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Abstract. For many countries the problem of industrial and household waste disposal is particularly acute, since the annual accumulation of all types
of waste is quite large (about 7 billion tons), and their reuse does not exceed 30 %. At the same time, industrial waste has a negative impact on living
organisms and the environment. Therefore, ways of recycling household and production wastes are necessary. This article considers the problems
of utilization, processing (recycling) of industrial and household waste and the prospects of their application in various industries. The influence
of different formulations of initial components (microsilica, blast furnace slag, slaked lime), their fractions on physical and mechanical properties
of the obtained new composite materials is considered. The obtained materials were investigated in order to determine the values of compres-
sive strength and percentage of water absorption. Thus, all samples have low water absorption percentage (0 — 13.12 %), except for Sample 7
(41.34 %), consisting of 2 parts of microsilica, 1 part of slag and 1 part of lime. It was found that high values of compressive strength are observed
in the samples which include microsilica. Samples 3 and 4, composed of microsilica and slag jointly, have the lowest compressive strength of 14.74
and 17.18 kgf/em?, respectively. However, Sample 8, which is composed of 2 parts of microsilica, slag and lime simultaneously, is characterized
by the highest compressive strength value of 51.16 kgf/cm?. Microsilica has a greater influence on the increase of strength properties. At the same
time, the use of industrial waste in the creation of new secondary materials leads to a reduction in the cost of production, expansion of the raw mate-
rial base of the country, as well as reducing the environmental load of the region.
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AHHOmayus. JIns MHOTUX CTpaH npoOieMa YTHIM3AlMU OTXOJO0B IPOU3BOJICTBA M OBbITA CTOMT OCOOCHHO OCTPO, MOCKOJIBKY €XKErojHOe HaKo-
IUICHHE BCEX BUJIOB OTXOJOB JOCTATOYHO BEIUKO (OKOJIO 7 MIIPJ T), @ MX IOBTOPHOE UCMojib30BaHue He npebiiaeT 30 %. [lpu aToM oTx0zbI
[IPOM3BOJICTBA OTPULATENIFHO BIUSIOT HA JKUBBIC OPraHU3Mbl M OKPYKAIOIIYIO CPEAy, IOATOMY HEOOXOAMMO PACIIMPEHHE MX NepepadOoTKH.
B nanHoi pabore paccMOTpeHbI NPOOIEeMbl yTHIIN3ALUH, TepepaboTKH (PEUMKINHIA) TPOMBILIIICHHBIX H OBITOBBIX OTXOOB U IEPCHEKTHBEI
UX MPUMEHEHUS B Pa3lIMYHBIX OTpaciisiX. PAacCMOTpPEHO BIMSHHME PAa3IUYHBIX PELENTYP MCXOAHBIX KOMIIOHEHTOB (MHUKPOCHIIMKH, JOMEHHOTO
LJIaKa, TAllleHON M3BECTH) M MX (pakiuil Ha (U3MKO-MEXaHUUECKHE CBOMCTBA MOJIyYEHHBIX HOBBIX KOMIIO3MLIMOHHBIX MarepuaioB. [Ipose-
JICHBI MCCIIC0BAHMS MTOJTY4YEHHBIX MAaTEPUAJIOB C IEIIbIO ONPEACICHUS 3HAYCHUI Ipe/iesia MPOYHOCTH Ha C)KAaTHE U MPOLICHT BOAOIONIONICHNUSI.
Tak, Bce 00pa3ipl UMeIoT HU3KHH npoueHT Bogonoriomenus (0 — 13,12 %), kpome obpasua 7 (41,34 %), cocTosiiiero u3 AByX 4acTeldl MHUKPO-
CWJIMKH, OJTHOM YacTH IIJaKa W OJHOH 4YacTH M3BECTU. BIsSBIECHO, 4TO B 00paslax, B COCTaB KOTOPBIX BXOJIUT MUKPOCHIIMKA, HAOIIONAIOTCS
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BBICOKHE 3HAYCHHUs IIPeJiesia IPOYHOCTH Ha cxkatre. OOpasipl 3 u 4, COCTOosIINE N3 MUKPOCHIIMKH U 1IUTIaKa, 00JIaIal0T CaMbIM HU3KUM HPEIEIOM
npounoctu — 14,74 u 17,18 xrc/em? coorBercTenno. OnnHako o6pasen 8, B COCTaB KOTOPOrO OJHOBPEMEHHO BXOJSAT JIBE YACTU MHUKPOCHIIUKH,
LIUTaK ¥ U3BECTh, XaPAKTEPHU3YETCs CAMBIM BHICOKUM 3HAUYEHHEM MPEJIENa IPOYHOCTH Ha ckathe — 51,16 kre/cm?. Takum 06pasoM, MUKPOCHIIHNKA
OKa3bIBaeT OoJblIee BIMSHHE HA YBEIUYCHHE NMPOYHOCTHBIX CBOWCTB. IIpH 3TOM NpHMEHEHHE OTXOIOB MPOM3BOACTBA MPHU CO3JAHUHM HOBBIX
BTOPUYHBIX MaTEpUAJIOB IPUBOAUT K CHIDKCHHUIO Ce0ECTOMMOCTH NPOAYKLUH, PACIIMPEHUIO CHIPBEBOI 0a3bl CTPAHBI, @ TAKIKE CHIIKCHUIO IKOJIO-

