MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOIMA https://mst.misis.ru/

2024;9(3):231-242 Aleksandrova T. N. et al. “Invisible” noble metals in carbonaceous rocks and beneficiation products...

BENEFICIATION AND PROCESSING OF NATURAL AND TECHNOGENIC RAW MATERIALS

Research paper

https://doi.org/10.17073/2500-0632-2024-03-229

UDC 622.7

“Invisible” noble metals in carbonaceous rocks and beneficiation products:
feasibility of detection and coarsening

T.N. Aleksandrova , A.V. Afanasova , V.A. Aburova X
Empress Catherine II Saint Petersburg Mining University, Saint Petersburg, Russian Federation
< aburovaleria@gmail.com

Abstract

The decrease in the quality of raw materials coming for processing requires involvement of refractory ores in
processing, the refractoriness of which is caused by the presence of organic carbonaceous matter sorption-
active in relation to dissolved noble metals and impregnation of fine noble metals in mineral-carriers. In this
connection, the actual research line is the development of new technological solutions with the use of energy
methods of action in order to reduce the losses of valuable components in beneficiation tailings. Treatment
with ultra-high frequency electromagnetic radiation has a number of advantages, including rapid and selective
heating due to the differences in the ability of minerals to absorb this radiation. Carbon-containing materials
represented by carbonaceous flotation concentrate and model samples of activated carbon with adsorbed
silver were taken as the research subjects. Using the model samples as an example, the necessity of using
magnetite to achieve coarsening fine silver particles during ultra-high frequency treatment was substantiated.
The formation of active centers of local heating during the treatment in the points of magnetite addition
was confirmed. The necessary content of magnetite of 10% for coarsening fine silver to spherical aggregates,
the average size of which was 20-40 microns, was substantiated. Coarsening noble metal particles to sizes
of 20-50 microns in treated carbonaceous concentrates containing silver and gold was achieved, when the
substantiated amount of magnetite was added. Coarsened particles (aggregates) of noble metals can be
recovered using traditional beneficiation methods.
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AHHOTaUuA

I[To mpuuyMHe CHMKEHMST KaueCcTBa IMOCTYIAIOIEro Ha 1epepaboTKy ChIPbsl, BOB/I€UEHMST YIIOPHBIX PYI, YIIOP-
HOCTb KOTOPBIX O6yCJ’[0BJ’IEHa Ha/inumem COp6LU/IOHHO-aKTI/IBHOI‘O IO OTHOIIEHMIO K PAaCTBOPE€HHBIM 6)’[&[‘0-
POIHBIM MeTajylaM OPTaHMYeCKOIo YIJIEPOAMCTOrO BelecTBa ¥ BKPAIJIEHHOCTbIO HM3KOpa3MepHbIX 6Jia-
TOPOAHBIX META/UIOB B MMHEPAJbI-HOCUTE/IM, aKTya/IbHbIM HaIllpaBJI€HUEM ABJISIETCS pa3pa60TKa HOBBIX
TEXHOJIOTUYECKUX pemeHI/HZ C IpYMMEHEHVEeM SHepreTnYeCKmnux MeTomoB BOB,Z[EVICTBI/IH C LIeJIbIO CHMKEeHU T10-
Tepb LIEHHBIX KOMIIOHEHTOB C XBOCTaMy oboranieHus. O6paboTKa 3JIeKTPOMarHUMTHBIM U3TyYeHUEM CBEpPX-
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BBICOKO}i YaCTOThI 06/IafaeT psITOM MPEMMYIIECTB, CPeOU KOTOPhIX OTMEYAlOTCSI GBICTPBIN M CeeKTUBHBIIN
HarpeB 3a CYET PA3INYMIl B CTOCOOHOCTY MOTIONIATh MUHEpAIaMi JaHHOe U3TyueHne. B kauecTBe 00beKTa
MCCrIeI0BaHMsI IPUHSITHI YIJIepocoepskallliie MaTepuasbl, Tpe/icTaBIeHHbIe YIIIepPOAUCThIM (DI0TallIOHHBIM
KOHIIEHTPAaTOM U MOJIe/TbHBIMU HaBeCKaMM aKTUMBMPOBAHHOTO YIJIS C aicCOPOMpoBaHHbIM cepebpoM. Ha ripu-
Mepe MOJeTbHBIX HaBECOK 060CHOBAaHA HEOOXOIMMOCTb MCITOb30BaHMSI MarHETUTA /ISl HOCTVKEHUS YKPYTI-
HeHMs HMU3KOpa3MepHOro cepebpa Mpy CBePXBbICOKOUACTOTHOV 06paboTke. [TonTBep:kaAeHO 0Opa3oBaHye
aKTUBHBIX I[EHTPOB JIOKAJTBHOTO HArpeBa B MecTax A00aBIeHMs] MarHeTuTa B mpoiecce 06pabotrku. O60CcHO-
BaHO He0oOXOOMMOe CofiepyKaHMe MarHeTMTa IJIsl YKPYITHEHMsI HU3KOpa3MepHOro cepe6pa mo chepuueckmx
arperaToB, cpeHUI1 pasMep KOTopbix cocTtaBmil 20-40 mkMm, paBHOe 10 %. ITomyyeHO yKpyIIHEHME YaCTULL
671arOpOIHBIX META/UIOB B 00pabOTAaHHBIX YIVIEPOAVCTBIX KOHIIEHTpaTaX 10 pasmepoB 20-50 MKM, comepka-
X cepedbpo U 30J10TO, TP J06aBIeHUY 0O0CHOBAHHOTO KOJIMYECTBA MAarHETUTA. YKPYITHEHHbIE YaCTUIIbI
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Introduction

