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Abstract. This study presents a techno-economic assessment of technologies for
producing magnesium sulfate from serpentinite waste generated during the mining
and processing of chrysotile asbestos, which poses an environmental hazard. The
investigation focuses on a new alternative method for processing powdered serpentinite
waste (PTW), including stages of low-concentration sulfuric acid leaching and
subsequent neutralization of the resulting sulfate solution using serpentinite waste
thermally activated at 750 °C. The approach aims to evaluate the efficiency of magnesium
sulfate production, the quality of the final product, and the potential profitability of
the technology. It was demonstrated that the combined leaching and neutralization of
serpentinite waste enables the production of magnesium sulfate with a total yield of
46%, yielding a high-quality commercial product — MgSO,-7H,0O. Preliminary techno-
economic indicators, calculated based on material and energy inputs (excluding fixed
costs) and average market prices of MgSO,-7H,O, indicate the economic feasibility
of the proposed technology. A comparative analysis with conventional magnesium
sulfate production methods showed that the use of local serpentinite waste and its
thermally activated form for neutralization significantly reduces raw material costs
and enhances profitability. The study establishes that the proposed processing scheme
has high technological efficiency and can be integrated into existing chrysotile waste
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processing facilities. Overall, the findings confirm the feasibility of industrial-scale
magnesium sulfate production based on Kazakhstan’s local mineral resources, offering
an environmentally responsible and resource-efficient approach while generating a
valuable chemical product for agricultural and industrial applications.

Keywords: magnesium sulfate, serpentinite waste, sulfuric acid leaching, thermally
activated serpentinite
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AnHoTanus. byn Makanana Xxpu30THII acOeCTTi OHAIPY KoHe OalbITy Ke3iH/e naiaa
OONIaTBIH CEPIEHTHHUT KaJAbIKTapbIHAH MarHui Cynb(aTblH ally TEXHOJOTHSCHIHBIH
TEXHUKO-OKOHOMHUKAIIBIK 3€pTTeyIepl YChIHbUIFaH. 3epTTey OapbIChIHAA YHTAKTaJIFaH
TEXHOJOTHUSIBIK ~ KAJABIKTapAbl TOMEH KOHUEHTPALMSUIBI  KYKIPT — KBIIIKBUIBI
epiTiHAICIMEH OHJIEY XKoHE alblHFaH cyibdat epiTinaicin 750 °C-Ta TepMOaKTUBTEHI€H
CEpICHTUHHUT KaJJBIFBIMEH OelTapanTtay >KOHE Ta3apTy Ke3eHJepi KaH-)KaKThl
KapacThIpbUIFaH. Byjl Tocinm MarHMKAIH THIMJI IIBIFYBIH KAMTaMachl3 €Till, KOChIMIIa
HMOHJapMEH JlacTaHy[bl a3alTyra MyMKiHIiK Oepeni. by tocin wmarauii cynbdarbia
MgSO,-7H,0 46% eHIMALIIKIEH KOHE Ta3aJbIFbl JKOFaphl canaja ajxyra MYMKIHJIIK
Oepeni. DneMeHTTIK Tanjay OapbICbiHIa MarHuid cyinb(aTbIHBIH KypaMbIHIA KaJbIUN
MEH TeMIp/IiH MeJILIepi oTe a3 eKeHi aHBIKTaJIbI, OYJ1 ©HIMHIH KOMMEPLUSIIBIK TYPFbIIaH
TapTBIMABUIBIFBIH  apTTHIPaAbl. MaTepHaiiblK >KOHE JHEPreTUKANbIK MIBIFBIHAAD,
COHali-aK OHIMHIH oOpTalla HapbIKTHIK Oaranapbl HEri3iHne, MarHuil CyabgarbiH
OHIIPYIiH TEXHUKO-DKOHOMHUKANBIK KOPCETKIIUTEePi AaHBIKTAJIbIN, TEXHOJIOTHSIHBIH
SKOHOMHKAJIBIK THIMIUIITH Oaranayra MYMKiHAIK Oepxi. CanmpICThIpMalibl Tanjay
KOPCETKECHJICH, JKEPriliKTI CEePIEeHTHHUT KaJABIKTAphlH MarHUid Cyab(arblH anmy
OHIpiCiHIe TaiifasaHy J>XoHE OHBIH TEPMOAKTUBTEHICH (opMalapblH KBIIKBLT
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epiTiHzicin OeiTapanTayna KojaAaHy MIBIFIHAAPABI AUTapIBIKTAal a3aiThII, OHAIPICTIH
peHTadenbauTiriH apTThipaabl. COHBIMEH KaTap, YChIHBUIFaH TEXHOJIOTHUS SKOIOTUSUIBIK
TYPFBIIAH Kayilci3, TYpaKThl OHAIpiC MPOLECCiH KaMTaMachl3 €Te/l )KOHE pecypcTapibl
THIMII TaiganaHyra MYMKIHAIK Oepexai. bynm TexHomorust KaiWTa eHAEY apKbUIBI
TEXHOTEHAIK KaJABIKTap/AblH KOpIIaFaH OpTaFa THUTI3eTiH 3MSHABI 9CEpiH a3alTaibl.
XKana eHIey TEXHONOTHSIIBIK CYJI0AChl KOFAapbl THIMAUTIKKE He OOJBIN, XPU30TUI
KaJIBIKTapbIH KaiiTa @HJeUTiH KOCIMOpbIHAapFa EHI1311yl MYMKiH. 3epTTey HoTHKeIepi
Kazakcrannarbl )KeprilikTi MUHEpaAbIK-IIUKI3aT 0a3acblHa CYHEHE OTBIPBII, MarHUi
Cynb(aTbIHBIH OHEPKACINTIK OHAIPICIH YHBIMIACTBIPYABIH MEPCHEKTUBTLNIMH HAKTHI
Jonennen .

