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AHHOTALUS

Payuonanenomy ucnonv3oeanuro emopuuHvix suepeemuueckux pecypcos (BOP) ¢ nacmosiyee spems yoensiemces ocoboe sHumanue. B
9MOM NAAHE NEPCNEKMUBHOL U AKMUBHO PA3CUBAIOWEIICS MEXHON02Uel YMUNUZAYUU NPOMBIULLEHHbIX OMX0008 S6TIAEMCs MEXHON02Us Je-
NOHUPOBAHUSL, 3AKTIOUAIOWAACS 8 000AGIEHUU CIPOUMENbHBIX OMX0008 8 COCMAB HOBbIX MAMEPUAios. B pesyivmame noyuaromes cogep-
WEHHO HOBble MOOUDUKAYUU MAMEPUALO8 C YIYHULeHHbIMU Xapakmepucmurkamu. Ocmpoil npobiemoil aensemcs deuyum Ha PolHKe ColPb-
€6bIX 00NIE2UEHHBIX KOMNOHEHINO8 CIMPOUMEIIbHBIX CMeCell, KOmopble He0OX0OUMbL 0I5 NOLYYEHUS. MAMEPUATIO8 C BbLCOKUMU MeENLOU30NAYU-
OHHBIMU CEOUCTEAMU. DMU MAMEPUATLL HEe MOLLKO NOGBIUAIOM YPO8EHb KOMPOPMA NPONCUBAHUSL 8 30AHUAX, HO U O1a200aps MeHbel
NAOMHOCIU, CO30A0M MEHbULYIO HAZPY3KY HA HeCYue KOHCMPYKYUU 30aHUILL, YN0 OUeHb 8ANCHO Ol IKOHOMUU MAMEPUATLHBIX U IHEp2e-
muueckux pecypcos. C 9motl mouKu 3penust 6blUSPbIUHBIMU IESKUMU HANOTHUMEIAMU CHIPbEEbIX CMECell CIPOUMETbHbIX MAMEPUANIO8 56~
JISIOMCSL NOTble CMEKISHHbIE MUKPOCepbl. B cmambe paccmompenvl puzuxo-xumuueckue c8otcmea 0mxod08 npouseo0Ccmed CmekIstHHblX
MUKpOC@hep ¢ yenvlo ux UCHONIb306AHUS 8 KAYeCmEe MUKDOHANOIHUMERel 05 1e2KUX GEmMOHO8 U OpY2ux cmpoumenshuix mamepuanos. Ilo-
KA3aHO, 4mo YKa3aHHble OmX00bl, NIOMHOCHIb U YOeLbHAsL ROBEPXHOCHTb KOMOPLIX CONOCMABUMA UIU OANCE SHAUUMENLHO HUNCE NIAONMHOCTU
MPAOUYUOHHBIX OUCNEPCHBIX HANOIHUMEILEU, MO2YM CLYHCUNL OMIUHBIM CbIpbeM OISl BPOU3800CMEA 1e2K020 DemOHA U CnocobCmeosams
CHUDICEHUIO 3ampam Ha 000bIYY RPUPOOHBIX PECYPCO8 U SHep2uu OJis UX nepepadomxu.
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ABSTRACT

Rational use of secondary energy resources (SER) is currently given special attention. In this regard, a promising and actively developing
technology of industrial waste utilization is the deposition technology. This technology consists in adding construction waste to the compo-
sition of new materials. As a result, completely new modifications of materials with improved characteristics are obtained. An acute problem
is the shortage of raw lightweight components of construction mixtures on the market. Such mixtures are necessary to produce materials with
high thermal insulation properties. These materials not only increase the level of comfort of living in buildings, but also due to lower density,
create less load on the load-bearing structures of buildings. The use of such materials is very important for saving material and energy
resources. Hollow glass microspheres are widely used as light fillers of raw material mixtures of building materials. The paper considers the
physical and chemical properties of glass microsphere production wastes for the purpose of their use as micro fillers for lightweight concrete
and other building materials. It is shown that these wastes have density and specific surface area comparable and even much lower than the
density of traditional disperse fillers. It is established that glass microspheres production wastes can serve as an excellent raw material for
lightweight concrete production. Their introduction into the composition of raw material mixtures will contribute to the reduction of costs
for the extraction of natural resources and energy for their processing.
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BBEJEHUE

