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Abstract: Silicon-containing species in uranium-bearing process solutions can accumulate on ion-
exchange materials, impairing mass transfer and sorption efficiency. Inexpensive porous inorganic
materials for preliminary silicon removal are therefore of practical interest. This study aimed to evaluate
how thermal, chemical and mechanical post-treatment affects the porous structure of a silica-rich product
obtained by hydrochloric acid leaching of chrysotile-asbestos waste, in order to select a promising matrix
for sorption studies. Raw material underwent magnetic separation followed by HCI leaching. Five
products were examined: material calcined at 650 °C; material calcined at 850 °C (1 h) and modified with
5% NiSO4 and 10% MoOs4; material calcined at 650 °C for 52 h; leached product before attrition; and the
same product after attrition. Textural properties were assessed via low-temperature N- adsorption using
BET, Langmuir, t-plot and BJH methods. The BET specific surface area of the samples varied from 56.55
to 169.02 m?/g. The most favorable textural characteristics were observed for the leaching product without
additional grinding: the specific surface area was 169.02 m2/g, the micropore area was 44.72 m2/g, the t-
plot micropore volume was 0.0180 cm3/g, and the average pore diameter was 3.89 nm. After attrition,
surface area remained high (165.99 m2/g) while total pore volume increased to 0.1951 cm?/g. Calcination
at 650 °C and prolonged 52-h calcination reduced surface area to 106.61 and 91.41 m#/g, respectively;
combined 850 °C treatment with Ni-Mo modification gave the lowest value (56.55 m2/g). HCI leaching
was the key step forming the porous silica matrix. The unattrited leached product was selected as the most
promising matrix for silicon removal from uranium solutions.
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1. Introduction

Chrysotile asbestos production waste is a large-scale man-made magnesium
silicate raw material, the recycling of which is of interest from both an
environmental and resource-saving perspective [1-3]. The main mineral in this
waste is chrysotile, with the composition MgsSi>Os(OH)., whose structure can be
significantly transformed by acid exposureDuring acid leaching, magnesium
predominantly passes into solution, while the solid residue is enriched with silica
and, due to the destruction of the original magnesium silicate structure, acquires a
developed porous surface [4-5]. This creates the preconditions for the production
of silica-containing materials from chrysotile-asbestos waste, potentially suitable
as matrices for sorption and other functional materials.

The functional properties of silica-containing materials are largely
determined by their textural characteristics, including specific surface area, total
pore volume, micro- to mesopore ratio, and pore size distribution. A well-
developed porous structure ensures surface accessibility for interaction with
solution components, while the presence of surface silanol groups enables further
chemical modification of the silica matrix [6]. In this regard, acid processing of
magnesium silicate man-made raw materials is of interest not only as a method
for extracting soluble components, but also as an approach to the formation of a
porous silica-containing product with potential sorption properties.

One potential application for such materials is the preliminary removal of
silicon-containing components from hydrometallurgical process solutions. In
particular, in uranium productive solutions, dissolved and colloidal forms of
silicon can accumulate in the pore space and on the surface of ion-exchange
materials, impairing mass transfer and reducing the efficiency of uranium sorption
extraction [7,8]. Therefore, the development of inexpensive porous materials for
preliminary silicon reduction before the main ion-exchange stage is of practical
interest [9,10]. At this stage, however, the primary task is to obtain and texturally
evaluate a suitable porous matrix, while its effectiveness directly in the silicon
removal process requires separate experimental study.

For Kazakhstan, this area is of additional importance due to the presence of
man-made waste from chrysotile asbestos production. Work on processing waste
from the Zhitikarinskoye deposit demonstrated the possibility of combining
magnetic separation and acid leaching to produce silica-containing products with
a developed surface area [11]. However, the production of a silica-containing
product alone does not determine its suitability as a matrix for a functional
material, as subsequent thermal, chemical, and mechanical processing steps can
significantly alter the resulting pore structure. The impact of such processing on
the specific surface area, pore volume, and pore size distribution of products from
the acid processing of chrysotile asbestos waste requires separate assessment.