Tyiiin ce3nep: Maruuii cynbdarsl, CepIEHTUHUT KAIIBIKTAPbI, KYKipPTKBIIIKbIIIbI
clrTiciznenaipy, TepMoOeICeHAIPINTreH CepIeHTUHHT

©OA.TI. AyemioB, U.3. Ecku6aeBa’, A.K. [lukandaea’, 2025.
IOxH0-Ka3zaxcranckuii yauepcutet um. M. Aya3osa, [lIsimkenT, Ka3axcran.
E - mail: dikanbaeva86@mail.ru

TEXHUKO-9KOHOMUHWYECKOE UCCIIEJOBAHUE ITOJYYEHUA
CYJIIb®ATA MATHUS U3 CEPIIEHTUHHUTOBOI'O OTXOJA

Ayemos Aoapasax — 3asenyromuii HWJI «Ipuxnannas xumus», K0xuno-Kazaxcranckuil yHusepcurer
uM. M. Ayna3osa, lIsimkenT, Kazaxcran,

E-mail: centersapa@mail.ru; ORCID: https://orcid.org/0000 0002-3504-9117;

EckubaeBa Yaiizana — Inasusiit cienmanuct HWJL «Ilpuknagnas xumus», HOxno-Kazaxcranckuit
yHuBepcuteT uM. M. Ayasosa, HIsivmkenT, Kazaxcran,

E-mail: yeskibayeva@internet.ru; ORCID: https:// orcid.org/0000-0002-8049-8851;

JuxantaeBa Aiixxkan — Corpynnuk HWUJI «Ilpuknagnas xumusy, FOxxno-Kasaxcranckuil yHUBEpCUTET
uM. M. Ayna3osa, lIsimkenT, Kazaxcran,

E-mail: dikanbaeva86@mail.ru; ORCID: https://orcid. org/0000-0002-9859-5545.

