I.Ll I.Ll

Pt ot 'y Journal of K\
ety . . MD\Pﬂ
it Composites Science

o R -
Article

Dearsenation of Gold-Bearing Composite Concentrates without
Forced Displacement in a Sublimator

Sergey Trebukhov *(, Valeriy Volodin !, Alina Nitsenko (%, Xeniya Linnik !, Erkebulan Kilibayev 2(7,
Olga Kolesnikova 3* and Yury Liseitsev 4*

check for
updates

Citation: Trebukhov, S.; Volodin, V.;
Nitsenko, A.; Linnik, X.; Kilibayev, E.;
Kolesnikova, O.; Liseitsev, Y.
Dearsenation of Gold-Bearing
Composite Concentrates without
Forced Displacement in a Sublimator.
J. Compos. Sci. 2023, 7, 378. https://
doi.org/10.3390/jcs7090378

Academic Editor: Francesco

Tornabene

Received: 19 July 2023
Revised: 1 September 2023
Accepted: 7 September 2023
Published: 11 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Metallurgy and Ore Beneficiation, Satbayev University, Almaty 050010, Kazakhstan;
volodinv_n@mail.ru (V.V.); alina.nitsenko@gmail.com (A.N.); xenija_linnik@mail.ru (X.L.)

Department of Standardization, Certification and Metrology, L.N. Gumilyov Eurasian National University,
Astana 010008, Kazakhstan; 1k.e.0_77@mail.ru

Department of Science, Production and Innovation, M. Auezov South Kazakhstan University,

Shymkent 160012, Kazakhstan

4 Far Eastern Federal University, Vladivostok 690922, Russia

*  Correspondence: s.trebukhov@satbayev.university (S.T.); ogkolesnikova@yandex.kz (O.K.);
liseitcev.iul@dvfu.ru (Y.L.); Tel.: +7-705-209-22-07 (S.T.)

Abstract: The primary devices for extracting volatile components from dispersed materials in a
vacuum are devices with the movement of raw materials by directed vibrations. During the analysis
of the operation of such installations, some shortcomings were identified, due to the supply of heat
flow to the processed raw material and the requirements for the choice of structural materials. In
this article, the authors tested a heating method and a design of a sublimator with the supply of
heat flow to the dispersed material by radiation from the heater. The sublimation zone is made
in the form of a shaft formed by simple-shaped plates, the design and material of which involve
the use of refractory and ceramic materials that are inert with respect to an aggressive vaporous
sulfide medium. The movement of bulk material through the volume of the sublimator occurs due to
rheological properties: sliding along inclined plates. Technological tests on the sublimation of arsenic
sulfides from gravity and flotation composite concentrates of the Bakyrchik deposit (Kazakhstan)
have shown the possibility of a high degree of sublimation of arsenic (more than 96-99%) while
preserving precious metal composites in the sublimation residue and stable operation of equipment.
Sublimation residues containing 0.14-0.30% As can be processed by known methods. The possibility
of sufficiently complete removal of arsenic and its compounds from composite concentrates at a
reduced pressure with the removal of the latter in the most environmentally friendly sulfide form has
been established.

Keywordsz composite concentrates; arsenic; sublimator; movement; extraction; condensate; compos-
ites of precious metals; environment protection; engineering

1. Introduction

Currently, there are a large number of deposits of complex gold-bearing polymetallic
ores, those containing arsenic. Basically, arsenic in such ores is represented in the form of
arsenopyrite (FeAsS), in the lattice in which natural gold is embedded [1]. Due to such a
close connection between gold and arsenopyrite, the use of traditional processing methods is
irrational: gold extraction, depending on the composition of the raw materials, is only 10-70%.
In addition, arsenic compounds released during the enrichment process pollute drains and
tailing dumps, which poses a serious threat to the health of employees of enterprises in
particular and the environment in general. It should be noted that in the presence of a large
amount of carbon, composite gold-arsenic concentrates are not amenable to direct cyanidation.
Usually, they are sent to copper smelters as fluxing materials. As a result, arsenic pervades all
copper production products, worsening working conditions and polluting the environment.
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In order to discover an arsenopyrite material for the extraction of free gold, as well as
for the removal of arsenic from the process, many teams of scientists have been engaged
for decades and continue to work on the extraction of arsenic from complex ores and
concentrates in various ways [2-22]. The results of these works make it possible to safely
use the latter in pyrometallurgical production as additives to the flux or direct them to the
extraction of precious metal composites by traditional methods.

