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Abstract. This study investigated the thermodynamics and kinetics of gold and accompanying noble metals, such
as silver, palladium and platinum, leached from the electronic scrap by bromine-bromide solutions. Theoretical and
practical analysis of the behavior of gold in the traditional Brz - Br- - H.O system confirmed the fact that in a neutral
and slightly acidic medium, when bromine hydrolysis proceeds slightly, a bromine in bromide solution can be used
to leach gold. In this case, bromine-bromide leaching compared with cyanidation is more favorable in terms of
kinetics and selectivity. In particular, when brominated in a neutral medium as a result of the formation of a
passivating copper monovalent copper (Cu20) film on the surface of copper particles, copper does not go into
solution, while copper forms stable soluble anionic complexes with cyanide. For the first time in order to stabilize
the pH in the alkaline area the conditions for gold leaching in the presence of a phosphate buffer solution
(NaH2PO4) were investigated. The effect of the pH of the leach solution, the concentration of active bromine,
bromide ions and the concentration of the buffer solution on the leaching kinetics of gold was studied. It was
established experimentally that a noticeable dissolution of gold begins at pH < 8, and at pH 6, almost all gold
passes into the solution. A sufficient concentration of active bromine under these conditions can be considered 6.6
g - dm Br2 at a bromide concentration of 20 g - dm™ NaBr. Leaching with the productive solution turnover made it
possible to reduce the consumption of bromine from 89-95 to 20-32 kg Brz2 per ton of scrap and raise the
concentration of gold from 76 to 195 mg - dm™. In this paper, it was first shown that silver and palladium in the
system under study (pH = 5-6) begin to dissolve noticeably only at high concentrations of bromide ions. Complete
dissolution of palladium is achieved with an excess of bromide ions and pH values of 1.5-2.0. Platinum turned out
to be more resistant to bromine-bromide leaching because of the formation of a sparingly soluble platinum
dibromide on its surface.
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Introduction

Due to the rapid development of
technology and an incredible increase in demand
for more advanced electronic devices, the service
life of the latter is constantly reduced, which
causes an increase in the volume of electronic
waste. It is generally accepted that electronic
waste is a dismantled electrical and electronic

equipment due to the expired life and not
intended for reuse [1-4, 16-17]. E-waste
typically includes household electronic
appliances, toys, electrical tools, cell phones,
monitoring and control instruments, automatic
dispensers, IT, telecom equipment and other
consumer items. According to data for 2014,
about 41.8 million tons of electronic waste was
generated in the world, and it is expected that the
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amount of electronic waste will reach 49.8 million
tons in 2018, and the annual increase will be from
four to five percent [1].

Since e-waste has a high content of copper and
precious metals, it is a valuable source of copper for
the copper smelters.

The current practice of processing PCB
(Personal Computer Boards) concentrates using
reflective smelting technology at a smelter does not
exclude the loss of precious metals with smelting
slags [5,6].

Hydrometallurgical approaches make it
possible to eliminate the loss of metals during
processing and could be less harmful to the
environment once the technology is implemented.
Therefore, a combined scheme consisting of
enrichment and hydrometallurgical processing of
printed circuit boards concentrate seems to be in
many respects a technical solution with a high
potential [2-4].

The content of non-ferrous and precious
metals contained in the final concentrate of printed
circuit boards depends on the type of source of the
electronic equipment, its composition and especially
the year of manufacture. It is well known that the
older electronic equipment (60-70 years old)
contained significantly more precious metals than
modern devices do.

The table. 1 presents the results of the standard
chemical analyses of representative samples of PCB
concentrates taken from the practice of the Israeli
company All Recycling Ltd.

Table 1 - Results of chemical analysis of PCB

concentrates
Type | The Results of chemical analysis, vt., %
Cu Ag Au Pd Pt

Rich | 17.85 | 0.126 | 0.035 | 0.025 | 0.0005
Rich | 17.51 | 0.087 | 0.023 | 0.017 | 0.0034
Rich | 19.84 | 0.119 | 0.031 | 0.024 | -

Reg. 18.19 | 0.114 | 0.011 | 0.010 | -

Reg. | 18.39 | 0.136 | 0.011 | 0.012 | -

Reg. | 20.49 | 0.137 | 0.006 | 0.004 | 0.0003
Poor | 26.06 | 0.052 | 0.005 | 0.002 | -

Poor | 22.46 | 0.026 | 0.003 | 0.002 | -

As can be seen from the results of a chemical
analysis of ordinary concentrates of printed circuit
boards, the general characteristic of PCB
concentrates is the multicomponent nature of the raw
material, and the content of precious metals varies in
the range, wt.,%: Silver (0.026-0.126), gold (0.0034-
0.035), palladium (0.0020- 0.025) and platinum (0.00
-0.0034)
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Their resistance to oxidative leaching
distinguishes gold and platinum group metals.