B pamxax 3xoHOMHUYEcKOro pa3Butus Poccun cyiecTByer
IporpamMMa, HalpaBleHHAas Ha COBEPIICHCTBOBAHHE TOII-
JIMBHO-PHEPTeTUUECKOTO KOMIUIEKCAa M 3KOHOMHMIO 3Heprope-
cypcoB. B yacTHoCTH, IIIIaHUpyeTCst epeiTH Ha SHeprocoepe-
ralolue TEXHOJOTUH MPOM3BOJCTBA, COKPATUTb BCE BUJBI
9HEPreTUYECKUX IOTEPh U MOBBICUTH YPOBEHb UCIIOJIL30BAHUS
BTOPHUHBIX 3Hepreruueckux pecypcos (BOP). B mocnennue
TOJBI UCTIONB30BaHMI0 BOP ynensercs ocoboe BHIMaHue [ 1-
8]. Bmecte ¢ TeM BONPOCHI PallMOHAIBHOTO HCIOJIB30BAHUS
BOP ocsemeHsr HEJOCTATOYHO.

MOXHO BBIAEIHUTH HOBYIO, IEPCIIEKTUBHYIO U aKTHBHO pPa3-
BUBAOLIYIOCS] TEXHOJIOTHIO yTHIN3AIMU IIPOMBIIUICHHBIX OT-
XOZI0B, KOTOpbIe OoJiee NMPaBMIIBHO HAa3bIBaTh BTOPHUYHBIMH
TEXHOT'€HHBIMU PeCypcamMH. DTa TEXHOJIOTHs Ha3bIBAeTCs Jie-
noHupoBanveM. CyTh MeETOAa 3aKroyaeTcss B J00aBICHHU
CTPOUTENBHBIX OTXOJOB B COCTaB HOBBIX MaTepuayioB. B pe-
3yJIbTaTe MOJIy4aloTCsl COBEPIIEHHO HOBBbIE MOAN(DHUKALINY Ma-
TEpHUaJIOB C YJIyYLIEHHBIMH XapaKkTepucTukamu. JlenoHuposa-
HHE SIBJISIETCSI BHITEKAIOIINM METOJIOM U3 METOJa PEIMKIIMHIa
C HCTIOJIb30BAHHUEM YK€ OTCOPTUPOBAHHOTO WIIK NepepaboTaH-
Horo ceipbst [9,10].

[IprMeHeHHnE B CTPOUTENBCTBE U OTAEIKE JOMOB HKOJIOTH-
YECKH YUCTBIX MaTE€PHUANIOB, CO3AAHHBIX Ha OCHOBE ITPOMBIII-
JICHHBIX OTXOJIOB, HE MPEACTABIIONINX OMIACHOCTH IS 310PO-
BbSI JTIOJICH 1 OKpY>Karollel Cpebl, HrpacT KIIOUYEBYIO POJIb B
obecrieueHnH IKOJIOTHYECKO# 0€30MacHOCTH 3IaHUH U COOpY-
JKCHUH, a TakKe B MOBBILEHUN 3(P(PEKTUBHOCTH CTPOHUTEIIb-
CTBa C TOYKHU 3PCHHUSI SKOHOMHKHU U TexHUKH [2,3]. Jlyumie uc-
MOJIb30BAaTh MECTHBIE MaTepualibl U MPOMBIIUICHHBIE OTXOJIbI
(enmrono3y, BOMIIOK, CTPYKKY, ONUIIKH, XJIOTIOK, MPOOKyY, Oa-
3anbT). VI3 HUX MOKHO MPOM3BOANTH IIEMEHTHO-CTPY>KEUHBIC,
(hubponuTOBBIC M 0a3aTHTOBBIC TUIUTHI, OJIOKH, TTAHEIH, CTEK-
JIOMarHWeBBIN JICT U APYTHe KOHCTPYKIMOHHBIC W M30JISLHU-
ounble Matepuanbl [11-13]. TexHoiOruM MPOU3BOACTBA
JIOJDKHBI OBITH JOCTYITHBIMH, 8 MaTepHaJIbl MO>KHO MU3TOTaBIIH-
BaTh NPSMO Ha CTPOUTENILHOH IIOIMIAAKE, B COOTBETCTBHH C He-
00XOJIMMBIMH SKOJIOTMYECKUMH M CAHUTapHBIMH TpeOOBaHH-
smu [4,14].

