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ABSTRACT

In this article, rhenium’s distinct physicochemical characteristics, which make it essential for
petrochemistry, electrical technology, rocket and aviation engineering, and the manufacturing of
catalysts and high-precision tools, account for the metal's rising demand. The main source of
rhenium at JSC "Almalyk MMC" is the off-gases produced when molybdenum concentrates are
roasted, where rhenium is mostly found as Re:07. High selectivity and overall efficiency are
ensured by optimizing the process parameters at each of the multiple subsequent technical
Received: January 21, 2026 phases involved in rhenium recovery. Perrhenate sorption is less efficient when organic
Peer-reviewed: February 27, 2026 molecules and Mn?* and Cu?* ions are present in the process fluids. Oxidative-precipitation
Accepted: April 08, 2026 techniques were used for the first purification: Mn ions were oxidized and precipitated using
potassium permanganate, and Cu?+ ions were selectively precipitated using an ammonium
sulfide solution (NH4).S. ICP-OES was used to assess the composition of the solutions, while SEM
and EDS were used to examine the roasting gas-dust products. Using contemporary analytical
methods, a thorough investigation of the relevant phases of selective purification was conducted
for the first time at JSC "Almalyk MMC." It was shown that treating the solutions with KMnO4
and (NHa)2S efficiently eliminates interfering elements without causing rhenium or molybdenum
losses, thereby creating ideal conditions for the sorption of perrhenate ions later on. Manganese
and copper concentrations dropped from 1.44 to 0.0039 and 2.68 to 0.0036 g/I, respectively,
demonstrating the great purification process efficiency. Rhenium and molybdenum
concentrations did not alter during these phases, suggesting that they were fully preserved.
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Introduction electrical engineering, petrochemistry, and in the

production of catalysts and precision tools [[1], [2],

The unique physicochemical properties and  [3], [4], [5]]. The primary industrial source of
high thermal stability of rhenium determine its rhenium is the off-gases generated during the
wide application in rocket engineering, aviation, roasting  of  sulfide  copper-molybdenum
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concentrates (MoS;), in  which rhenium is
predominantly present in the form of Re,0; [[6],
[71, [8], [9], [10], [11]]. Industrial recovery of
rhenium involves several sequential technological
stages, each requiring careful optimization of
process parameters to ensure high selectivity and
economic efficiency [[12], [13], [14], [15], [16]].

At JSC “Almalyk MMC,” copper—molybdenum
ores are processed by flotation [[17], [18], [19],
[20]], producing sulfide copper and molybdenum
concentrates. The initial processing stage includes
oxidative roasting of molybdenum sulfide
concentrates in electric tubular rotary furnaces at
temperatures of 600-650 °C to convert sulfides
before the subsequent leaching stage [21]. During
roasting, molybdenum disulfide is oxidized to
molybdenum trioxide according to the reaction:

MoS; + 3.50, - MoOs; + 250,

Simultaneously, rhenium sulfides are oxidized
to volatile rhenium oxides, predominantly Re,05:

Re,S; + 10.50; - Re,07 + 750,

The off-gases generated during roasting contain
sulfur dioxide and other volatile components, as
well as minor amounts of sublimated oxides of
rhenium and molybdenum [[22], [23]].

These gases undergo multi-stage purification
using dry dust-collection systems followed by wet
scrubbing units before being directed to sulfuric
acid production [24]. As a result, acidic
technological solutions enriched with rhenium are
formed [[25], [26], [27], [28]]. During wet gas
cleaning, dust particles are transferred into the
scrubber slurry (cake), which is subsequently
collected and stored as technogenic waste.
However, the high acidity, complex chemical
composition, and unfavorable physicochemical
characteristics of this material, including high
moisture content and poor filterability, complicate
its comprehensive processing and limit its
economic utilization.