AnHOTanMd. B crarbe NPENCTABIEHO TEXHHUKO-DKOHOMHMUYECKOE HCCIEN0BAaHUE
TEXHOJIOTUU TOJy4YeHHUs Cyinbpara MarHusi H©3 CEPHEHTHHUTOBOIO  OTXOJA,
o0pazyromierocs npu A00bYe U 000TaIIeHUH XPH30THII-acOecTa U MPeaCTaBISIIOIIETO
3KOJIOTUYECKYIO OIIACHOCTh. PAaCCMOTpPEHBI OCHOBHBIE ACIIEKTHI HOBOM aJIbTEPHATUBHOMN
TEXHOJIOTUU TepepadOoTKH MOPOIIKOOOPa3HOro OTXOJa XPH30THIOBOTO  CHIPHS,
BKJIFOYAKOIIEH CTaJUU CEPHOKMCIOTHOIO BBIIIEIAUUBAHUS PACTBOPAMU  CEPHOM
KHUCJIOTBI HU3KOH KOHLIEHTpAaUUU U MOCIEAYIOIIEH HEeHTpalU3aluu MPOLyKTUBHOIO
Cynb(haTHOrO pPacTBOpa C HCIOJIb30BaHUEM TEpMOaKTUBHpoBaHHOro mpu 750 °C
ceprieHTHHHTA. [IpoBeneHa oueHKa 3(PQEKTUBHOCTH MOMY4YECHHUsS cynbdara Marxus,
KauecTBa KOHEYHOTO MPOAYKTa M IMOTEHUUANBbHOW PEHTA0ETbHOCTH NPEIIOKECHHOM
TexHonoruu. [TokasaHo, 4T0 coUeTaHKHE TPOLIECCOB BBIIIECIAYUBAHNS U HEUTPAIA3ALUU
MO3BOJIICT TMONYYUTh Cyiabpar MarHusg ¢ OOmuM BbIXOAOM 46% U BBICOKUMH
KaueCTBEHHBIMH XapaKTepUCTHKaMu ToBapHoro npoaykra MgSO, - 7H,O. Ha ocHoBe
pacyeToB MaTepUaNbHBIX U SHEPreTHUECKUX 3aTpar (0e3 yueTa MOCTOSHHBIX PACXO0B)
n cpenHed peiHOuHOM cromMoctd MgSO, 7H,O onpeneneHsl npenBapUTeIbHbIE
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TEXHUKO-3KOHOMHWYCCKUC MMOKA3aTCIIN, [TO3BOJIAIOIINE IPOTHO3UPOBATE SKOHOMUYECCKYHO
3(1)(1)CKTI/IBHOCTL TCXHOJIOT'HUH. HpOBeZ[CH CpaBHHTCHLHLII;'I aHaJin3 C HM3BCCTHbBIMH
METOAAaMHU  MOJYyUCHUSA cyan)aTa Marsaus. yCTaHOBJ'ICHO, YTO HMCIIOJB30BAaHUC
MCCTHBIX CCPIICHTUHUTOBBIX OTXOAOB UM HUX TEPMOAKTHUBUPOBAHHBIX q)OpM JJIsL
HCI\/'ITpaJ'H/Ba]_[I/II/I KHCJIBIX PaCTBOPOB BbIIICIAYMBAHUA TO3BOJACT CYHIECCTBCHHO
CHU3UTH 3aTparbl HaA CBIpI:é 1 NOBBICUTDH peHTa6eJ’ILHOCTL MpoOUu3BOACTBA. HOKa3aHO,
YTO HOBas TCXHOJOTHUYECCKasA CXEMa O6J'Ia,£[aeT BBICOKOM 3(1)(1)€KTI/IBHOCTBIO U MOXKCT
OBITH UHTET PUpOBaHa B Z[CP'ICTBYIOLHHC npeamnpuAaTus 1o nepepa60TKe XPHU30TUIIOBBIX
OTXOJO0B. PeByJ'ILTaTLI HCCICA0BaHUs NMOATBCPIKAAIOT IMEPCIICKTUBHOCTDL OpTraHU3aIlun
MPOMBIIIIJICHHOT'O TPOMU3BOACTBA cyan)aTa Maravs Ha OCHOBE MHHCpaJ'ILHO—CLIpLCBOfI
6a3bl KazaxcTana.