Thus, a significant amount of research has been devoted to hydrometallurgical meth-
ods for removing arsenic from composite concentrates with various solvents and a combi-
nation of technological processes refs. [10,23-25], including autoclave oxidation [5,26] and
microwave leaching [27]. The main disadvantages of such processes are the insufficient
extraction of gold inclusions in the main minerals of composite concentrates and the need
for wastewater disposal.

The improvement of the main method of removing arsenic from raw materials—oxidative
roasting ref. [28]—aimed at preparing raw materials for the subsequent extraction of gold
by leaching, including with additional chlorinating roasting ref. [29], as well as the transfer
of arsenic to slag in the process of suspended melting of copper ref. [30], continues. Much
attention is paid to the study of the processes of roasting arsenic-containing raw materials
in an atmosphere of superheated water vapor at temperatures of 700-1000 °C [31-33]. This
approach makes it possible to isolate arsenic in low-toxic forms of disulfide and sesquisulfideas
a result of secondary reactions. However, this method does not completely solve the problem
of extracting precious metals. However, despite the large number of developments, a number
of key problems remain unresolved, such as the complexity of the equipment and technology
used, the toxicity of the products obtained, and the need for special and expensive disposal of
waste containing arsenic. From a technological and environmental point of view, the most
rational technologies are those in which arsenic is previously removed from processing in the
form of the most stable and non-toxic compounds.

One of the preferred methods of preliminary dearsenation of arsenic-containing com-
posite concentrates is the sublimation of compounds of arsenic in a vacuum at moderate
temperatures, condensing them in the form of sulfide. Further, the resulting sublimates can
be melted down into compact blocks and sent for further processing or burial. Gold-bearing
residues after dearsenation may be further smelted into copper matte and then sent to
copper production. The main advantage of this technology is the possibility of the almost
complete removal of arsenic (up to 99%) in one stage, with its conversion into non-toxic
fumes. The Institute of Metallurgy and Ore Beneficiation JSC (Almaty, Kazakhstan) has
been conducting research, design development, and testing for the processing of arsenic-
containing ores and concentrates for many years [34-39]. One of the results of the work
carried out is the reagent-free technology for the preliminary removal of arsenic from raw
materials at low pressure.

1.1. Dearsenation of Gold—Arsenic Concentrates on a Vibro-Vacuum Installation

In [40] the results of technological tests for the gold-bearing concentrate dearsenation
on a continuous vibro-vacuum installation with a capacity of 0.2 t/day is presented. The
installation consisted of a sublimator, a dust collection system, water-cooled condensers,
and material loading and unloading systems. The sublimator was a vacuum electric furnace,
where a screw vibration conveyor with sides on a carrier tube, inside which a heater was
placed, was used as a working body. The movement of the particulate material was carried
out up and down due to directional vibrations imparted to the pipe. Concentrates of the
Republic of Kazakhstan (the Bakyrchik, Vasilkovskoye, and Sayak—4 deposits), Russia (the
Nezhdaninskoye deposit), Central Asia, and China were processed by vacuum thermal
dearsenation. Concentrates contained from 1.26 to 42 wt.% As, from 3.73 to 230 g/t Au, and
up to 370 g/t Ag. The tests showed the high efficiency of the technology and its hardware
design: the degree of distillation of arsenic from the material into sulfide sublimations in the
temperature range of 750-800 °C at a pressure of 1.33-2.66 kPa was 97-98%. The technology
is also environmentally safe due to the process being carried out in a sealed apparatus at
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low pressure, eliminating the formation of toxic As;O3, and due to the removal of arsenic
in the form of sulfides.

However, when analyzing the technical design of the process of vacuum thermal
processing of dispersed raw materials, some problems can be identified [41], including
those related to the thermal and corrosion resistance of special steels in vibro-vacuum
furnaces. It was noticed that over time, sulfidation of the alloy steel of the conveyor occurs,
which leads to a reduction in its service life. Thus, at temperatures of 750-800 °C, scaly
detachments of sulfurous iron were observed, and at 900 °C, a cake containing wt.%:
Ni—2.8; Cr—16.2; Fe—41.3; As—2.8; 5—20.7; SiO,—4.0; and other elements.

