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ABSTRACT

Industrial by-products generated during copper smelting are increasingly regarded as promising
secondary sources of strategically important and critical elements. Among such technogenic
materials, lead—bismuth sludge formed during wet gas cleaning of sulfur-bearing gases represents
a potentially valuable reservoir of selenium and tellurium. The present study provides a
comprehensive elemental assessment of lead—bismuth sludge obtained from the Almalyk Mining
and Metallurgical Complex (Uzbekistan). Prior to analysis, representative sludge samples were
subjected to acid digestion using freshly prepared aqua regia, followed by elemental
determination using inductively coupled plasma optical emission spectroscopy (ICP-OES).
Particular attention was devoted to the distribution behavior of selenium and tellurium due to
their technological importance as critical raw materials. The analytical results demonstrated that
the investigated sludge is characterized by a pronounced polymetallic composition dominated by
lead (20.0%), together with significant concentrations of iron (6.76%), copper (5.34%), and zinc
(4.40%). Tellurium was detected at a concentration of 0.33%, indicating its selective accumulation
in the lead—bismuth residue, whereas selenium was not detected under the selected analytical
conditions. Based on elemental composition data and thermodynamic considerations, the
investigated sludge may be considered a promising secondary source for tellurium recovery. The
obtained results contribute to understanding the physicochemical behavior of chalcogen elements
during copper smelting and wet gas-cleaning processes and may serve as a basis for the
development of integrated recycling approaches for technogenic metallurgical waste.
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Introduction

In recent years, waste generated during copper
smelting has attracted increasing attention not only
as an environmentally hazardous material, but also
as a potential secondary source of economically and
strategically important elements [[1], [2], [3], [4],
[5]]. Among such technogenic products, lead—

bismuth sludge formed during wet gas cleaning
represents a chemically complex polymetallic
system whose composition depends on the
mineralogical characteristics of raw materials and
the physicochemical conditions of pyrometallurgical
processing [[6], [7], [8]].

Particular interest has recently been directed
toward selenium and tellurium because these
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elements are classified as critical raw materials due
to the limited availability of primary deposits and
their growing demand in photovoltaic technologies,
thermoelectric materials, semiconductor
manufacturing, and advanced energy systems [[9],
[10], [11], [12]]. Copper smelting processes are
considered one of the major industrial sources of
secondary tellurium recovery because chalcogen
elements tend to redistribute into dusts, sludges,
and gas-cleaning products during high-temperature
processing [[13], [14], [15]].

Despite the growing industrial importance of
tellurium, reliable information concerning its
distribution in lead—bismuth sludge generated
during wet gas cleaning remains limited. Existing
studies indicate that selenium and tellurium exhibit
significantly different physicochemical behavior
under oxidizing smelting conditions, which directly
influences their volatility, phase stability, and
accumulation in technogenic products [[16], [17],
[18]].

Selenium is characterized by the formation of
volatile oxide compounds that can migrate with
process gases or transfer into liquid phases during
gas purification. In contrast, tellurium tends to form
more stable and less volatile compounds, favoring
its accumulation in condensed solid residues [19].
Consequently, the enrichment degree of selenium
and tellurium in individual waste streams may differ
substantially from values predicted solely from ore
composition [[20], [21]].

The growing demand for tellurium and other
critical elements significantly increases the
importance of identifying alternative secondary
resources suitable for their recovery [[22], [23]]. In
this context, technogenic products generated during
copper smelting may represent an important raw
material base for future extraction of valuable
elements.

Therefore, the present study is aimed at
evaluating the elemental composition of lead—
bismuth sludge obtained from the Almalyk Mining
and Metallurgical Complex (Uzbekistan), with
particular emphasis on the distribution behavior and
selective accumulation of tellurium in wet gas-
cleaning residues.

Experimental part

Lead—bismuth sludge samples investigated in
this study were obtained from the Almalyk Mining

and Metallurgical Complex (Uzbekistan). The
material represents a solid technogenic product
formed after wet gas cleaning of sulfur-bearing
gases generated during copper smelting operations.

Prior to analysis, the samples were dried under
laboratory conditions, homogenized, and
mechanically crushed to ensure representative
sampling. For preliminary characterization, two
independent subsamples (So) with a mass of
approximately 1000 g each were prepared. One
subsample was used for primary analytical
measurements, whereas the second was employed
to evaluate analytical reproducibility.

