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Abstract. This article explores the current state and future directions in the processing
and utilization of serpentinite waste generated during the mining and beneficiation
of chrysotile-asbestos ores in Russia and Kazakhstan. Inefficient management of
this waste leads to significant environmental impacts and deterioration of ecological
conditions in industrial regions. A critical review of recent scientific publications
and developments in the production of magnesium compounds from serpentinite is
presented. It is demonstrated that with proper technological approaches, serpentinite
waste from chrysotile-asbestos processing can become a source of economic benefit.
Examples are given of industrial production of high-purity chemical products derived
from serpentinite waste. The article discusses the resource and economic efficiency of
such processes, including research results obtained at M. Auezov South Kazakhstan
University on the integrated processing of serpentinite waste from the Zhitikara deposit.
The proposed technology involves an innovative approach using thermally activated
serpentinite for the purification and neutralization of magnesium extraction solutions,
enabling the production of high-purity magnesium compounds from low-grade mineral
feedstock. The novelty lies in the combination of acid leaching with solid-phase reagents
derived from the same waste, making the process more sustainable and economically
efficient. The developed technologies can be implemented at chrysotile-asbestos
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mining enterprises to reduce environmental burden and meet the increasing demand
for magnesium compounds in Kazakhstan’s industry. Utilization of serpentinite waste
not only mitigates environmental impact but also supplies key industrial sectors with
valuable magnesium-based products.

Key words: serpentinite waste, Zhitikara deposit, utilization, magnesium compounds,
resource efficiency
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Annoranus. Makanana Peceii men KazakcTan KeH opbIHIapbIHAa XPU30THII-acOeCT
KEHIH OHJIpy oHe OaibITy OapbIChIHAA Maiga OONaThIH CEPIICHTUHHUT KaIAbIKTAPbIH
OHJICY JKOHE KoJere )apary OOMbIHILA Ka3ipri KaFqaidl MeH MepCleKTUBANBIK OarbITTap
KapacThIpbutaabl. MyHAal KalIpIKTapasl THIMII Naliaanan0ay eHIipicTiK aiiMakTrapaa
SKOJIOTHSUIBIK JKaFJai[IblH HallapiayblHa >KOHE KOpIUAFaH oOpTara alTapibIKTau
3usH Kentipedi. CepneHTHHUTTEH MarHUH KOCBUIBICTApPBIH ally CalachIHIAFbl COHFBI
FBUIBIMU JKapHUsJIaHbIMIAp MEH o3ipjeMeNepre ChIHUA IIONY YCHIHBUIFaH. XPH30THII-
acOecT KaJIBIKTapblH OHJICYre apHalfaH JAYpbIC TEXHOJOTHSUIBIK TACUIAEpi
KOJIZIaHy apKbUIbl CEPIICHTUHHUT KAJIBIKTAPbIHBIH YKOHOMHKAJBIK dJieyeTi Oap exeHi
nonenaenai. CepHeHTHHHUT —KaJAbIKTapblHAH JKOFapbl Ta3aJbIKTaFbl XUMUSUIBIK,
eHIMZEp eHIpiCiHiH Mblcanaapsl kentipiaren. CoHbIMeH Katap, JKiTikapa KeH OpHBI
CEpIICHTUHHT KaJABIKTapbIH KelIeH i eHey OoiibiHIIa M. Oye30B arbiHgarbl OHTYCTIK
Kazakcran yHUBepCUTETIH/IE alIbIHFAH 3€PTTEY HOTHKEIepl HET131H/Ie PeCypCTHIK KOHE
SKOHOMHKAJIBIK THIMALIIK Mocelelepi KapacThIpbUIAbL. ¥ CBHIHBUIFAH TEXHOJOTHsa
MarHUiIi SKCTpakUMsady epiTiHAUIepiH Ta3apTy >koHe OeirapanTaHaplpy YLIiH
TEPMUSUTBIK aKTUBTEHAIPUITeH CEPIIEHTUHUTTI KOJIJaHyFa HeTi3AeJreH HHHOBALMSITBIK,

30



Volume 3, Number 464 (2025)