In addition, one of the disadvantages of this type of equipment is the process of heat
transfer to the dispersed material. In a vacuum, the supply of heat flow to the processed
material is realized mainly by radiation, since there are no convective flows in a rarefied
medium. Therefore, in a vibro-vacuum installation, heat transfer is carried out through
a heater located in the central steel pipe of the vibrating conveyor. During prolonged
operation of the installation, this leads to severe overheating of the conveyor from the
heater side and, as a result, the appearance of residual deformations in the central pipe.
In addition, due to the presence of heat losses through the pipe wall during heat transfer
to the processed material, there is a need for an increased operating temperature of the
process. The decrease in the heat flux from the radiator (heater) through the pipe wall can
be seen in the calculation example at heater temperatures of 800 °C (1073 K) and 1000 °C
(1273 K). Assuming that the temperature of the inner wall of the carrier pipe is equal to
the temperature of the heater, and based on the constancy of the heat flux, the temperature
decrease (AT) can be determined as:

AT =g x2A—1x[In(rp/r)] — 1 (1)

where g denotes the heat flux (W), A is the thermal conductivity (W X m~ ! x K1), r, and
r7 are the outer and inner radius of the pipe (m).

The heat flux (g) radiated by the surface through the cylindrical wall into the environ-
ment is determined by the following formula [42]:

g =rcoxex (T/100)* x F )

where ¢, is the black body radiation coefficient and equals 5.67 (W x m~2 x K=%), ¢ denotes
the degree of emissivity of the heater material made of a chromium-nickel alloy (at 800 °C
equals 0.704, at 1000 °C—0.76), T is temperature (K), F is the radiation surface area, (m?).

Thus, the heat flux at a temperature of 800 °C was 16.6 kW, and at 1000 °C it was 35.5 kW.

Alloy steel of the brand X12CrNiTi18-19 was used for the manufacture of the conveyor,
the thermal conductivity of which is equal to 26 W x m~1 x K~! [43].

The inner diameter of the carrier tube of the vibratory conveyor is 0.2 m; the outer
diameter is 0.232 m.

As a result of the calculation, at heater temperatures of 1073 K and 1273 K, the
temperature difference between the inner and outer walls was 47.4 K and 101.4 K, which
corresponds to a heat flux loss of 16.4 and 28.2%, respectively.

Therefore, the implementation of the vacuum thermal technology for the preliminary
removal of arsenic in a vibratory vacuum unit has good arsenic recovery rates (more than
97%). However, the technical design of the process has several disadvantages associated
with the thermal and corrosion resistance of steel used to manufacture the main furnace
assembly—the vibration conveyor. Due to intense deformations and wear, the expensive
vibro-conveyor must be entirely replaced after some time of installation operation.
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1.2. Analysis of the Behavior of the Main Arsenic-Containing Compounds in the Process of
Thermal Processing at Low Pressure

In the deposits of central Kazakhstan, most of the arsenic is associated with arsenopy-
rite (FeAsS) [44]. In addition to the above, the main mineral forms of arsenic in the ore are
also loellingite (FeAsy), realgar (AsS), and orpiment (As,S3).

Already at a temperature of 500 °C (773 K), the vapor pressure of realgar (Equation (3)) [45]
and orpiment (Equation (4)) [45] correspond to 32.16 and 35.49 kPa, respectively. Therefore, at
the temperatures of vacuum thermal processing, arsenic will be sufficiently fully transferred
to the gas—vapor phase. Thermal decomposition of the arsenopyrite is a complex multistage
process with several sequential and parallel reactions. Depending on the temperature and the
degree of reaction, the composition of the condensed and gaseous phases is different. The
complete decomposition of arsenopyrite into loellingite (FeAs;) and iron disulfide, based on the
total dissociation pressure (Equation (5)) [46], corresponds to a temperature of 719 °C.