KiioueBblie cjioBa: Cynb(l)aT Martus, CEPriICHTUHUTOBLIC OTXO/Abl, CCPHOKHNCJIOTHOC
BBIIICTIAaYMBaHUC, TCpMO&KTHBHpOBaHHLIﬁ CCPICHTHUHUT

Introduction. Serpentinites are magnesium-rich silicate rocks containing significant
amounts of silica and have been widely investigated as raw materials for producing
magnesium and its compounds. These rocks, including industrial waste generated during
the processing of chrysotile-asbestos ores, represent a valuable source of magnesium
(Kalichenko et al. 2007; Sagarunyan et al. 2014; Shevko et al. 2022; Kozlov et. al. 2015;
Gabdullin et al. 2012; Fedorockova et al. 2016; Sierra et al. 2018). Various processing
methods for serpentinites have been proposed, each with specific technological and
economic limitations (Auyeshov et al. 2024).

The serpentinite ores from the Zhitikara deposit, located on the eastern slope of
the Southern Urals in Kazakhstan, belong to the Bazhenov geological-industrial type
and consist primarily of serpentinized peridotites, dunites, and serpentinites (Dzhafarov
2013).

The average chrysotile content in these ores is approximately 4.5-5.5%. The
mineralogical composition includes chrysotile, lizardite, and antigorite (Mg,Si, O (OH),),
along with brucite (Mg(OH),) and magnetite (Fe,O,). The processing plant, JSC
"Kostanay Minerals," has an annual production capacity of approximately 500,000 tons
of chrysotile, and over 65 years of operation, it has generated substantial volumes of
waste. This waste, which may still contain residual chrysotile fibers, poses environmental
and health risks due to airborne dispersion (Punenkov et al. 2022).

To mitigate these issues, several approaches for valorizing the tailings have been
proposed, with particular attention to extracting magnesium from serpentinite waste.
Compared to dolomite, which contains 20-22 wt.% Mg, serpentinite can have a higher
magnesium content of 25-26 wt.%, making it a promising alternative raw material.
Previous studies have investigated its leaching behavior using various acids, including
sulfuric (Btonska et al. 2016) and hydrochloric acid (Mpouras et al. 2017; Fouda et al.
1996; Shaban et al. 2018; Huang et al. 2017; Teixeira et al. 2012). However, despite
extensive research, there is still limited practical implementation of technologies for
producing specific industrial-grade magnesium compounds from serpentinite, especially
those supported by techno-economic analyses.
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In response to this gap, the present study proposes a novel process scheme for the
production of magnesium sulfate (MgSO,-7H,0O) from serpentinite waste generated
during chrysotile processing at the Zhitikara deposit. The process involves sulfuric acid
leaching followed by neutralization using thermally activated serpentinite, combined
with a preliminary economic evaluation of the key process stages. The aim is to assess
the resource and economic efficiency of this technology and the feasibility of utilizing
industrial waste for the production of high-purity magnesium compounds.

Materials and Methods. Sample preparation. Powdered process waste (PTW) from
the chrysotile beneficiation plant at JSC "Kostanay Minerals" was used as the main raw
material. The chemical and mineralogical composition of this waste closely resembles
that of the original chrysotile ore. The material appears as a bluish-gray fibrous powder
without lumps or solid inclusions, collected using bag-type dust collection systems
used during the crushing and fractionation of chrysotile raw materials. The elemental
composition of the PTW is presented in Table 1.