TOCLII YCBHIHBLTABL. ByJT TOMEH camasbl MUHEepalAbIK IIHKI3aTTaH ) KOFaphl Ta3aJbIKTaFbl
MarHuil KOCBUIBICTAPBIH alyFa MYMKiHIIK Oepemi. JKaHaIIBUIABIFBI — KBILIKBUIMEH
ciurTiney yaepiciH conl KaJAbIKTaplIaH alblHFaH KarTbl (azaiblK peareHTTepMEH
OipikTipyinae, Oy omicTi HEFYPIBIM OPHBIKTHI 9pi IKOHOMHUKAIBIK TYPFbLAA THIMII
ereni. JlaiibiHnanFan TEXHONOTHAIAPAbI XPU30THI-acOeCT OHIIPETIH KOCIIOpbIHAapAa
€HTi3y apKbLJIbl SKOJIOTHSITBIK )KYKTEMeH] a3aiThlm, KazakcTan eHepkociOiHaeri Maruui
KOCBUIBICTApbIHA JIEre€H OcCill Kele >KaTKaH CYPaHbICThl KaHaraTTaHIbIpyFa OOJIajbl.
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AHHoTammsa. B cratbe paccMarpuBarOTCs COBPEMEHHOE COCTOSHHME U
MepCreKTUBHBIE HampaBieHuss B crareke paccMarpuBarOTCs COBPEMEHHOE COCTOSHUE
W TEpCHEeKTHBHBIC HampaBlieHHs MepepaboTKi M YTHIM3ALUU CEPIIEHTHHUTOBBIX
OTXOZOB, 00pa3yloUIMXcs Mpu J00bIYe W 00OTalleHNH XPU30THII-acOeCTOBBIX pyd Ha
MecTopoxkaeHusx Poccun n Kazaxcrana. Otmeuaercs, uto HeaphekTuBHOE 0OpaleHme
C TaKHUMHU OTXOAAMHU MPHUBOJUT K HEraTUBHOMY BO3AEHCTBUIO HAa OKPYXKAIOIIYIO Cpeny
U YXyALUICHUIO 5KOJOTMYECKOW OOCTaHOBKH B palOHaX pa3MelleHHs MPOHU3BOICTB.
[IpeacraBneH KpuTHYECKUH 0030p HAyYHBIX MyONUKAMid U Ppa3paOdO0TOK MOCIEAHUX
ner B o0NacTu MOJyYeHHUs] MarHWEBBIX COCIUHEHUI M3 ceprneHTHHUTOB. [lokaszaHo,
YTO MPH MPAaBUIBHOM MOAOOPE TEXHOJOIMU CEPIEHTHHUTOBBIE OTXOIbI EpepabOTKH
XPpU30THII-acOECTOBOTO CBHIPbS MOTYT CTaTh HMCTOYHUKOM Joxozaa. llpuBeneHs
MpUMEpBl OpraHU3alM¥ MPOU3BOACTB XUMHUYECKHX IPOAYKTOB BBICOKOH CTENEHH
YUCTOTHI, TOJIy4EHHBIX U3  CEpPIEHTUHUTOBBIX OTXOMOB. PaccMarpuBarorcs
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aCMeKThl PeCYpCHOM W HSKOHOMHUYECKOH s¢dextuBHOCTU. [IpuBeneHbl pe3ynbTrarhl
HCCIIeIOBAaHUM, HAIllpaBICHHBIX HA KOMIUIEKCHYIO TepepabOTKy CEepIeHTHHUTOBBIX
0Tx0/10B JKHTHKapUHCKOTO MECTOPOXKIEHUs, NonydeHHbIX B FOxHO-KazaxcTtaHckom
yHHuBepcuTeTe UM. M. Aya3oBa. [IpeanoxeHHas TEXHOIOT s BKIIIOYAE€T MHHOBAIIMOHHBIN
MOJXOJ] C MCIIOJIb30BaHUEM TEPMUUECKH aKTUBUPOBAHHOI'O CEPIIEHTUHUTA AJIs1 OUUCTKU
1 HelTpanu3alMu pacTBOPOB MPHU H3BJIEUEHUM MarHus. JTO IO3BOJIET MONy4aTh
MarHueBbIe COEIMHEHUs BHICOKOM YMCTOTHI U3 HU3KOCOPTHOTO MHUHEPAJIBHOTO CHIPHS.
HoBu3Ha 3akmroyaercsi B COYeTaHUK KUCIOTHOTO BBIIIEIAYUBAHUS C TBEPAOPa3HBIMH
peareHTamMu, NOITy4YEHHBIMH U3 TEX e OTXOJ0B, UTO JIENaeT Mpoliecc Ooiee yCTOMYMBBIM
1 9KOHOMUYECKH BBITOIHBIM. Pa3paboTaHHbIE TEXHOIOTUU MOTYT OBITH BHEIPEHBI Ha
MPEANPHUATUSIX TIO T00BIYE XPU30THI-acOecTa Il CHUKEHUS SKOJIOTUIECKON HAarpy3KH
1 YIOBJIETBOPEHMSI PACTYLIETO CIIpOoca Ha MarHUEBbIE COEMHEHNS B TPOMBIIINIEHHOCTH
Kazaxcrana. [TokazaHo, 4T0 UCIIOIB30BaHNE U YTUIIM3ALUS CEPIIEHTHHUTOBBIX OTX0/10B
MO3BOJIUT HE TOJIBKO CHU3HUTH HKOJIOTHUECKYIO HarPy3KY, HO M 00eCIIeunTh HOTPEOHOCTD
Pa3IMUHBIX OTpaciel mpomselnuieHHOoCTH KazaxcTaHa coeAMHEHUSIMU MarHusl.
KuroueBbie ci10Ba: cCeprieHTUHUTOBBIE OTXOAbI, JKUTHKapUHCKOE MECTOPOXKICHHUE,