In P[Pa] = 21.31 — 8450 x T~ )
In P[Pa] = 21.31 — 8374 x T~ 4)
In P[Pa] = 31.764 — 20076 x T * (5)

Later, using gamma-resonance spectroscopy and mass spectrometric studies [47] it
was found that loellingite dissociates in the temperature range of 520-680 °C with the
transfer of arsenic (Asy) tetramers to the vapor phase and with the step-by-step formation
of iron mono and half arsenide. However, the final decomposition products of Fe; As could
not be obtained even at 1200 °C [48]. At the same time, earlier studies [49] found that
a sufficiently high decomposition rate of iron monoarsernide (FeAs) in a vacuum was
observed at temperatures above 820-830 °C. The latter indicates a shift in the equilibrium
in the dissociation reaction of loellingite in accordance with the Le Chatelier principle [50]
towards the formation of vaporous associates of arsenic.

Thus, from analysis of the behavior of the main arsenic-containing compounds, it fol-
lows that it is impossible to achieve complete extraction of arsenic during the dearsenation
of gold-arsenic concentrates. This is because arsenic in the processing residues will remain
in the form of the most thermally stable iron arsenide—Fe;As.

1.3. Ways to Solve Problems

The solution to these problems is possible in two ways: by increasing the degree of
rarefaction in the sublimator and by reducing resistance to heat flow from the heater to
the processed dispersed material. The first of these contributes to some intensification of
the process of loellingite decomposition and, as a result, to an increase in the degree of
dearsenation of the processed raw materials. The second is the transfer of heat flux by
direct radiation from the heater to the surface of the processed dispersed material.

We carried out a large amount of design development to eliminate the problematic points
described in Sections 1.1 and 1.2. They consist of the rejection of force and the transition to
the rheological movement of a dispersed material in a sublimator [51]. By developing the
equipment, a concept was adopted in which the movement of material in the sublimation
zone of the furnace is provided due to rheological properties. This solution opens up the
possibility of using materials that are inert with respect to the sulfide atmosphere and of
implementing heat transfer by radiation to open areas of the dispersed material.

The results of these technical solutions (Sections 2.1-2.3) and the comparative results of
testing the technological process on the proposed equipment in comparison with processing
on the vibro-vacuum design are presented in this article.
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2. Materials and Methods
2.1. Technical Design of the Process of Moving and Heating Composite Concentrates in
the Sublimator

The scheme of the conceptual solution is shown in Figure 1. The essence of the solution
is as follows. When dispersed material is taken from the bottom of the sublimator, a material
flow will form from top to bottom. In this case, a part of the bulk material, reaching the
lower cut of the guide surface, will form an angle of repose, preventing particles from
spilling through the upper cut below the guide surface. Wherein the angle of inclination
of the guide surfaces should be large compared to the angle of repose of the particulate
material. In such a case, when the material moves rheologically down the guide surfaces
and reaches the bottom edge of the guide surface, the conveyed material again forms an
angle of repose on the guide surface below. The latter is accompanied by a mixing of the
material. At the same time, open areas of the material (slope surface) face directly to the
heater and receive the heat flux in the form of radiation. Thanks to this, the most efficient
heating of the bulk material is achieved.

Figure 1. Scheme of heating and moving the dispersed material in the sublimator: (1) composite
concentrate, (2) guides, (3) heater.

Technically, the solution is made in the form of a shaft formed in pairs by plates with
inclined slots, the angle of which (to the horizon) is greater than the angle of repose of the
bulk material (Figure 2). In pairs, the plates form gaps between themselves and the lower
pair of plates in such a way that the material pouring at the angle of repose does not “flow”
against the upper edge of the plates located below.

Figure 2. A shaft assembled from plates: (A) in the initial state, (B) filled with dispersed material.
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2.2. Pilot Installation with Rheological Movement of Material

The pilot installation as a whole (Figure 3) is a sublimator (1) heated by an electric
furnace (2), inside which a shaft of inclined plates is placed (Figure 2). At the first stage,
to simplify the design, the sublimator body was used as a heater. The sublimator space is
connected by a heated steam line (4) to a water-cooled condenser (5). Inside the condenser,
a water-cooled pipe (6) is coaxially mounted, inside which a fabric filter (7) is placed to trap
fine condensate.

|
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Figure 3. Scheme of a vacuum sublimation plant with the rheological movement of dispersed materials:
(1) sublimator; (2) electric furnace; (3) inclined surfaces; (4) steam pipeline; (5) capacitor; (6) pipe;
(7) fabric filter; (8) bunker for feedstock; (9) vibration loader; (10) intermediate container; (11) rod with a
conical valve; (12) vibration unloader; (13) mouth; (14) flow switch; (15) receiving hoppers of the residue;
(16) condensate receiving bunker; (17) vacuum line.

