificant
AC 3.17 1 3.17 15.6 0.0055 Predominance
BC 0.0009 1 0.0009 0.00443 0.9488 Nonsignificant
A2 54.16 1 54.16 266.39 <0.0001 Predominance
B2 66.58 1 66.58 327.47 <0.0001 Predominance
C2 13.66 1 13.66 67.21 <0.0001 Predominance
Residual error 1.42 7 0.2
Misfit term 1.01 3 0.34 3.29 0.1402 Nonsignificant
Pure error 0.41 4 0.1
Table 7. Statistical analysis of regression equation error
Statistical project Value Statistical project Value
Std. Dev. 0.45 R-Squared 0.9966
Mean 75.59 Adj R-Squared 0.9921
CV wt% 0.60 Pred R-Squared 0.9592
PRESS 16.84 Adeq Precision 43.129
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Figure 6. (a) Residual normal distribution diagram, (b) distribution of predicted and actual values
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and holding time on the silver removal rate.

From the analysis of the three-dimensional
response surface plots of silver removal in Fig. 7, it is
clear that there was an optimal interval for silver
removal when the reaction temperature was in the
range of 1290-1350 °C, the carbon ratio was between
15.30 wt% and 17.30 wt%, and the holding time was
in the range of 140-180 min. These three factors
significantly affected the silver removal rate, and they
were ranked in order from most significant to least
significant as reaction temperature, carbon ratio, and
holding time. It can be seen from the contour map
analysis that the shape of the contour map between the
reaction temperature and the carbon ratio (AB) was
close to a circle, indicating that the interaction
between the reaction temperature and the carbon ratio
had no significant effect on the silver removal rate.
The shapes of the contour maps of reaction
temperature and holding time (AC) and the carbon
ratio and holding time (BC) were close to ellipses, and
the interaction between them significantly affected
silver removal.

According to the predicted results of the model,
the optimum conditions for silver removal were
obtained: the reaction temperature was 1339.88 °C,
the carbon ratio was 16.13 wt%, and the holding time
was 165.27 min. Combined with the comprehensive
analysis, the optimal conditions for adjusting the
silver removal rate were as follows: the reaction
temperature was 1340 °C, the carbon ratio was 16.10
wt%, and the holding time was 165 min. Three
experiments were carried out to verify the optimal
process. The average silver removal rate was 80.42
wt%, which was close to the predicted results. These
findings have particular research significance for
extracting metallic silver from lead-silver slag.

4. Conclusion

1) The content of Ag in the lead-silver slag was
149.00 g/t. Silver chloride, metallic silver, silver
sulfide, silver oxide and silver sulfate were the main
phases of silver in the slag, and the contents of silver
chloride and silver sulfide were higher than that of
other silver phases.

2) Ag,0 and silver AgCl in the lead-silver slag
volatilize into dust, Ag,S was oxidized by oxygen to
generate (Ag,S0O,), and Ag, Pb, and Zn form an alloy
and volatilize. The composition of the final soot
consisted of the minerals ZnO, PbS, PbO and
elemental silver, as well as AgCl, Ag,0 and Ag,SO,,
while the forms of silver in the soot were Ag, AgCl,
Ag,0 and Ag,SO,.

3) The removal rate of silver in the melt-
vaporization process gradually increased with
increasing reaction temperature and tended to remain
stable at 1300 °C. At 1300 °C, the removal rate of

silver rose to 80.26 wt%. With an increase in the
carbon ratio, the removal rate of silver first increased
and then decreased. When the carbon ratio was16.30
wt%, the removal rate of silver reached its highest
value, which was 80.12 wt%. The removal rate of
silver was 79.97 wt% when the holding time
increased to 150 min. The optimal process conditions
for silver removal were a reaction temperature of
1340 °C, a carbon ratio of 16.10 wt% and a holding
time of 165 min. The average silver removal rate
reached 80.42 wt%.
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POSTOJECE STANJE I STOPA UKLANJANJA SREBRA 1Z SLJAKE KOJA
SADRZI OLOVO I SREBRO TOKOM PROCESA TOPLJENJA I ISPARAVANJA

Y.-Y. Shen ?, X.-S. Zhao *, F.-J. Zhang *, W.-X. Ma ?, X.-F. Wang *, X.-Y. Du **

* Fakultet za nauku i materijale, Glavna drzavna laboratorija za naprednu obradu i reciklazu nefero metala,
Univerzitet tehnologije u Landzou, LandZzou, Narodna Republika Kina
® Gansu d.o.0., Baiyin, Narodna Republika Kina
Apstrakt

U ovom radu, srebro sadrzano u sljaci koja sadrzi olovo i srebro dobijeno je tokom procesa topljenja i isparavanja.
Analizirano je postojece stanje srebra u dimu, proucavan je uticaj temperature reakcije, odnosa ugljenika i vremena
reakcije na stopu uklanjanja srebra, a procesni uslovi su optimizovani primenom metodologije odziva povrsine. Hlorid
srebra, srebro metal, sulfid srebra, oksid srebra i sulfat srebra su glavne faze srebra u Sljaci koja sadrzi olovo i srebro, od
kojih su hlorid srebra i sulfid srebra glavne faze. Oksid srebra (Ag,0) i hlorid srebra (AgCl) u sljaci koja sadrzi olovo i
srebro isparavaju u dim, sulfid srebra (Ag,S) se oksiduje kiseonikom u srebro-sulfat (Ag,SO,), a elementarno srebro
isparava sa Pb i Zn kako bi formirali legure. Srebro se na kraju pojavijuje kao Ag, AgCI, Ag,0 i Ag,SO, u dimu. Stopa
uklanjanja srebra postepeno raste sa povecanjem temperature reakcije i tendencijom stabilizacije na 1300 °C. Sa
postepenim povecanjem sadrzaja ugljenika, stopa uklanjanja srebra prvo raste, a zatim opada. Najvisa vrednost je 80.12
wt.% kada je sadrzaj ugljenika 16.30%. Kako vreme zadrzavanja raste, stopa uklanjanja srebra postepeno raste i zatim se
stabilizuje na 79.97% cak i pri vremenu zadrzavanja od 150 minuta. Optimalni uslovi procesa za uklanjanje srebra su
temperatura reakcije od 1340 °C, sadrzaj uglienika od 16.10%, i vreme zadrzavanja od 165 minuta. Prosecna stopa
uklanjanja srebra pod ovim uslovima je 80.42%. Istrazivanje u ovom clanku pruza teorijsku osnovu za uklanjanje i
iskoris¢avanje srebra iz ostataka olova i srebra.

Kljuéne reci: Sljaka koja sadrzi olovo i srebro; Proces topljenja i isparavanja; Faze srebra; Metod odziva povrsine; Stopa
uklanjanja
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