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Abstract. Used automotive catalysts are a valuable source of rare and precious metals, which plays a key role in modern
industry. These raw materials contain rare rare earths and precious metals, which makes their processing highly efficient and
economically profitable. To develop a comprehensive processing technology, catalysts were studied using various analysis
methods, such as chemical, X-ray, X-ray spectral, and electron microscopic analysis. The results of the phase analysis indicate
that rare rare earths and noble metals are in various phase states, in the form of oxides embedded in the aluminosilicate matrix
of the catalyst. These data are of critical importance for the creation of effective methods of metal extraction. The key ap-
proaches for processing these raw materials are pyrometallurgical and hydrometallurgical technologies, each of which has its
own advantages and unique performance criteria. This article focuses on the physico-chemical studies of spent catalysts and
the proposed method of their opening, which makes it possible to efficiently extract rare, rare-earth and precious metals. The
research results can be used to optimize existing and develop new technological schemes for processing secondary raw materials.
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1. Introduction

Over the past three decades, a significant number of used
cars have accumulated in Kazakhstan, and the country's ve-
hicle fleet continues to grow at a rapid pace [1]. This has led
to the formation of a vast volume of secondary technogenic
raw materials, such as automotive catalysts. These catalysts,
which contain valuable metals, are often dismantled and
exported abroad for the extraction of precious, rare, and rare
earth metals [2]. However, this approach not only deprives
Kazakhstan of potential economic benefits but also creates
environmental risks associated with the transportation and
processing of waste abroad [3].

At the enterprise of JSC «Tau-Ken Altyny, located in the
industrial park of Astana, work has begun in the field of recy-
cling used catalysts to extract precious metals such as plati-
num, palladium, and rhodium [4]. However, the extraction of
rare and rare earth metals (REM), whose global market de-
mand is rapidly growing, has not been foreseen [5]. This limits
the potential for comprehensive use of secondary raw materi-
als and reduces the economic efficiency of recycling [6].

The relevance of comprehensive secondary raw material
utilization is becoming increasingly evident for Kazakhstan,
especially in light of the growing volumes of secondary
waste [7]. Recycling used automotive catalysts is mainly
aimed at extracting precious metals, while other important
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elements, such as rare and rare earth metals, remain under-
valued [8]. This is because existing technologies focus on
extracting precious metals, even though catalysts also contain
significant amounts of rare and REMs, which can be eco-
nomically profitable [9].

Existing recycling technologies, such as pyrometallurgy,
ensure high yields of precious metal recovery but require sub-
stantial energy costs and specialized equipment [10]. This
leads to increased capital and operational expenses, as well as
the formation of waste, such as volatile substances and slag
[11]. The main issue lies in the high cost of continuous furnace
operation, which requires the use of secondary resources and
increases the impurity content in the final product [12].

Modern pyrometallurgical methods, such as plasma
smelting, allow for the minimization of emissions and im-
proved recycling efficiency [13]. However, a key challenge
remains addressing issues related to sulfur dioxide and
chromium and other impurities [14]. Chlorination and fluori-
nation methods are still relevant, although they are associated
with the formation of toxic emissions, which requires efforts
to reduce environmental impact [15].

Figure 1 presents the technological diagram of the pyro-
metallurgical method for recycling automotive catalysts. This
process involves multiple sequential steps to recover plati-
num group metals (PGMs) from spent catalysts while mini-
mizing waste generation.
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The process involves crushing, grinding, and smelting
catalysts at temperatures above 2000°C with the addition of
fluxes and collector metals [16]. After this, the precious
metals are extracted from the resulting concentrate for further
processing. However, components of the catalysts, such as
rare metals and aluminum oxide, have significant economic
value, and their joint extraction is complicated by the slag
melting process [17].

Modern recycling methods aim to increase the efficiency
of extracting all valuable components [18]. The development
of technologies that minimize the losses of rare metals and
their combinations is becoming increasingly relevant [19]. In
addition, environmental and safety considerations during
high-temperature processes must be addressed [20].

Improving catalyst recycling technologies could lead to
better resource utilization and a reduction in the negative
impact on the environment [21]. This, in turn, contributes to the
sustainable development of the economy and the preservation
of natural resources [22]. Investing in scientific research in this
field promises new solutions and improvements in methods for
extracting valuable metals [23].