The development of technologies for processing
of strategic raw materials is necessary to maintain
the world economy at the current level in connection
with the depletion of mineral resource base. Wor-
sening the quality of gold- and silver-containing raw
materials, involvement of lean and refractory ores
in processing owes the actualization of scientific
research aimed at increasing the recovery of valua-
ble components into concentrates [1]. The analysis
of existing studies has shown that some of the topi-
cal areas in the field of mineral beneficiation are in-
creasing the efficiency of disintegration of mineral
raw materials [2, 3], application of machine vision
technology at various stages of beneficiation, syn-
thesis of new flotation reagents [4-6], and the deve-
lopment of new reagent regimes [7-9].

The refractoriness of gold-bearing ores can be
caused both by the presence of substances sorp-
tion-active in relation to dissolved gold and inclu-
sions of fine noble metals in mineral-carriers, mainly
in such minerals as pyrite, arsenopyrite, galena, etc.
Ores in which both these features are present are re-
ferred to ores of double refractoriness. “Invisible” gold
is referred to submicroscopic gold particles that are
1-100 nm in size and are not detected using optical
or electron microscopy [10]. The presence of “invisi-
ble” gold and silver in ores complicates the selection
of flow charts for their processing and owes the neces-
sity for the development of new process solutions and
improvement of existing ones.

The carbonaceous material contained in the dou-
ble-refractory ores contaminates the concentrates
produced and results in significant losses of valuable

components at the stage of metallurgical processing.
The actual task of the existing research is to involve in
processing carbonaceous products, going to tailings
at most of the processing plants, in order to reduce
losses of valuable components such as gold and sil-
ver [11-13].

In addition to native metal, silver in ores can
be represented by dispersed inclusions in the host
minerals, either as metallic or chemically bound sil-
ver. Chemically bound silver refers to various silver
sulfides, for example, Ag,S. The presence of fine sil-
ver associated with sulfide minerals, as well as in the
case of gold, complicates its recovery at the cyanida-
tion stage [14]. The recovery requires destruction of
the matrix of the host minerals in order to provide
the contact of reagents with the noble metal to dis-
solve it.