yTUIM3ALUS, COSTMHEHHSI MarHus, pecypcocOepeskeHne

Introduction. Serpentinite rocks constitute one of the major types of anthropogenic
waste generated during the processing of ultrabasic ores. The accumulated volume of
such waste amounts to hundreds of millions of tons, posing a significant environmental
burden. According to the Ministry of Natural Resources and geological services, over
500 million tons of serpentinite waste have been accumulated across the countries of
the Commonwealth of Independent States (CIS), primarily Russia and Kazakhstan. At
the same time, the rich chemical composition of serpentinite—including magnesium,
silicon, and iron—makes it a valuable secondary raw material. These wastes typically
contain 25-43% MgO, 35-45% SiO,, 7-8% FeO, along with trace amounts of Ni,
Cr, and Al. Their proximity to mining and processing facilities provides logistical
advantages for utilization. It is estimated that 2 to 3 million tons of serpentinite waste
could potentially be processed annually. However, at present, serpentinite waste
resulting from the beneficiation of ultrabasic rocks, such as chrysotile-asbestos ore,
remains largely unutilized. In this context, the development of innovative technologies
aimed at converting serpentinite into value-added products has become a pressing and
relevant objective.

Materials and methods. The research methodology included a comprehensive
analysis and critical review of existing scientific literature, patents, and dissertations
related to the processing and utilization of serpentinite and associated industrial waste.
The review focused on identifying key technological directions, typical solutions,
and limitations of current approaches, incorporating both domestic and international
experience. Particular attention was paid to the work of international research groups
and Kazakhstani scientists involved in the development of strategies for serpentinite
valorization.

To evaluate the most promising processing pathways, benchmarking was applied
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to compare existing technologies in terms of efficiency, scalability, and environmental
indicators. Additionally, foresight analysis was conducted to assess the long-term
prospects for serpentinite utilization, considering the properties of the raw material,
potential end products, and relevant market demand. This integrated methodological
framework enabled the identification of the most efficient solutions for the sustainable
conversion of serpentinite waste into high-value magnesium compounds.

