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Abstract. Over the past decades, due to the decrease in the quality of mineral raw materials from developed deposits, the share of gold extracted from refractory
ores has increased, the effective processing of which requires the development of more complex and combined schemes that ensure the most complete extraction
of gold. For the same purpose, in 2019, Navoi Mining and Metallurgical Combine (NMMC) successfully launched a workshop for roasting sorption cyanidation
tailings during the processing of gold-bearing ores from the Kokpatas and Daugyztau deposits. At this stage, the NMMC specialists face the task of intensifying and
optimizing the roasting process. This paper briefly presents the results of a detailed study of the effect of temperature on chemical transformations occurring during
roasting of sorption cyanidation tails, carried out in order to identify the reasons that prevent the disclosure of gold particles during roasting and its encapsulation.
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Cyadpua xoHe KeMIpTeK MAaTepHANAAPbIH KYbIPY Ke3iHgeri (U3MKAJIBIK-XUMHSJIBIK TYPJICTepAi 3eprrey

MaKCaThbI

AnnaTna. COHFbI OHXKBUIABIKTAP/Ia UTePLICTIH KeH OPBIHAAPbIHIAFBl MHHEPAJIbI IIMKI3aT CalachblHbIH TOMCHICYiHEe OaillaHbICThI OTKA TO3IM/I KEHACPACH
AJIBIHATBIH AJITBIHHBIH YJIECI apTThI, OJIapbl THIM/I ©HAeY OapbIHIIA TOJBIKTHI KAMTaMAacChl3 €TETiH KYyp/eii )KOHe apajiac cXxeMasap/sl d3ipiey /i Tajaamn eTe/i ai-
ThIH oHIIpYy. [lon ocel MakcarTa 2019 sxbutbl Hayan ken metamtyprust kom6unatsl (HKMK) Kekmnatac xoHe JlayFbI3Tay K€H OPbIHAAPBIHBIH KYPaMBIH/IA aJITHIHBI
Gap KeHJep/l oHAey Ke3iHae cOpOLMSUIBIK IHaHUITey KaJIBIKTapblH KYHIIpy HeXbiH caTTi icke KocTbl. Ochl kesenne HKMK MamaHIapbIHBIH alblHIa KybIPY
MPOLIECIH KYLICHTY KoHe OHTaNHIaHAbIPy MiHAETI Typ. By sKyMbIcTa KYHIIpY 'KOHE OHBI MHKAIICYJISLUsIIAY Ke31H/e alThIH OOIIIEKTEePiHIH alllbUTybIH OOJIABIpMaii-
THIH ce0enTep/i aHbIKTay MAaKCaThIH/A XKYPIi3iIireH cOpOUUsUIBIK [IHaHUATSY KYHPBIKTAphIH KybIPY Ke3iHze OOJaThIH XHMUSUIIBIK ©3TepiCTepre TeMIepaTypaHblH
ACEpiH erKeH-TerKellIi 3epTTey HOTHKeIepi KbICKala OepiireH.

Tyiiinoi ce3dep: anmvln, COpOYUATLIK YUAHUOMEY KYUPLIKMAP®L, KYUOIPY, KbIHbIP aNMblH, KATbYUH, YUAHUO, UHKANCYIAYUS, NUPUM, aPCEHONUpUm,
YUPKYIAYUATLIK KYUOIpYMeH CYUblK Kabambl 6ap neu.