B nesiom, rcnonb30BaHue MPOMBIIITIEHHBIX OTXO/IO0B MOXKET
obecmieunts 710 40 % NOTPEOHOCTH CTPOUTEIHCTBA B CHIPHEBBIX
Mmarepuanax. [IpuMeHeHre MPOMBIIUIEHHBIX OTXO/OB I03BO-
JSIET CHU3UTD 3aTPaThl HAa IIPOM3BOACTBO CTPOUTENBLHBIX MaTe-
puanoB Ha 10-30 % mo cpaBHEHUIO C MCHOJIb30BAHUEM INPU-
POJHOTO CBHIPbs. JTO MO3BOJISIET CO3/1aBaTh HOBBIE CTPOUTEIb-
HbIE MaTEpPHANIBl C BHICOKUMH TEXHHKO-3KOHOMHYECKHMH I10-
Ka3aTesiMHU, a TaK)Ke YMEHbBIIATh 3arpsi3HEHNE OKpPY’KaroIeH
cpenbl. B To jxe BpeMsi, 4TOOBI MPaBMIILHO HMCIIOJIB30BATH 3TH
pecypchbl, HEOOX0IMMO BHEIPUTh CHCTEMY YIPABJICHUSI OTXO-
JIlAMHU C IPUMEHEHHEM METO/I0B SKOHOMHUKO-MATeMaTHUECKOTO
MO/ICJIMPOBAHUS. DTO MOMOXKET ONTUMH3UPOBATH MOTOKH OT-
xo0B. Eciit 3T ycioBHs OyAyT BBIIOJHEHBI, TO BTOPHYHOE
CHIPE M MaTepHalibl, KOTOpbIE MepepadaThIBAIOTCS WU I10-
BTOPHO HCIOJIB3YIOTCS, IPUHECYT JOXOJ OrojpKeTaM pa3HbIX
YPOBHEH U CTaHYT JIONOJIHUTEIBHBIM HCTOYHUKOM JIOXOJA IS
6usneca. [8, 15,16].

Ocrtpoii npoOemoit sBisieTcst JeUIUT Ha PHIHKE ChIpbe-
BBIX 00JIETY€HHBIX KOMIIOHEHTOB CTPOUTENILHBIX CMeCei, KOTO-
pBle HEOOXOIMMBI JUIS TIOJydEHUS! MaT€pPHUAIOB C BHICOKMMH
TEIJIOU30JIALIMOHHBIMUA CBOWCTBaMH. OJTH MarepHajbl He
TOJBKO IMOBBIIIAIOT YpPOBEHb KOM(OpPTa TPOXMUBAHUSA B

238

INTRODUCTION

As part of the economic development of Russia, there
is a program aimed at improving the fuel and energy com-
plex and saving energy resources. In particular, it is
planned to switch to energy-saving production technolo-
gies, reduce all types of energy losses, and increase the
level of use of secondary energy resources (SER). In re-
cent years, the use of SER has received special attention
[1-8]. At the same time, the issues of rational use of SER
are not sufficiently covered.