Oxidation of gold in water proceeds with the
sequential formation of monovalent Au (I) and
trivalent Au (Ill) ions, which is confirmed
thermodynamically:

Au = Au+ e-p = 1.692 +0.0591 log [Au*], (2)

Aut=Au*+ 2e- ¢ = 1.401+0.0295 log [Au **1 /[Au*] (3)

Au = Au'+ 3e- ¢ = 1.498 +0.0197 log [Au*]; (4)

The dissolution of gold can occur only in the
presence of a sufficiently strong oxidizing agent, the
electrode potential of which is reduced by the
introduction of complexing ligands, for example, the
bromide ion.

The study evaluated Br, / Br— system as an
alternative to cyanide leaching of gold contained in
sulfide and in oxidized concentrates. It was shown [7,8]
that when leaching gold contained in sulfide concentrates
using elemental bromine, significantly higher gold
recovery can be achieved than with cyanide, but the
consumption of bromine was high due to the
simultaneous oxidation of sulfides. The recovery of gold
from oxide concentrates by bromine was comparable to
that achievable with cyanide, and bromine consumption
was reasonable when leaching was carried out at an
almost neutral pH of ~ 6. In the case of oxidized gold-
bearing ores containing copper mineralization, bromine
consumption was lower than cyanide consumption, as
the authors of [7] suggested that bromine with copper
minerals is less reactive than cyanide.

As our preliminary experiments with electronic
scrap showed, a significant leaching of gold is observed
at pH > 8, which allows us to maintain selectivity with
respect to the main accompanying metals. In this regard,
the study of the optimal conditions for the dissolution of
gold and related noble metals in the process of bromine-
bromide leaching is of practical and theoretical interest.

Thus, the present work is devoted to studying
the thermodynamics and kinetics of the dissolution of
gold and related valuable metals, mainly copper,
silver, palladium and platinum from typical samples
of electronic scrap in the bromine-bromide system,
depending on the pH of the medium, the
concentration of active bromine, bromide ions and
phosphate buffer solution.

Experimental part. Devices and
reagents

A series of experiments was prepared using a
sample of PCB concentrate composition, vt., %:
20.49 Cu, 5.34 Al, 4.39 Sn, 2.02 Al, 1.39 Zn, 3.43
Pb,
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1.06 Ni, 0.137Ag, 0.0058 Au, 0.0042 Pd, 0.0003 Pt,
pre-shredded using a Retch GmbH laboratory
hammer shredder to a particle size of 0.5-2 mm.

The reagents used were HCI (Fluka Israel),
HNO; (Fluka Israel), NaBr (Fluka Israel), HBr
(Fluka Israel), NaH,PO, (Fluka Israel) and
concentrated (434 g-dm?®) elementary bromine
solution manufactured by Bromine Compound.
Reagent solutions were prepared using bidistilled
water.

Leaching was carried out at 298.5 K, the ratio
of the contacting phases T: W = 1: 5 and the speed of
rotation of the stirrer 300 rpm. g-dm™. The required
amount of leaching solution containing 20 g-dm
NaBr and 70 g-dm® NaH,PO4-H,O was poured into
a reaction vessel equipped with a mechanical stirrer
and electrodes for measuring pH and redox potential
(Eh). After that, the required amount of crushed scrap
was in reaction vessel uploaded, then the vessel was
placed in a Huber GmbH Unistat thermostat and the
temperature in the reactor was adjusted to the desired
value. Then which the stirrer, measuring instruments
were turned on and the pre-calculated amount of
concentrated elemental bromine solution (434 g-dm)
was supplied reading recorded original redox -
potential, hereinafter in the course of the reaction,
adjusting the pH injected 20 g-:dm™ NaOH solution if
necessary. The gold and copper contents in the
solution were analyzed on an ISP-OES instrument.
The leach residue was washed, dried, weighed, and
the whole sample was decomposed sequentially: first
with 6 mol - dm™ with a HNOjs solution, and then in
a solution of aqua regia at 303.5 K, the resulting
solutions were analyzed by ISP-OES. Thus, the
recovery degree of copper, silver, gold and related
platinum group metals was calculated according to
the mass balance.

Results and discussion

The Thermodynamics of gold and related
metals dissolution in the bromine-bromide system.

The Thermodynamics of the bromine-
water system

Bromine is a non-polar hydrophobic
compound and its solubility in water is not large, and
the following equilibria are observed, as a result of
hydrolysis in agueous solutions (5-7):

Br,+H,O=Br+H*+HBrO (5)

3HBrO=BrO*+ 2Br- +3H * (6)
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Fig. 1. The logos:> — pH diagram for the bromine — water
system at 298K [9].

Thus, the hydrolysis of bromine proceeds
according to the equation:

3Br, + 3H,0= BrOs + 5Br + 6H*  (7)

For a stable bromine-water system, Fig. 1
shows that there is a stability region for both bromate
(V) and bromate (VII).