HUccaenoBanue CyJab(UIHO-YIJIEPOAUCTOrO

NpeBpalleHUl MPH ero 00:Kure

AHHOTaNMs1. B TedeHue MOCIeIHNX JSCATUICTHI B BULY CHIDKCHHUS KAYECTBA MUHEPAILHOT'O CHIPbsI pa3pabaThiBAEMbIX MECTOPOXK/ICHUI YBEITHINBACTCS OIS
30J10Ta, U3BJIEKAEMOT0 U3 YIIOPHBIX Py, 3G deKTrBHas 00paboTKa KOTOPIX TpeOyeT pa3paboTKy Ooliee CIOKHBIX 1 KOMOMHHPOBAHHBIX CXEM, 00ECIEYHBAIOLIMX
MaKCHMaJIbHO MOJHOE H3BJIeueHus 30m0t1a. C 3Toii ke uenpio B HaBoniickoM ropHo-merautyprudeckom komouuare (HI'MK) B 2019 romy ObL1 yCHENIHO 3aITyIeH
LeX [0 00XKHUI'Y XBOCTOB COPOLIMOHHOIO [IMAHUPOBAHMS [P IIEPepaboTKe 30J0TOCOAePKALIMX PyA MecToposkaeHuil Koknarac u Jlayreisray. Ha nansHoM stane
nepex cnenuanucrama HCMK crout 3axa4a: nHTEHCH(DHUKALUS U ONTHMHU3ALHS [Tpoliecca obxura. B manHO# paboTe KpaTKo MpeCTaBICHbl PE3yJIbTAThI AeTallb-
HOT'O UCCIICI0BAHMsI BIHSHHS TEMIIEPATypbl HA XUMUYECKHE MIPEBPALCHHSI, TPOUCXOSIINE IPH 00KUIe XBOCTOB COPOLIMOHHOTO IHAHMPOBAHUSL, IIPOBEICHHOTO C
LEJIBEO BBISIBIICHUSI [IPUYHH, MIPEISITCTBYOIINX PACKPBITHIO YaCTUIL 30J0TA TIPH 00XKHUIe M €r0 HHKATICYJISILIHH.

MaTepHaja ¢ LeJdbl0 H3Yy4YeHUsA (PHU3HKO-XUMHYECKHX

Knirouesvie cnoea: 3o10mo, xeocmol copﬁuuonuozo Yuanupoeanus, oborcue, YnopHoe 30J10mo, 02apokx, MMGHMO, UHKancyuayus, nupum, apcerHonupum, nedob
Kunsauweco Clio:A C YuUpKyaupyrouwum 002CUCOM.

Introduction

Today, special attention is paid to
the processing of refractory gold ores
and concentrates. To reduce the cost
of the product, increase the through
extraction of the base metal and
reduce the cost of processing, new
methods and technological solutions
are being developed' [1, 2].

One of the innovative technological
solutions in the processing of gold-
bearing ores from the Kokpatas
and Daugyztau deposits was the
construction of a plant for roasting
sorption cyanidation tailings. The
prerequisites for the introduction of
roasting technology were studies on
the search for combined options for
the oxidation of sulfide concentrates.

According to the results of laboratory
tests, the highest throughput gold
recovery rates are achieved when
using oxidative roasting of sorption
cyanidation tailings of the biooxidation
product. Thus, at the end of 2019, the
circulating fluidized bed kiln was
successfully put into operation® [3].

Experiment Methods

The availability of reliable
information about the chemical
reactions occurring during roasting
is the basis for improving the
improvement of the quality indicators
of roasting. In this regard, in order to
study the ongoing physicochemical
transformations during the roasting
process and identify the reasons
that prevent the extraction of gold

in the subsequent leaching with
cyanide solutions, a study was made
of the behavior of the constituent
components of the sample taken
from the sorption cyanidation
tailings subject to oxidative roasting.
The studies were carried out
comprehensively in the temperature
range of 200-800°C step by step,
every 50°C, using modern physical
and chemical methods, including
DTA (differential thermal analysis-
derivatography), IR spectroscopy,
RA (X-ray phase analysis), SEM
(scanning electron microscopy).

A mineralogical study is a critical
and integral aspect of any pre-feasibility
study, as well as one of the quality
control measures during the process

!Baudouin A.Ya., Fokina S.B., Petrov G.V., Serebryakov M.A. Modern hydrometallurgical technologies for processing resistant gold-containing raw materials.
/ Modern problems of science and education. — 2014. Electronic resource: https://www.science-education.ru/ru/article/view?id=15619 (in Russian)
’Sanakulov K.S., Ergashev U.A., Dobersek A., Wotzka N., Mishina O. Industrial plant for oxidative roasting of gold sorption leaching tailings.
— 2021. Electronic resource: https://zolteh.ru/technology equipment/promyshlennaya_ustanovka_okislitelnogo _obzhiga khvostov_sorbtsionnogo
vyshchelachivaniya_zolota/ (in Russian)
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Table 1

Weight percentages of minerals in a KEMIX sample calculated
by the Rietveld method

Kecme 1

Rietveld aoicimen ecenmenzen KEMIX ynzicindezi munepanoapouiy
CATMAKMbIK NATIbI3bL

Ta6auua 1

Maccoevie npouenmul munepanog ¢ oopazuye KEMIX, paccuumannuie
no memooy Pumeenvoa

Mineral Content, % RSO, %
Quartz 30.9 0.4
Gypsum 1.6 0.1
CaS0, 1.5 0.1
Pyrite 3.8 0.1
Arsenopyrite 0.6 0.1
Chlorite 34 0.2
Muscovite/Illit 30.5 0.3
Albite 7.3 0.2
Tio, 1.9 0.1
Calcite 1.9 0.1
Jarosite 33 0.1
Graphite (3R) 2.2 0.5
CaSO, % 0.625(0.5)H,0O (bassanite) 5.2 0.1
Shabazit 1.7 0.1
Kaolinite 4.4 0.2

optimization phase. The mineralogical
composition must be considered
together with the results of the
metallurgical testing program to ensure
that the statements and justifications
of the research results are valid.