The installation is equipped with a hopper (8) for feedstock and a vibrating feeder
(9) for feeding the latter into an intermediate container (10). The intermediate container
is separated from the sublimator space by a movable hollow rod with a conical shutter
(11), inside which a thermocouple is placed. Below the shaft, assembled from plates, a
vibrating unloader (12) is mounted. The latter, together with the bulk material at the
mouth (13), forms a gate separating the unloading system, which prevents the penetration
and condensation of the sulfide vapor phase in the residue bunkers. The unloading
system consists of a processed material flow switch (14) and receiving hoppers (15) of
the processing residue. Arsenic sulfides falling from the walls of the condenser were
accumulated in a hopper (16). The gases from the apparatus were evacuated through
the vacuum line (17). The temperature regimes in the reaction space of the sublimator
were controlled automatically at set temperatures. At the same time, inertial temperature
fluctuations inside the furnace space during the supply and disable of current loads were
+10-15 degrees.

A sublimator design such as this makes it possible to create apparatus for processing
large volumes of raw materials by placing several vertical shafts and their variants from
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inclined surfaces, as well as a resistance heater(s) inside the reaction space. The capacity of
such apparatus is 10 tons per day. One of the main advantages of the developed design is
the possibility of manufacturing plates for inclined surfaces from ceramic materials that
are inert with respect to the processed dispersed material and aggressive sulfur-containing
steam environment. In addition, the absence of moving devices for moving the material
greatly simplifies the process of sealing the apparatus.

2.3. The Operating Principle of the Installation

When carrying out the process of the sublimation of arsenic sulfides, the dispersed
material from the feedstock bin was fed by means of a vibrating feeder into an intermediate
container above the sublimator, from where the internal cavity of the shaft formed by the
plates was filled. Heating of the processed material was carried out by radiation on the
open areas of the surface formed by the dispersed material due to natural pouring and
facing the external heater. The surface area for the vapor outlet (open surface areas) was
about 5 x 1072 m2.

The processing time of bulk material (length of stay in the reaction space) was regulated
by the performance of the vibratory unloader, the plane of which is located with a gap
relative to the mouth.

The deterministic material was sent to the receiving hopper of the residue. When filling
one of the receiving bins by means of a switch, the flow was directed to the second one.
After cooling, the residue from sublimation was discharged from the hopper. The vapor
phase from the sublimator was sent through a steam pipeline to solid-phase condensation
of arsenic sulfides into a cyclone-type condenser. After its accumulation, the sulfide
condensate was discharged into the condensate-receiving hopper.

2.4. Pre-Granulation of the Fine Concentrate

To reduce the removal of dust from the sublimator and reduce the diffusion resistance
to the release of arsenic-containing vapor from the processed raw materials, the composite
concentrates were previously subjected to granulation in a bowl granulator with the addi-
tion of about 2% sulfite-cellulose liquor. Granulation was carried out under the following
conditions: bowl speed 0.5 s, tilt angle 0.7 radian. The granulation of concentrates also
prevents disruption of the flow of the processed material along the inclined surfaces inside
the sublimation shaft.

After granulation, the composite concentrate was dried at 100 °C to a residual moisture
content of 1-3% and sieved. It was previously established that granule sizes up to 10 mm do not
affect the degree of dearsenation of the material. Therefore, a fraction with a size of 1-10 mm
was sent for processing, and fragments smaller than 1 mm were returned for granulation.

2.5. Materials

Technological tests to remove arsenic from gold-bearing composite concentrates were
carried out with samples of gravity and flotation concentrates from the Bakyrchik deposit,
the compositions of which are given in Table 1.

Table 1. Composition of Bakyrchik composite concentrates.