I'MYECKOH Harpy3ku peruoHa.

Kawuesswie caoea: OTXOAbl MPOU3BOACTBA, IPOMBILIJIICHHbBIC OTXOAbI, OBITOBBIC OTXOIbI, OTXOAbl KPEMHHEBOI'O IIPOU3BOACTBA, MHUKPOCHJIMKA,

KUPIUYHBIN JIOM, 30J1a, JOMEHHBIH IIJTaK, 3aIIUTa OKPY>KaIOIIei cpebl

/Jlnsi yumuposaHus: Yneera I A., Tysicxan K., Maryruna E.M., Bonokutuna U.E., Axmeroa I.E. CoBpemeHHOE COCTOsIHNE TPOOIEMBbI Y THIU3AI[HH
OTXOJIOB IPOU3BOJCTRA. M36ecmus 6y306. Yepnas memannypeus. 2025;68(2):131-138. https://doi.org/10.17073/0368-0797-2025-2-131-138

- INTRODUCTION

In recent years, the fields of metallurgy, engineering
and materials science have been rapidly evolving [1 — 4].
However, the problem of solid and household waste
remains unresolved in every country worldwide' 2. For
example, in the CIS countries, this issue is particularly
severe, as the annual accumulation of all types of waste
reaches approximately 7 billion tons, with the reuse rate
of less than 30 %. A major concern is the direct impact
of waste on human life as it is concentrated in residential
and recreational areas. To address this issue, waste must
be integrated into natural cycles, removed and utilized.
The most viable solution is to develop efficient recycling
methods and establish a new industry sector [5— 8].
However, many challenges along must be overcome,
some of which are complex but solvable [9].

Currently, industrial waste in Kazakhstan amounts
to 31.6 billion tons, with an annual increase of approxi-
mately 1 million tons in recent years>.

However, according to the 2022 report On the state
of the environment and use of natural resources
of the Republic of Kazakhstan, the volume of indus-
trial waste exceeds 895 million tons. Kostanai, Pavlo-
dar, and Karaganda regions are the leaders in generating
this waste. Approximately half of the waste from these
regions is recycled. However, regions such as Turkestan
(0.76 %), Almaty (9.32 %), and Zhambyl (7.38 %) have
low recycling rates. In 2022, the percentage of recycled
and disposed industrial waste reached 40.03 %, which is
higher than the 38.2 % recorded in 2021%.

! Improving legislation to increase the efficiency of processing and
use of production and consumption waste. URL: https://council.gov.ru/
activity/activities/roundtables/29479 (Accessed: 06.03.2025).

2Problem of industrial waste. URL: https://msd.com.ua/
texnologiya-teploizolyacii/problema-promyshlennyx-otxodov ~ (Ac-
cessed: 06.03.2025).

3 National report on the state of environment and the use of natural
resources of the Republic of Kazakhstan for 2021. URL: https://www.
gov.kz/memleket/entities/ecogeo/documents/details/383692?1ang=ru
(Accessed: 06.03.2025).

4 For discussion, the draft National Report on the state of environ-
ment and the use of natural resources of the Republic of Kazakhstan for
2022. URL: https:/www.gov.kz/memleket/entities/ecogeo/documents/
details/144658?1ang=ru (Accessed: 26.09.2024).
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Forced storage of huge amounts of waste and their
disposal in dumps cause significant losses to the national
economy due to unused opportunities for utilizing secon-
dary raw materials, while industrial waste production
results in damage amounting to tens of millions [10 — 12].
Another equally important aspect of the issue is the nega-
tive impact of industrial waste on the environment.
The atmosphere is being severely polluted at an alarming
rate by a variety of industrial emissions? [12].