At a low bromine content, the bromate (V1) is
presented in the form of aqueous particles:

Br2 ag > Bra (gas) 8)

log (Brzag) =-0.732 9

The formation of bromide tri- bromide ions is
possible, as an electrochemical process:
Br¥ + 2& = 3Br, (10)

but it may also be due to a chemical reaction
between bromine and bromide

Br, + Br = Br;; K=3.33

0,04 \
003

y 5

(11)
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Fig. 2. [10] Dependence of the distribution coefficient of
bromine H between the gas phase and bromide solutions
on their concentration at 298K: 1- NaBr, 2- FeBrs,

3- NH4Br
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Tri-bromide ions prevail only for bromide
activities exceeding 0.89 mol - dm™ Br. Further
addition of a bromine molecule leads to the formation
of penta-bromide:

2Br; + Br=Brs’ (12)

Bromate (1) and bromic (I) acids are not shown
in Fig. 3 (Eh-pH diagram), since they are
thermodynamically less stable than bromate (V) and
bromate (VII).

System Brz - Br- - H20

The bromine distribution between the gas
phase and bromide solutions for KBr, NaB, FeBrs,
and NH4Br was studied [10]. With an increase in the
concentration of bromide ion in water, the solubility
of bromine in the bromide medium first rapidly
increases, the distribution coefficient decreases
accordingly, and then this decrease sharply slows
down (Fig. 2). Therefore, in a neutral and slightly
acidic environment, where hydrolysis proceeds
slightly, a solution of bromine in bromide can be used
to dissolve gold.

Au-Br2 - Br - H20 system

As can be seen from the Eh-pH diagram [9]

(Fig. 3) in the presence of bromide ions, gold

dissolves in the form of a tetra-bromo-complex, with

the exception of a narrow potential range in which the
di-bromo-complex is more stable:

AuBr? +é=Au + 2Br (13)

AuBr* +3é& = Au +4Br (14)
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Fig. 3 E-pH diagram for the gold-bromine-bromide
system at 298 K and aay=1(__ ), ogr =5 (-----); the
behavior of the bromide ion is taken without regard to its
activity coefficient [9]
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Moreover, both bromo-complexes are more stable
than the chloride alternatives of the same composition
and prevail to a pH of about 9, therefore, according to
forecasts, the leaching of gold using bromine can work in
a wider pH range than with chlorine.

The disproportionation of di-bromoaurate (I)
ions proceeds according to reaction (15):

3AUBr; = 2Au + AuBrs + 2Br (15)

3lg (AuBry) =-5.25 + log (AuBr4) +2 log (Br’)

and has an equilibrium constant of 10-5.25, which
indicates that AuBr,  ions are more resistant to
disproportionation than their chlorine counterparts.

Dadgar A. et all. [11], Pesic B. and Sergent
R. [12,13] showed that the kinetics of gold
bromination was significantly faster than when
gold cyaniding, due to the higher redox potential
of the oxidizing agent [13]. The leaching rates of
gold from printed circuit boards were at the level of
the best cyanidation rates of the computer scrap
samples. The study of kinetics using a rotating
disk, which was performed by a printed plateau,
showed that the bromination reaction is a
chemically controlled process [13] at pH <8, above
which the leaching rate decreases to zero due to
limitations of gold solubility. In the
preliminary experiments, we showed that the
process of bromination at pH<8, in addition to
more favorable Kkinetics, is distinguished by
selectivity, specifically as the copper at
bromination process does not go into solution as a
result of the formation of a passivating oxide film
(Cu20) on the surface of copper particles while
with cyanide copper forms stable water-soluble
anionic complexes.

However, the dissolution of gold in the Br.-
Br - H,O system with the formation of anionic
gold bromide complexes is accompanied by
hydrolysis of the total reaction:

Au + Bry+ 2Br + H,O = AuBrs + HBrO + H*  (16)

which causes acidification of the medium and a pH
shift towards the formation of soluble copper bromide
compounds, which is accompanied by a decrease in the
concentration of active bromine. We have studied the
process of gold dissolution in the bromine-bromide
system in the presence of a phosphate buffer solution
(NaH-PO,) to constantly maintain the pH at a given
level. In the table. Figures 2—4 present experimental
data on the kinetics of gold leaching from pre-
ground (-0.5-2 mm) samples of PCB concentrate
with varying pH values from 8 to 6.16.
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Table 2 Kinetics of gold leaching in bromine - bromide system at pH 8.0

Duration,| Solution of | [Brz], | Eh, MB pH Solution of Eau, % Ecu, %
min Br,, gr-dm? NaOH, ml
ml

0 2 1.4 878 7.91 15 - -
10 4 3.1 884 7.89 1.6 - -
20 6 2.8 882 7.86 1.8 24 -
30 8 3.6 883 7.90 1.8 35 -
40 10 3.6 881 7.85 1.8 4.5 1.4
60 11 3.4 880 8.06 19 4.8 1.2
80 12 3.2 880 7.84 19 5.2 1.1
90 13 3.0 890 7.70 19 5.9 0.6
110 14 2.8 889 7.91 2.0 4.6 0.6
120 14 2.8 887 7.93 21 3.8 0.4
180 14 2.8 887 7.77 2.2 3.6 0.2

