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Abstract: In this paper, research on the effects of agitation rate for desilvering tin silver alloy residue
by using pyrometallurgy was carried out. SnAg alloy residue with 92 wt.% tin and 3.56 wt.% silver
was used in this study, and 99.999 wt.% zinc was added as metal solvent. Residues were melted to
a temperature of 400 °C for enriching tin silver alloy. The obtained tin silver alloy was melted in a
temperature range of 450 °C to 500 °C by adding zinc to evaluate zinc dissolution. The obtained tin
silver zinc was agitated at different agitation rates for 20 min at a temperature of 480 °C, then cooled
down while stirring to an eutectic point of tin zinc alloy (198.9 °C) to remove silver zinc dross. X-ray
Fluorescent-1800 (XRF-1800) and Field Emission Scanning Electron Microscopy Energy Dispersive
Spectroscopy (FE-SEM-EDS) analyses were performed in this research. Different factors including
holding time, zinc dissolution, agitation time and agitation rate were evaluated. The results revealed
that an agitation rate of 600 RPM, 25% Zn and 60 min at a temperature of 198.9 °C were efficient.
Zinc silver was removed as dross every 20 min to get 92% silver separation efficiency, and the use of
supergravity centrifuge is highly recommended to get best separation efficiency.
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silver alloy increases its residue and metal waste such as tin, silver and other residues in
the environment that are harmful to the human body (for example the regulatory limit for
tin residue in drinking water is 0.10 mg/L while for silver it is 0.05 mg/L [9]), as well as
ecosystems in general [10].

Silver is ranked as the second most toxic metal after lead due to its bioaccumulation
in aquatic organisms and first as having the most adverse to environmental effects due
to the hazardous materials or strong acids in its waste including cyanide, sulfuric acid,
cadmium, lead and arsenic. [11]. This research was conducted to decrease silver demand
on the market as well as protect the environment by recycling the silver contained in waste,
since it was proved that by increasing silver waste, we increase hazardous materials in the
environment. Despite the negative impacts of tin silver alloy waste, it can be used as the
best alternative source of metals through recycling.

At present, different studies have been carried out examining the extraction and
separation of silver from secondary sources such as printed circuit, electronic, etc. This
involves the use of hydrometallurgy routes [12,13] such as hydrochloric acid [14] and nitric
acids [15] which are not economical due to high consumption of reagents and nitrogen
toxicity to humans [16]. Different research work carried out to extract and separate different
metals from lead-free solders has focused on major metals in alloys such as tin by using
different methodologies such as the application of microwaves for recovering tin from tin
silver copper alloy [17-19]; however, there is a previous study on separating silver by using
a pyrometallurgical method [20], but the process has different drawbacks such as high costs
due to the long cyclic process.

In this research, a study on the effects of agitation rate using a programmable stirrer
and zinc as metal solvent was carried out with the main goal of finding an efficient method
to recover silver from tin silver alloy residues. It is hypothesized that finding an efficient
agitation rate can contribute to the reduction of number of cycles required to separate silver.
In this work, silver was selected as a metal solvent based on solubility and the stronger
affinity of silver to zinc than liquid tin.

Therefore, zinc was preferably selected as a metal solvent and different agitation rates
were used to evaluate its effect on the separation of silver from tin silver alloy residue.

2. Materials and Methods
2.1. Materials

In this study, tin silver alloy residue with 92 wt.% tin and 3.56 wt.% silver with lead,
copper, zinc and manganese as metal impurities and different refractory impurities was
used. High purity zinc ingots of 99.999% were selected to be used as a metal solvent.

A self-designated ceramic propeller and programable stirrer were used to control
agitation rate and an induction furnace (Figure 1) was used for melting and cooling the
sample and ceramic scoop was used in tilting and skimming process.

Rotating mixer
Argon gas tank
Flowmeter

Zinc feeder

Tin silver alloy
Thermocouple
Thermocontroller
Graphite crucible
Lid cover
Heating coil
Cooling machine

HEYOINaORRNRE

=e

Figure 1. Schematic diagram of the induction furnace used in this work.
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In this study, the residue contents were analyzed with a Shimadzu X-ray fluorescent
analyzer-1800 (XRF-1800, Kyoto, Japan) (Table 1), while quantitative and qualitative (map-
ping and point analysis) were analyzed using a scanning electron microscope (cold type)
(FE-SEM) manufactured by JEOL (JEM-2100F) for energy dispersive spectrometry (EDS).