A new, promising and actively developing technology
for the utilization of industrial waste, which is more cor-
rectly called secondary technogenic resources, can be dis-
tinguished. This technology is called deposition. The es-
sence of the method is to add construction waste to the
composition of new materials. As a result, completely new
material modifications with improved characteristics are
obtained. Deposition is a derivative method from the recy-
cling method using already sorted or processed raw mate-
rials [9,10].

The use of environmentally friendly materials created
on the basis of industrial waste that do not pose a danger
to human health and the environment in construction and
finishing of houses plays a key role in ensuring the envi-
ronmental safety of buildings and structures, as well as in
increasing the efficiency of construction in terms of eco-
nomics and technology [2,3]. It is better to use local mate-
rials and industrial waste (cellulose, felt, chips, sawdust,
cotton, cork, basalt). From them it is possible to produce
cement-chip, fibrolite and basalt plates, blocks, panels,
glass-magnesium sheet and other structural and insulation
materials [11-13]. Production technologies should be ac-
cessible, and materials can be manufactured directly at the
construction site, in accordance with the necessary envi-
ronmental and sanitary requirements [4,14].

In general, the use of industrial waste can provide up
to 40% of the construction's need for raw materials. The
use of industrial waste can reduce the cost of production
of building materials by 10-30% compared to the use of
natural raw materials. This allows the creation of new
building materials with high technical and economic indi-
cators, as well as reducing environmental pollution. At the
same time, in order to properly use these resources, it is
necessary to introduce a waste management system using
methods of economic and mathematical modeling. This
will help optimize waste flows. If these conditions are met,
then secondary raw materials and materials that are recy-
cled or reused will bring income to budgets at different
levels and become an additional source of income for busi-
nesses. [8, 15,16].

An acute problem is the shortage in the market of light-
weight raw components for construction mixes, which are
necessary to obtain materials with high thermal insulation
properties. These materials not only increase the level of
comfort in buildings, but also, due to their lower density,
create a lower load on the load-bearing structures of build-
ings, which is very important in terms of saving material
and energy resources[17-19].
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3MaHMAX, HO W Omarofapst MEHbIIEH IUIOTHOCTH, CO3MAIOT
MEHBIIYI0 HAarpy3Ky Ha HECyIIHe KOHCTPYKIHMHU 3JaHHH, 9TO
OUYECHb Ba)XKHO C TOYKM 3PEHUS] 3KOHOMHU MAaTE€PUANBHBIX H
SHEpreTHIECKuX pecypcos [17-19].

C 3TO# TOYKH 3PEHHS BBIUTPBINIHBIMU JETKIMHU HAIOJIHH-
TENISIMH CBIPHEBBIX CMECEl CTPOUTENBHBIX MaTepPHAJIOB SIBJIS-
I0TCS TI0JIBIE CTEKIISTHHBIE MUKpOC(hEpbl, HCHONb3yeMbIe, KakK
NPaBWJIO, B KAYECTBE HAIOJIHHUTEJICH KOMIO3UIIMOHHBIX MOJIH-
MEpHBIX MAaTepHaloB KOHCTPYKIHOHHOTO HasHaueHus [17].
XapakTepHble 00JacTH WX HCIIOJB30BaHMs — HedTerasoBas
(OypoBBIE PacTBOPHI M TAMITIOHAKHBIC IIEMEHTHI HU3KOW IIIOT-
HOCTH ¥ BBICOKOH MPOYHOCTH) U JTJAKOKPACOYHAS TPOMBIIILICH-
HOCTH (HAIIOJIHUTEIHN U JOOaBKH), CTPOUTEIBHAS OTPACb (3BY-
KOM3OJIIIMOHHBIE W KOMIIO3UIIMOHHBIE MaTepHalbl), Cylo- H
aBuacTpoeHue (oOierdyeHHple KOHCTPYKTHBHBIC MAaTEPUAIbI).
Muxkpocdepsl MOTYT HCIOIb30BaThCS KaK CaMOCTOSATEIIBHBIN
Marepuai Jisi XpaHeHHs pa3JInuHbIX BELIECTB, HAIIpUMeEp, ra-
30B WJIM MEIMKaMEHTOB. VX XapakTepHble IUaMeTpbl 3aBHUCST
OT KOHKPETHBIX NPHIOKEHUH U 00BIYHO cocTaBIsA0T 0T 10 10
200 MkM, TonmuHa cTeHKkH obonouek — 0,5-2,0 mxm. Hacelm-
Has IUIOTHOCTB Bapbupyetcs B npexaenax 80—700 kr/m3, npou-
HOCTb 3aBUCHUT OT CIIOCO0a UX MOJY4YEHHs, TOJIIINHBI CTEHOK U
IUIOTHOCTH, HauOOJbIIast JOCTHIAETCS IIPU pa3Mepe MopsiiKa
3040 mxM. [IpumeHeHne MaTepuana 00yCIOBICHO YHHKAIb-
HBIM COYeTaHHeM (H3MUYECKUX CBOWCTB: cepuueckas hopma,
MaJIeHbKasi TOJIIMHA CTEHOK, HU3Kas IIOTHOCTb, OTHOCH-
TENIBHO BBICOKAsI MPOYHOCTh HAa BCECTOPOHHEE CXKATHE, XOPO-
IIME TEIUIO- ¥ 3BYKOM30IALMOHHBIE, & TAKXKE JHIIEKTPUICCKHE
cBoiictea [17, 20].