The aim of the work is to establish the patterns of change in the specific
surface area and porous structure of the silica-containing product of hydrochloric
acid leaching of chrysotile asbestos waste with various methods of subsequent
processing and to justify the choice of the most promising matrix base for the
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creation of an inorganic chemisorbent intended for the preliminary removal of
silicon compounds from process solutions before the sorption extraction of
uranium.

2. Experimental part

The textural characteristics of the samples were determined by low-
temperature nitrogen adsorption on an EASY-V3210 analyzer using an N>—He gas
system. The specific surface area was calculated using the Brunauer—Emmett—
Teller (BET) method and the Langmuir model. Micropore and external surface
area were estimated using the t-Plot method; mesopore size distribution,
cumulative pore area, and pore volume were estimated using the Barrett—Joyner—
Halenda (BJH) method using the adsorption and desorption isotherms.

The feedstock used was man-made waste from chrysotile asbestos
production, with a particle size of — 1.0 to + 0.25 mm. The feedstock was
subjected to dry magnetic separation to produce magnetic (17.5-18.0%) and non-
magnetic (82.0-82.5%) fractions. The composition of the non-magnetic fraction
sent for subsequent leaching was, wt. %: MgO - 39,0-41,3; SiO, — 33,4-36,5;
CaO - 0,5-1,4; Fe;0s — 2,7; Fes04 — 4,9. The non-magnetic fraction was leached
with an HCI solution with a concentration of 0.45 mol/l at a solid-to-liquid ratio
(S:L) = 1:5, a temperature of 75 °C and a duration of 3 hours from the moment
the operating temperature was reached. The resulting solid residue was washed
with water at an S:L ratio of 1:2, then filtered and dried. The content of the silica
component in the resulting product reached 78-80 wt. %. The scheme of
preliminary magnetic separation of the source material is shown in Figure 1.

— 1

Figure 1 — Hardware diagram of magnetic separation of chrysotile-asbestos waste: 1 — feedstock bin; 2 —
magnetic separator; 3 — non-magnetic fraction; 4 — magnetic fraction.

Magnetic separation separated the original chrysotile asbestos waste into
magnetic and non-magnetic fractions. The magnetic fraction was separated from
the main process stream, while the non-magnetic fraction, enriched in magnesium
silicate, was sent for hydrochloric acid leaching, followed by the production of a
silica-containing product. To evaluate the influence of subsequent thermal,
chemical and mechanical treatment on its porous structure, five samples were

prepared, the conditions for obtaining which are given in Table 1.
Table 1 - Conditions for obtaining the test samples

153



ISSN 1813-1107, elSSN 2710-1185 M 3, 2026

Ne | Sample Treatment conditions of the product after leaching
1 |[Sand1 Calcination at 650 °C
2 |[Sand?2 Calcination at 850 °C for 1 h and modification with 5% NiSO4 and 10% MoO4
3 |[Sand 3 Calcination at 650 °C for 52 h
4 |Sand 4 Product before the abrasion operation
5 |[Sand5 Product after the abrasion operation

3. Results and Discussion

Hydrochloric acid leaching was accompanied not only by changes in the
chemical composition but also by a significant restructuring of the original
magnesium silicate structure. X-ray diffraction (XRD) analysis was performed
using a Rigaku MiniFlex 600 diffractometer (Rigaku Corporation, Tokyo, Japan)
with Cu Ka radiation (A = 1.5406 A), operated at 40 kV and 15 mA. The
diffraction patterns were recorded over a 20 range of 5-80° with a step size of
0.02° and a scanning rate of [specify]°/min.

The X-ray diffraction pattern of the product after leaching showed a decrease
in the intensity of the characteristic diffraction peaks and diffuse scattering in the
20 range of approximately 15-35°, indicating the formation of a disordered,
predominantly amorphous silica-containing component.