To  determine the  mineral
composition of the studied sample, the
method of powder X-ray diffraction
analysis was used. This method is
based on the phenomenon of X-ray
diffraction on the three-dimensional
crystal lattice of minerals [4, 5].

The study of the mineralogical
composition of the sample was
carried out on a Panalytical Empyrean
diffractometer using a «Scintillation»
detector. Quantitative X-ray phase
analysis will be performed by the
Rietveld method on the software
«Profex — Open source XRD and
Reitveld Refinement» [6].

Infrared spectroscopy is based on
the interaction of infrared radiation
with substances. When infrared
radiation is passed through a substance,
vibrational movements of molecules
or their individual fragments are
excited. In this case, a decrease in the

intensity of light transmitted through
the sample is observed. However,
absorption does not occur over
theentirespectrumofincidentradiation,
but only at those wavelengths whose
energy corresponds to the excitation
energies of vibrations in the molecules
under study. Infrared spectroscopy
is a valuable analytical method and
is used to study the structure of organic
molecules, inorganic and coordination,
as well as high-molecular ones. The
infrared spectra of the samples were
obtained using a Nicolet Continuum
FTIR microscope (Thermo Fisher
Scientific, USA) in the range
from 450 cm ! to 2200 cm ..
Scanning electron microscopy is one
of the most widely used for diagnosing
nanomaterials and nanostructures.
SEM allows one to simultaneously
study the size and shape of grains, the
size distribution of grains and phases,
determine the composition of the
phase and the distribution of chemical
elements over its area and over the area
of the sample under study, and also
obtain an image of an object in a wide
range of magnifications in secondary
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and reflected electrons. SEM analysis
of samples was carried out in the
low vacuum mode of a scanning
electron microscope, which makes it
possible to analyze carbon particles in
samples. For imaging, a backscattered
electron detector was used.

The study of the behavior of

individual substances and sample
compositions under conditions of
programmed heating was carried

out by thermogravimetric methods
of analysis (TG and DTG) and by
scanning calorimetry (DSC). The
thermogravimetry (TG) method makes
it possible to record the mass loss
of a substance during heating. The
essence of this method lies in the
periodic or continuous weighing
of a sample of the test substance in
the process of heating using special
balances. The method of differential
thermogravimetry (DTG) makes it
possible to determine the rate of change
in the mass of a sample upon heating.

Results and Discussion

Research on a detailed study of
physical and chemical transformations
in the temperature range from
200°C to 800°C makes it possible
to purposefully influence the course
of the roasting process, making it
possible to prevent factors affecting
the disclosure of gold particles and
its encapsulation during the roasting
process, thereby improving the quality
of the resulting calcine .

The powder X-ray diffraction
pattern of the studied sample is shown
in Figure 1, and the semi-quantitative
mass percentages of minerals obtained
as a result of the refinement by the
Rietveld method of the powder X-ray
diffraction pattern are shown in table 1.

As can be seen from Table 1, the
sample contains pyrite, arsenopyrite,
and possibly carbonaceous material
as gold minerals. The total amount
of pyrite and arsenopyrite in the
sample is calculated as 4.4%. The
presence of these minerals allows
us to conclude that pyrite is not
completely oxidized.

We can also observe the presence
of calcium sulphate minerals (gypsum,
anhydride and bassanite) and the
mineral jarosite (total 3.3%), which
are identified as minerals determining
the persistence of the biooxidation
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Table 2
Semi-quantitative elemental analysis from the sample surface focused on sulfide minerals
at up to 1200x magnification
Kecme 2
1200 ece ynxeimy Ke3inoe cyibuomi munepanoapza 0a2elmmanzan yazi 6emineHn Hcapmoliai
CaHObIK IIeEMEHMMIK manoay
Tabauya 2

Ilonykonuuecmeennblil I1eMeHMHbLIL AHATIU3 C HOBEPXHOCMU 00PA3UA C AKUEHMOM
Ha cyavuonvie munepanvt npu yeeauuenuu 00 1200x