For elemental analysis, representative portions
of approximately 0.5-1.0 g were subjected to acid
digestion using freshly prepared aqua regia
(HCI:HNOs = 3:1). The digestion process was carried
out in glass vessels at approximately 90 °C for 1-2 h
under controlled laboratory conditions until
complete dissolution of the solid matrix was
achieved. After cooling, the obtained solutions were
diluted with distilled water to a final volume of 50
mL and filtered when necessary to remove residual
insoluble particles (Fig.1).

Figure 1 - Dissolved sample

The elemental composition of the prepared
solutions was determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES)
performed on a Genesis Spectrum ICP-OES
instrument. Calibration of the instrument was
carried out using standard reference solutions under
standard operating conditions. The analysis included
determination of major and trace elements, with
particular emphasis on selenium and tellurium as
critical elements of technological interest.

All measurements were performed in duplicate,
and analytical reproducibility was evaluated based
on repeated measurements of independently
prepared samples. The obtained analytical data
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demonstrated  satisfactory  repeatability  for
polymetallic technogenic materials. Element
concentrations are reported as mass percentages
(%).

Special attention was devoted to the
determination  of  selenium because its
concentration in the investigated sludge was close to
or below the instrumental detection limit under the
selected analytical conditions. The applied analytical
methodology allowed reliable determination of
tellurium and major accompanying elements in the
investigated technogenic residue.

Results and Discussion

The elemental composition of the investigated
lead—bismuth sludge was determined using ICP-OES
analysis (Fig.2). The obtained results confirmed the
pronounced polymetallic nature of the studied
technogenic material. The analytical data are
summarized in Table 1. Lead was identified as the
dominant component with a concentration of
approximately 20.0%, indicating its significant
accumulation in  the investigated residue.
Considerable concentrations of iron (6.76%), copper
(5.34%), and zinc (4.40%) were also detected,
reflecting the transfer of volatile metal compounds
and fine dispersed particles during copper smelting
and subsequent wet gas-cleaning processes.

Bismuth and antimony were detected at
concentrations of 0.20% and 0.34%, respectively,
while nickel was present only in trace quantities
(0.02%). The obtained results additionally confirmed
the presence of noble metals in the investigated
sludge. Palladium was detected at 0.003%, whereas
platinum was identified in minor quantities within
the analyzed material.

Particular attention was devoted to the
distribution behavior of selenium and tellurium
because these elements are considered
technologically important critical raw materials.
Tellurium was detected at a concentration of 0.33%,
indicating its selective accumulation in the lead-
bismuth sludge. In contrast, selenium was not
detected under the selected analytical conditions,
suggesting either its absence in the solid residue or
concentrations below the instrumental detection
limit.

Repeated measurements of independently
prepared subsamples demonstrated satisfactory
analytical reproducibility for the investigated
polymetallic material.
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Figure 2 - Representative emission spectra recorded
using a Genesis ICP-OES instrument

The obtained results demonstrate substantial
differences in the physicochemical behavior of
selenium and tellurium during copper smelting and
wet gas-cleaning processes. Despite their chemical
similarity, these elements exhibit different volatility
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and redistribution characteristics under oxidizing
high-temperature conditions.

According to previously published studies,
selenium is generally characterized by the formation
of more volatile compounds capable of transferring
into gaseous or liquid process streams during gas
purification. In contrast, tellurium demonstrates a
greater tendency toward accumulation in
condensed technogenic products generated during
copper smelting.

The observed enrichment of tellurium in the
investigated sludge indicates that wet gas-cleaning
residues may serve as important secondary
resources for tellurium recovery from metallurgical
waste. At the same time, the absence of detectable
selenium in the solid residue suggests its
redistribution into  alternative  technological
streams, including associated dusts and liquid gas-
cleaning products.

The present investigation was primarily focused
on elemental characterization of lead—bismuth
sludge using ICP-OES analysis. Therefore, additional
investigations involving X-ray diffraction (XRD),
scanning electron microscopy coupled with energy-
dispersive spectroscopy (SEM-EDS), and
mineralogical analysis are required for direct
identification of phase associations and distribution
forms of tellurium and accompanying elements in
the investigated technogenic material.