Thermogravimetric analysis performed using a Q-1500D derivatograph
(Paulik—Paulik—-Erdey system, Hungary) revealed successive stages of water
removal at 110, 140, and 170 °C. The total loss of hydration water over the
temperature range of 40-310 °C was 8.45%. The presence of various forms of
bound water and OH groups was consistent with the structural heterogeneity of
the surface after acid treatment.
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Figure 2 — Thermogravimetric curves of the residue after leaching.
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To confirm the extent of structural disordering, X-ray phase analysis was
performed on the leached product, comparing peak positions and intensities with
the initial crystalline phase (Figure 3).
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Figure 3 — X-ray diffraction pattern of the residue after leaching.
FTIR spectroscopy was additionally used to characterize surface functional

groups and confirm the presence of OH groups and silica-containing fragments
consistent with the acid-leached structure (Figure 4).
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Figure 4 — IR spectrum of the product after leaching.
The results showed a significant dependence of textural characteristics on the

type of post-treatment applied (Table 2). The specific surface area of BET varied
from 56.55 to 169.02 m2/g across the five samples studied.
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Table 2 — Main textural characteristics of the studied samples

Sample Specific Specific Micropo Outer Total Micropore | Average
surface surface re area, surface, pore volume pore size,
area area of m?/g m?/g volume, t-Plot, nm
BET, m?/g | Langmuir, sm/g sm/g
m?/g
1 106,61 168,39 474 101,87 0,1179 0,00151 4,42
650 °C
2 56,55 73,72 5,30 51,25 0,1211 0,00185 8,57
850 °C +
Ni-Mo
3* 91,41 135,29 — — 0,1556 0 6,81
650 °C,
52 h
4 169,02 214,27 44,72 124,31 0,1644 0,01802 3,89
before
abrasion
5 165,99 192,77 42,31 123,68 0,1951 0,01779 4,70
after
abrasion

Note — BET is the Brunauer—Emmett-Teller specific surface area; t-Plot is the method for assessing
the microporous and external surface area Sample 4 (highlighted) was selected as the most promising
matrix; t-Plot micro/outer surface values for Sample 3 were not determined.

The maximum surface area was determined for Sample 4 (product after
leaching, before the attrition operation): S_BET = 169.02 m#/g, micropore area =
44.72 m?/g, external surface area = 124.31 m?/g, total pore volume = 0.1644
cm?/g, and average pore size = 3.89 nm — identifying it as the most promising
matrix among all samples tested (Table 3).

Table 3 — Comparative interpretation of textural characteristics

Sample S_BET, m%g Key features Interpretation

4 — before abrasion 169,02 Maximum BET-surface The most promising matrix
area and micropore area

5 — after abrasion 165,99 Maximum total pore Abrasion increases pore volume
volume 0,1951 sm®/g

1-650°C 106,61 Surface reduction after Heat treatment reduces the
firing available surface

3-650°C,52h 91,41 Average pore size 6,81 Long firing further reduces
nm S BET

2 -850 °C + Ni-Mo 56,55 Smallest S_BET; pore Cumulative treatment produces
size 8,57 nm the coarsest pore structure

Firing at 650 °C (sample 1) was accompanied by a decrease in S BET to
106.61 m?/g and micropore area to 4.74 m?/g. With prolonged exposure at 650°C
for 52 hours (sample 3), the specific surface area further decreased to 91.41 m%/g,
and the average pore size increased to 6.81 nm. This indicated a decrease in
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accessible surface area with increasing thermal exposure. The lowest value of
S_BET =56.55 m?/g was obtained for sample 2, which was fired at 850 °C for 1 h
and subsequently modified with NiSO4 and MoO. compounds. The average pore
size of this material was 8.57 nm. Since the processing temperature and surface
chemical composition were changed simultaneously for this sample, the available
data characterize the combined effect of these factors and do not allow a separate
assessment of the contribution of each of them. Mechanical abrasion altered the
pore space differently. After abrasion, S_BET decreased only from 169.02 to
165.99 m?/g, while the total pore volume increased from 0.1644 to 0.1951 cm?®/g,
and the average pore size increased from 3.89 to 4.70 nm. Consequently,
mechanical action primarily affected the volumetric and size characteristics of the
pores without further development of the specific surface area.

To preserve the original experimental data and visually compare the
adsorption pattern, Figure 8 shows the initial N, adsorption-desorption isotherms
from the EASY-V3210 analyzer reports for all five samples. The highest
adsorption capacity was observed for samples 4 and 5, consistent with their
maximum specific surface area values.