Acidic scrubber solutions typically contain a
range of impurity ions that may interfere with
downstream hydrometallurgical processes. In
particular, the presence of transition metals such as
manganese, copper, and iron can influence solution

Table 1 - Chemical composition of molybdenum cake, %

chemistry, promote competing reactions, and
reduce the efficiency of subsequent recovery
stages.  Therefore, preliminary  purification
represents an important step in preparing
technological solutions for further processing.

Oxidative—precipitation methods are widely
used in hydrometallurgy for the removal of
interfering components due to their operational
simplicity, technological reliability, and
compatibility with strongly acidic media. Their
application to complex technogenic solutions
requires careful evaluation of purification efficiency
and the behavior of valuable components during
treatment.

This study aims to evaluate the effectiveness of
oxidative precipitation purification for the targeted
removal of interfering ions from acidic scrubber
solutions before downstream recovery processes
under the conditions of JSC “Almalyk MMC.”

This study presents one of the first systematic
assessments of oxidative precipitation purification
performed under highly acidic industrial conditions
(~300 g/L H,S0,4), where the behavior of impurity
ions differs substantially from that observed in
conventional laboratory systems.

Selection and Characterization of Research
Objects

Before the experimental work, the
compositions of process gases, dust, and
technological solutions formed during the roasting
of molybdenum concentrates were analyzed to
identify the primary sources of rhenium and
associated impurity elements. Particular attention
was given to the molybdenum-containing cake
generated at the wet gas-cleaning stage, since its
interaction with the scrubbing medium leads to the
formation of acidic solutions subsequently
subjected to purification.

The chemical composition of the molybdenum-
containing cake is presented in Table 1. The
analytical results indicate that the cake contains not
only molybdenum and rhenium but also significant
amounts of silicon, iron, copper, and other
elements that may transfer into the liquid phase
during wet gas treatment.

Product (%) Mo Re SiO2 Fe Cu Zn Au (g/t) Ag (g/t)
Cake 1 41.1 | 0.025 26.14 4.92 0.01 1.7 17.6 48.76
Cake 2 39.8 0.08 24.1 4.06 0.02 1.5 18.2 42.00
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The composition of gases and entrained dust
produced during the roasting of molybdenum
concentrate was also examined to better
understand the origin of both valuable components
and impurity ions in the scrubber solutions. Figure 1
shows a scanning electron microscope image of wet
molybdenum dust, confirming the presence of fine
particles capable of entering the scrubbing system
and influencing the chemical composition of the
resulting technological solutions.

Materials and Methods

Scrubber solutions collected from the industrial
wet gas-cleaning system during the roasting of
molybdenum concentrates at JSC “Almalyk MMC”
were used as the primary research material. Prior
to the experiments, the solutions were filtered
through paper filters to remove suspended solids.

The technological solutions were characterized
by a high sulfuric acid concentration (up to
approximately 300 g/L), ensuring strongly acidic
conditions throughout the experiments. The
volumes of reagents used during purification were
insufficient to cause significant dilution or
neutralization; therefore, the solution remained
strongly acidic during all treatment stages.

Purification Procedure

Selective purification was carried out in two
sequential stages.

At the first stage, the pre-filtered solution was
heated to 92 °C and treated with a 0.5 M potassium
permanganate (KMnQ,) solution. The mixture was
stirred using an electric mechanical stirrer at a
speed of 200 rpm for 40 minutes to promote

oxidation and precipitation of interfering ions. After
completion of the reaction, the solution was cooled
to room temperature and filtered to remove the
formed precipitate.

At the second stage, the filtrate was treated
with a 0.1 M ammonium sulfide ((NH4),S) solution
and stirred at 200 rpm for 20 minutes to facilitate
the precipitation of copper ions. The resulting light-
colored suspension was separated by paper
filtration, yielding a clarified solution suitable for
subsequent sorption processes.

Owing to the high initial sulfuric acid
concentration (~300 g/L), the reagent volumes did
not cause significant dilution or neutralization, and
the solution remained strongly acidic throughout
the purification process.