Hawubounee pacripocTpaHeHHBIH CIIOCOO MOTYy4EHHs MUKPO-
chep — ux HopMOBaHHE U3 MPEABAPUTEIIHHO MOTOTOBICHHOTO
CBIPBS B BHJIE MUKPOIIOPOIIIKA B BBICOKOTEMIIEPATYPHBIX YCIIO-
BUSIX — B TIOTOKE IUIa3MEHHON MIJIM Ta30BOM OPENKH MO0 mpH
MX cBOOOJTHOM TaZIeHUH B pab04eM MPOCTPAHCTBE BEICOKOTEM-
MepaTypHOH MIaXTHOW WU TpyOUaToil nedyu. MUKpOIIOpoImoK
MOJTy4YaroT ITOMOJIOM M PAacCeBOM CHHTE3MPOBAHHOTO CTEKJIA.
[TprHIMNMATEHBI MOMEHT 3THX METO/IOB — CO3/JaHUE YCIIOBHI
JUIS TIPEJJBAPUTEIIHHOTO PAaCTBOPEHUS ONIPEAEICHHOTO KOJInye-
CTBa Ta30B IIPU HM3TOTOBJIECHUH MOJYNPOAYKTa W BBIACICHHS
rasa B Ipolecce TepMUIECKON Tucconmanuy. Bricokas Temre-
parypa HarpeBa INOpOIIKa, MPUBOJSAMIAS K pa3MsIr4eHHIO
CTEKJa, U BbIICIIEHHE Ta3a CIHOCOOCTBYIOT POCTY My3bIpei
BHYTPH YacCTHIIBI 1 (OPMHUPOBAHUIO MUKpOCc(hepsl, a obecrede-
HHUE YCIOBUIl A7 OBICTPOrO OXJIAXKICHUS — (QUKCALUU pa3Me-
poB chopmupoBasiieiics cTpykrypsi [20].

XUMHYecKasi CTOMKOCTh CTEKIISTHHBIX MHUKpoc(ep AenaeT K
UX COBMECTHMBIMH C OOJIBIIMHCTBOM HOJNMMeEpoB. VeanbHas
cdepuyeckast popMa MO3BOJISIET JIETKO CMEUINBATh UX C JIPy-
TMMH BEIIECTBAMH, YTO NPHUBOJIUT K CHIDKEHHIO BSI3KOCTH M
YMEHBIICHUIO YCaKH. DTO CBOMCTBO OOYCIIOBIMBAET NpPHMeE-
HEHHWE B TEXHOJIOTHSX JIUThs, DKCTPY3UH M PaCHbUICHHS.
HawnGonpmmii MHTEpEC MPEACTABISIET HCIIOIH30BAHUE CTEK-
JSIHHBIX MHKpOC(ep B CTPOUTEIBHOW OTpaciu, B KauecTBe
HAIOJHUTEIS B TEIJIOM30JIILIUOHHBIX OKPBITUSX WK B 00JIer-
4YeHHBIX Matepuanax [18, 20, 21].