Solid loss of gold, % 96.4

Table 3 Kinetics of gold leaching in bromine - bromide system at pH 7.00

Duration, | Solution of|  [Br], Eh, MB pH Solution of| Eau, % Ecu, %

min Br, gr-dm NaOH, ml

ml

0 1 1.6 893 7.01 1.2 - -

10 2 3.5 896 7.01 1.3 12.6 -
20 3 3.6 888 7.04 1.3 22.1 -
30 4 3.9 902 7.05 14 34.7 2.3
40 5 4.0 896 7.03 15 46.7 2.6
60 6 3.6 897 7.01 1.5 53.8 1.8
80 6 3.6 897 6.98 15 55.3 1.8
90 6 3.1 896 6.99 1.5 68.2 1.6
110 6 3.1 896 6.99 15 72.4 14
120 7 2.9 896 6.99 1.5 77.8 1.2
180 11 2.6 894 15 84.4 1.2

Solid loss of gold, % 14.4
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Table 4 Kinetics of gold leaching in bromine - bromide system at pH 6.16

Duration, | Solution of [Br2], Eh, MB pH Solution of Eau, % Ecu, %
min Bry, gr-dm NaOH, ml
ml
0 2 1.8 894 6.16 - - -
10 4 4.4 905 6.11 - 16.4 -
20 6 5.2 908 6.12 - 27.4 2.6
30 8 6.1 911 6.14 - 36.2 2.8
40 10 4.9 912 6.12 1 48.2 3.2
60 11 5.2 910 6.20 1 56.7 3.4
80 12 5.8 910 6.16 1 66.4 3.6
90 13 6.1 910 6.12 1 69.8 3.8
110 14 6.6 907 6.09 1 75.9 4.4
120 14 6.4 907 6.06 1 88.7 4.2
180 14 6.1 907 6.12 1 98.9 4.0
Solid loss of gold, % 1.0

As can be seen from the data presented in
table. 2-4, a noticeable leaching of gold in the Br,-
NaBr-NaOH-NaH2PO, - H,O system begins at pH <8
and at pH 6 almost all the gold goes into solution. A
sufficient concentration of active bromine in solution
for the successful oxidative leaching of gold under
these conditions can be considered 6.6 g - dm™ Br; at
a concentration of bromide of 20 g - dm™ NaBr.

The increased bromine consumption at pH 8.0 and
6.0 observed in the experiments occurs in the first
case due to hydrolysis by reactions (5-7) with the
formation of very weak oxidizing agents BrO* (V)
and BrO* (V1) bromates [9], and in the second case

the concentration of bromine decreases as a result of
the associated oxidation of copper and related metals.
It should be noted that by the method of x-ray phase
analysis it was found that if at pH 8 copper is oxidized
on the surface to a dense film of copper (1) oxide
resistant to dissolution, then at pH 6 grains of poorly
soluble CuO and CuBr; appear along with the bulk of
brown cuprite Cu,0-3Cu (OH,.

In Tables 5 and 6 there is the experimental
data on the effect of a buffer solution concentration
in the range of 30-50 g-dm= NaH.PO,-H,0 on the
kinetics of gold and copper leaching at a
concentration of 20 g-dm=NaBr bromide.

Table 5 Kinetics of gold leaching in the bromine - bromide system at an initial pH of 5.5, the volume of a

solution of bromine 20 ml and30 g dm NaH,PO,-H.0

40

Duration, [Bra],gr-dm Eh, MB pH Solution Eau, % Ecu, %

min NaOH , ml

0 32.60 901 5.50 0.4 - -
20 30.40 893 5.15 0.8 45.20 2.8
40 25.98 891 4.75 1.6 74.08 3.4
60 23.50 888 4.80 3.6 82.76 3.6
80 23.00 886 5.22 55 88.74 4.2
90 22.50 885 5.15 6.2 97.52 4.6
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Table 6 Kinetics of gold leaching in a bromine - bromide system at an initial pH of 5.2, a volume of a solution
of bromine of 20 ml and a concentration of NaH2PO4-H,0 equal to 50 g-dm

Duration, [Br2], Eh, MB pH Solution Eau, % Ecu, %

min gr-dm? NaOH , = ml

0 32.80 895 5.27 0.2 - -
20 33.52 895 5.12 0.4 62.43 2.4
40 28.84 896 5.20 0.8 92.53 2.8
60 25.48 897 5.16 0.8 96.40 3.0
80 24.53 896 5.08 0.8 96.20 3.4
90 22.86 896 5.07 0.8 96.60 3.8

Looking at the experimental data presented
in table 5 and 6, we can conclude that an increase in
the concentration of the buffer solution significantly
reduces the consumption of alkali to maintain a given
pH. In addition, it was noted that a higher content of
NaH2PO4-H,0 in the leach solution slightly reduces
the transfer of copper to the solution, and an X-ray
phase analysis of the leach residue made it possible

to identify CuH,PQO4 grains in the washed scrap along
with Cu;O, CuO and AgBr. In the next series of
experiments, we studied the effect of the
concentration of active bromine (Br,) on the rate and
complreteness of gold leaching and the behavior of
copper at a concentration of 20 g-dm=NaBr bromide.
The obtained experimental data is summarized in the
tables 7 and 8.