Scientists from both domestic and foreign institutions
are engaged in addressing the problem of industrial and
household waste disposal [13 — 15]. One known method
involves processing dusty silicon waste by remelting it in
a solid-liquid aluminum medium [13; 16]. This method
allows the use of pulverized silicon waste in the smelting
of aluminum alloys. However, it is not suitable for recyc-
ling other silicon-containing powdered materials.

It is known that crystalline silicon in the 20 — 50 mm
fraction is used for the production of aluminum-sili-
con alloys, while dust-like and fine fractions resulting
from crushing and screening are sent to dumps, lead-
ing to a decrease in silicon utilization in the production
of the these alloys. Papers [17 — 19] proposed a method
for processing waste silicon, which includes introdu-
cing silicon into the aluminum melt with stirring. This
method is distinguished by the fact that silicon frac-
tions of 0.1 —20.0 mm are introduced onto the sur-
face of the melt at 670 — 680 °C, followed by heating
to 720 — 750 °C at a rate of 2.5 — 4.0 °C/mm to improve
silicon assimilation and reduce metal losses from oxida-
tion by shortening the melting duration.

Technologists and scientists in Kazakhstan are deve-
loping methods to recover captured dust in order to obtain
high-quality technical silicon. This will not only reduce
production cost but also lessed the environmental impact
by decreasing emissions. Microsilica processing tech-
nologies are also being developed to produce briquette
mono-blends.

The paper [20] presents a technology for obtaining
silica filler intended for use in the production of rubber
materials at the Karaganda Rubber Technical Plant, as
well as other industries.
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Existing technologies for the disposal of silicon-con-
taining powdery waste, despite their diversity, have one
common feature: the silicon remains present in silicon-
containing waste even after recycling. In other words, its
chemical state does not change [21; 22].

Thus, based on the given literature review, the authors
of this article present a technology for the disposal
of industrial and domestic waste, specifically microsilica,
to obtain secondary composite materials [23].

[ MATERIAL AND METHODS

The ratio of initial components was 1:1 (Samples /,
3, 5), 2:1 (Samples 2, 4, 6), 1:1:1 (Sample 7), and 2:1:1
(Sample 8). Table 1 shows the composition of the obtained
samples.

All materials were sieved through a sieve with a frac-
tion of 1 — 2 mm, followed by weighing. The initial com-
ponents were then combined in a dry state and mixed
until evenly distributed. After thorough mixing, 5-7 g
of water was gradually added and mixed to form a homo-
geneous mixture. The resulting composition was trans-
ferred into molds, shaken, and tamped down. The comp-
lete drying time of the molds was 14 days (see Fig. 1).
After drying, the samples were removed, inspected for
integrity, and weighed. At the same time, all dried samp-
les produced a metallic sound when tapped.

The study of the physical and mechanical properties
of the obtained secondary materials was carried out in
three stages:

— Stage 1 — study of samples for water absorption
without coating;

— Stage 2 — study of coated samples for water absorp-
tion;
— Stage 3 — compression testing of samples.

The samples were then tested for water absorp-
tion according to GOST 12730.3-2020. In this process,
the samples were completely immersed in water. Bubb-
les were released during soaking, which may indicate
the presence of internal pores. The samples remained in
water until bubble release was complete. After soaking,
the samples were weighed. Then, they were placed in
a SNOL-type furnace heated to 150 — 200 °C and dried
until their mass became constant, with re-weighing.

Table 1. Ratio of initial components

Tabauya 1. CooTHOIIEHHE HCXOAHBIX KOMIIOHEHTOB

. Quantity of material in sample, g
Material
1 2131 4|5 |6 7 18
Microsilica | 25 | 50 | 25 | 50 | — | — | 25 | 50
Lime 25125 | — | — | 25|25 |25 |25
Slag - | — | 25|25 |25 |50 |25 25

The calculation of water absorption W _ of the samp-
les was performed according to the formula (GOST
12730.3-2020)

w.loo %,
my

W =

m

where m , is dried sample weight, g, and m is water-satu-
rated sample weight, g.