Table 1. Elemental composition of PTW

Element C (0] Mg Al Si S Ca Fe Total
Elemental composition
of PTW, wt.%

2.58 | 51.00 | 25.00 | 0.54 | 1745 | — | 0.50 | 2.93 100.00

Thermal activation. Thermal treatment of the PTW was carried out at 750°C for one
hour in order to prepare it for use as a neutralizing and purifying reagent for the sulfate
solution. The treatment significantly altered the particle size distribution, eliminating
fractions smaller than 0.9mm. The dominant particle size fraction after calcination was
in the range of 0.14—0.08—0.07mm, representing approximately 94% of the material.
The thermally activated PTW was used without any further grinding.

Analytical instrumentation. Analytical measurements were performed using a JSM-
6490LV scanning electron microscope (JEOL, Japan) equipped with an INCA Energy
350 EDS system, and an iCAP-Q mass spectrometer (Thermo Scientific, Germany). All
analyses were conducted in accordance with established laboratory protocols to ensure
the accuracy and reproducibility of results.

Results and discussion. Leaching of process tailings (PTW) with sulfuric acid

Leaching of powdered PTW with sulfuric acid was carried out according to the
following stoichiometric reaction:

Mg Si,0,(OH), + 3H,SO, — 3MgSO, + 2Si0, + 5H,0 (D
To ensure complete reaction of magnesium with sulfuric acid and account for the
presence of trace metal impurities, a slight excess of acid was introduced. The leaching

process also follows the simplified ionic reaction:

Mg + H,SO, — MgSO, + 2H* )
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A molar ratio of 1.0:1.046 (Mg*": H,SO,) was selected. The stoichiometric amount of
sulfuric acid was calculated based on the total magnesium content in PTW.

Leaching was performed in a round-bottom flask equipped with a thermometer,
reflux condenser, sampler, and a propeller stirrer. A mixture of 500 g of PTW and 1000
cm?® of distilled water was placed into the flask. Under continuous stirring at 200—300
rpm, 415 cm?® of 92% sulfuric acid (density = 1.824 g/cm®) was added dropwise in
three portions of 150—200 cm? using a dropping funnel. The total mass of the reaction
mixture was 2256 g, resulting in a liquid-to-solid (L:S) ratio of 4.51.

Upon acid addition, the suspension rapidly heated to 100—105°C within 2—3
minutes, accompanied by intense foaming and boiling. To avoid overheating, acid was
added in intervals. After the final portion, gentle boiling was maintained throughout the
remainder of the 3-hour leaching period.

The resulting mixture appeared as a dense bluish-gray suspension with a measured
pH of 0.57. Aliquots (10 mL) were taken at 30, 60, 120, and 180 minutes. Samples
were filtered, and the residues were washed, dried at 105°C, and analyzed chemically.
Magnesium concentration was determined both instrumentally and by classical chemical
titration, with a relative error not exceeding 2—3%, confirming the consistency of
results. The elemental compositions of both filtrates and residues for the different
leaching durations are summarized in Table 2.

Table 2. Elemental composition of the filtrate and insoluble residue at different leaching durations (30,
60, 120, and 180 min, t = 100—105°C)

Element Leaching time, min
30 60 | 120 | 180 30 | 60 [ 120 | 180
Filtrate, wt.% Residue, wt.%

C — — — — 4.85 4.36 5.19 443
(0] 5.09 57.10 | 53.65 | 57.41 54.17 53.53 53.79 53.98
Mg 10.36 10.71 11.11 11.69 3.31 2.99 2.42 2.39
Al 0.48 0.42 0.37 0.30 0.33 — — —
Si 4.10 3.82 4.25 3.86 34.53 36.06 36.36 36.45
S 28.99 28.02 | 28.46 | 28.42 1.50 1.31 1.19 1.56
Ca — 0.27 — — 0.22 0.28 — —
Fe 1.98 2.66 2.16 2.32 1.10 1.46 1.06 1.19
Total 100.00 | 100.00 | 100.00 | 100.00 | 100.00 100.00 100.00 100.00
m, g (MgSO,)| 168.65 | 168.90 | 171.60 | 167.68 — — — —
Note: “—” indicates values below the detection limit or not determined.