Table 7 Kinetics of gold leaching in the bromine - bromide system at an initial pH of 5.0, a bromine solution

volume of 10 ml and 60 g-dm™ NaH,PO4-H20

Duration, min [Br2], Eh, MB pH Solution Eau, % Ecu, %
gr-dm? NaOH , ml
0 14.26 916 5.03 0.1 - -
20 14.22 908 5.34 1.0 69.43 1.4
40 12.84 892 5.67 45 81.23 1.8
60 10.48 891 5.06 4.7 95.43 2.0
90 9.93 889 5.18 5.4 97.20 34
120 7.73 860 5.55 10.6 96.74 3.6
160 3.50 860 5.60 12.2 96.10 3.2
180 5.95 860 5.60 20.2 89.26 1.8

Table 8 Kinetics of gold leaching in a bromine - bromide system at an initial pH of 5.2, a volume of a solution of

bromine of 20 ml and 60 g-dm™ NaH,PO,-H,O

Duration, min [Bra], Eh, MB pH Solution Eau, % Ecu, %
gr-dm NaOH , mn

0 34.26 895 5.27 0.4 - -

20 33.64 896 5.12 0.4 62.43 2.6
40 28.84 882 5.20 0.8 92.53 2.8
60 26.48 898 5.16 14 96.43 3.0
80 24.66 896 5.08 14 96.20 3.4
90 22.74 894 5.07 1.6 97.60 4.6
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As can be seen from the data presented in
table 7 and 8, a change in the initial concentration of
active bromine in the range of 14.26-34.26 g-dm™
Br; upon leaching for 0-90 min does not significantly
affect the rate and the degree of the gold recovery.
With an increase in the duration of leaching, when the
bulk of the gold acts as a protective layer, has gone
into solution and almost the entire surface of copper
contact networks becomes open, the concentration of
active bromine drops sharply and the Kinetic
dependence of the degree of leaching of gold passes
through a maximum and begins to decrease. Intensive
oxidation of copper is accompanied by acidification
of the medium and increased consumption of alkaline
solution for pH correction.

It should be noted that, judging by the results
of laboratory experiments, the amount of bromine
consumed in the leaching process was 89-95 kg Br»
per ton of scrap. In order to reduce bromine
consumption and find new ways to concentrate gold,
the leaching process with the circulation of the
productive solution was studied, and the
concentration of active bromine was allowed to be
adjusted by discrete supply of calculated quantities of
a solution of 435 g-dm™ Br, and a buffer solution of
60 g-dm= NaH,PO4-H20 .

The table 9 shows the experimental data of
countercurrent leaching of 7 representative samples
of a regular PCB concentrate, previously ground to a
particle size of 0.5-2 mm, the duration of each stage
is 160 minutes. In the first stage, a solution was used
after leaching a representative sample of a regular
PCB concentrate under standard conditions with an
initial concentration of active

bromine of 34.26 g-dm"s gy, The results are shown

in table 9 show that by turnmg_th_e prod_uctlve
solution over five leaching stages, it is possible to

increase the gold concentration by 3.5 times from 44
to 152 ppm. In this case, the degree of transition of
gold into solution falls within acceptable limits from
98.23 t1076.58%. We can assume that if leaching is
carried out in

countercurrent, then the completeness of extraction
and a high degree of gold concentration can be
maintained. At the same time, it should be noted that
through the use of a reverse leach solution for dissolving
gold from five samples of regular PCB scrap, even with
correction of the active bromine concentration, it was
possible to reduce the oxidizer consumption from 89-95
to 20-32 kg Br per ton of scrap.

Silver, palladium and platinum in the
bromine-bromide system

As mentioned earlier, the electronic scrap is
a complex raw material of precious metals and, in
addition to gold, contains industrially significant
concentrations of platinum group metals, especially
palladium. In the process of gold leaching in a
productive solution, in addition to gold (52 ppm),
traces of iron (3.4 ppm) and copper (6-8 ppm) were
found. Silver, palladium and platinum in the solution
were not detected. Silver was previously detected in
the leaching residue in the form of metal inclusions
coated on the surface with a dense AgBr film, which
is easily formed under conditions of gold leaching by
the reaction:

Ag + Br-=AgBr + ¢, a7

which is thermodynamically expressed by equation (18)
@ =0.03-0.0591 Ig [Br-] (18)

Chemical analysis of the solid residue after
bromine-bromide leaching of gold from palladium-
rich PCB scrap showed the content in it, vt., %: 17.34
Cu,4.18 Al, 5.16 Sn, 1.83 Fe, 2.26 Zn, 4.18 Pb, 0.520
Ag, 0.00003 Au, 0.036 Pd and 0.0005 Pt. In this
sample, the search experiments were carried out
(Tables 10-12) to study the conditions for the
extraction of silver, palladium and platinum in the
bromine-bromide system.