Behavior and Distribution of Elements in Lead—
Bismuth Sludge

The established elemental composition allows
evaluation of the possible distribution behavior of
elements in the investigated sludge, taking into
account their physicochemical properties and
previously published data concerning similar
technogenic materials [[24], [25], [26]]. The
obtained analytical results indicate that lead-
containing compounds represent a significant
component of the investigated residue formed
during wet gas cleaning of sulfur-bearing gases
generated in copper smelting processes.

The presence of bismuth together with elevated
lead concentrations indicates accumulation of these
elements in the solid fraction of the sludge. Earlier
studies have demonstrated that lead and bismuth
exhibit similar redistribution tendencies during
pyrometallurgical processing and subsequent gas-
cleaning operations. The measured tellurium
concentration (0.33%) indicates selective retention
of this element in the investigated technogenic

material. Previous investigations have shown that
tellurium demonstrates lower volatility under
oxidizing smelting conditions compared with
selenium, promoting its accumulation in condensed
metallurgical products. Iron, copper, and zinc
identified in the investigated sludge are associated
with transfer of volatile metal compounds and fine
dispersed particles during smelting and gas
purification processes. Their presence confirms the
polymetallic nature of the investigated residue.

The obtained results demonstrate substantial
differences in the distribution behavior of selenium
and tellurium during copper smelting and wet gas-
cleaning processes. Despite their chemical similarity,
these elements exhibit different redistribution
characteristics under high-temperature oxidizing
conditions. Selenium is generally characterized by
formation of more volatile compounds capable of
transferring into gaseous or liquid process streams
during gas purification. In contrast, tellurium
demonstrates a greater tendency toward
accumulation in condensed technogenic products
due to formation of relatively stable low-volatility
compounds. The observed enrichment of tellurium
in the investigated sludge indicates that wet gas-
cleaning residues may represent promising
secondary resources for tellurium recovery from
metallurgical waste.

The present investigation was primarily focused
on elemental characterization using ICP-OES
analysis. Therefore, additional investigations
involving X-ray diffraction (XRD), scanning electron
microscopy coupled with  energy-dispersive
spectroscopy (SEM-EDS), and mineralogical analysis
are required for direct confirmation of phase
composition and elemental associations in the
investigated technogenic material.

Implications for Secondary Resource Potential

The results of the analysis indicate that lead-
bismuth sludge formed during wet gas cleaning has
selective absorption capacity. It cannot be
considered a universal matrix for the simultaneous
concentration of selenium and tellurium.
Nevertheless, the measured concentration of
tellurium indicates that this man-made material is a
promising secondary resource for tellurium
extraction. The absence of selenium in the solid
residue confirms its predominant removal in
associated technological cycles. In this regard,
additional study of alternative flows in the smelting
and gas cleaning system is required to identify the
main accumulation zones of this element
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Table 1 - Elemental composition of lead—bismuth
technogenic sludge formed during wet gas cleaning

Element Content, %
Pb 20.00

Cu 5.34

Fe 6.76

Zn 4.40

Bi 0.20

Sb 0.34

Ni 0.02

Te 0.33

Se Not detected
Pd 0.003

Pt 1.11

Conclusions

This paper presents a detailed polymetallic
characterization of anthropogenic lead-bismuth slag
formed during copper smelting. The experimental
results confirm that the material under study is a
complex multicomponent system. Lead acts as the
main carrier matrix, associated with significant
concentrations of copper, iron, zinc, as well as a
number of impurities and trace elements. During the
study, a distinct selectivity in the distribution of
target components was observed. The tellurium
content was 0.33%, which confirms its preferential
accumulation in the lead-bismuth residue, while the
presence of selenium was not detected using the
analytical methods employed. These results reflect
fundamental differences in the physicochemical
behavior of selenium and tellurium during high-

temperature smelting and subsequent wet gas
cleaning.

Based on the data obtained on the elements and
previously published studies, it can be concluded
that tellurium in the sludge is mainly associated with
the oxide phases of lead and bismuth.

Due to its high volatility and increased migration
ability, selenium is redistributed into alternative
technological cycles. Thus, lead-bismuth sludge
exhibits selectivity and is not a universal medium for
the simultaneous concentration of both elements.