N; adsorption-desorption isotherms for samples 1-5
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Figure 8 — N2 adsorption—desorption isotherms for samples 1-5.
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The pore size distribution calculated using the BJH method confirmed a
significant change in the mesoporous component during thermal and mechanical
treatment. For the thermally treated materials, the characteristic pore sizes shifted
toward larger values, while sample 4 combined the maximum specific surface
area with a smaller average pore size. The pore size distribution calculated by the
BJH method for samples 1-5 is shown in Figure 9.
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Figure 9 — Pore size distribution by the BJH method for samples 1-5.

According to the specific surface area of BET, the samples were arranged in
the following sequence: 4 (169.02) > 5 (165.99) > 1 (106.61) > 3 (91.41) > 2
(56.55 m?/g). Thus, the most developed surface was formed immediately after
hydrochloric acid leaching and was preserved until additional thermal treatment.
The obtained result is consistent with the literature data on the formation of
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porous amorphized silica during acid destruction of chrysotile and serpentinite
matrices [9-11].

Based on a combination of textural parameters, sample 4 was selected as the
most promising matrix for further development of an inorganic chemisorbent.
However, BET/BJH characteristics alone do not directly demonstrate high silicon
sorption capacity; a final assessment must be made based on the results of
individual sorption experiments to determine the degree of silicon removal and
sorption capacity.

4. Conclusion

Hydrochloric acid leaching of chrysotile asbestos waste produced a silica-
rich porous matrix containing 78-80 wt.% SiO.. The leached product obtained
before attrition exhibited the most favorable textural properties, with a BET
specific surface area of 169.02 m2/g, a micropore area of 44.72 m2/g, a total pore
volume of 0.1644 cm?/g, and an average pore diameter of 3.89 nm. These results
demonstrate that acid leaching is the key stage responsible for magnesium
removal and the development of the porous structure.

Subsequent processing affected the pore structure differently. Heat treatment
at 650 °C, particularly prolonged annealing, reduced the accessible surface area,
indicating partial densification or restructuring of the porous matrix. The
combination of calcination at 850 °C and Ni-Mo modification produced the
lowest BET specific surface area of 56.55 m2/g. In contrast, mechanical attrition
had little effect on the BET surface area but increased the total pore volume to
0.1951 cm?dg, suggesting enlargement or improved accessibility of the pore
system.