In recent years, alternative hydrometallurgical procedures
have been developed to improve extraction rates and the purity
of the final product [24]. Despite these efforts, the efficiency of
new methods has not yet reached the level of pyrometallurgical
technologies, which continue to dominate the industry [25]. To
improve the effectiveness of hydrometallurgical processes, new
reagents and technologies need to be explored [26]. An
important direction is the use of biodiversity and alternative
energy sources, which helps reduce the negative environmental
impact [27]. Therefore, further innovations in this area could
significantly improve the sustainability and economic
feasibility of metal recycling processes [28].

In light of the above, recycling used automotive catalysts
in Kazakhstan represents an important direction for
economic development and environmental improvement
[29]. A comprehensive approach to the extraction of
precious, rare, and rare earth metals could become a key
factor in achieving sustainable development and reducing
dependence on the import of valuable resources [30].
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2. Materials and methods

2.1. Objects of research

The objects of the study were a representative sample of
used automotive catalysts, selected to account for their mor-
phological and chemical diversity. Before the experiments,
the sample underwent mechanical treatment, including crush-
ing, grinding to a fraction smaller than 100 pm, and homog-
enization to ensure uniform distribution of components. For
the analysis of the elemental composition, X-ray fluores-
cence spectrometry (XRF) and scanning electron microscopy
with energy-dispersive analysis (SEM-EDS) were used [1].

2.2 Analytical methods

During the physicochemical studies, chemical, X-ray
phase, X-ray spectral, and electron probe methods of analysis
were used. The sample preparation for ore was carried out
according to the standard methodology [1].

The concentrations of precious, rare, and rare earth met-
als were determined using an inductively coupled plasma
atomic emission spectrometer (ICP-AES), model 8300 DV
(PerkinElmer Inc., USA). The instrument provided meas-
urements in the spectral range of 165-782 nm with a resolu-
tion no lower than 0.006 nm (at a wavelength of ~200 nm)
and a root mean square deviation of random error of 2.0%.
Calibration curves, constructed from standard solutions with
known concentrations of target elements, were used for
quantitative analysis.

The efficiency of metal extraction (1, %) was calculated
using the formula: n=C-V /mo - w x 100%, N =mo - W /
C -V x100%, where C is the metal concentration in the
solution (mg/1), V is the solution volume (1), mo is the sample
mass (g), and w is the metal mass fraction in the catalyst.

X-ray phase analysis was performed on a D8 Advance
diffractometer (Bruker) using Cu Ka radiation (40 kV, 40
mA). The diffraction patterns were processed, including the
calculation of interplanar distances, using the EVA software.
Phase identification and matching were carried out using the
Search/Match program and the PDF-2 powder diffraction
database.

2.3 Statistical processing

Each experiment was repeated three times. The data were
processed using OriginPro 2023 software, calculating the
mean values and standard deviations.

3. Results and discussion

3.1. Physico-chemical characteristics of man-made waste

Chemical Composition and Mineralogical Analysis

Table 1 presents the results of the chemical analysis of
the initial sample, including the mass fractions of various
elements. The data reveal a significant content of aluminum
(22.57%) and zirconium (14.53%), along with the presence
of rare-earth elements (La, Ce) and platinum group metals
(Pt, Pd, Rh).

Table 1. Chemical composition of spent automotive catalysts

Name of the The content of the elements, %
product Ca Mg Al Si Fe Zn Zr
The initial sample ' 0.76 2.83 2257 831 128 044 | 1453
Ba La Ce C Pt Pd Rh

148 2.67 6.21 0.036 0.0632 0.1510  0.0235
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The X-ray diffraction (XRD) pattern presented in Figure
2 illustrates the results of the phase analysis of the initial
sample, revealing a complex mineral composition. The pri-
mary identified phases include indialite (Mg2AlsSisO1s) —
62.4%, zirconium oxide (ZrO:) — 14.3%, zirconium-ceria
oxide (ZrCeOa) 9.6%, lanthanum-zirconium oxide
(La2Zr207) — 9.5%, and aluminum-lanthanum-magnesium
compound (Al:La-Mgs) — 5.4%. These findings indicate the
presence of aluminum, zirconium, magnesium, and rare-earth
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element compounds, suggesting a possible crystalline struc-
ture with high thermal and chemical stability. The diffraction
peaks correlate well with PDF database references, confirm-
ing the reliability of the phase analysis.