Composition
Concentrates wt. %
Au, g/t Ag, g/t
As Fe S C Cu Pb Zn SiO, Al,Os3 CaO Other
Gravitational 20 21.40 35.80 3200 0.60 0.05 024 0.06 4.80 2.38 1.12 1.53
Flotation 59 14.10 2230 20.10 9.20 0.19 1.0 0.80 16.8 4.89 1.65 8.96

When determining the granulometric composition, it was found that in the gravity
concentrate more than 76% is represented by fractions from 0.063 to 1.6 mm, in the flotation
concentrate—more than 90% by a fraction smaller than 0.043 mm.
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2.6. Analytical Methods

The material composition was studied by X-ray fluorescence analysis using wave
dispersive combined spectrometer Axios “PANalyical” (Amsterdam, Netherlands). The
content of gold and silver in the products of processing was determined by assay analysis.

The D8 Advance “Bruker” X-ray diffractometer and Cu-K« radiation, and the ICDDPDEF-2
reference database (2020) were used to identify the phase composition.

Petrographic analysis was carried out on the LEICA DM2500 P optical polarization
microscope (Leica Microsystems (Wetzlar, Germany)) and on the JEOL JXA-8230 electronic
raster microanalyzer (JEOL, Japan).

3. Results

The conditions and results of the process of dearsenation of gold-bearing Bakyrchik
composite concentrates without forced movement of the dispersed material in the sublima-
tor are given in Tables 2 and 3. In the same table, for comparison, similar data are given for
previously performed technological tests on a vibro-vacuum installation with a capacity of
200 kg per day.

Table 2. Conditions and results of granulated flotation composite concentrate processing with rheological
and directional vibration movement in the sublimator.

Temperature, °C Pressure, kPa ¢ (E:ZP icg};’y) Arsenic Content in the Residue, % Arsenic Extraction, %
Rheological movement of material
650 + 10 0.7 2.82 0.14 99.22
650 £ 10 92.0 1.87 0.72 96.17
700 £ 15 1.3 2.47 0.12 99.34
700 £ 15 92.0 1.33 0.48 97.38
800 £ 15 2.7 191 0.18 99.02
800 + 15 92.0 1.73 0.53 97.15
Moving with directional vibration
660 +£10 3.6 2.53 0.51 98.35
675+ 10 3.7 2.76 0.66 97.01
700 £ 10 4.5 2.32 0.36 98.62
740 £ 10 5.6 3.18 0.66 97.71
750 £ 10 5.6 1.78 0.48 98.05

Table 3. Conditions and results of granulated gravity composite concentrate processing with rheolog-
ical and directional vibration movement in a sublimator.

Temperature, °C Pressure, kPa ¢ (iazpicg);’y) Arsenic Content in the Residue, % Arsenic Extraction, %

Rheological movement of material

600 £ 10 0.6 1.03 0.28 99.21

700 £ 15 2.5 1.11 0.30 99.16

800 £ 15 2.6 0.97 0.22 99.38
Moving with directional vibration

610 £ 10 1.7 1.22 0.69 98.58

610 £ 10 2.0 1.06 0.42 99.07

630 £ 10 1.7 0.99 0.27 99.43
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Due to the large amount of a priori information on the distribution of elements and
compounds contained in composite concentrates, only the behavior of arsenic was moni-
tored. To determine the effect of a vacuum on the degree of dearsenation of concentrates,
tests were carried out at 92 kPa in an inert argon atmosphere to prevent arsenic oxidation.
The specified pressure is atmospheric in the conditions of Almaty (Kazakhstan).

Analyzing the data given in Tables 2 and 3 can be seen as follows. Arsenic under all
conditions without forced movement of the granules in the sublimator is quite complete (more
than 96-99%), both in vacuum and at 92 kPa, it passes into the vapor phase and, ultimately,
into the sulfide condensate. The residual content of arsenic in the residue from sublimation at
the same temperatures is 0.2-0.3% less than when moving with directional vibration. Such a
difference is due, in our opinion, to a large rarefaction in the system, which contributes to the
dissociation of loellingite. For the same reason, an insignificant difference was noted in the
degree of arsenic transfer to the condensate at low (99.02-99.38%) and atmospheric pressure
(96.17-97.38%). However, the use of low pressure in the system (vacuum) eliminates the
oxidation of arsenic during the heating of the material and, therefore, eliminates the formation
of highly toxic AsyOs.

Dust entrainment during rheological movement of dispersed granular material de-
creased from 5.2 to 9.0% with vibrational movement of raw materials to 1-2% in our case.
The amount of dust carried away from the reaction space during the processing of compos-
ite concentrates on the developed equipment was calculated from the content of SiO, in
the condensate.