To date, there is a large amount of researches
aimed at finding process solutions for the proces-
sing of refractory raw materials [15-17]. For double
refractory ores, pretreatment to reduce the refrac-
toriness of gold-bearing ores is required. The most
common pretreatment methods are roasting, chlo-
rination, pressure oxidation, bioleaching, and Al-
bion technology. However, in addition to the tradi-
tional methods, research into the feasibility of using
energy-based methods of action has become wide-
spread [18, 19]. Ultra-high frequency (UHF) treatment
is one of the promising methods whose advantages
include fast and selective heating [20-22]. The se-
lectivity of heating minerals is due to the differences
in their heating rate, which in turn is connected with
specific heat capacity, specific thermal conductivity,
and relative dielectric constant. Recent researches
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with the use of microwave treatment are aimed at
increasing the efficiency of disintegration of mineral
raw materials [23-25], studying the feasibility of using
microwaves for sorting ores [26], reducing the content
of harmful impurities in ores [27], studying the effect
on surface properties and flotability of minerals [28],
involvement of cyanide [29] and sulfide [30] tailings
in the treatment. The melting temperature of “invi-
sible” noble metals is much lower than the melting
temperature of visible particles that predetermines
the feasibility of their coarsening in the process of en-
ergy actions. For example, for Au, the melting point
of a 1.6 nm diameter cluster is 257.85°C [33], while
that of a 1.9 nm diameter cluster is 318.85 °C [34]. For
Ag, the melting point of a 4 nm diameter cluster is
449.85°C [5], while that of a 5 nm diameter cluster is
509.85°C [34]. Carbonaceous flotation products, as
a rule, contain insignificant amounts of ore minerals,
which requires sufficiently long time for microwave
treatment in order to coarsen the particles. In this
regard, the addition of magnetite in the process of
treatment allows the creation of local heating centers.
Table 1 systematizes the data of dependence of the
achieved maximum heating temperature on the treat-
ment time for sulfide mineral-concentrators of gold
and products of their destruction after roasting.

Analysis of historical studies confirms the fact that
magnetite is more active in relation to ultra-high fre-
quency electromagnetic radiation and, in comparison
with other minerals, reaches significantly higher hea-
ting temperatures. The low melting temperature of sil-
ver nanoclusters confirms the prospect of investigating
the feasibility of their coarsening, since it is lower than
the magnetite treatment heating temperature.

Thus, the purpose of this study was to reveal the
mechanism of coarsening fine silver in the course of
microwave treatment with the addition of magnetite
using model samples and to justify the required con-
tent of magnetite to confirm the feasibility of silver
coarsening in the course of microwave treatment of
carbonaceous flotation concentrate samples to reduce
losses of valuable components in tailings.

Table 1
Summary data on dependence of maximum microwave
heating temperature on treatment time

Treatment Maximum
No. Mineral . n temperature, | Reference
time, min oC
1 |Magnetite 2.75 1,258 [31]
2 | Pyrite 6.75 1,019 [31]
3 |Pyrrhotite 1.75 886 [31]
4 |Arsenopyrite 1.0 723 [31]
5 |Hematite 7.0 182 [31]
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Research Materials and Techniques

1. Characterization of research subjects

The following carbon-containing materials were
chosen as the research subjects:

1) carbonaceous flotation concentrate (produced
by carbonaceous flotation from refractory sulphide
gold-bearing ore);

2) model samples of activated carbon (after ad-
sorption of silver).

The source of silver in the model sample was sil-
ver leaf, containing 99.9% Ag. Preparation of the mo-
del samples included: grinding of activated carbon,
preparation of leaching solution, transition of silver
leaf to liquid phase for two days (leaching), its subse-
quent contacting with activated carbon for three days.
The leaching reagent is a mixture of iodine complex,
amino acids, sodium chloride, urea, ammonium chlo-
ride, and sodium carbonate. After contacting the no-
ble metal with activated carbon, filtration and drying
of the obtained cake was carried out for subsequent
microwave treatment.