The purification procedure was repeated five
times under identical conditions, and the reported
results represent averaged values.

Analytical Methods

The morphology and elemental composition of
solid particles were examined using scanning
electron microscopy (SEM) coupled with energy-
dispersive spectroscopy (EDS).

The chemical composition of the technological
solutions before and after purification was
determined by inductively coupled plasma optical
emission spectrometry (ICP-OES).

Results

The analysis of off-gases and dust generated
during  molybdenum  concentrate  roasting
confirmed their role as the primary source of
rhenium and associated impurity elements entering
the scrubber solutions (Table 2, Fig. 1).

Table 2 - Composition and characteristics of off-gases and dust generated during molybdenum concentrate roasting

Parameters of off-gases Value Unit
Oxygen flow rate Vo 565,8 m3/h
Gas temperature T 140 °C

Dust loading z 3500 g/m3
=5 20%
5-10 22%

Dust particle size d, pm:

10-20 24%
20-40 16%
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Fig. 1 - Composition of off-gases and dust contributing to the formation of scrubber solutions
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Fig. 3 - SEM images and EDS spectra of dust particles formed during molybdenum concentrate roasting.

SEM-EDS analysis revealed the presence of fine
dust particles generated during the roasting of
molybdenum concentrate. The particles exhibited
heterogeneous  morphology, indicating the
entrainment of oxide phases from the high-
temperature zone. Elemental spectra indicated the
presence of Mo, S, O, Si, Fe, and trace amounts of

rhenium, suggesting the transport of oxidized
rhenium species into the dust phase. These
observations support the role of roasting dust as a
carrier of rhenium into the gas-cleaning system.
These observations are consistent with the transfer
of volatile rhenium species into the gas-cleaning
system during concentrate roasting.
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Fig. 4 - EDS spectra indicating the elemental composition of roasting dust particles.
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Fig. 5 - Changes in Fe®* ion concentration during
KMnO, treatment.

The presence of competing ions in strongly
acidic technological solutions may negatively affect
downstream recovery processes by occupying
active sites of anion-exchange sorbents. Therefore,
the removal or reduction of such components’
during pretreatment is considered an important
step in preparing solutions for further processing.

Scrubber solution samples were subjected to a
two-stage  oxidative—precipitation  purification.
Treatment with potassium permanganate resulted
in the oxidation of Fe?* to Fe®*, while Mn?* was
converted into insoluble MnQ,, forming a colloidal
precipitate that was subsequently removed by
filtration. As a result, 21.9% of iron and 99.7% of
manganese were removed (Figs. 5 and 6). The
oxidation and precipitation processes can be
described by the following reactions:

5Fe?* + MnO4~ + 8H" > 5Fe® + Mn?* + 4H,0
3Mn?* + 2MnO4~ + 2H,0 = 5Mn0,l + 4H*

Fig. 6 - Changes in Mn?* ion concentration during
KMnO, treatment.

The limited removal of iron is attributed to the
high stability of Fe3* sulfate complexes in strongly
acidic media, where iron predominantly remains in
soluble form.

Equilibrium modeling was performed using
Visual MINTEQ 3.1 to evaluate the speciation
behavior of iron and manganese in strongly acidic
sulfate media. The initial concentrations of the
technological solution constituents (Table 4),
together with the sulfuric acid concentration and
temperature (25 °C), were wused as input
parameters. Modeling results (Fig. 7) indicate that
under strongly acidic conditions, Fe3*
predominantly exists as soluble sulfate complexes
(FeSO4* and Fe(SO4);™), whereas Mn? is mainly
stabilized as MnSQO4(aq). Under oxidizing conditions,
manganese forms insoluble MnO,, explaining the
high degree of manganese removal observed
experimentally.

—122
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Fig. 7 - Distribution of iron and manganese species as a function of pH (0-2), calculated using Visual MINTEQ.