For accurate identification and confirmation of the
presence of noble, rare, rare-earth, and associated metals, as
well as for elemental mapping of mineral grains, electron
probe scanning was performed using a scanning electron
microscope (SEM) at high magnifications (Figure 3).
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Figure 2. X-ray diffraction pattern of spent catalysts

Figure 3. Micrograph and point spectral analysis of particles in the initial sample
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The results of qualitative and quantitative elemental
analysis, conducted in a randomly selected microscopic
region, are presented in correlation with the surface
topography obtained through scanning electron microscopy
and a specialized electron probe microanalyzer. The acquired
data are visualized in Figure 3, and the corresponding
elemental composition spectrum is provided in Table 2.

Table 2. Results of electron probe spectral analysis of catalyst
particles

Spectrum 1 Spectrum 2 Spectrum 3
Element % % %
C 7.98 - -
6] 36.71 24.67
Mg 0.95 - 3.90
Al 11.14 41.70 10.57
Si 2.25 58.30 15.71
P 4.69 - 3.67
Ca 2.65 -
Fe 4.76
Zn 3.25 -
Zr 8.67 8.4
La 1.74 -
Ce 2.97 14.53
Pb 12.24 9.05
S - 7.94
Pt - - 1.57
HUroro 100 100 100

The presented micrograph, obtained using scanning
electron microscopy (SEM), visualizes the particles of the
initial sample with characteristic morphology. The image
reveals a heterogeneous material structure containing both
large aggregates and fine-dispersed inclusions. The scale bar
of 10 um indicates the micron-sized nature of the particles,
while the marked regions (Spectrum 1, Spectrum 2,
Spectrum 3) represent zones of localized spectral analysis.

The results of energy-dispersive X-ray spectroscopy
(EDS) for these points demonstrate a complex elemental
composition, including aluminum (Al), silicon (Si),
magnesium (Mg), zirconium (Zr), iron (Fe), lead (Pb), rare-
earth elements (La, Ce), and platinum (Pt). Variations in

Multilayer image of EDS 1 1 Al Kal

elemental concentrations across different spectra indicate the
heterogeneous composition of the samples.

The spectral analysis data confirm the presence of noble
and rare-earth elements, highlighting the potential value of
material recycling. The obtained results are visualized in the
spectrograms on the right, displaying the intensities of
characteristic X-ray lines corresponding to the marked areas
in the micrograph.

Table 2 presents the results of electron probe spectral
analysis of catalyst particles in three different regions of
investigation (Spectrum 1, Spectrum 2, Spectrum 3). The
data reflect the mass fractions (in %) of the chemical
elements detected in localized areas of the sample.

The analysis reveals significant variations in elemental
composition across different spectral zones. In Spectrum 1,
oxygen (36.71%), aluminum (11.14%), zirconium (8.67%),
and lead (12.24%) are predominant, indicating the presence
of oxide compounds and metallic elements. Spectrum 2 is
dominated by aluminum (41.70%) and silicon (58.30%),
suggesting the presence of aluminosilicate phases. Spectrum
3 exhibits high concentrations of silicon (15.71%), oxygen
(24.67%), cerium (14.53%), and sulfur (7.94%), along with
platinum (1.57%), confirming the presence of rare-earth and
noble metals.

The overall element distribution highlights the complex
and heterogeneous composition of catalyst particles,
including oxides, aluminosilicates, rare-earth elements, and
noble metals, which is crucial for further research into their
catalytic properties and recycling potential.

Elemental mapping of catalyst particles from spent
automotive catalysts, performed using energy-dispersive
spectroscopy (EDS) at 750x magnification, is presented in
the image. The multilayer element distribution map (left)
visualizes the heterogeneous structure of the material with
varying concentrations of key elements.

The mapping results (Figure 4) confirm the complex
composition and inhomogeneous element distribution within
the material, emphasizing the need to consider these factors
when developing efficient extraction methods for valuable
components.

0 Kal Ce Lal

Si Kal

Figure 4. Elemental mapping of grains and particles of automotive catalysts
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Elemental mapping of catalyst particle grains revealed a
non-uniform element distribution in spent catalysts. The
primary components localized in specific regions are
aluminum (Al) and silicon (Si), indicating an aluminosilicate
matrix of the catalyst. Oxygen (O) is relatively evenly
distributed, suggesting the presence of oxide phases. Carbon
(C) is detected in limited areas, likely associated with
carbon-containing residues or decomposition products of
organic compounds. Cerium (Ce) and zirconium (Zr)
identified in localized regions point to the presence of rare-
earth oxide phases, characteristic of automotive catalysts.
Magnesium (Mg) is also present in the catalyst structure,
though its distribution is highly uneven. However, noble
metals were not detected in the analyzed areas, confirming
their heterogeneous distribution within the material.