Sample /

4 lq£EE

Sample 7

Sample 8

Fig. 1. Samples obtained after drying

Puc. 1. TTony4eHHble 00pa3Lbl HOCIIE BBICHIXAHHUS
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For optimal water absorption performance, the authors
suggest applying a protective varnish to the samples
and re-testing them for water absorption. After coating,

Sample / Sample 2

Sample 3 Sample 4

Sample 5 Sample 6

Sample 7

Sample §

Fig. 2. Sample on the testing machine before and after fracture

Puc. 2. O6pa3en Ha UCIBITATCIBHOM MAIIMHE 10 ¥ TI0JI¢ Pa3pyLICHUS
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the samples were dried at room conditions for 24 h. After
drying, they were checked and weighed.

When the samples were kept in water, no bubbles
were released, unlike in the first water absorption test,
because all pores were completely blocked by the var-
nish. However, some samples floated to the surface, sug-
gesting the presence of internal pores.

After soaking in water, the samples were weighed and
left to dry for 24 h under room conditions. Re-weighing
was performed every 24 h until the samples reached
a constant mass, and the percentage of water absorption
was re-determined (Table 2).

Then, the samples were subjected to compression
testing on a 40KU testing machine according to GOST
10180-2012. The behavior of the samples during comp-
ression testing corresponded to GOST 10180-2012.

Prior to testing, each sample underwent side grinding
to ensure parallelism of the sample sides (Fig. 2).

- RESULTS

The water absorption results are presented in Table 2,
and the compression test results are summarized in
Table 3.

Table 3 shows that Samples 3 and 4 have the lowest
compressive strength, at 14.74 and 17.18 kgf/cm?, respec-
tively. The composition of these samples includes micro-
silica and slag, with slag having a greater weakening
effect. It should be noted that in Sample 4 the microsilica
content was doubled, which resulted in an increase in
the strength index. However, when comparing Samples 5
and 6, which contain slag and lime, the combination and
interaction of these components enhance compressive
strength, especially as the slag content increases.

Samples / and 2, containing microsilica and lime,
have moderate compressive strength values of 28.20 and
24.64 kgf/cm?, respectively.

Table 2. Water absorption percentage after two stages

Ta6auya 2. IIpouieHT BOJONOIIOLIEHHS NOCJIe ABYX ITANOB

Sample Water absorption W_, %
No. stage 1 stage 2
1 44.70 1.93
2 53.30 2.64
3 16.60 2.33
4 15.70 13.12
5 27.60 0
6 24.30 12.50
7 58.30 41.34
8 62.20 4.66
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Table 3. Compression test results

Ta6auya 3. Pe3ynbTaThl HCILITAHUS HA CKATHE

. . Compressive
Sample | Loading | Cross-sectional area, . . . .
No P, kef F om? strength, o, Behavior of samples in compression testing
’ ’ ’ kgf/cm?
J 509.90 18.08 2820 A crack appeared on 'the lateral surface of the sample,
accompanied by a small fracture
P 445,60 18.08 24.64 Several cracks appeared on the sample,
but no fracture occurred
Cracks appeared at the edges of the sample
3 234.50 1590 14.74 without fracture as the load was applied
4 273.30 15.90 17.18 Cracks appeared at the edges with slight fracture
Gradual cracking and slight fracture
3 416.04 21.22 19.60 at the edges of the sample
6 662.80 18.84 35.18 Cracking acrqss the entire cross-section
without fracture
Cracking and slight fracture
7 705.60 18.08 39.02 at the edges of the sample
Cracking along the edges
8 887.20 17.34 S1.16 of the sample without fracture

It is also worth noting that samples with a three-com-
ponent composition of microsilica, slag, and lime exhibit
the highest compressive strength, particularly Sample &
(51.16 kgf/cm?). In this sample, the microsilica content
is doubled compared to Sample 7, which contributes
to the material’s hardening.

Thus, the properties of the material vary depending
on the composition. For example, microsilica has been
shown to enhance strength, as seen in Sample 4. Simi-
larly, slag contributes to increase strength, as observed in
Sample 6, where lime is the second component.

Loading, kN

N W AN O OO N o ©

-~
r\'
L“\

S
-
w

5 7

Linear deformation, mm

Fig. 3. Compression test diagrams
(numbers on curves indicate sample number)

Puc. 3. JlnarpaMMBbI CoXaTust IPY UCIIBITAHUT
(undpsl y KpUBBIX — HOMEp 00pasia)

The compression diagrams of the tested samples are
shown in Fig. 3.