The initial carbonaceous gold-bearing ore is
characterized by the presence of fine inclusions of
gold and insignificant amount of silver in the mine-
ral-concentrators, such as pyrite and arsenopyrite, as
well as organic carbonaceous matter sorption-active
in relation to dissolved gold. The main valuable com-
ponent is gold, the grade of which in the initial ore
is 5.99+0.29 g/t. Silver is a by-product, the grade of
which is 0.29+0.1 g/t.

2. Flotation beneficiation experiments

Separation of carbonaceous flotation concentrate
from refractory gold-bearing ore was carried out us-
ing pneumomechanical flotation machine Flotation
Bench Test Machine of Laarmann company with cell
volume of 1.5 liters. The initial ore was subjected to
grinding to particle size of 60% passing 71 um, after
which carbonaceous flotation was carried out with the
addition of oxal frothing agent, the consumption of
which was 85 g/t. The results of studying the obtained
flotation products are presented in Table 2.

The obtained carbonaceous flotation concentrate
after drying was subjected to microwave treatment,
while the tailings of carbonaceous flotation went for
additional grinding and subsequent sulfide flotation.

3. Microwave treatment

Microwave treatment of carbon-containing
materials without and with the addition of diffe-
rent amount of magnetite (3, 5, 10, 15% by weight of
a sample) was carried out using a Sineo UWave-2000
microwave oven, the range of possible setting of po-
wer in which was 100—1000 W. The coarseness of the
added magnetite was —50 pym.
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Table 2

Results of research of refractory gold-bearing ore flotation products

X . X Content [Grade], % [*g/t] Recovery, %
Product Designation Yield, %
Au* Ag* Corg Stot Au Ag CD"E Stot
Carbonaceous flotation concentrate 2.42 2.91 0.12 27.14 | 0.95 1.19 0.94 40.54 1.36
Carbonaceous flotation tailings 97.58 5.99 0.31 0.99 1.71 98.81 99.06 | 59.46 | 98.64
Initial ore 100.00 | 5.92 0.31 1.62 1.69 | 100.00 | 100.00 | 100.00 | 100.00

4. Scanning electron microscopy

In order to confirm coarsening fine silver in mo-
del samples and carbonaceous flotation concentrate
after microwave treatment with the addition of mag-
netite to create active centers of local heating, the
study of the samples before and after the treatment
was carried out using a Vega 3 LMH scanning elec-
tron microscope, combined with a system of X-ray
energy dispersive microanalysis Oxford Instruments
INCA Energy 250/X-max 20. The fine silver coarsening
study was carried out with the determination of sizes
of a minimum of 200 particles in each of the samples
obtained. The carbonization of the samples was car-
ried out using a Q150R E sputtering apparatus manu-
factured by Quorum Technologies Ltd.

5. Microwave heating temperature
Measuring the achieved temperature of mi-
crowave heating of samples was carried out using
a FinePower DIN21H laser pyrometer. The measu-
ring temperature range was -50 to 1,100 °C with an
accuracy of +2%.

Findings and Discussion

1. Processing of silver-containing model samples
without magnetite addition

In order to confirm the feasibility of coarse-
ning fine silver in the course of microwave treatment,
an initial model sample with adsorbed silver before
treatment was studied for comparison. Figure 1 shows
the results of the sample study before treatment
using scanning electron microscopy. Table 3 shows
the findings of the elemental composition study for
the spectrum shown in Fig. 1.

Based on the results obtained, the absence of vi-
sible silver was revealed, which was confirmed by the
results of the elemental composition study, thus con-
firming its “invisibility”.