The obtained results indicate that spent catalysts contain
not only noble metals but also rare and rare-earth elements,
making them a promising target for recycling. Consequently,
studies on the extraction of valuable components, particularly
rare and rare-earth metals, were conducted using thermal
treatment with concentrated sulfuric acid at the initial stage
of the research.

4, Conclusions

Recycling of spent automotive catalysts is a crucial task for
both the economy and the environment of Kazakhstan. The
conducted studies have confirmed the presence of significant
amounts of noble metals (Pt, Pd, Rh), rare and rare-earth ele-
ments (La, Ce), as well as aluminum and zirconium oxides,
making these catalysts a valuable secondary raw material.

An analysis of existing recycling technologies has shown
that traditional pyrometallurgical methods demonstrate high
efficiency in extracting noble metals but are associated with
high energy consumption and environmental risks. The re-
sults of X-ray phase analysis and energy-dispersive spectral
analysis have confirmed the complex composition of cata-
lysts, highlighting the need for further improvement in com-
prehensive recycling technologies.

Thus, the development and implementation of new tech-
nological solutions aimed at maximizing the recovery of all
valuable components will significantly enhance the economic
efficiency of recycling, reduce dependence on imported rare
metals, and minimize environmental impact. Investing in
scientific research and modernizing recycling facilities is a
key step toward the sustainable development of Kazakhstan’s
metallurgical industry.
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Anparna. [laliananpinFradn aBTOMOOMIIb KaTaau3aTOPIaphl Ka3ipri 3aMaHFbl OHEPKACITITE IMIENTYIT peJl aTKapaThlH CHUPEK
KE3/IECETiH OHE achUT MeTaIapAblH KYHIIBI K31 O0JbIN TaOblIaabl. byt mmkizaTtra CUpek Ke3[eCeTiH CHpeK Ke3AeCeTiH XKoHe
acwUT MeTangap 6ap, OyJ1 oJIapapl OHACYAl KOFaphl THIM/I XKoHe YHeMI ereni. Kemeni KaliTa eHiey TEXHOIOTHACHIH d3ipiey
YIIiH XAMISUTBIK, PEHTTeHIIK (a3alblK, PeHTIeHIIK CIIEKTPIIIK KOHE 3JIEKTPOHABI MUKPOCKOIISUIBIK Talgay CHSKTBI 9pTYpIli
Tajmay SJiCTepiH KOJJaHATBIH KaTalu3aTtopiap 3epTreiai. Pa3anblk Tangay HOTHKENepi CUpEK Ke3IeCeTiH CUPEK Ke3/eCeTiH
KOHE aChUI METalgapIblH OpTYpii (azaiblk KyWiepae, OKCHATEp TYPiHIE, KaTaau3aTOPIbIH amfoMUHUN CHIIMKAT MaTpH-
[ACBIHIAFBI KipIKTIpUIreH Kocnanap TypiHae OOJaThIHIBIFBEIH KopceTei. by nepekrep metangapabl amyIslH THIMIIL SICTEpiH
JKacay YIIH MaHBI3Ibl MOH Oepelti. Byil muKi3aTTsl @HIEYiH HETi3Ti Tocliiepi MMPOMETaLTYPrHsIIbIK XKHE THAPOMETAILTYP-
THSUTBIK, TEXHOJIOTHSIIAp OOJNBIN TaObLIabl, OJapAbIH dPKAHCHICHIHBIH ©31HIIK apTHIKIIBUIBIKTAPEI MEH Oiperei THIMAUTIK Kpu-
Tepuiiepi Oap. by Makanana maiianaHeUIFaH KaTalu3aTopiapasl GU3NKa-XUMUSUIBIK 3€PTTEYJIepre )KOHE OJapAbl amryIbIH
YCHIHBUIFAH 9JiCIHE Ha3ap ayAapbuiafbl, OYJI CHpPEK KE3IIECETiH, CHPEK KEe3JeCETiH JKOHE achll MeTalgapAbl THIMII alryFa
MYMKIHIIK Oepemi. 3epTTey HOTHXKENEepiH KOJNJAHBICTAaFbl IIMKI3aTThl KaiiTa ©HJCYIIH aHA TEXHOJOTHSUIBIK CXeMallapblH
OHTaWUNAHBIPY JKOHE 93ipJiey YIIiH maijananyra 0oaaibl.