Table 4 - Elemental composition determined by ICP-OES (Thermo Scientific iCAP Pro)

Element Initial solution (g/L) Purified solution (g/L)
Nickel (Ni) 0.004 0.004
Iron (Fe) 2.01 1.57
Manganese (Mn) 1.44 0.0039
Rhenium (Re) 0.51 0.51
Molybdenum (Mo) 15.85 16.19
Vanadium (V) 0.019 0.019
Copper (Cu) 2.68 0.0036

At the second purification stage, treatment
with ammonium sulfide precipitated Cu?* ions as
CuS, achieving a copper removal efficiency of
approximately 95-100%, as confirmed by ICP-OES
analysis and supported by equilibrium modeling.

The elemental composition of the initial and
purified solutions was determined using ICP-OES
(Thermo Scientific iCAP Pro, USA), and the results
are presented in Table 4.

The results presented in Table 4 demonstrate a
substantial reduction in the concentrations of
major impurity ions following purification,
particularly manganese and copper. Manganese
concentration decreased from 1.44 g/L to 0.0039
g/L, while copper was reduced from 2.68 g/L to
0.0036 g/L, confirming the high efficiency of the
oxidative—precipitation process.

The  concentrations of  rhenium  and
molybdenum remained essentially unchanged,
indicating the absence of valuable metal losses
during treatment. The slight increase in
molybdenum concentration is within the analytical

uncertainty of the ICP-OES method and does not
indicate actual enrichment.

These findings confirm the effectiveness of
oxidative precipitation treatment for removing
interfering components from strongly acidic
technological solutions while preserving valuable
metals in the liquid phase.

Conclusion

Technological solutions obtained during the
processing of molybdenum concentrates at JSC
“Almalyk MMC” require preliminary purification to
remove interfering components prior to
downstream recovery stages. The results of this
study demonstrate that oxidative precipitation
treatment using potassium permanganate and
ammonium sulfide effectively reduces the
concentrations of major impurity ions, particularly
copper and manganese. Copper concentration
decreased from 2.68 g/L to 0.0036 g/L, while
manganese was reduced from 1.44 g/L to 0.0039

g/L.
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SEM-EDS analysis confirmed the presence of
oxidized rhenium species and molybdenum-
containing phases in the dust particles formed
during concentrate roasting. The purification
process did not result in detectable losses of
rhenium and preserved valuable metals in the
liquid phase.

These findings indicate that oxidative
precipitation treatment represents an effective and
technologically applicable approach for improving
the chemical composition of strongly acidic process
solutions by removing interfering ions while
maintaining the stability of valuable components.
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Anmanbik TKMK AK kafgaibiHAa peHuiiai copbuuanbik onmeH 6enin any
anpblHAA TEXHONOTUANDIK epiTiHginepai metann MoOHAApPbIHAH Ta3apTy

'Asusosa X.M., 2Yecmankynos O.H., 3Kattaes H.T., *Kaapiposa 3.LL., *Aky6os M.M., 3Ak6apos X.U.

1 Anmarnelk MeMaeKkemmik MexHUKanbIK UHCMumymeol, AamansiK, ©36ekcmaH
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4 @36ex-KanoH xacmap UHHOBAUUAbLIK 0pmMasbiFbl, TawkeHm, 836ekcmaH
> ¥1mmbIK FblabIM HaHEe mexHonozuanap yHueepcumemi MISIS, Aamaneik punuanel, ©36exkcma

AHHOTAUMUA
Byn makanasa peHuiAiH, epexiie (pU3NKaIbIK KoHEe XUMUSIBIK KaCHeTTepiH KapacThIPBII, MyHa-
XUMUACBHL, 3/IEKTP TEXHUKAchl, 3biMblpaH »KdHE aBMaLMA TEXHWUKACbIHZA, COHAaW-aK