Overall, the leached product obtained before attrition provided the best
balance of silica content, specific surface area, and pore characteristics. It was
therefore selected as the most promising matrix for further investigation of the
preliminary removal of silicon-containing species from process solutions prior to
the sorption recovery of uranium. Future studies should evaluate its removal
efficiency, selectivity, regeneration behavior, and performance under conditions
representative of industrial process solutions.
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Tyiiingeme. Ypan Kypamaac epitinaizepaeri KpeMHUN Kypamaac TypJiepi HOH ajMacy MaTepuajiapbiHia
JKMHAJIBIIN, Macca ajJMacy MEH COpOLMs THIMIUITIH ToMeHaeTyl MyMKiH. COHIBIKTAH KPEMHHII alblH
aja KeTipyre apHajJfaH ap3aH KeyekTi OefopraHumkanblK MaTepHaniap HPaKTHKAIBIK KbI3bIFYIIBUIBIK
TyAbIpazbl. Byt 3epTTey copOLMSIIBIK 3epTTeyliep YILiH NepCHeKTHBAIbI MATPHLIAHbI TaHay MAaKCAThIHA
XPU30TWI-acOECT KAIABIKTAPBIH TY3 KBIIIKBUIBIMEH CUITLICY apKbUIbI albIHFaH KpeMHHIre 0ail eHiMHIH
KEYeKTi KYpBUIBIMBIHA TEPMUSUIBIK, XUMMSUIBIK JKOHE MEXaHHKAJBIK OHJCYICH KeWiHri acep eryai
Oaranayra OarbiTtanra. llukizar maraurrtik 6enmyneH, coman keitin HCI cintineymen etri. bec yunri
3eprrenai: 650 °C-ta kyiinipinren eHim; 850 °C-ta 1 car xy#aipinim, 5 % NiSO4 xone 10 % MoO4
KOCBUIBICTapbIMEH Moaudukauusiianran eHimM; 650 °C-ta 52 car KyiaipiireH eHiMm; yiikenic
orepalusAChHA ACHIHT1 jkoHE OoflaH KeHiHri maiiManay eHimzepi. Keyekrimk cumaTramanapbl a30TTBIH
TeMeH Temmepatypaislk ancopouusick, BET, Langmuir, t-Plot sxome BJH omicTepiMeH aHBIKTaIabL.
Yoarinepain BOT onmici OofibiHma MeHmikTi Oet aymansl 56,55-ten 169,02 m*/r-ra neiiin esrepai. Ex
JKAKCBl TEKCTYpPAIIBIK CHUIIaTTamMalap KOChIMINA YHTAKTayFa YHIBIPATbUIMaraH CUITICI3ICHAIpY eHIMiHzae
Oaiikanapl: MeHIIikTi Oer aymanel 169,02 M*Tr, Mukpokeyekrep aynansl 44,72 m?/r, t-rpaduk omici
OoribiHma Mukpokeyektep kenemi 0,0180 cm®r, anm keyekrepiiH oprama auamerpi 3,89 HM OOJIBL
Yiikenicren keitin S_BET 165,99 M?/r neHreitinae cakraism, xanrisl keyek kenemi 0,1951 cM3/r  neiiin
apTThL. 650 °C TemmepaTypasa KYiIipy koHE Y3aKKa CO3BUIFaH 52 caraTTBIK KYHIIpy O€TiHIH aynaHBIH
coiikecinme 106,61 xone 91,41 wm2/r-ra pneiiin  aszaiiTtel; Ni-Mo mMomudukanusceiven 850 °C
Temreparypaja OIpiKTipiireH eHIey eH TeMeHri MoHai Oepai (56,55 m?/r). JlambiraH KpeMHe3eMi
KEYeKTi MaTpPHLAHbl KaJbIITACTBIPATBIH HETIi3ri Ke3eH Ty3 KbIIIKbUIBIMEH Inaimaray OOJbil TaObUIIbL.
VpaH epiTiHIiNepiHeH KpeMHHUIi KeTipy YIIIH eH IIepCHEeKTHBANBl MATpULA PETiHHe CIITiCi3neHmipy
OHIMI TaHIAJIbIL.

Tyiiinai ce3mep: xpu30oTHiI-acOecT KaJABIKTAaphl, TY3 KBIIIKBUIBIMEH IIaiiMaiay, aMopThl KpeMHE3eM,
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®OPMUPOBAHUE MOPUCTOM KPEMHE3EMCO/JIEPKAILLIEA MATPHUIIbLI U3 OTXO/J0B
XPU3O0TUJII-ACBECTA IS NMOTEHIUMAJIBHOI'O NPUMEHEHHUS TIPU YJAJIEHUU
KPEMHMUS U3 TEXHOJIOTHYECKUX PACTBOPOB

A.K. JKanabaesa*, A. Xambaprwizv**, H.A. Temupzanu', A.K. Omupzanu®, A. Bepouxanvix®,
A.X. FOcygy?

! Kasaxcmancko-Bpumancxuii mexnuveckuii ynusepcumem, Aimamst, Kazaxcman
2 Manaiizutickuii ynusepcumem Kenanmana, bBauox, Manauzus

Pe3tome. CoeqHEeHHs KPEMHHS, IPUCYTCTBYIOLINE B TEXHOJIOTHYECKHX PACTBOPAX, COACPIKALIUX YpaH,
MOTYT HAaKaIUIMBAThCS HA HOHOOOMEHHBIX MaTepHaaX, yXy/Alias MacCOOOMEH U CHUXast 3PEeKTUBHOCTh
copOimu. B cBsI3M ¢ 3THM NMpaKkTHYECKU HHTEPEC NPEACTABIISIOT HEIOPOTHE IOPUCTHIC HEOPraHHYECKUE
MaTepHabl TS TIPEABAPUTEIILHOIO yaaleHus kKpeMHus. L{enbio 1anHO# paboThl ObUTO H3yUYCHHE BIHSIHHS
TEPMUYECKOM, XMMHYECKOH M MEXaHH4eCKOi MocToOpabOTKHM Ha TOPHCTYIO CTPYKTYpPY IPOAYKTa C
BBICOKHM COZEp/KaHHEM AMOKCHIA KPEMHHS, MOMYYCHHOTO ITyTeM COJISHOKHCIOTHOTO BBIIICIaYHBAHMS
OTXOMOB XpHU30THI-acOecTa, € I[ENpl0 BBIOOpPA IMEPCIEKTHBHOW MATPULBI Ul COPOLIMOHHBIX
uccrnenopanuil.  McxomHoe  ChIpbe  MOABEPraJioCh MAarHUTHOW — CEeHMAapaldd ¢ MOCIEAYIOLIHUM
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KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