B pabore [22] paccmaTpuBaroTCsi BOMPOCH MOTyUYCHUsT 00-
JIETYCHHBIX THUIICOBBIX KOMIIO3UTOB, OTBEYAIOIINX COBPEMEH-
HBIM 3aIpocaM pbIHKa CTPOUTENBHBIX MaTepuaioB. Mcnons3o-
BaHME BBICOKOTNPOYHOW T'MIICOBOM MaTpHIIbI, TPECTaBICHHON
KpPHUCTAJUIAMHU JTUTHIpaTa ¥ THAPOCYIb()OATIOMUHATA KAJIBIIHS,
B COYETAHHMU C MOPHUCTHIM HAIIOJIHUTEIEM criocoOCcTBYyeT (hop-
MHPOBAHHIO OOJIETYEHHOTO M OJHOBPEMEHHO YNPOYHEHHOTO
runcoBoro kKamHs. [lokasaHo, 4TO (PpaKIMOHUPOBAHHBIE

From this point of view, hollow glass microspheres
used as fillers for composite polymer materials for struc-
tural purposes are advantageous lightweight fillers for raw
construction material mixes [17]. Their typical areas of
use are the oil and gas (low-density and high-strength drill-
ing fluids and grouting cements), paint and varnish (fillers
and additives), construction (sound-insulating and compo-
site materials), shipbuilding and aircraft construction
(lightweight structural materials) industries. Microspheres
can be used as a standalone material for storing various
substances, such as gases or medicines. Their characteris-
tic diameters depend on specific applications and are usu-
ally in the range of 10 to 200 um, with a shell wall thick-
ness of 0.5-2.0 um. The bulk density varies within the
range of 80-700 kg/m?®, and the strength depends on the
method of their production, wall thickness and density,
with the highest being achieved at a size of about 30-40
um. The application of the material is due to the unique
combination of physical properties: spherical shape, thin
walls, low density, relatively high compressive strength,
good thermal and sound insulation, as well as dielectric
properties [17,20].

The most common method for producing microspheres
is their shaping from a pre-prepared raw material in the
form of a micropowder under high-temperature conditions
- in the flow of a plasma or gas burner, or during their free
fall in the working space of a high-temperature shaft or
tubular furnace. The micropowder is obtained by grinding
and sieving of synthesized glass. The fundamental point of
these methods is the creation of conditions for the prelim-
inary dissolution of a certain amount of gases during the
manufacture of the semi-finished product and the release
of gas during the thermal dissociation process. The high
temperature heating of the powder, leading to the soften-
ing of the glass, and the release of gas contribute to the
growth of bubbles inside the particle and the formation of
a microsphere, while providing conditions for rapid cool-
ing ensures the fixation of the dimensions of the formed
structure [20].

The chemical resistance of glass microspheres makes
them compatible with most polymers. The ideal spherical
shape allows them to be easily mixed with other sub-
stances, which leads to a decrease in viscosity and a reduc-
tion in shrinkage. This property determines their applica-
tion in casting, extrusion, and spraying technologies. The
most interesting use of glass microspheres is in the con-
struction industry, as a filler in thermal insulation coatings
or in lightweight materials [18, 20, 21].