KaTann3aTop/iap MEeH »KOofapbl ADNAIKTEri Kypanaap eHAipici yWiH aca MaHbi3abl eTeTiH epeKkLe
dU3NKa-XMMUANBIK KacueTTepiHe 6alinaHbICTbl OCBI  METallFa JIEreH CYPaHBICTHIH apTbin Kesne
JKaTKaHbl KapacTtbipblnagpl.«Anmansik TKMK» AK -ma  peHwWgiH, Herisri Kesi  monubaeH
KOHLLeHTPATTapblH KyWAipy KesiHge TysineTiH TyTiH rasgap OoJbln TaObUIAZBI, MyHAQ PEHUM
HerisiHeH Re,0; TypiHAe Oomaxsl. Penwiigi 6enin any bipHelle TEXHHKANBIK Ke3eHIEPICH
TYpaTbIHABIKTAH, MPOLECTiH, 9pbip caTbicbiHAaFbl MapameTpnepsi OHTalNaHAbIPY apKBUIBI
JKOFapbl CENEKTUBTINIK MeH Kainbl TMIMAINIKKE KOJ JKeTKi3iieai. TeXHONOrMANbIK epiTiHginepae

Makana kengi: 21 kaimap 2026
CapantamagaH eTTi: 27 aknaH 2026
Kabbinganapl: 08 cayip 2026

OpraHuKasblK Mosekyigamap MeH Mn?* asHe Cu®** uoHgapbl  OoiFaH Kesje meppeHar
COpOUMSACHIHBIH THIMIIII ToMeH Ooylaigbl. A/fallKbl TasapTy YLWIiH TOTbIFY-TYHABIPY dAicTepi
KoNAaHbnapl:  Mn  MoHAapbl
TYHABIPbIAABI, an Cu?* noHaapbl aMMoHuit cynbduai (NH,),S epiTiHAiciH maiigananbin ceneKTUBTI

Kanui  NepMaHraHaTbiHblH,  KOMEriMeH  TOTbIKTbIPbI/IbIM
TYpAE TYHABIPY Kypri3inai. EpitiHainepaiH KypambiH 6afanay ywiH ICP-OES agici, an kyihgipy
KesiHgeri ra3-To3aH eHimzaepiH 3epTTey ywiH SEM kaHe EDS aaicTepi nanganaHbingsl. 3amaHaym
AHAZIMTUKANDBIK, d4icTepAi KongaHa oTblpbin, «Anmanbik TKMK» AK KafgalbiHAA CeNeKTUBTI
Ta3apTyAblH TUICTi Ke3eHAepiHe anfall peT KaH-KaKTbl 3epTTey Kyprisingi. EpitiHginepai KMnO,4
oHe (NHa),S peareHTTepiMeH oeHAOey peHuli MeH MOAUBAEHHIH, LWbIFbIHBIHCLI3 Keaepri
KeNTipeTiH Kocnanapabl TUIMAI TypAe KOATbIHAbIFbI, COHbIH, HITUXKECiHA4Ee KeWiHri neppeHaTt
MOHAAPbIHbIH, COPBLMACHI YIWIH OHTaMAbLI KaFhannap »KacanatbiHbl KepceTingi. MapraHew neH
MbIC KOHUeHTpaumachl colikecinme 1,44-teH 0,0039 r/n-ra geitin xaHe 2,68-aeH 0,0036 r/n-re
AediH TemeHgeni, Oyl TasapTy NpoueciHiH *ofapbl TimainiriH aanenpeiai. byn dazanapaa
peHuit MeH MONMBAEH KOHLEHTPALMACHI ©3reH JKOK, 6yn onapAblH TOMbIK CaKTanfaHblH
KepceTtes,.