In order to confirm the necessity of adding mag-
netite to silver-containing model samples at micro-
wave treatment for coarsening fine silver, the stu-
dies were carried out on model samples without mag-
netite addition. Figure 2 shows the results of scanning
electron microscopy examination of the treated sam-
ples without magnetite addition. The results of the
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SEM MAG: 2.18 kx
View field: 100 pm

WD: 14.88 mm
Det: BSE
Date(m/dly): 02/08/24

05 1 1.5 2 25
Monxas wkana 18851 umn. Kypcop: 0.000

Fig. 1. Results of investigation of the initial model sample
before microwave treatment using scanning electron
microscopy

Table 3
The results of the study of elemental composition
for the spectra presented in Fig. 1

Spectrum Content, weight %
number 0 Na Mg S Ca
Spectrum 1 73.67 8.21 2.74 2.56 12.82
Table 4

The results of the study of elemental composition
for the spectra presented in Fig. 2

Spectrum Content, weight %
number 0 Na Mg S Ca Re

Spectrum 1| 49.67 | 1.50 1.42 0.38 | 45.78 | 1.25

Spectrum 2| 76.10 - - - 16.16 | 7.74
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study of the elemental composition for the spectra in
the studied samples are shown in Table 4.

The analysis of the obtained data allowed con-
firming the feasibility of coarsening fine silver parti-
cles using microwave treatment without addition of
magnetite up to the average size equal to 5-10 mi-
crons. Despite the fact that coarsening is achieved at

SEM MAG: 4.36 kx WD

View field: 50.0 pm Det: BSE
[ sEw V- 200 kv Date(midyy: 0711725
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the treatment without the addition of magnetite, the
coarseness achieved in these studies does not allow
extracting coarsened particles by traditional benefi-
ciation methods. This fact predetermines the need to
study the effect of the addition of different magnetite
amounts to the studied model samples on coarsening
fine silver particles.

T T T T T T T
0S 1 15 2 25 3 35 4 45 ) 55

MonHas wkana 176746 umn. Kypcop: 0.000 k3B

MNonxas wkana 121607 umn. Kypcop: 0.000 k3B

Fig. 2. Results of scanning electron microscopy study of model samples with coarsened silver
after microwave treatment without magnetite addition

SEMMAG: 109Kkx |  WD: 13.03mm
View fleid: 20.0 ym Det: 838
SEMHV: 200KV Date(midly): 06/1623

Fig. 3. Temperature mapping of silver-containing model sample at microwave treatment with addition of 10% magnetite

SEMMAG: 436kx | WD:1343mm |
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with the results of sample examination at selected sampling points using scanning electron microscopy
(gray — magnetite; black — model sample)
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2. Processing of silver-containing model samples with
magnetite addition

The studies aimed at establishing the necessary
magnetite content to achieve maximum coarsening
fine silver in the course of microwave treatment were
carried out using silver-containing model samples.
The magnetite contents were chosen at 3, 5, 10, and
15%. To confirm the generation of active centers of
local heating in the course of microwave treatment
of the model samples with the addition of magne-
tite, heating temperatures were measured over the
whole area of the treated samples using a laser pyro-
meter. Fig. 3 shows the temperature mapping using
an example of microwave treatment of a silver-contai-
ning model sample with 10% magnetite with sam-
pling points for scanning electron microscopy study.
The microwave heating temperature was measured
immediately after the treatment. The results of the
elemental composition study for the spectra shown in
Fig. 3 are presented in Table 5.

SEM MAG: 4.36 kx

WD: 13.83 mm

Date(m/dly): 07/18/23

0.5 1 15 2 25 3 35 4
Nonnas wkana 121607 umn. Kypcop: 0.000
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The interpretation of the obtained data allows
confirming arising active centers of local heating in
the course of microwave treatment when magnetite
was added to the model samples. In Fig. 3, the tem-
perature peaks at the magnetite addition locations,
which reach about 600°C and higher, are clearly
visible. At the same time, the heating temperature
of the model sample itself is 540-560°C. The pre-
sence of magnetite is confirmed by the results of the
elemental composition study.