The paper [22] deals with the issues of obtaining light-
weight gypsum composites that meet the modern demands
of the building materials market. The use of high-strength
gypsum matrix represented by crystals of calcium dihy-
drate and hydrosulfoaluminate in combination with porous
filler promotes the formation of lightweight and simulta-
neously strengthened gypsum stone. It is shown that frac-
tionated fillers in the composition of gypsum self-rein-
forced composite form a compacted structure of gypsum
matrix with the formation of a contact zone between cal-
cium sulfate dihydrate and additives, contributing to the
weight reduction of the resulting material.
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HAIOJIHUTEIN B COCTaBE THIICOBOTO CAaMOapMHUPOBAHHOTO KOM-
no3uTa o0pasyroT YNIOTHEHHYIO CTPYKTypy THIICOBOM Mat-
pHILBEI ¢ 00pa30BaHHEM KOHTAKTHON 30HBI MEXIY AUTHAPATOM
cynbdara KaabIwsl ¥ J0OaBKaMH, CIIOCOOCTBYIOINMH CHUXKE-
HHIO Beca I0JI[y4aeMOoro MaTepHana.

B pabote [23] npuBeneHs! pe3ysbTaThl pa3padOTKH 00JIer-
YEHHBIX U CBEPXJIETKHX LIEMEHTHBIX PaCTBOPOB, 00JIaIa0IINX
HHU3KOH IUIOTHOCTBIO TIPU JIOCTaTOYHON MMPOYHOCTH, JOCTHTHY-
TBIX OJIaroAaps ONTHMU3AINHU CTPYKTYPBI C Y4€TOM FeOMETpPH-
YEeCKUX U (PM3MKO-MEXaHMYECKUX XapaKTEPUCTUK KOMITOHEH-
TOB. B KauecTBe HamONMHUTENS OBUIO MPEATIOKEHO HCIOIb30-
BaTb IOJIbIE CTEKJITHHBIE MUKPOC(EPHI.

MuHuMaIbHAs CpefHssl INIOTHOCTh PacTBOPA MOKET OBITH
JOCTHTHYTa IYTEM TMOMYYECHUS] MaKCHMAaJIbHOW IIIOTHOCTH
YIaKOBKH YaCTHUIl TOHKOIUCTIEPCHOTO HAMIOJTHUTEISI C COOTBET-
CTBYIOIIMM YMEHBIICHHEM OOBEMHOW JONMH LEMEHTHOTO
kamHs1. [1pu pa3paboTke cOCTaBOB CYHIECTBYIOIINX CTPOUTEIb-
HBIX PAacTBOPOB KOMIUIEKCHO HE YYHUTBIBAIOTCS I'€OMETpHUe-
CKHe M (U3MKO-MEXaHMYECKHE XapaKTEPUCTUKH KOMIIOHEH-
TOB, YTO HE MO3BOJISIET MAKCUMAaJIBHO CHU3UTh CPETHIOO TIOT-
HOCTB ITpH 00ecrieueHny uxX TpedyeMoii MpoyHOCTH. ABTOpamMu
pabothl [23] npemnoxeHa pa3paboOTKa ONTHMAIbHOH CTPYK-
TYpBI 00JIETYEHHOTO IIEMEHTHOTO PACTBOpPA C YUETOM I'€OMET-
pUYECKNX W (PU3MKO-MEXaHHYECKUX XapaKTEPHCTHK KOMIIO-
HEHTOB.