BBIIIEJIAUYMBAaHUEM COJITHON KHCJIOTOH. BbuIH HcceioBaHbl ATh 00pa3LoB: MaTepuall, IPOKaJeHHbIH pu
650 °C; matepuai, npokaneHssii npu 850 °C (B Teuenune 1 1) u Mogudunuposanusiid 5% NiSOs u 10%
MoOs; maTepuain, npokanenusiid npu 650 °C B Teuenue 52 4; MPOIYKT BBIIIEIAYMBAHUS JI0 U3MEJIbUCHUS
(aTTpuIMK); U TOT K€ MPOAYKT HOcie U3MeabyeHHs. TeKCTypHbIe XapaKTePUCTUKHU OLIEHHBAIIM METOIOM
HU3KOTEMIIepaTypHO# ajicopOIuu a3ora ¢ ucnonb3oBanuem moneneit BOT (BET), Jlenrmiopa, t-rpaduka
u metona bapperra-/lxoitaepa-Xanenas! (BJH). Y nenphast mnomans moBepxHOCTH 00pa3oB 110 METOLY
BOT BapbupoBanace ot 56,55 mo 169,02 m*r. Hawmnyuimme TeKCTYpHBIE XapaKTEPUCTHKU ObLIN
YCTaHOBJIEHBI IS MIPOJYKTa BBILIETaUNBAHMS 0€3 JOMOIHUTEIBHOTO M3MEIbYEHHS: YeNIbHAs IUIOMIAb
MOBEPXHOCTH cocTaBmia 169,02 M?/r, miomans Mukponop - 44,72 M?/r, 00bEM MUKPOIIOpP 110 METOTy t-
rpaduka - 0,0180 cm?/r, a cpennuit nuametp mop - 3,89 um. [locrie n3menbueHus yaenbHas IUIOIMIAIL
MMOBEPXHOCTU oOcTasach BbICOKO# (165,99 M*Tr), a obumii oovem mop ysemuuwmics o 0,1951 cm’/r.
IIpokamBanne npu 650 °C m anuTenbHOE NpoKaiduBaHHE (52 9) NMPHBENU K CHIDKCHHIO YAEIBHOU
IOy MoBepxHocTH 10 106,61 1 91,41 M?/T COOTBETCTBEHHO; KOMOMHUPOBaHHasl 00paboTka mpu 850
°C ¢ moaudunupoanueMm Ni—-Mo nana HamMeHbliee 3HaueHue (56,55 mM?/r). BelenaunBanue coNsSHOM
KHCJIOTOW CTano KJIF4YeBOi cTaaueil (opMHpOBaHUS MOPHUCTOH KpeMHe3eMHOH wmarpuusbl. [Ipomykr
BBIIIEJIAUMBAHHUS, HE TIO/IBEpPraBLIMiics H3MEIbUYEHHIO, ObUT BEIOpaH B KauecTBE HauOoJIee MepCreKTHBHON
MaTpULbl AT YAICHUS] KPEMHUSI U3 yPAHCOePIKaLUX PacTBOPOB.

KimoueBple cj10Ba: OTXOJbl XpU30TUI-acOecTa, COJISHOKHCIOTHOE BblLIEIaYnBaHUE, aMOpHBIH
KpeMHe3eM, HeopraHmueckui ancopOent, BET, BJH, mopucrocTb, ynaleHHE KpPEMHHS, ypPaHOBBIC
pacTBOpbI
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