Table 1. Tin silver alloy residue XRF metal analysis results.

Compositions of Elements

Ag Sn Cu Mn Pb Zn SiO;

wt. %

3.56 92.0 0.780 0.300 1.36 1.12 0.880

2.2. Experimental Procedures

The induction furnace made from INSUNG from Korea used in this study consisted
of a controller and heat box connected to a cooling machine. The controller regulates the
heating temperature by adjusting the voltage. A graphite crucible was used for better con-
duction; the temperature was measured using a K-type thermocouple and the programable
stirrer made from Wonju, South Korea by Daihan scientific co.ltd was connected to mix
zinc into tin silver alloy, a programmable stirrer was in the middle of the metal bath for
better mixing (Figure 2).

A

|

Ceramic propeller

ol =
% C4
Propeller blades Metal bath '
M

Figure 2. Position of propeller in metal bath (A) and propeller dimensions (B).

The temperature rate of the induction furnace was 10 °C per minute. Argon gas was
charged to a heater box to create an atmosphere and avoid oxidation, and the experiment
was conducted at a maximum temperature of 480 °C.

Samples were prepared by measuring and quantifying their composition, and the tin
silver alloy residue and zinc were cut into 3 cm and 0.1 mm pieces, respectively, and 127 g
of tin silver alloy residue were melted using the induction furnace. All the equipment used
in this study were provided by Pukyong National University.

Two-step experiments were conducted to investigate the effects of agitation and
separation efficiency. First, the tin silver alloy residue was enriched to remove impurities
and tin silver alloy enrichment was used to get tin silver alloy by gravity difference. Then
it was carried out to further the process of separating silver from tin silver alloy melts by
evaluating the effects of agitation rates. The detailed procedures are shown below.

2.2.1. Tin Silver Alloy Enrichment Process

First, 127 g of tin silver residue was placed into a set of self-designated graphite
crucibles with a height of 15 cm and inner diameter of 5 cm. A 0.9 mm hole was drilled
into the bottom of graphite crucible, and 0.3 mm of graphite felt shipped online was placed
at the bottom of the upper crucible to filtrate molten tin silver alloy residue and small solid
particles. A similar graphite felt was placed on the top of the tin silver residue to avoid
oxidation during the separation process. The tin silver alloy residue was heated to 400 °C
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to remove different impurities including tin, zinc, silicon dioxide, lead, chromium, carbon,
and manganese. These impurities could be removed by gravity. This enrichment process
resulted in pure tin silver alloy. The impurities and filtered tin silver alloy were obtained
from the upper and lower crucible, respectively, and were prepared for the experiment.

2.2.2. Separation of Tin Silver Alloy

To separate silver from the filtered silver tin alloy obtained from the previous experi-
ment, a second experiment was carried out in an induction furnace with zinc as a metal
solvent and different agitation rates were used to evaluate the most effective one. The
filtered 112 g of tin silver alloy was placed into a graphite crucible with a height of 15 cm
and inner diameter of 5 cm and then melted at a temperature of 480 °C where the silver
zinc intermetallic compounds could be formed. Next, 25% zinc was added with 20 min
of agitation and different agitation rates such as 200 RPM, 400 RPM, and 600 RPM were
evaluated to study their efficiency in separating silver from the tin silver alloy. Then it was
cooled while stirring down to the eutectic temperature of tin zinc (198.9 °C). A holding and
agitation time of 60 min was maintained while removing silver zinc dross every 20 min.

2.3. Methods

The methodology used in this study was based on the thermodynamic properties of
tin silver alloy as well as zinc as a metal solvent. Tin silver alloy phase as in the Figure 3, tin
zinc phase (Figure 4) and silver zinc phase (Figure 5) were taken into consideration before
using zinc as a solvent.
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Figure 3. Tin silver alloy phase diagram [20].
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Figure 4. Silver zinc phase diagram. Reprinted with permission from ref. [2]. Copyright 2021 Springer
Nature.
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Figure 5. Tin zinc phase diagram. Reprinted with permission from ref. [21]. Copyright 2021 Elsevier.