From a practical point of view, the man-made
material under study should be considered as a
promising secondary source of tellurium. At the
same time, for the effective utilization of selenium,
it is necessary to identify and study alternative areas
of its accumulation in the smelting and gas
purification system. The methodology used and the
data obtained allow for a more accurate assessment
of the value of secondary raw materials. This opens
up opportunities for the creation of rational
schemes for the utilization and processing of waste
generated during copper smelting.
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Tennypabl Mbic 6aNKbITy apKbiabl aNyaa KOPFACbIH-BUCMYT LWIaMbIHbIH,
Kapanaubim 6afanaybl

!TynaraHosa M., ! Matkapumos C., 1 Ucmaunnos XK., 2 MaTtkapumos 3., 3 Anamosa I’

TawkeHm memsaekemmik mexHUKasnelK yHueepcumemi, TawkeHm, 636ekcmat
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TYRIHAEME

KPUTUKaNbIK ~ 3N1EMEHTTepAiH

Mbic 6anKbITy KesiHae Ty3ineTiH ®HEepPKacinTiK KaHama eHimaep cTpaTernanblik MaHpl3abl KaHe

nepcnekTMBanbl eKiHWi peTTik Ke3aepi peTiHAe Xuipek

KapacTtbipbliyaa. OcblHOAW TexHOreHAiK matepuangapablH, 6ipi — KypambiHAQ KykipTi 6ap
rasgapAbl blAfangbl TasapTy KesiHAe Ty3iNeTiH KOpPFacblH-BUCMYT LWAAMbl, O/ CeNeH MeH
TEeNNYPAbIH 91eyeTTi KyHAbl Ke3i 601bin Tabblnaabl. byn 3epTrey AnManbiK Tay-KeH meTanayprus
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KOM6UMHaTbIHAA (O36eKCTaH) anblHFAH KOPFACbIH-BUCMYT LWAAMbIHbIH, 3/1IEMEHTTIK KypamblH
KeweHai 6afanay ycbiHbIAFaH. Tangay angblHAQ LWAAMHbIH, OKIN4IK  yarinepi  aHagaH
JalblHOaNFaH NaTWwa CyMbifbIMEeH KblWKbINABIK blablpaTyFa yLWbIPaTbiAbiN,  COAAH KeWiH
3NEMEHTTIK  Kypambl  MHAYKTUBTI  6ainaHbiCKaH  Mniasmanbl  ONTUKANbIK-3MUCCUANDIK
cnekTpockonua (ICP-OES) agicimeH aHbiKTanabl. CeneH MeH TeANyp MaHbI34bl WKWKI3aT peTiHae
TEXHONIOTUANBIK MAaHbI3AblNblfbiHA 6alNaHbICTbl ONapAbIH, Tapany 3aHAbl/bIKTapbliHA epeKLlue
Hasap aygapbingbl. Tangay HaTWKenepi 3epTTeNreH WAaMHbIH, KOPFacbiHHbIH, 6acbiMablfbiMeH
(20,0%) alikblH MoAMMETanaplK KypammeH, coHZan-ak Temip (6,76%), mbic (5,34%) kaHe
MbIPbIWTbIH, (4,40%) %) alTapAblKTal KOHUEHTPaUMACbIMEH CMNATTaNaTbiHbIH KepceTTi. Teanyp
menwepi 0,33% Kypaabl, 6yN OHbIH KOPFACbIH-BUCMYT Ka/NAblifblHAQ CENEKTUBTI KUHAKTaNybIH
KepceTeaj, an TaHAaNFaH aHANMTUKANBIK, KaFOannapaa cefieH aHbIKTaIMaabl. IN1@MEHTTIK Kypam
AepeKTepi MeH TEpMOAMHAMMUKANbIK TYCIHIKTEP Heri3iHAe 3epTTenreH Wwaam Tennypabl anyapiH,
nepcnekTUBabl eKiHLWI PETTIK WKKI3aT Ke3i peTiHAe KapacTblpblnybl MYMKiH. ANIbIHFAH HaTUXKeNnep
MbIC BaNKbITY KaHE blAFanabl ras Ta3apTy NpoLecTepiHAeri XaNbKoreH 3n1eMeHTTepiHiH, dusmKa-
XUMUANDIK KafOaublH TyCiHyre biknan etefi KoHe TeXHOTeHAK MeTaNnyprusabiK KanablkTapabl
KelleHai KaiTa eHaey TacinaepiH asipaeyre Heriz 6ona anagbl.