Table 5
The results of the elemental composition study
for the spectra presented in Fig. 3

Spectrum Content, weight %

number 0) Si Ca Fe Ag
Spectrum 1 | 10.17 0.12 - 42.22 47.48
Spectrum 2 | 11.69 0.11 - 11.51 76.69
Spectrum 3 | 35.06 - 0.24 41.40 23.30

" Pk

MAG: 2.18 kx
Det: BSE

[ Viewneia: tooym | oetese |

Cnexrp 2

0 1 2 3 4
Nonxas wkana 42257 umn. Kypcop: 0.000
Cnektp 3

0 1 2 3 4 5 6 7 8
Nonxas wkana 42257 wmn. Kypcop: 0.000 k3B

Fig. 4. Results of scanning electron microscopy study of model samples with coarsened silver
after microwave treatment with addition of 3 (left) and 5 (right) % magnetite
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The treated silver-containing model samples with
magnetite addition were studied using a scanning
electron microscope. Figs. 4 and 5 show the results
of the study of these samples with magnetite content
of 3, 5, 10, and 15%, respectively. The results of the
study of elemental composition for the spectra shown
in Figs. 4 and 5 are shown in Table 6.

The interpretation of the obtained data allows
to confirm coarsening fine silver at addition of mag-
netite as a result of microwave treatment to the par-

0 2 4 6
Monxasa wkana 105666 umn. Kypcop: 0.000 K3B|
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ticle sizes exceeding the particle size formed in the
samples without magnetite, as well as the increase
of silver content in the coarsened particles. Howe-
ver, it is worth noting that at a magnetite content
of 10%, if compared to the coarsened gold presen-
ted earlier in [36], spherical-shaped silver particles
with an average size of 20—-40 pm were found in the
silver-containing model samples. This is because
the melting point of silver is much lower than that
of gold.

View fed: 200 pm

Date(m/dly): 06/16/23

Cnextp S5

Nonxas wkana 148969 umn. Kypcop: 0.000 k3B

Fig. 5. Results of scanning electron microscopy study of model samples with coarsened silver
after microwave treatment with addition of 10 (left) and 15 (right) % magnetite

The results of the elemental composition study for the spectra presented in Figs. 4 u 5 fable
Spectrum Content, weight %
number o Na Mg Al Si s Ca Fe Ag
Spectrum 1 46.79 1.14 - - 0.70 - 3.30 42.73 5.34
Spectrum 2 49.52 6.06 2.04 - - 2.65 22.60 3.74 13.39
Spectrum 3 - 33.68 - - - 14.74 5.79 26.84 18.95
Spectrum 4 20.02 - - 0.94 0.98 - - 2.97 75.09
Spectrum 5 21.32 2.92 - - - - 21.63 5.24 48.89
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The obtained data on average and maximum si-
zes of coarsened noble metal particles (aggregates)
depending on the magnetite content are presented
in Table 7. Besides, Table 7 presents the degree of
coarsening measured as the ratio of the average size
of the coarsened silver particles to the estimated
coarseness of the “invisible” silver.

Based on the obtained data analysis, it can be
concluded that the addition of magnetite, which
forms active centers of local heating, contributes to
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coarsening fine silver particles in the course of mi-
crowave treatment, since the treatment of magne-
tite-free model samples allowed to coarsen the noble
metal particles to smaller sizes if compared with the
samples with magnetite. The obtained results allow
justifying the necessary magnetite content of 10% to
achieve maximum coarsening fine silver at microwave
exposure to a coarseness of 20—40 pym. The formation
of spherical silver particles can be explained by the
lower melting point of silver compared to gold.

Results of the study of the effect of magnetite content on coarsening fine silver in model samples favle?
with and without microwave treatment

Parameter Value
Magnetite content, % 0 (no treatment) 0 3 5 10 15
Average size of coarsened fine silver, pm 5-10 10-15 10-20 20-40 10-15
Maximum size of coarsened fine silver, pm 1-100 nm 39.0 43.0 92.3 123.1 102.0
Coarsening degree 75-7500 | 125-12500 | 150-15000 | 300-30000 | 125-12500
Average fineness of magnetite, pm 10-15
Maximum fineness of magnetite, um 49,0