Element | Weight, % | Sigma Wt, % —~ -
il B Cyrmaphsiii cnexTp kaprel
o 44.58 0.04 - W% o
Si 17.04 0.02 e 446 00
S 170 00
S 8.43 0.01 &5 84 00
Al 7.86 0.01 - 79 0.0
5 6.1 0.0
Fe 6.14 0.01 £ 5 o
C 4.92 0.07 - 47 00
Ca 4.73 0.01 E S
— 1.2 0.0
K 3.06 0.01 - 08 00
Mg 1.19 0.01 - L 0.0
: E 03 0.0
Ti 0.78 0.01 5 01 0.0
Na 0.66 0.01 = Zn Zn' As| As Powered by Tru-Q®
AS 031 001 :_Il]l||||||]l||[||||l|l|l|I|Ijl|k|l|l]l|l|
Zn 0.10 0.01 ' 2 ' L
Cu 0.09 0.01
Cl 0.05 0.00
P 0.04 0.00
Mn 0.04 0.01
Total 100.00
product. Jarosite induces the greatest 1xy data 1 i dta
resistance by forming a thin film P ' Q ' ' - e Yo
layer around pyrite and arsenopyrite, p—
thus blocking bacterial access to the — ],
surface of these minerals, and by so000} —-
encapsulating fine gold particles % — Ef‘m b2
within its matrix. Quartz, muscovite, —
albite, chlorite, chabazite, kaolinite, 40000 — 0
rutile, pyrite, arsenopyrite and . —
graphite are ore minerals. Calcite and § — -
all sulphate minerals are the result 8 oo Py Py T artapn21 (w4
of oxidation of sulphide minerals % iy I
and subsequent neutralization with K
calcite and an increase in the pH oo Q &
of the medium using lime. Q
To obtain more detailed information il Py
about the number of elements on A 0 5
the surface of the sample, elemental n '
analysis was carried out on a scanning 0
electron microscope (table 2). S U—VIN. W'Y y At
Elemental maps of SEM analysis I
Showed that Sulfur IS aSSOClated either 10500 20100 30:00 40.‘00 50:00 60j00 70‘.00 SOjOO 90.00
with the Ca-forming mineral CaSO, ikGincBonsanglel i)
(gypsum, gypsum, hemihydrate or Figure. 1. Powder diffraction pattern of a KEMIX sample.
anhydrite), or with the Fe-forming — Cyper. 1. KEMIX yariciHiH YHTaKTbhI AM(ppaKIHUJIBIK YJrici.
mainly arsenopyrite, the particle size Puc. 1. ITopomkoBas nudpakrorpamma oopasua KEMIX.
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of which is about 25 microns. Longer
X-ray spectrum collection along with
higher electrical current (2 nanoamps)
results in improved signal from arsenic
as well as signal from gold associated
with arsenic in the sulfide mineral. We
can also observe rather small sulfide
minerals, less than 5 microns. At this
magnification, many small carbon
particles, about 5 microns in size or
less, can be observed. Other minerals
are associations of silicon, aluminium,
potassium, magnesium, sodium,
magnesium and titanium, which we
can refer to as quartz, muscovite,
albite, chlorite and rutile.

An analysis of the main trans-
formations during sample roasting
at temperatures from 200°C to
800°C with an interval of 50°C
shows that the oxidation of pyrite
and arsenopyrite is the main thermal
process that can affect the recovery
of gold in the sample. Dehydration of
calcium sulfate minerals does not lead
to the formation of larger aggregates
as a result of water loss. The kaolinite
and chlorite minerals also weaken
interlayer water molecules within the
crystal structure and are unlikely to
trap gold particles within their matrix.

The phase transition of quartz from
alpha to beta form includes centering
and increasing the symmetry of atoms
within the same crystallographic
structure and does not include the
destruction and formation of new
minerals. Roasting the carbon particles
should only increase the recovery of
gold from the samples.

For the above reasons, the main
interest in the study was to identify
the minerals formed during pyrite/
arsenopyrite roasting and which
minerals are associated with sulfur
and arsenic, and to investigate if any
of these minerals interfere with gold
extraction during the roasting process.

Raise temperatures of the beginning
of  pyrite/arsenopyrite  oxidation
with increasing heating rate can be
explained by the lack of oxygen
corresponding to the heating rate.
For these reasons, it is best to use a
rate of 5°C/min as a reference for
determining the roasting temperatures
of arsenopyrite and pyrite.