Fractures of Samples 3 and § (samples with the lowest
and the highest compressive strength value) were stu-
died using a scanning electron microscope EVOI18
(Qarmet JSC) (Fig. 4).

[ Discussion

Stage 1. Samples [ and 2 show unsatisfactory
result according to Table 2. Their composition consists
of microsilica and lime in a 1:1 and 2:1 ratio, with water
absorption values of 44.7 and 53.3 %. The negative effect
is probably due to the second component, hygroscopic
lime.

Samples 3 and 4, composed of microsilica and slag in
a 1:1 and 2:1 ratio, demonstrate good water absorption
values of 16.6 and 15.7 %, respectively. This suggests
that these initial components reduce hydrophilicity.

Similarly, Samples 5 and 6, with slag-to-lime ratios
of 1:1 and 2:1, also showed favorable results: water
absorption decreased from 27.6 to 24.32 % as the slag
content increased from 25 to 50 g.

Samples 7 and 8, composed of microsilica, slag, and
lime in a 1:1:1 and 2:1:1 ratio, exhibited unsatisfactory
results, with water absorption values of 58.3 and 62.2 %,
respectively. Notably, higher microsilica content corre-
lates with higher water absorption.

Stage 2. It is evident that water absorption results
improved significantly in samples coated with protective
varnish. Specifically, Samples /, 2, 3, and 8§ demonstrated
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A ‘ Ll ) 1
4 6 8 10 12
Energy, keV

e T
Oxygen 8 2725 | 56.36 56.35 73.34 2.90 5.15
Calcium 20 7992 | 26.41 26.41 13.72 0.70 2.63
Silicon 14 4354 | 11.88 11.88 8.81 0.41 344

Aluminium 13 1771 535 5.36 4.14 021 3.96

Summ. | 100.00 | 100.00 | 100.00

Rel. error, %
(lo)

FRTRTTIV NPT W

0 2 4 6 8 10 12
Energy, keV

— ‘?; — M:/:s, “x:s% A[nzm‘ Abs.(e;:;)r,% Rel.ar:;r.%

Oxygen 8 | 1529 | 5517 | 5517 [ 72,53 2.85 517
Calcium 5102 | 28,01 | 2801 | 1470 0,74 2,63
Silicon 14| 2521 | 1145 | 1145 | 838 039 345
Aluminium | 13 | 1065 | 537 | 537 | 418 021 3.96
Cywn. | 100,00 [ 100,00 [ 100,00

2

Fig. 4. Material structure:
a — Sample 3, b — Sample §

Puc. 4. Ctpoenne marepuana:
a — obpazen 3, b — obpaszen §

the lowest water absorption values of 1.93, 2.64, 2.33,
and 4.66 % respectively. Sample 5 achieved an excellent
water absorption rate of 0 %.

Samples 4 and 7 exhibited moderate water absorption
values of 13.12 and 12.5 %, respectively.

However, Sample 7 has the worst water absorption
performance (41.34 %). This may be due to the presence
of macropores and the unpredictable behavior of the ori-
ginal components in a 1:1:1 ratio with the protective var-
nish.

Thus, different compositions and ratios lead to vary-
ing final properties. Each component interacts differently,
allowing for the selection of optimal properties through
proper material composition. It is also worth noting that
Sample 5, with a slag-lime composition in a 1:1 ratio, has
the best water absorption performance, while Sample 7,
with a microsilica-slag-lime composition in a 1:1:1 ratio,
showed the worst results.

The structure of Sample 3, which exhibited the lowest
value of compressive strength, is characterized by a loose
structure and uneven distribution of microsilica and slag
throughout its volume. The sample is friable.

The experimental data comply with GOST
12730.3-2020 “Water absorption”, GOST 10180-2012
“Compressive strength”.

136

- CONCLUSION

This study demonstrates the feasibility of using indust-
rial and household waste to produce secondary materials
with a functional set of physical and mechanical proper-
ties. The developed samples with high water absorption
values can be used as interior cladding material. However,
when coated with a protective layer, these materials can
also serve as exterior cladding . At the same time, mate-
rials based on microsilica and blast furnace slag exhibit
satisfactory strength properties (17.18 — 51.16 kgf/cm?),
expanding their potential applications.

The development of waste disposal and recycling
methods remains a major economic challenge. Addressing
this issue will change the perception of industrial waste
as an end product, promoting more active use of recyc-
ling methods while shifting the focus toward generating
economic benefits from this process.
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