Table 9 The results of gold leaching in the bromine - bromide system at an initial pH of 5.1 with a phase ratio T:

W = 3: 1 with a turnover of the productive solution

Stage [Br2] [Br2] Br, | NaOH, Buffer Eh, pH [Au], [Au], EAu,
start end ml ml solution, ml | B Ppm start | Ppm end %

I 34.26 | 225 - 1.6 - 894 | 5.1 44 76 98.23

I 13.72 | 187 1.6 2.3 19.2 911 | 5.8 68 112 92.56

i 16.8 12.5 2.4 3.4 324 897 | 6.3 100 140 87.30

v 10.4 11.6 3.2 3.8 58.6 901 | 5.2 128 164 81.65

\ 7.9 10.2 4.0 4.2 68.9 899 | 5.8 152 195 76.58

42




Complex Use of Mineral Resources. Ne4. 2019

ISSN-L 2616-6445, ISSN 2224-5243 (Print)

Table 10 Kinetics of leaching of silver and palladium in the bromine - bromide system at an initial pH of 6.0, the
volume of bromine solution is 14 ml, the phase ratio T: W = 1: 3 and the concentration of bromide ions is 103.5 g-dm™

Duration, [Br2], Solution Eh, MB pH Eag, % Epd, %

min gr-dm NaOH ,
X ml
0 23.20 2.0 879 6.0

60 23.10 2.0 876 5.8 14.15 6.23
240 22.84 2.2 874 5.9 26.72 12.10
300 22.43 2.4 874 5.9 34.15 17.82
360 22.28 2.4 874 5.8 48.92 29.15
900 22.13 2.4 877 5.8 82.35 61.66

Table 11 Kinetics of leaching of silver and palladium in the bromine - bromide system at an initial pH of 1.98, a
bromine solution volume of 16 ml, a phase ratio of T: W = 1: 5 and a concentration of bromide ions of 100.5 g-dm

Duration, [Bra], Solution Eh, MB pH Eag, % Erd, %

min gr-dm HBr (62%),
ml
0 29.86 0.2 879 1.98

60 26.10 0,2 846 1.50 38.62 16.83
240 22.84 0.3 834 1.50 53.25 38.16
300 18.43 0.8 812 1.50 72.62 57.82
360 22.28 2.4 774 1.50 92.37 79.15
900 22.13 2.4 784 1.50 95.62 93.20

The experimental results showed that at pH 6,
silver and palladium begin to dissolve only at a high
concentration of bromide ions. In this case, 82.35%
silver and only 61.66% palladium can be converted
into a solution. To transfer all palladium into a
solution, the pH must be shifted to the acidic region
to pH 1.98-1.5. Silver is quite completely dissolved
in a wide range of pH1.5-6.0. The results obtained are
in good agreement with the well-known fact that
hardly soluble silver (I) halide in the presence of an
excess of halide ions forms soluble highly charged
anionic complexes [14, 15]. For AgBr, this can be
described by the following reactions:

AgBr + Br = AgBr?- (19)

AgBr, + Br = AgBrs* (20)

In the case of palladium, it is known that its
oxidation, for example, with nitric acid, in the
presence of bromide ions results in the formation of
a brown mass of PdBr2, which is hardly soluble in
aqueous medium, but soluble in hydrobromic acid
[15]. As can be seen from the experiments, the
dissolution of palladium with the formation of the
anionic complex of palladium (1) PdBr42- can be
described, thermodynamically very likely, by
reaction (21):

Pd + Br, + 2Br < PdBrs +28,  (21)

¢ =0.49 + 0.0296 log [PdBr,*] - 0.0296
logPsr2 -0.0591 log [Br]

Dependent on the concentration of bromide
ions. However, in practice, the process proceeds
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slowly, since it is passivated by the formation on the
surface of particles of palladium dibomide -PdBr,
which is hardly soluble at pH 5-7, and therefore, the
dissolution is practically not completed. In the
presence of hydrobromic acid (pH 1.98) and an
excess of bromide ions, judging by the leaching
duration, the process is also accompanied by the
formation of a palladium dibromide film, which then
dissolves in the acid.

As can be seen from the data given in table. 15
and 16, the dissolution of palladium in the bromine-
bromide system proceeds much more slowly in
comparison with the behavior of gold. When the
medium is acidified with hydrobromic acid and all
other things being equal, the recovery of palladium
increases from 61.66 to 93.20%. However, if at pH
6.0 only 11 ppm of copper was found in the
productive solution, then the acid solution contains,
g-dm: 0.0105 Pd, 0.56 Ph, 2.6 Ag, 11.3 Cu. Thus, it
was found that at pH 1.98 it was possible to transfer
the main amount of palladium and silver into the
solution, however, about 20% of the copper passed
into the solution. It was not possible to trace the
behavior of platinum under the conditions of
bromine-bromide leaching of the presented PCB
samples, due to its extremely low content.

Thus, it has been experimentally shown that
bromine-bromide leaching allows selective and high-
speed recovery of gold from electron scrap in an
alkaline medium and is an effective alternative to
direct cyanidation. The leaching conditions of silver
and palladium in the bromine-bromide system are
practically presented and theoretically justified. It
was shown that during the bromine-bromide leaching
in an alkaline medium, the dissolution of copper is
impeded by the formation of a passivating film of
hardly soluble oxide (Cu0) on its surface. However,
when silver and palladium are leached, up to 20% of
copper is dissolved with a slightly acid bromine-
bromide solution, and iron, aluminum, zinc and tin

pass into the solution simultaneously. The dissolution
of related metals, especially copper, causes an
increased consumption of bromine and complicates
the practical use of the technology. Therefore, in
further work, the conditions of the joint bromine-
bromide leaching of silver, gold, and palladium after
preliminary leaching of the accompanying metals and
copper from the initial PCB concentrate were
investigated.