According to the above binary phase diagrams, zinc was added at a temperature
range of 450 °C to 500 °C, where different silver zinc intermetallic compounds such as
AgZn3, Ag5Zn8 and AgZn can be formed, and the dissolution of zinc in tin silver alloy
in that temperature range was evaluated. The eutectic point of tin zinc alloy was 198.9
°C (Figure 4). This implies that if zinc is added and agitated between 450 °C to 500 °C,
different silver zinc intermetallic compounds will be formed to be removed as dross at
a temperature of 198.9 °C where tin zinc alloy is formed. This study was limited to the
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separation silver to obtain silver zinc, and an experimental chart of the whole experiment
is shown below (Figure 6).
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Figure 6. Experimental flowchart of model.

3. Results and Discussion
3.1. Tin Silver Enrichment Results
The separation of tin silver alloy and impurities was examined by using FE-SEM-EDS

analysis where the impurities removed were analyzed for silver contents. The results
revealed that no silver was lost in impurities (Figure 7).

Electron Image 8
o R AN

B Spectrum 13
sn I

Elements C Si02 Cr
Composition | 3.59 9.40 0.360 4.38 16.3 60.8 5.18
s (wt.%)

Figure 7. Removed impurities FE-SEM (EDS) analysis with a holding time of 30 min.

The refractory oxides were removed by melting tin silver alloy residue at 400 °C under
normal gravity and filtered by using graphite felt within a period of 30 min for complete
separation (Figure 8).
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Figure 8. Silver weight percent lost in impurities during enrichment process.

The enriched tin silver alloy was analyzed using FE-SEM-EDS to identify and quantify
the impurities remaining in the tin silver alloy (Figure 9). To obtain tin silver alloy after
the removal of impurities the samples were cooled to the eutectic temperature of tin silver
alloy (221 °C). The enriched tin silver alloy containing 94.15 wt.% tin and 4.06 wt.% silver
was used for further processing to separate silver.

Figure 9. Enriched tin silver alloy FE-SEM (EDS) (A); mapping and point analysis (B).
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3.2. Separation of Silver from Tin Silver Alloy
3.2.1. Amount of Zinc Added

The amount of zinc added for the tin silver alloy desilvering process was evaluated
by measuring the dissolution of zinc at 480 °C, and the results showed that the maximum
efficient amount of zinc to be added was 25% of the amount of tin silver alloy used for the
first separation stage (Figure 10).

Amount of Zinc added

30
25.12
25

20
15

y —@— Separated silver (%)

Separated Silver (%)

0 5 10 15 20 25 30
Added zinc (%)

Figure 10. Amount of separated silver depending on amount of zinc added at 480 °C: first silver
separation, cooling temperature of 198.9 °C, agitation rate of 400 RPM.

3.2.2. Effect of Holding Time

The graph below shows the zinc dissolution and effects of holding time without
agitation. This was experimented to evaluate the behavior of zinc dissolution depending
upon the holding time (Figure 11).
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Figure 11. Holding time evaluation of 25% zinc dissolution in tin silver alloy before agitation.
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3.2.3. Effects of Agitation

After enriching the tin silver alloy, zinc was added and the effects of holding time and
agitation were evaluated. The results of the effect of holding time without agitation rate are
shown below (Figure 12).

Figure 12. FE-SEM image of effects of zinc addition to tin silver alloy without agitating (A) and after
agitating at 400 RPM (B).

Silver can’t be separated through cementation due to liquid tin metaphase and zinc
silver alloy phase density difference (Figure 12), so agitation was done to float silver zinc as
dross (Figure 13).

silver zinc formed (%)
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Agitation rate (RPM)

Figure 13. Effects of agitation rate on desilvering process in first separation conditions: cooling
temperature of 198.9 °C with 20 min agitation time.
3.2.4. Effects of Agitation Time

In this study, the agitation time was considered, and Figure 14 shows he effects of
agitation time before removing zinc silver dross from liquid tin.
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Figure 14. Effects of agitation time before skimming zinc silver from liquid tin metaphase at an
agitation rate of 600 RPM.

3.2.5. Agitation Time, Agitation Rate and Desilvered Silver

Silver separation efficiencies were evaluated at different agitation times and rates
(Figure 15). This was done by measuring the separation efficiency of zinc silver at different
agitation times with respect to the RPM used. To obtain the separation efficiency, the
formula below was used: si—sf

i—
g X 100 1)
where SE stands for separation efficiency, Si stands for the weight of silver in the tin
silver alloy residue before separation and Sf stands for the weight of silver obtained after
separation.