Hezizzi co30ep: nanioananviiean asmomoOunlb Kamaiusamopiapsl, CUpex Memanioap, dcbll Memanodap, cupex gicep die-
MeHmmepi, NAAMUHA Memanoapsl, 2UOPOMEMALIYPSUANbIK MEXHOA0UALAD, NUPOMEMATYPUALbIK THeXHOIO02UANAD, CeleK-
muemi myHowlpy, Kaumaniama wmuxizam.
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AnnHoranus. OTpabOTaHHBIE aBTOMOOHIIBHBIC KaTaJIH3aTOPHI IMPEACTaBIAIOT cO00M MEeHHBI NCTOYHUK PeNKHX U OJjaro-
POAHBIX METAJUIOB, KOTOPHIH UTPAET KIIIOYEBYIO POJIb B COBPEMEHHOMN IPOMBIIIICHHOCTH. JJaHHOE CBHIPbE COAEPKHUT PEAKHE
peaKo3eMelNbHbIe U 0JIarOpOJHbIE METAJUIbI, YTO JAeNacT UX nepepaboTKy BBICOKOI()(EKTHBHOW M AIKOHOMHYECKH BBITOIHOM.
Jns pa3paboTKH KOMIIJIEKCHOM TE€XHOJIOTMH HepepabOTKU UCCIEA0BAINCH KaTalIM3aTOPhl C MCIOIb30BAHUEM PA3IMYHBIX Me-
TOJIOB aHaJIN3a, TaKHe KaK XUMHYECKHUI, peHTreHO(a30BbIH, PEHTT€HOCHIEKTPAIBHBIA U JIEKTPOHHO-MHKPOCKOITMUECKHI aHa-
1u3. Pe3ynbpTatsl (ha30BOro aHanu3a yKasbplBalOT HAa TO, YTO PEIKUE PEIKO3eMeNbHbIe U OIaropoAHbIe MeTajlIbl HaXOAATCS B
pa3nuyHbIX (ha30BBIX COCTOSIHUSIX, B BHJIE OKCHJIOB, BCTPOCHHBIX BKJIIOYCHHUII B aFOMOCHJIMKATHOM MaTpHIe KaTajlu3aTopa.
Ot JAaHHBIC Jal0T KPUTUYCCKOC 3HAYCHUE NJIsI CO3JaHUA 3(1)(beKTI/IBHI)IX MCTOJOB U3BJICUCHUA MCTAJIJIOB. KiroueBeiMu IoaX0-
JaMH JUIsl IepepabdOTKH JaHHOTO CHIPHS SIBISIOTCS MUPOMETAIUTYPTrHUECKHE M THAPOMETAILTYPTHYECKHE TEXHOJIOTUH, Kaykaas
U3 KOTOPBIX 00J1aaeT CBOMMH IPEUMYIIIECTBAMH U YHUKAJIBHBIMU KpUTEPHAME 3GPEKTUBHOCTH. B 3TOH cTaThe akIEeHTHPYeT-
Csl BHUMaHHUE Ha (PM3UKO-XUMHYECKNX HCCICAOBAHUAX OTPAaOOTAHHBIX KATaJM3aTOPOB M IIPEAJIOKEHHOM CHOCO0E MX BCKPHI-
THSL, 9TO MO3BOJISIET 3(P(PEKTHBHO U3BJICKATh PEIKUE, PEAKO3EMENbHBIC U OJIarOpOAHBIE METAIBI. Pe3yIbTaThl McCIeaoBaHN
MOTYT OBITh MCHOJB30BAHBI ISl ONTHMHU3AINHN CYIIECTBYIONINX M Pa3pabOTKM HOBBIX TEXHOJOTMYECKHX CXEM IIEepepadOTKH
BTOPUYHOTO CHIPBSL.

Kniouegvie cnosa: ompadbomannvie asmomodunvHble Kamaiuzamopul, peokue Memausl, 61a20pooHble MEmaiisl, peoKo-
3eMenbHble dNIeMEeHMbl, NAAMUHOBbIE MEMAILTbL, 2UOPOMEMALTYpeUtecKue MeXHON02UL, NUPOMEMALTypeuiecKue mexHonoeul,
ceneKmugHoe ocadicoeHue, 6MopULHoOe Cbipbe.
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