Findings. A noticeable dissolution of gold in
the bromine-bromide system begins at pH<S8, and at
pH = 6 almost all of the gold passes into the solution
quite selectively. A sufficient concentration of active
bromine under these conditions can be considered 6.6
g-dm= Br; at a bromide concentration of 20 g-dm
NaBr.

Leaching with recirculation of the productive
solution allowed to reduce the consumption of
bromine from 89-95 to 20-32 kg Br, per tonne of
scrap and to increase the concentration of gold from
76 to 195 mg-dm3.

It was shown for the first time that silver and
palladium in the studied system (pH = 5-6) can be
dissolved only at high concentrations of bromide
ions. Complete dissolution of palladium is achieved
at a concentration of bromide ions of 100.5 g-dm
and pH = 1.5-2.0.

The high efficiency of bromine-bromide
leaching allows further development of thr research
in the direction of leaching of precious metals in one
stage in a slightly acidic medium after preliminary
leaching of copper and related metals.
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bpoM-Opomuj KyiieciHeH aJTbIH, KYMicC, AJJIaAUi, IJIATHHAHBI JIEKTPOHABIK
CHIHBIKTAPAAH maimaJsay

Koran B. C., Bepkosuu U. B.

Tyitingeme. DIEKTPOHIBIK CHIHBIKTApAaH OpOM- OpOMHUJ EpITIHIUICPiHIH, AaNThIH JKOHE 1JIeCTe achLI
MeTalapAblH, MbICAIBl KyMic, HajUlaJiii MEH IIaTHHA CHUSKTHI [IaiiMajay TEpMOJMHAMHKAChl MEH KHHETHKAaChl
3eprrenai. Jactypuni Brz - Br - - HO sxyliecinaeri anTbIHHBIH KOPCETETIH KACHSTTEPiH TEOPHSUIBIK KHE IPAKTHKAIIBIK
Tangan, OefTapar jkKoHe 9JICi3 KBIIIKBUIBIK OpTaja OpOMHBIH THAPONU3i OipiiaMa TOMEH KYpPETiHiH jkoHe OpoMHATeri
OpoM epiTIHIICIH aNTHIHABI TaliMaNay YIIiH KOJMAaHyFa OOJMaTHHARIFBIH gonenaeni. CoHpIMEeH Katap, OpoM- OpoMuaTi
maiimManay HaHU3anusIMEH CaIbICTRIPFaHAa aHAFYPIIBIM KOJIAMIIbl KHHETHKACH )KOHE CEIEKTUBTLIIIIMEH epeKIIeIeHE .
Aran aliTKaHJa, MbIC OemekTepiHiy OeTinae 0ip BaneHTTI Mbic okcuaiHiH (Cuz0) maccuBTI MIICHKACHIHBIH Maiixa 00TysI
HOTIKeciHAe Oeilrtapam opraga OpoMaay MbIC epiTiHAIre OTmeiai, al MbIC IIHAHWANCH TYPAKTHl GpUTIH aHHOH
KOMIUIEKCTEepiH Kypaiapl. Cinrinik opramarbl pH MonzaepiH Ttypaxranaelpy yiuiH ¢ocdarrel Oydepiik epitinai
(NaH2PO4) kesingeri anthiHIbI mIaiiManay IIApTTapbl ajfall PeT 3epTTenii. AKTHBTI OpoM, GPOMHI HOHAAPBIHBIH
KOHLICHTPALMACH >koHe Oydepii epiTiHal KOHLIEHTPALMSCHIHBIH IIaiiMainay epitiHmicingeri pH MoHI, alTHIHHBIH
maiiManay KHHETHKAachlHAa acepl 3epTTenii. OKCIepUMEHTanIbl TYpJe AaNThIHHBIH adTapibikTail epyi pH<8-nen
Oacransir, pH 6-1a OapiIBIK anTBIH epiTiHAIre TyceTiHi aHbIKTanasl. OCHI JKaFaainapaa 6eJIceHi OpOMHBIH JKETKLTIKTI
KOHIICHTPAIMSACHH 6,6 re Br,, NaBr OpoMUATIH KOHIEHTpanuscel 20 rJim men caHayra Ooramsl. OHIMAI epiTIHAIHI
LUMPKYJIALUSIIAY apKbUIbl MaiManay OpoMabl TYTHIHYIbIH 6ip ToHHackl yuiin 89-95-ten 20-32 kr Br? asaliryra xone
ANTHIHHBIH KOHIEHTPAUMACHIH 76-man 195 mr-gmS-xe neifin apTTeipyra MyMKiHmik Gepmi. JKympicta anramn per,
KapacTBIPBUIBII  OTBIPFaH KyMic TieH mammaguid okyiieciameri (pH=5-6) OpoMHa HOHIAPBIHBIH KOFaphI
KOHIIEHTPALMAChIHAA FaHA alTapibIKTail epu OacrTaiiThiHbl 3eprrenred. [lamnaaumiinig tonsik epyi 100 r-am~ won
opomuminge xone pH = 1,98 nenreitinge 60mbL.