SEM MAG: 2.18 kx

View field: 100 pm

WD: 13.15 mm

Date(m/dly): 06/16/23

by

T T T T T T T
P 2 4 6 8 10 12 14
MNonxas wkana 105666 umn. Kypcop: 0.000 k3B

VEGA3 TESCAN

cnrry

0 2 4 6 8 10 12 14

Nonnas wkana 105666 umn. Kypcop: 0.000 k3B)|

Fig. 6. Results of the study of treated carbonaceous concentrates with addition of 10% magnetite
using scanning electron microscopy
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Fig. 7. Schematic representation of fine silver coarsening in the course of microwave treatment

3. Treatment of carbonaceous flotation concentrate
with addition of substantiated amount of magnetite

The feasibility of silver coarsening with the addi-
tion of the previously substantiated magnetite amount
in the course of microwave treatment was investiga-
ted on carbonaceous flotation concentrates. In [37], the
feasibility of coarsening fine Au particles using 10%
magnetite at microwave treatment of carbonaceous
concentrate was confirmed. Fig. 6 presents the results
of a scanning electron microscope study of the treated
carbonaceous concentrate, confirming coarsening sil-
ver in the course of microwave treatment when added
with magnetite in the amount of 10% of the sample
weight. The elemental composition of the coarsened
particles is presented in Table 8.

The interpretation of the obtained results allows
to confirm coarsening silver particles in the course
of microwave treatment of carbonaceous flotation
concentrate added with 10% magnetite. The size
of coarsened particles, which are characterized by
spherical shape, after treatment is 20-50 microns.
It is worth noting that, besides silver, characteris-
tic peaks of gold were found in the coarsened ag-
gregates according to the results of the study of the
elemental composition. This indicates that silver
was coarsened together with gold.

Microwave treatment contributes to increasing
the temperature of the model sample, the main part
of which is represented by activated carbon. When it
is ignited in an oxidizing environment, the following
phenomena occur:

- CO, formation;

— melting of adsorbed fine silver particles after
combustion of a part of activated carbon and magne-
tite heating;

- coarsening due to silver movement into addi-
tional pores formed.

Fig. 7 shows a schematic representation of the
mechanism of fine silver coarsening in the course of
microwave treatment.

Fine silver coarsening is confirmed by the re-
sults of scanning electron microscopy examination
of the treated silver-containing model samples.
In the figures presented in this paper, the coar-
sened particles are observed both free (not tied with
activated carbon and magnetite) and at the initial
stage of coarsening directly on the activated carbon
surface itself.

The results of the microwave treatment of car-
bonaceous flotation concentrate with the addition
of 10% magnetite also confirmed the feasibility of
fine silver coarsening. The achieved coarseness and
the content (grade) of gold and silver in the coar-
sened spherical particles makes it possible to fur-
ther extract them and, as a consequence, to reduce
losses of valuable components with tailings. Cen-
trifugal concentration can be considered as a po-
tential method for the extraction of the coarsened
particles [38].

Table 8
The results of the elemental composition study
for the spectra presented in Fig. 6

1 O,
Seam Content, weight %
LTS (o} Na S Ca Fe Au | Ag
Spectrum 1 - - - - 0.96 | 3.84 |95.20
Spectrum 2 | 26.59 | 1.12 | 0.50 | 1.48 | 20.46 |12.83| 37.02
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Conclusion

The findings of the studies on microwave treat-
ment of silver-containing model samples allowed
substantiating the necessity of adding magnetite for
fine silver coarsening. Based on the temperature map-
ping, the formation, in the course of the treatment,
of active centers of local heating in the locations of
magnetite addition was confirmed. The fine silver
coarsening to spherical silver particles, whose aver-
age size was 20-40 um, was achieved at a microwave
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oven power of 1.0 kW and a treatment time of 3 min
with 10% magnetite added. It was revealed that at
similar microwave oven power and treatment time of
5 min, with 10% magnetite added, the greatest sizes of
coarsened particles containing gold and silver equal
to 20—50 pm were achieved. The microwave treatment
findings showed that the silver coarsening occurs
forming a gravity-extractable form of silver that al-
lowed further investigation of its recovery using gra-
vity concentration methods.
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