Analysis of the data in Table 2 shows that within 30 minutes from the start of PTW
leaching with sulfuric acid, nearly all elements present in the waste are transferred
into the sulfate solution, with the exception of calcium, which appears in the solution
only after 60 minutes. However, a significant change in the concentrations of the main
elements in the sulfate solution and insoluble residue is not observed in the time interval
from 30 to 180 minutes. Specifically, the magnesium content in the solution increases
by only 12.8%, iron by 17%, and silicon decreases by 5.8%. In the insoluble residue,
the concentrations of these elements also change accordingly: magnesium decreases
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by 27%, silicon increases by 5.5%, and iron by 17%. These results confirm that the
maximum rate of PTW dissolution during acid leaching occurs within the first 30
minutes of contact with sulfuric acid.

The mass of magnesium sulfate formed during the leaching of 100 g of PTW with
sulfuric acid at 98 °C after 30 minutes was 168.65 g (containing 10.36% Mg, equivalent
to 16.90 g), which corresponds to 70% of the theoretical yield. It is also notable that the
yield of magnesium sulfate in the solution does not increase significantly beyond the
30—180-minute range (168.65, 168.90, 171.60, and 167.68 g).

Neutralization and purification of the productive sulfate solution using thermally
activated PTW at 750°C. Under the same conditions, the leaching of PTW with
sulfuric acid was conducted, but the leaching time was limited to 30 minutes. Upon
completion of this step, 1.0 dm? of distilled water was added to the acidic suspension.
Thermally activated PTW (TA-PTW), previously heated at 750°C for one hour, was
used as the neutralizing agent. At this temperature, the alkaline reactivity of the material
is significantly enhanced due to internal structural transformations of the serpentinite,
including the formation of periclase (Dikanbayeva et al. 2021; Yeskibayeva et al. 2024).
Neutralization was carried out until the suspension reached a pH of 8.3. The resulting
mixture was then filtered, and the solid residue was washed twice with 0.5 L of distilled
water. It is noteworthy that at pH = 8.3, both filtration and washing were completed
efficiently. The obtained filtrate was almost completely free of impurity metal ions, with
the exception of trace amounts of calcium.

Table 3 presents the results of elemental analysis of both the filtrate and the solid
residue after neutralization of the acidic suspension using thermally activated PTW
(TA-PTW). The data reflect the composition of the purified productive magnesium
sulfate solution and the remaining solid phase.

Table 3. Elemental analysis of the neutralized sulfate suspension at pH = 8.3: initial materials, filtrates
after phase separation, and solid residue (OS)

Initial materials Neutral suspension
Element PTW TA-PTW Filtrate I Filtrate IT Residue (OS)

C 2.58 2.54 — — 9.35
(0] 51.00 45.22 59.90 61.90 48.55
Mg 25.00 27.89 16.60 15.64 11.91
Al 0.54 0.46 — — 0.56
Si 17.45 19.17 — — 23.60
S — — 23.50 22.21 0.43
Ca 0.50 0.53 — 0.25 0.30
Fe 2.93 4.19 — - 5.30
Total 100.00 100.00 100.00 100.00 100.00
Note: “—” indicates values below the detection limit or not determined.

The yield of magnesium sulfate during the neutralization of the acidic PTW
suspension using TA-750 reaches 46% of the total magnesium content in the initial
materials (PTW and TA-PTW), while magnesium recovery relative to the amount of
sulfuric acid used was approximately 100%.
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The concentration of magnesium sulfate in the filtrate obtained after leaching the first
portion of PTW (Filtrate I) was 243 g/L (24.3%). When a second, fresh portion of PTW
was leached using this magnesium sulfate solution (with sulfuric acid concentration
adjusted for repeated leaching), the concentration of magnesium sulfate in Filtrate II
increases to 47—48%. Calcium remained in the final product at a concentration of
0.014—0.016% (see Table 3, residue—OS).