Tyiiin ce30ep: MbiC 6anKbITy, EKiHWINIK Tennyp Kesi, KPUTUKA/bIK LUMKI3aT, TEXHOreHAiK
KanAblKTap, blAfanapl rasapl Ta3apTy, 31eMeHTTiK Kypam, ICP-OES.
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AHHOTAUMA
MpombilwneHHble NoboyHble NPoAyKTbl, obpasylowuecs npu BbiNNaBke Meau, Bce Yalle

PaccMaTpMBAlOTCA KaK MepCreKTUBHbIE BTOPUYHbIE WCTOYHUKM CTPATETMYECKU BAXKHbIX U
KPUTUYECKMX 371eMeHTOB. Cpesin TaKMUX TEXHOTEHHbBIX MaTeEPUaiOB CBUHLOBO-BUCMYTOBbIN LLIaM,
0b6pasyloWmMincs NpuM  MOKPOM OUMCTKE CepocogepsKalimx rasos, npeactasnsetr coboi
NOTeHLMaNbHO LEHHbIN UCTOYHUMK CeneHa U Tennypa. B HacToALem nccnefoBaHUM NpeacTasneHa
KOMM/EKCHasA OLLeHKa 3/1eMEeHTHOrO COCTaBa CBMHLLOBO-BUCMYTOBOTO LU/AaMa, MONYYEHHOro Ha
ANManbIKCKOM TOPHO-MeTaNlypruiyeckom KombuHate (Y3bekuctaH). lNepen nposegeHvem
aHanusa npepcTaBuTesibHble 06pasupbl WAamMa MOABEPraAvnCb KUCIOTHOMY Pas/oNKEHWIO
CBEXenpuroToBeHHOM LLaPCKO BOAKOW C NOCAeAyHOLWMM OnpeaesieHNemM 31eMEHTHOrO CoCTaBa
MeTOA0M ONTUKO-3MUCCUOHHOMW CMEKTPOCKONWUU C UHAYKTUBHO CBA3aHHOW nna3moi (ICP-OES).
Ocoboe BHUMaHWe 6bIN0 yAENEHO XapaKTepy pacnpedeneHus ceneHa v Teanypa B CBA3M C WX
TEXHO/IOTUYECKOM 3HAYMMOCTbIO KaK KPUTUYECKM BasKHbIX BMAOB CbipbA. Pe3y/nbTaTbl aHanusa
MOKasanu, 4YTO WCCAEAyeMblii LIIaM XapaKTepusyeTcs BbIPaXKEHHbIM MOAVMETAIZIMYECKUM
COCTaBoM ¢ npeobnagaHnem ceuHLUa (20,0%), a TakKe 3HaYUTENbHBIMM KOHLEHTPALIMAMM Kenesa
(6,76%), mean (5,34%) wn umHka (4,40%). CopepkaHue Tennypa coctasuno 0,33%, u4to
CBMAETE/NIbCTBYET O ero Ce/eKTUBHOM HaKOM/IeHUM B CBUHLLOBO-BUCMYTOBOM OCTaTKe, TOrAa Kak
ceneH B BbIGPAHHbIX aHANMTUYECKUX YCI0BUAX OBHapyeH He 6bin. Ha OCHOBaHUM AaHHbIX
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3/IEMEHTHOro CoCtaBa U TepMOAUHAMUYECKUX npeACTaBﬂeHMVI VICCJ'Ie,D,yeMbIl‘;I wiam moxet
paccmaTpmBaTbCA KaK I'IEpCFIeKTMBHbIﬁ BTOpMHHbIl’I UCTOYHUK ONA  uU3BnevYeHuAa Tennypa.
MonyyeHHble pe3ynbTaTbl CI'IOCOﬁCTByIOT NOHUMAHUKO ¢M3MKO-XMMM‘-IECKOFO nosegeHuA
Xa/IbKOreHHbIX 31eMeHTOB B Nnpoueccax BbliN1aBKM mean n MOKpOﬁ ra3sooO4YUCTKU, a TaKXKe MOoryT
CNYXKUTb OCHOBOM Ana pa3pa60TKV| KOMMNNEKCHbIX NOoAX040B K nepepa60TKe TEeXHOTeHHbIX
MeTannyprmyeckmnx otxogos.

Kniouyesble cn08a: nnaBka MeaM, BTOPUYHBIA WCTOMHWMK Tennypa, KpUTUYECKoe Cblipbe,
TEXHOreHHbIe OTX0Abl, MOKPas OYMCTKA ra3oB, 31eMeHTHbIN cocTas, ICP-OES.
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