In samples, the onset of oxidation
is observed at temperatures between

300°C and 350°C, pyrite/arsenopyrite
is completely oxidized at temperatures
below 500°C, while only 0.3% pyrite is
observed in the X-ray powder diffraction
experiment (semi-quantitative). which
is probably the result of introducing
additional air into the kiln and stirring
the samples during the experiment.

In an X-ray diffraction experiment
with heating in situ, the oxidation of
arsenopyrite/pyrite starts at 400°C to
450°C, and is completely oxidized
below 500°C. Heating the sample
from the bottom of the 0.1 mm thick
sample and collecting data from
the top of the sample could explain
the reason for the higher oxidation
initiation temperatures for pyrite/
arsenopyrite in this setup.

Arsenopyrite and arsenian pyrites
decompose to volatilize arsenic, which
absorbs heat and leaves behind. The
arsenic vapor then diffuses to the outer
perimeter, where it reacts with oxygen
to form As, O, (g) and releases heat [7].

FeS, — FeS + 8. 1)
4FeAsS — 4FeS + As,.  (2)

Arsenic and sulfur are released
as a result of exothermic reactions
from decomposition oxides along
the outer perimeter of the grains.
Reaction areas below:

§+0,—S0,,,,- 3)
As,+30,— 45,0, .. (4

Ideally, pyrrhotite is oxidized
to magnetite, and magnetite is
further oxidized to hematite,
following the reactions:

3FeS +50,— Fe O,+ 380, . (5

4Fe,0,+ 0, — 6Fe,0. (6)

Reaction between arsenic effluent gas
phase and iron oxide interfaces to form
non-porous iron arsenate or iron arsenite.
Based on roasting studies of typical roast
leach tailings at Barrick's Goldstrike,
it was concluded that in a highly
oxidizing environment in low climates,
arsenic could potentially be trapped
as non-porous iron arsenate (FedsO,)
or iron pyroarsenite (Fe,AsO;). The
resulting 4s,0, can further react with
Fe,0, or CaCO, or CaO in the sample
to form FedsO, and Ca,(4AsO,), as
shown in the reactions below [8].

As5,0,+20,— 2450,  (7)
Fe,0,+ As,0, — 2FedsO, (8)
6CaCO,+345,0,— 2Ca(As0,),+ 6CO, (9
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Iron and calcium compounds with
a high content of arsenic were observed
in samples prepared at temperatures
of 650°C and above.

Raise temperatures of the beginning
of  pyrite/arsenopyrite  oxidation
with increasing heating rate can be
explained by the lack of oxygen
corresponding to the heating rate.
For these reasons, it is best to use a
rate of 5°C/min as a reference for
determining the roasting temperatures
of arsenopyrite and pyrite.

Analysis of samples fired from
200°C to 800°C shows the formation
of maghemite and hematite as the main
products of the oxidation process.
Arsenic is evenly distributed in the
sample, with the ratio of iron to arsenic
in most samples being approximately
12:1 when analyzed from the entire
surface of the sample, and the ratio
of iron to arsenic can reach 56:1
when measured from the surface of
iron oxide particles in samples with
temperatures above 500°C. Iron
arsenate and calcium arsenate have
been observed in samples prepared
at 650°C and above.

Fourier transform infrared
spectroscopy has been instrumental
in identifying the formation of the
mineral maghemite by roasting.
Optical microscopy used during
measurements inmicro-infrared
showed that colorless minerals such
as calcium sulfate, quartz, and others
were coated with a very thin layer
of hematite, giving them a red-
brown color under the microscope.
This also explains the change in
color of the sample.

According to [9] maghemite, an
intermediate oxidation phase between
magnetite and hematite, is considered
the main carrier of gold, present both
as liberated particles and as small
(10 pm) inclusions in gangue minerals,
demonstrated that maghemite is
massive and immune to cyanidation.
Gold in maghemite tends to remain
solid in solution, which correlates
with elevated arsenic concentrations.
Incomplete oxidation, as evidenced
by the residual ore structure of the
pyrite inclusions in the gangue,
also contributes to the formation
of the remaining solid gold in the
pyrite, as does pyrite. During a study




[TepepaOoTKa mOME3HBIX HCKOMAEMBIX

of the Barrick Goldstrike roasting Conclusions constituent components of a sample of
products, they showed that 50% Thus, the studies carried out sorption cyanidation tailings subject
of the unrecovered gold was left with in the temperature range made it to oxidative roasting and to identify
maghemite particles. possible to study the behavior of the possible causes of gold encapsulation.
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