SE =

40

35
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—e—400 RPM

—e— 600 RPM

15 700 RPM

20

Desilvered silver (wt.%)

0 10 20 30 40 50 60 70 80 90 100

Agitation time (min)

Figure 15. Evaluating separation efficiency with respect to agitation time at different agitation rates
with 25% zinc and 20 min of agitation at a temperature of 480 °C.
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Figure 15 shows the summarized results obtained in this analysis:

3.3. Discussion

The whole process involved separating silver from tin silver alloy. This was done
by adding zinc to tin silver alloy, and zinc was selected based on the tin silver and tin
zinc phase diagram. In the cooling process, tin zinc and zinc silver dross were formed.
Zinc silver dross was removed using a skimming process. Melting of tin silver alloy at a
temperature of 400 °C, which is above the eutectic point of tin silver alloy to lead to the
removal of different impurities including tin, as shown in Figure 7. Due to the increase in
tin liquid metaphase (tin normally melts at 231 °C), there no silver was lost at a holding
time under 30 min. As we increased the holding time past 30 min, melted tin and impurities
increased (Figure 8) and were removed to leave enriched tin silver alloy Figure 9.

Figure 10 shows that the percentage of separated silver is a function of the amount of
zinc added. In the first stage of separation with an agitation rate of 600 RPM and cooling
temperature of 198.9 °C, separated silver increased with the increasing zinc amount, but at
25% the flow became steady, which shows the maximum zinc solubility in tin silver alloy.

Considering Figure 11, the effects of dissolving zinc into tin silver alloy without
agitation was evaluated, and the results show that there is no-remarkable dissolution since
only 0.58% can be achieved for a time of 1h 30 min. This implies that the cementation
process of silver from tin silver alloy by using zinc is not efficient (Figure 12A) Hence,
zinc can be dissolved in tin silver alloy by accelerating its motion by agitating at different
revolutions per minute. Figure 12B shows that at 400 RPM different silver zinc intermetallic
compounds were formed, and this proved the effects of agitation.

Figure 13 shows the effects of agitation rate on the dissolving and accelerating desil-
vering process in the first stage of separation with a cooling temperature of 198.9 °C. The
results revealed that by increasing the agitation rate, zinc is dissolved in tin silver alloy,
and it also accelerates zinc silver to float as dross, which was skimmed off and measured to
evaluate the efficiency of separating silver from tin silver alloy.

It was revealed that above 600 RPM, the recovered zinc silver became steady, and this
was proved by comparing the desilvered zinc silver from 400 RPM, 600 RPM and 700 RPM,
where the skimmed zinc silver was 22.9%, 33.7% and 34.1%, respectively.

According to Figure 14, where the effects of agitation time before skimming zinc
silver were evaluated, the results revealed that beyond 20 min of agitation there is no great
difference in the quantity of silver separated from tin silver alloy due to the maximum
solubility of zinc in zinc silver dross.

Based on experimental work done, the findings are as follows: An efficient agitation
rate was found to be 600 RPM with an agitation time of 20 min before skimming. The
efficient amount of zinc found to be 25% of tin silver alloy, and at least three stages (cycles)
were needed to obtain at least 92% silver separation efficiency. Therefore, increasing the
agitation rate to 600 RPM will increase silver separation efficiency and reduce the number
of cycles to half. Since it still requires several cycles for efficient separation, the use of
supergravity centrifugation is highly recommended as an efficient methodology to separate
silver from tin silver alloy.

4. Conclusions

To conclude, it is possible to separate silver from tin silver alloy by using zinc as a
metal solvent. By increasing the agitation rate, zinc silver separation can be accelerated,
and the number of cycles reduced. In this study, the separation of silver from tin silver
alloy residue took two steps. The enrichment of tin silver alloy and separating silver by
increasing the agitation rate. The percentage of separated silver increased from 10.01% at
200 RPM to 33.7% by using 600 RPM as the agitation rate in the first step of separation
where 25% zinc was added. The silver separation efficiency became 92% in the third stage of
separation. The increase in the agitation rate increases separation efficiency and decreases
time spent by reducing the number of separation stages. The whole experiment was safe,
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making it environmentally friendly and economical by reducing power consumption. As
shown in Figure 6, future work will involve recovering silver, tin and zinc from silver zinc
dross and tin zinc alloy, respectively.
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