The solid residue obtained after neutralization of the acidic PTW suspension using
TA-PTW contained the following elements: Mg = 11.91%, Al = 0.56%, Si = 23.56%, S
=0.43%, Ca = 0.30%, and Fe = 5.30%. These values suggest the potential reuse of the
residue as a magnesium- and silicon-containing fertilizer for agricultural applications.

The use of TA-PTW as a neutralizing reagent offers several advantages over
conventional reagents such as NaOH:

1. It additionally enriches the productive sulfate solution with magnesium due to
acid—base interactions between TA-PTW and the acidic suspension;

2. It does not introduce any foreign elements into the sulfate system from external sources;

3. Owing to its specific structural and adsorptive properties, it ensures more efficient
purification of the magnesium sulfate solution from impurity metal ions, except for a
minor amount of calcium.

The production of magnesium sulfate heptahydrate using the described leaching
(Figure 1), neutralization, and purification processes with TA-PTW enables the
formation of high-purity MgSO,-7H, 0.

PTW - 0.4 t (d<1 Suspension: 10

A4

mm) minutes, L/S = 2.0
H,0-0.8t l
Leaching:
92% H,S04—0.444 » 05 hour, T=98-100 °C, H,SO4—39%
t-4.167 mol
v
H,0-1.5t¢ Neutralization:
pH=8.3;
- = T = 50°C; 3 hours
TA750=04t 1-Filtrate:
¢ solution MgSO4— 2.0t;
Filtration: —p 19.5%
10 minutes l

1-Sediment Crystallization from solution
H,0-0,5t

[ zseomen | DI

Rinse water: Centrifugation, washing
solution MgSO4— 0.5 t, >MgSO4-7TH20 - 1.0 t;
3.5-3.8% Yield: 46%
92% H,S04— 0.444 L 4 ‘
t (4.167 mol) 1-Filtrate + rinse water +
0,81 92% H,S0,— (0.444 t

39% sulultion H,S04)

2-cycle: To the beginning of the process (second leaching cycle)

_ Finished product (MgSOa4-7H>0)

2-cycle: To the beginning of the process (second leaching cycle)
Finished product (MgSO,-7H,0)
Figure 1 - Technological scheme for the production of magnesium sulfate heptahydrate
(MgSO,-7H,0) from chrysotile processing waste (PTW)
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Comparative analysis (Table 4) demonstrates that the purity characteristics of the
synthesized magnesium sulfate comply with the requirements of GOST 4523-77,
confirming its classification as a marketable product with established commercial value.

Table 4. Comparison of magnesium sulfate heptahydrate (MgSO,7H,0) quality indicators with GOST
4523-77

No Indicator Norm Experimentally obtained
Chemically Pure for MgSO,-7H,0*
pure analysis (h.d.a.)
1 MgSO,-7H,O (magnesium sulfate
hel% o drais), % £ 99.5 99.5 99.5
2 Water-insoluble substances, % 0.00200 0.00200 0.00100
3 H_ SO, (acidity), % 0.00200 0.00200 —
4 MgO (alkalinity), % 0.00100 0.00100 0.00100
5 Cl (chlorides), % 0.00050 0.00200 —
6 NH, (ammonium salts), % 0.00100 0.00200 —
7 Fe (iron), % 0.00020 0.00030 0,00024
8 Ca (calcium), % 0.01000 0.02000 0.01400-0.01600
9 Mn (manganese), % 0.00050 0.00100 0.00070
10 As (arsenic), % 0.00004 0.00004 —
11 Pb (heavy metals), % 0.00010 0.00010 —
12 Zn (zinc), % 0.00100 0.00500 0.00020
Note: * — Analysis performed using Thermo Scientific iCAP-Q Mass Spectrometer.
“~” indicates values below the detection limit or not determined.
h.d.a., highly defined analytical.