The distribution of the main elements—sulfur and iron, in compounds with arsenic—as
well as arsenic for products of vacuum thermal processing in technological tests on the developed
equipment is given in Table 4. The sublimation process of arsenic-containing compounds and
arsenic were carried out for granular composite concentrates under the following conditions:
gravity at a temperature of 700 £ 15 °C and a pressure of 2.3 kPa, flotation at 700 & 15 °C and a
pressure of 1.5 kPa. The size of the composite concentrate fraction in both cases was 1-8 mm.

Table 4. Content and distribution of elements by products of vacuum thermal processing of Bakyrchik
composite concentrates without forced transfer.

Quantity As S Fe
B B B
R s R =) R s
Products = 2 = £ i =
kg % g 2 g 2 g B
g g g = g g
o @ ) K o Rk
] @) )
Gravity concentrate
Loaded:
Gravitational concentrate 22.15 100 21.40 100 32.00 100 35.80 100
Received:
Residue 13.34 60.23 0.22 0.62 32.94 61.99 57.44 96.69
Condensate 8.12 36.66 57.18 97.95 29.65 33.97 0.03 0.03
Loss + discrepancy —0.69 -3.11 - —1.43 - —4.04 - —3.28
Flotation concentrate
Loaded:
Flotation concentrate 22.35 100 14.10 100 20.10 100 22.30 100
Received:
Residue 16.13 72.17 0.15 0.77 14.65 52.60 28.81 93.24
Condensate 5.16 23.09 59.18 96.90 36.14 41.51 0.02 0.02
Loss + discrepancy —1.06 —4.74 - —2.33 - —5.89 - —6.74
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When analyzing the results of the processing of gold—arsenic composite concentrates
without their forced transfer to the volume of the sublimator, it can be seen that arsenic
almost completely (by 96-99%) passes into the condensate and less than 1% remains in the
residue from sublimation.

In the condensates, petrographic studies (Figure 4) found sulfide compounds of arsenic
and grains of elemental arsenic. X-ray phase analysis (Figure 5) of condensates revealed the
presence of orpiment (As,S) and realgar (AsS). That is, the condensate is represented by the
safest forms of arsenic, which can be melted into ingots that are convenient for burial or storage.

Figure 4. Micrographs (A) and SEM images (B) of sulfide condensate: (1) auripigment; (2) realgar.
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Figure 5. X-ray pattern of arsenic condensate.

The content of precious metals in the condensate was not detected by chemical analysis,
less than 1 g/t of gold was found by assay analysis. That is, precious metals almost completely
remain in the residue from sublimation with the lowest possible content of arsenic.

4. Discussion

Because arsenic prevents the extraction of gold, a lot of work has been devoted to the
development of highly efficient dearsenation technologies for this kind of gold—arsenic
concentrate. A detailed analysis of the existing technologies is given in [52]. The main
disadvantages of raw material processing in these schemes are the insufficient extraction of
gold into the final product, low rates of arsenic extraction, their multi-stage and resource-
intensive nature, and the need to organize special burial grounds for the disposal of
arsenic waste. In this regard, the extraction of arsenic by vacuum thermal sublimation at
moderate temperatures with condensation of it in the sulfide or elemental form is preferred.
Some of the advantages of this technology over others are its operation without a reagent,
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environmental safety, high rates of arsenic extraction, and almost complete concentration
of all precious metals in the sublimation residue.

The vacuum method for processing arsenic-containing raw materials and the equip-
ment for its practical implementation must meet several technological and environmental
requirements. At the same time, it is necessary to ensure the deepest removal of arsenic,
the minimum formation of dust, to exclude circulation loads on the process, to create
conditions for the most comprehensive condensation of arsenic vapors with a minimum
content of precious metals in sublimates, and to prevent the formation of arsenic oxide and
its emission into the environment.

In addition, vacuum equipment should provide not only tightness, which excludes the
release of toxic compounds into the environment, but also the continuity of transportation of
dispersed raw materials through the thermal vacuum treatment zone. The equipment must
have adjustable loading of material and unloading of cinder and high thermal performance,
at which the required performance is achieved. Also, the equipment must be equipped with
effective systems for cleaning dust from the gas and the condensation of arsenic-containing
vapors. It should be borne in mind that the use of rotating and rubbing devices under
vacuum and abrasive dispersed media is undesirable due to their rapid failure. Fluidization
with gas is characterized by high entrainment of dust and requires powerful dust collection
and pumping systems. And, as practice has shown, the use of directed vibrations for the
movement of material through the zone of thermal vacuum processing is accompanied by
corrosion and deformation of the vibrating column.