Results and discussion. Current status of serpentinite waste utilization. The
utilization of serpentinite waste generated during the processing of chrysotile-asbestos
ores remains insufficiently developed, despite its significant volume and environmental
hazard. At present, one of the most widespread approaches is its use in road construction
as a filler or reinforcing component in road base layers. This practice not only enhances
the mechanical strength of the road foundation, but also helps reduce waste accumulation
at industrial sites (Tarasov et al., 2021).

Magnesium-containing waste, including serpentinite, is also used in the production
of construction materials. Crushed serpentinite improves the strength, water resistance,
and sulfate resistance of cement and concrete composites. The use of such waste as an
aggregate reduces production costs and represents an environmentally safe method of
resource conservation (Khudyakova, 2018). However, many of the proposed serpentinite
utilization options have not yet been implemented on an industrial scale.

An analysis of the current situation at chrysotile-asbestos mining enterprises in
Kazakhstan and Russia highlights the need to introduce more effective and diversified
utilization strategies. Improving competitiveness and tightening environmental
requirements necessitate the development of practical and economically viable
technologies for serpentinite waste processing. Researchers emphasize that the
rational and integrated use of mineral resources is regarded as a strategic priority for
the sustainable development of the chrysotile-asbestos industry (Punenkov & Kozlov,
2022).

In addition to traditional applications in construction and cement production,
serpentinite waste is increasingly considered a multifunctional raw material for
obtaining high-tech products. Studies have confirmed the suitability of industrial
serpentinite for use in heterogeneous catalysis (Teixeira et al., 2012), in the sorption of
heavy metals from wastewater (Huang et al., 2017), and as a component of electrodes
in electrochemical processes (Randelovi¢ et al., 2017). Although these applications are
still at the laboratory stage, they demonstrate the multifunctionality of serpentinite and
its potential in advanced technologies.

Technological and kinetic aspects of acid leaching of magnesium from serpentinite.
Serpentinite is a valuable secondary raw material due to its high magnesium content (25—
43% MgO). As a result, intensive research is being conducted to develop technologies
for producing magnesium salts and oxides. Since serpentinite exhibits low reactivity
with alkalis, most studies focus on acid leaching using mineral acids such as sulfuric
(H,SO,), hydrochloric (HCI), nitric (HNO,), and phosphoric (H,PO,) acids.

One of the approaches for obtaining magnesium sulfate (MgSO),) involves leaching
thermally activated serpentinite with sulfuric acid at temperatures ranging from
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500-600°C (Becciano et al., 2024). This method has demonstrated high efficiency in
extracting magnesium for agricultural and industrial applications. A similar scheme was
described in a patent (Grigorovich et al., 2006), where the main product is magnesium
oxide. However, that method is characterized by high energy consumption and
technological complexity. An optimized process includes pre-calcination of serpentinite
at 680—-750°C, followed by leaching with 4-8% hydrochloric acid at a solid-to-liquid
ratio of 1:15-40 (Zulumyan et al., 2010). The resulting slurry is filtered, and cyclic
processing is often applied in laboratory-scale studies. Despite improved performance,
the need for high-temperature activation remains a key limitation of the technology.

Another approach involves the use of nitric acid: the non-magnetic fraction of
serpentinite is leached with the formation of magnesium nitrate, which is then purified,
evaporated, and subjected to thermohydrolysis to produce magnesium oxide and
regenerate nitric acid (Kalichenko & Gabdullin, 2007). Despite its high efficiency, the
method requires complex equipment and implementation.

Other acid leaching technologies using various acids have also been proposed
(Aueshov et al., 2017); however, they are limited by long process durations, high reagent
and energy consumption, and the formation of a gelatinous silica dioxide precipitate.
These limitations hinder widespread implementation of the technologies and emphasize
the need for further optimization.

The kinetics of serpentinite dissolution in various acids plays a critical role in the
efficiency of magnesium extraction and has been the subject of numerous studies.
When treated with sulfuric acid, both magnesium sulfate and silica gel are formed.
The leaching rate depends on the acid concentration, temperature, and reaction time.
However, the formation of a passivating gel of silicic acid hinders further dissolution
and phase separation (Yeskibayeva et al., 2024).