Based on the scaled data from Table 3, the resource and energy efficiency of the
proposed technology for producing 1.0 t of MgSO,-7H,O from PTW was assessed,
considering only material and energy inputs and excluding capital and operational
costs. The calculations were performed using average market prices for sulfuric acid
and electricity tariffs in Kazakhstan in 2024 (0.065 $/kWh) (Table 5).

Table 5. Resource and energy efficiency of the technology for producing commercial-grade magnesium
sulfate heptahydrate (MgSO,-7H,0) from PTW (serpentinite waste)

1) Specific consumption of raw materials and energy required to produce 1 ton of MgSO,-7H,O
Resource type Unit Consumption Role

per product
PTW tons 0.40 Raw material
TA-PTW 0.40 Raw material
Sulfuric acid (density = 1.824 g/cm?) tons 0.44 Reagent 1
Technical water tons 2.80 Reagent 2
2) Specific consumption of raw materials and energy resources to produce 0.400 tons of TA- PTW
Resource type Unit Consumption Role

per product
PTW tons 0.46 Raw material
Electricity kWh 92.40 Energy input
3) Resource and energy efficiency MgSO,-7H,O
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Articles Unit Quantity Price, $/t Price, $

Income part 175.00
MgSO,-7H,0 tons 1.00 175.00 175.00
Expenditure part 60.00
PTW tons 0.46 3.00 1.40
TA- PTW tons 0.40 3.00 1.20
Sulfuric acid (density=1.824 g/ tons 0.44 100.00 44.40
cm’®

Water (technical) tons 2.80 1.00 2.80
Electricity (firing) kWh 92.40 0.07 6.00
Note: Estimated based on average market prices for 2024 in Kazakhstan: sulfuric acid — $100/t; technical
water — $1/t; electricity — $0.07/kWh. Labor, depreciation, and overhead costs are not included.

Thus, the gross profit, excluding fixed costs, for the production of magnesium
sulfate (MgSO,-7H,0) is $115/t. The break-even price (P_. ) is $60/t, and since P_. <
$175/t, this indicates that magnesium sulfate production by this method is economically
viable. From an economic perspective, the process demonstrates a sufficiently positive
balance. Industrial production of magnesium sulfate heptahydrate (MgSO,-7H,0) is
carried out using several technological routes, which differ both in terms of the raw
materials employed and the associated cost structures. The most common approaches
include: 1) extraction from natural kieserite/epsomite; 2) processing of magnesite/
dolomite using sulfuric acid. Under typical prices for industrial H,SO, and energy
resources, the production costs via these conventional routes generally exceed those of
direct processing of serpentinite waste, reaching approximately from 150 to 220 USD/t.
Therefore, reducing the costs of raw materials (PTW) and the neutralizing agent (TA-
PTW) represents a critical factor in enhancing the economic efficiency of the proposed
technology.

Conclusions. The techno-economic study of the processes of sulfuric acid leaching
of PTW using low-concentration sulfuric acid solutions and the neutralization of
the resulting sulfate solution with thermally activated serpentinite waste (TA-PTW)
demonstrates that this technology can achieve a total magnesium sulfate yield of 46%
relative to the theoretical magnesium content in the raw serpentinite involved in the
extraction processes, producing a commercial-quality product — MgSO,-7H, 0.

The techno-economic indicators, determined based on calculations of material and
energy consumption and the average market price of the product, show promisingly high
values, confirming the resource and economic efficiency of the proposed magnesium
sulfate production technology from PTW, as well as the feasibility of the repeated
utilization of chrysotile-based technogenic waste.

Simple calculations show that 1.0 ton of PTW can yield magnesium sulfate
(MgSO,-7H,0) products valued at $175-200. At the same time, success from both
technological and economic standpoints is ensured by the use of thermally activated
PTW for the neutralizing and purifying the sulfate leaching solution. The rational use
of sulfuric acid, which is the only consumable reagent, is an additional advantage in the
process of producing magnesium sulfate from serpentinite waste.
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