Therefore, it was decided to develop equipment in which the movement of material in
a sublimation furnace is carried out due to the rheological properties of the material. The
use of the proposed equipment solves the problems of thermal and corrosion resistance of
special steels used in the creation of vacuum apparatuses, including vibro-vacuum furnaces.
This technological solution to a large extent allows extending the service life of expensive
vacuum furnaces, as well as using materials that are inert to the sulfide environment. We
have not found analogs of such equipment. All technical solutions have patents from the
Republic of Kazakhstan [53-56].

To confirm the high efficiency of the equipment, we carried out comparative technolog-
ical tests for arsenic extraction from the concentrates of the Bakyrchik deposit (Kazakhstan).
The results showed as follows: When using equipment with rheological movement, a
higher degree of arsenic removal (>99%) is achieved compared to an apparatus in which
material movement is ensured by directional vibrations (97-98%). This effect is facilitated
by a more complete decomposition of Fe; As due to lower pressure in the sublimator and
due to direct radiation heating of the open surface of the processed material. The ques-
tion of the complete decomposition of iron semi-arsenide into elemental arsenic and iron
remains open. It is known that even at temperatures above 1200 °C, Fe, As is present in
processing residues. Therefore, increasing the degree of arsenic sublimation by increasing
the temperature is not rational, because this will lead to an increase in energy consumption
and the use of more expensive structural materials.

During the dearsenation process on the new equipment, corrosion of the steel inclined
surfaces that make up the shaft through which the material is transported was also noted.
Worn plates were replaced with new ones in a short time, eliminating long equipment
downtime. Therefore, the main advantage of the proposed design of the electric sublimation
furnace is its simplicity. This is one of the most important aspects when using equipment
on an industrial scale.

The condensate can be remelted into blocks convenient for transportation and disposal.
This process was previously tested [57], where ingots of approximately 3750 kg/m? density
were produced by melting in a crucible furnace under a vacuum of 4-6 kPa and a specific
cooling rate of the melt (around 20 °C/min).

Copper is known to be a material that is good for collecting gold. Therefore, the
obtained residues from vacuum thermal processing, containing noble metals, are proposed
to be melted into copper-poor mattes [52]. This is due to the fact that gold recovery did not
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exceed 65-67% during direct cyanidation [58] and thiocarbamide leaching [59] of residues
after vacuum processing of refractory gold—arsenic concentrates. Most of the gold (93.72
and 93.92%) and most of the silver (65.74 and 67.98%) are concentrated in the matte after
melting into copper-poor mattes. The received matte can then be put through a converting
process to obtain blister copper exposed to electrolytic refinement with the recovery of gold
from sludge according to the offered scheme (Figure 6).

Gold—arsenic concentrate
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Figure 6. Proposed processing scheme [60] for gold—arsenic concentrates with indication of arsenic
and noble metal distribution in the processing products.

5. Conclusions

Analyzing the conducted technological tests for the dearsenation of gold-arsenic
composite concentrates and the functioning of the developed sublimation equipment, we
can state a high degree (more than 96-99%) of sublimation of arsenic from the material
with almost complete localization of precious metals in the sublimation residue and stable
operation of the equipment that provides the technological process. Stagnant zones in the
mine with dispersed material were not found.

A slight difference in the degree of transfer of arsenic into condensate was noted at
low (99.02-99.38%) and atmospheric pressure (96.17-97.38%). However, the use of low
pressure in the system (vacuum) eliminates the oxidation of arsenic during the heating of
the material and therefore eliminates the formation of highly toxic As;Oj3.

The remainder, containing less than 1% arsenic, can be processed by known methods.
Condensate, represented by the safest forms of arsenic, can be melted down into ingots
that are convenient for burial or storage.

The proposed technical solution for the design of the process of sublimation of arsenic
sulfides from gold-arsenic composite concentrates allows for the scaling up of the process-
ing of this kind of raw material and simplifies the choice of materials for the structural
design of the process.
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