When hydrochloric acid is used, magnesium chloride and silica gel are formed, with
the reaction kinetics also influenced by acid concentration and temperature (Khartukova,
2005). In the case of nitric acid, magnesium nitrate and a SiO, precipitate are formed.
Interaction with phosphoric acid may result in the formation of various magnesium
phosphates, such as Mg(HPO,),, MgH,PO,, and Mg (PO,),, depending on the pH and
reaction conditions (Arynov et al., 2017).

Comparative studies show that the type of acid and process parameters significantly
affect both the leaching kinetics and the degree of silica gel precipitation (Teir et al.,
2007; Yoo et al., 2009). Silica gels still represent a major technological challenge, as
they clog filters and reduce the efficiency of phase separation.

Recent studies have explored the use of organic acids, such as citric acid, as milder
and more effective solvents. According to data from the Russian Science Foundation
(grant No. 22-27-00035, 2022-2024), citric acid significantly accelerates serpentinite
dissolution under flow conditions and reduces the formation of silica gels.

At the 2024 scientific and practical conference in Yekaterinburg, it was emphasized
that acid concentration, particle size, temperature, and thermal activation are key factors
influencing the leaching kinetics (Aueshov et al., 2024c).

The general mechanism of acid leaching involves the protonation of hydroxyl groups
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in the serpentinite structure [Mg,Si,0,(OH),], leading to the release of Mg*" ions and
the formation of colloidal silica. To intensify the process, methods such as increasing
acid concentration, reducing particle size, raising the temperature, and pre-calcination
are employed. Nevertheless, the development of scalable and economically viable acid
leaching technologies remains an urgent task.

Economic efficiency and industrial potential. One of the most important tasks in
serpentinite waste utilization is achieving not only environmental, but also economic
benefits. The results of systematic studies (Aueshov et al., 2024a; Yeskibayeva et al.,
2024) aimed at developing efficient processing routes for serpentinite waste from the
Zhitikara deposit, conducted at South Kazakhstan University named after M. Auezov,
confirm the practical relevance and industrial potential of further research in this area.
Figure 1 presents a generalized process flow diagram for the stepwise production
of magnesium compounds from serpentinite waste. It outlines the main stages of
magnesium sulfate, magnesium hydroxide, and magnesium oxide production, including
acid leaching, purification, precipitation, and final calcination to obtain high-purity
magnesium oxide.

Serpentinite waste Leachate Filtration Filtration Calcination
1-1.25 taining MgSO
( mm) R Purified MgSO4 Mg(OH), MgO
solution

H>SO4 Thermal-activated NaOH Drying
serpentinite waste

at 750°C

Figure 1 - Process flow diagram for the production of high-purity magnesium oxide (MgO) from
serpentinite waste

Table 1 presents the key technical and economic indicators for producing magnesium
sulfate (MgSO,-7H,0), magnesium hydroxide (Mg(OH),), and magnesium oxide (MgO)
from serpentinite waste of the Zhitikara deposit, based on systematic experimental
studies (Auyeshov et al., 2024b; Yeskibayeva et al., 2024).

Table 1 - Resource and energy efficiency of MgSO,-7H,0, Mg(OH),, and MgO production from

serpentinite waste of the Zhitikara deposit

Item Unit of  Quantity Unit Cost Total Cost
Measure (USD) (USD)

a) MgSO,7H,0

Revenue $175.00
MgSO,"7H,0 tons 1.00 $175.00 $175.00
Costs $60.00
Industrial waste (ITW) tons 0.46 $3.00 $1.40
Thermally activated [ITW tons 0.40 $3.00 $1.20
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Sulfuric acid (H,SO,, density=1.824 g/cm®) tons 0.44 $100.00 $44.40
Water (technical) tons 2.80 $1.00 $2.80
Electricity (drying or calcination) kWh 92.40 $0.07 $6.00
Miscellaneous costs $4.20
Profit $115.00
b) Mg(OH),
Unit of  Quantity Unit Cost Total Cost
Measure (USD) (USD)
Revenue $1445.00
Mg(OH), tons 1.00 $1200.00 $1200.00
Na,SO, tons 2.45 $100.00 $245.00
Costs $950.00
MgSO,"7H,0 tons 4.25 $60.00 $255.80
NaOH tons 1.38 $500.00 $690.00
Water (technical) tons 4.20 $1.00 $4.20
Profit +$495.00
c) Mg0O
Unit of  Quantity Unit Cost Total Cost
Measure (USD) (USD)