TyliiH ce30ep: copbyus, ICP-OES, SEM, EDS, momebify-myHObIpy apKbiabl eHOey, moauboeH,
peHull, cenekmusmi masapmy.
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AHHOTAUMA
B 3TOi1 CTaTbe paccMaTpPMBatOTCA 0COBblE PU3NKO-XMMUUECKME XapPaKTEPUCTUKU PEHMSA, KOTOPbIe

AeNaloT ero HesameHUMbIM ANAa HepTEeXUMUM, INEKTPOTEXHUKWU, PAKETHOW M aBUALMOHHOM
TEXHUKM, a TaKXKe ONA MPOM3BOACTBA KATa/NM3aTOPOB M BbICOKOTOYHbIX MHCTPYMEHTOB, YTO
06bACHAET pacTyWmMit cnpoc Ha 3TOT MeTasn. OCHOBHbIM MCTOMHMKOM peHua Ha AO
"Anmanbikckuii TMK" asasoTca oTxogawme rasbl, obpasytowmeca npu ob»kure moambaeHoBbIX
KOHLLEHTPATOB, rAe pPeHWi B OCHOBHOM coaepuTca B Buae Re:07. BbicOKasa cenekTMBHOCTb U
obwasn adpdeKkTMBHOCTL obecneymBaloTcs 3a CYET ONTUMM3ALMM MapameTpoB npouecca Ha
KaXAOM M3 MHOECTBa NOCNeAyoWmUX TEXHUYECKUX 3TAnoB, CBA3AHHbIX C U3BIEYEHUEM PEeHUA.
Copbums neppeHata meHee 3GbEKTUBHA, KOrAa B TEXHONOTMYECKUX KUAKOCTAX MPUCYTCTBYIOT
opraHuMYecKkne MONEKY/bl U MOHbI Mn?* u Cu®*. [QnA nepBOi OYMCTKM BblIM MCMONb30BaHbI
MeToAbl OKUC/IUTENIbHOTO OCAaXKAEHWA: WMOHbI MapraHua O6biin OKUCNEHbl W OCaXKAEHbl C
MCNONb30BaHMEM MepMaHraHata Kaaus, a MoHbl Cu?* 6biaM  BbIBOPOYHO OCANKAEHLI C
ncnosnb3oBaHnem pactsopa cyibduga ammonusa (NHa)2S. ICP-OES Mcnonb3oBanu ANs OLEHKM
cOoCTaBa pacTBopos, B TO BpemAa Kak SEM un EDS wucnonb3oBanucb AnA u3ydeHWsa cocTaBa
pacTBopoB. 06XUr ra3onblieBbix NPoayKToB. Brnepsble B ycnosuax AO "Anmanbikckuin TMK" ¢
MCNO/Ib30BaHMEM COBPEMEHHbIX aHa/IMTUYECKUX MeTogoB 6bino NpoBefAeHO TuiaTesbHoe
nccnenoBaHve NPUMEHUMbIX CTaAuiA CEeNeKTUBHOM OYMCTKU. Bblio nokasaHo, yto obpaboTka
pactBopoB KMnOa 1 (NHa)2S apdeKkTMBHO ycTpaHAET MeluatoLme 31eMeHTbl, He Bbi3blBas NoTepb
peHus u monnbaeHa, yto obecneumBaeT MAeanbHble YCAOBUA ANA Nocieayoulen copbuum
neppeHaT-MoHoB. KOHUEeHTpauun mapraHua u meam cHusmnmcb ¢ 1,44 po 0,0039 u c 2,68 po
0,0036 r/n COOTBETCTBEHHO, YTO CBMAETE/IbCTBYET O BbICOKOM 3G GEKTUBHOCTM NMPOLLECCA OUYUCTKM.
KoHUEeHTpauMmn peHna u monubaeHa He M3MEHAAUCb B TedeHue 3Tux ¢as, YTo nossonser
NpeAnon0XKMTb, YTO OHU NONHOCTbIO COXPAaHUIMUCH.

Kntouesvbie cnosa: copbuus, ICP-OES, SEM, EDS, oKMCIUTENbHO-BOCCTAaHOBUTENbHAA 06paboTKa,
MOANBAEH, PEHWUI U CeNeKTUBHANA OYUCTKA
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