Tyiiin ce3aep: aiThIH TMIPOMETAJUTYPTHUsCHl, KOMIBIOTEPIIK CHIHBIKTAap, OPOMMEH achbUl MeTajJapAblH epyi
TEPMOJMHAMUKACHI MEH KMHETUKACHI, (hocarTsl Oydepaik epiTiHmi.

BoilenaunBanme 30J10Ta, cepedpa, NaNJIaIus U IVIATHHBI U3 3JIEKTPOHHOI'0 CKpana
B OpoM-0OpoMH/IHOl cucTeMe

Koran B. C., Bepkosuu H. B.

AnHoTanus. V3ydeHa TepMOAMHAMUKA W KMHETHKA BBIIIEIaYMBaHMS 30J0Ta M COMYTCTBYIOMINX OJIaropoIHbIX
METaJIOB, TAKHX Kak cepeOpo, Maulainii M IUlaTHHA, M3 JIEKTPOHHOTO CKpama OpoM-OpOMHAHBIMH PacTBOPaMH.
Teoperndecknii 1 MpaKTHUECKUI aHAIN3 TIOBEACHUS 30JI0Ta B TPAJUIHUOHHON cucreme Br, — Br - HO moxreepamn
(hakT, 9TO B HEUTPAIHHOH M CIA0OKUCIION cpene, Korjaa THApon3 OpoMa IpoTeKaeT He3SHAYUTEIHHO, PacTBOP OpoMa B
OpoMHIE MOXKHO HCIOJIB30BaTh JUIs BBINIETAYMBAHUS 3070Ta. IIpum 3ToM OpoM-OpOMHIHOE BBIIEIAYMBAHHUE II0
CpPaBHEHUIO C IMAaHMPOBAHMUEM OTINYAETCs OoJiee BRITOAHON KHHETHKOW W M30MpaTeIbHOCTRI0. B wacTHOCTH, Meah IpH
OpOMHpPOBaHHMHU B HEUTPAILHOM Cpelie B pe3ylibTaTte (OPMUPOBaHHS HA OBEPXHOCTH YACTHUYEK MEIH MMAaCCUBUPYOLICH
IJIEHKU okcuaa oaHoBajeHTHOH menu (Cuz0), He mepexoauT B pacTBOP, B TO BpeMs, Kak C IMAHUAOM Meab oOpa3yer
YCTOHYMBBIE PACTBOPUMBIEC aHHOHHBIE KOMIUTEKCHI. C 1ebio cTabnin3anyu 3HadyeHnii pH B 11e104Ho#M 001acTH BIIEpBbIC
HCCIIeI0OBAHBI YCIIOBHS BBILIEITAYNBAHIS 30JI0Ta B IPUCYTCTBHH (ocdaTHOTrO OydepHOoro pactBopa (NaH2PO4). Usyueno
BJIMSIHME Ha KMHETHKY BBIIIEauyiBaHus 30510Ta pH BbIIEIaunBarONIEro pacTBOpa, KOHIEHTPALMH aKTHBHOTO OpoMa,
OpOMHI-NOHOB M KOHLEHTpalmu OydepHOoro pacTBopa. DKCIEPHUMEHTAIFHO YCTAHOBJICHO, YTO 3aMETHOE PACTBOPEHHE
3omoTa HaunHaeTcs npu pH<8, a mpu pH 6 B pacTBOp NepexoAMT MNPAaKTUYECKH BCE 30J0TO. JlocTaTouHOM
KOHLIEHTpALMell aKTMBHOTO OpOMa B OTHX yCJIOBHAX MOYXHO CUMTaTh 6.6 T-aM° Br, mpu KoHUeHTpamuu Gpomuaa
20 r-am?® NaBr. BplmenaunBanue ¢ pemupKyJIsIEeil TPoIyKTUBHOTO PAcTBOPA TMO3BOJIMIO CHHU3UTH Pacxoj OpoMa ¢
89-95 mo 20-2 xr Br, Ha TOHHY CKpama W HNOJHSTH KOHIICHTPAIUIO 3010Ta ¢ 76 mo 195 Mmroam=. B paboTte BrepBBIE
MMOKa3aHo, 4To cepeOpo W mamianuii B m3ydaeMon cucreme (pH=5-6) HauWHAIOT 3aMETHO PACTBOPSATHCSA TOJIBKO HPH
BBICOKUX KOHILIEHTPALUAX OpOMMI-UOHOB. IloNHOE pacTBOpeHHe Nawiaaus 6610 gocturayto npu 100 r-am 6pomus
MOHOB U 3HadeHHsx pH=1.98.

KiroueBble c€JI0Ba: THAPOMETAJUTYPTHS 30JI0Ta, KOMIBIOTEPHBIN CKpam, TEepMOAWHAMHMKA M KHHETHKA
pacTBOpeHus OIaropoAHBIX METAIOB OpoMoM, hocdaTHsIit OydepHbIil pacTBOD.
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