Revenue $5000.00
MgO tons 1.00 $5000.00 $5000.00
Costs 1444.30
Mg(OH), tons 1.47 $950.00 1397.00
Electricity kWh 731.30 $32.64 47.80
Profit +$3555.70

Note: Calculations are based on the production of 1 metric ton of product using serpentinite waste from
the Zhitikara deposit. Cost estimates include raw materials, reagents, electricity, water, and miscellaneous
operational expenses. Source: experimental data obtained by the authors (Ch.Z. Yeskibayeva et al.)

As shown in Table 1, the stepwise conversion of serpentinite waste into magnesium
compounds demonstrates consistent improvement in economic attractiveness. The
production of magnesium sulfate heptahydrate (MgSO,-7H,0) yields a moderate profit
of $115 per ton, primarily due to the high cost of reagents. In contrast, the subsequent
conversion to magnesium hydroxide (Mg(OH),) significantly increases profitability to
$495 per ton due to the market value of sodium sulfate as a by-product. The final stage
— calcination to obtain high-purity MgO — provides the highest economic return, with

a net profit of $3555.70 per ton.

These economic indicators are further illustrated in Figure 2, which shows the gross
profit for the three target magnesium compounds — sulfate, hydroxide, and oxide.
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Figure 2 - Gross profit (per ton) of magnesium compounds obtained from serpentinite waste

As seen in Figure 2, the transition from magnesium sulfate to magnesium hydroxide
and subsequently to magnesium oxide is accompanied by a significant increase in
gross profit. While the production of MgSO,-7H,0O ensures only a modest profit due
to high reagent costs, Mg(OH), provides a higher economic return, largely owing to
the by-product formation of sodium sulfate. The final stage—MgO production—offers
the highest profit, approximately $3555.7 per ton. This confirms the high commercial
significance of the proposed stepwise processing scheme and its potential for industrial
implementation. The results confirm that the proposed technological scheme is not only
resource-efficient but also economically viable at every stage of the production cycle.

The first practical steps in implementing such a technological scheme (Figure 1) are
already underway in Russia. For example, the Russian company Ultra S has launched
a modular pilot plant for the production of high-purity magnesium oxide, amorphous
silica, and magnesium sulfate. The flexibility of the process allows for adaptation to
market demands (Ultra “S” Ltd., 2024). Currently, production capacities enable pilot-
scale output of up to 200 tons/year of high-purity magnesium oxide (purity above
99.0%), 400 tons/year of amorphous silica (as an analog of synthetic silicates), and 600
tons/year of magnesium sulfate. The modular organization of Ultra S technology allows
adjustment of the product balance depending on market conditions.

The Zhitikara deposit, which has been operating since the mid-20th century, contains
millions of tons of serpentinite tailings. According to geological characteristics, it is
similar to the Russian Kiyembay and Bazhenov deposits (Punenkov & Kozlov, 2022),
which makes the application of similar technologies in Kazakhstan feasible.

The obtained results may serve as a reliable scientific and technical basis for scalable
and sustainable industrial solutions.

Conclusion. The Zhitikara chrysotile-asbestos deposit in the Kostanay region of
Kazakhstan has been in operation since the mid of the last century and is considered
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one of the largest in the world. However, along with valuable fiber, its extraction has
resulted in the accumulation of millions of tons of serpentinite tailings. Today, these
wastes are being considered as a strategic source of magnesium—an element essential
for dozens of industrial sectors.

The use of serpentinite waste from chrysotile-asbestos ore of the Zhitikara deposit
as a source of magnesium for the production of industrially significant inorganic
magnesium compounds is a promising direction that combines economic benefits with
environmental sustainability. The presented data and rationale confirm the feasibility of
continuing research in this area to develop effective approaches for utilizing serpentinite
waste to obtain magnesium and other valuable products.
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