B T0 e Bpemst OCHOBHBIM OTpaHHYIECHUEM IIPUMEHEHHS TI0-
JBIX CTEKJITHHBIX MHKpoc(ep B MPOM3BOJICTBE IIMPOKO pac-
MPOCTPAaHEHHBIX CTPOUTEIBHBIX MATEPHATIOB SBISETCS BBHICO-
Kasi CTOMMOCTh KOHAMIIMOHHBIX MHKpocdep. [lostomy mpen-
CTaBJII€T WHTEPEC H3Y4YEHHS] OTXOJa IPOU3BOJCTBA MHUKDO-
cep KaK NOTSHI[MAJIBHOTO CHIPHEBOI'0 KOMITIOHEHTA JIETKHX Oe-
TOHOB, CTPOUTEJBHBIX PACTBOPOB U JPYTUX OOIIECTPOUTEIb-
HBIX MaTepuasioB. DTH BTOPUYHBIE TEXHOTEHHBIE PECYpCHI,
IUIOTHOCTH WM YZAEJbHasl MOBEPXHOCTh KOTOPBIX CONOCTaBUMA
WY JJa’Ke 3HAUYMTEIbHO HIDKE IUIOTHOCTH TPaJUIMOHHBIX U C-
MIEPCHBIX HAIOJIHUTENEH, Kak Oy/leT MOKa3aHO HMXKE, MOTYT
CIIy’KHTh OTJINYHBIM CBIPHEM JUISL IIPOM3BOJICTBA CTPOUTEIb-
HBIX MaTepHaJIOB U IPH 3TOM CHOCOOCTBOBATH CHI)KEHHMIO 3a-
TpaT ¥ SHEPTUH Ha 100BIYY U IepepaboTKy MPUPOIHBIX pecyp-
COB.

Hean uccnenoBanusi: U3y4UTh CBOWCTBA OTXOJIOB TPOH3-
BOACTBA CTCKIISAHHBIX MI/IKpOC(i)ep C OCJIBIO UX HUCIIOJIb30BaHUsA
B KAUE€CTBEC MHKpOHaHOHHHTeHeﬁ JJIA JICTKHUX OETOHOB H Aapy-
r'ux CTPOUTEJIILHBIX MaTECPUATIOB.

MaTepna.m,I U METOAbI UCCJICJOBAHUA

B nanHoit paboTe npencTaBiIeHsl CBOMCTBA* ocaka, Moiy-
YEeHHOT'0 B pe3yibrare (iaotanun Mukpochep MC-BII-A9 @3
U3 CTEeKJIa HATPHEeBOOOPOCHIMKATHOTO COCTaBa, W3TOTOBJICH-
HBIX 13 (ppakunOHUPOBAaHHOW PPHUTTHI pazmMepoM He Gonee 30
MKM. OTX0/bI 0TOMPAIHCH B TIporiecce 4-X 3TarHoi (uoTanun
MHUKpocdep B cMecu apTe3naHckoi Boasl U Bomana 702. Ot-
0op ocamka OCYHIECTBISUICS TOCTE KaXKA0Tro dTana (HaoTanuu.
CyImka IpefoCTaBIeHHOTO UIS aHaJH3a OCagKa IPOW3BOIM-
nace B HIIK «Komnosut» npu temmnepatype 80° C B TeueHnn
8 "acos.

* [Ipumeyanue: dakTUyecKkue JaHHBIE [0 CBOMCTBAM OTXOJOB
nony4eHsl B ycrnoBusax AO «HITO Crexnonnactuky (moapasaeneHue
«HUK CKMp»).
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The work [23] presents the results of the development
of lightweight and ultra-lightweight cement mortars with
low density and sufficient strength, achieved through the
optimization of the structure taking into account the geo-
metric and the physical and chemical characteristics of the
components. Hollow glass microspheres were proposed as
a filler.

The minimum average density of the mortar can be
achieved by obtaining the maximum packing density of
the particles of the fine-dispersed filler with a correspond-
ing decrease in the volume fraction of the cement stone. In
the development of compositions of existing construction
mortars, the geometric and physico-mechanical character-
istics of the components are not comprehensively taken
into account, which does not allow to maximize the reduc-
tion of the average density while ensuring their required
strength. The authors of the work [23] proposed the devel-
opment of an optimal structure of a lightweight cement
mortar, taking into account the geometric and the physical
and chemical characteristics of the components.

At the same time, the main limitation of the use of hol-
low glass microspheres in the production of widely used
building materials is the high cost of conditioned micro-
spheres. Therefore, it is of interest to study the waste from
the production of microspheres as a potential raw material
component for lightweight concretes, construction mortars
and other general construction materials. These secondary
technogenic resources, the density and specific surface
area of which are comparable or even significantly lower
than the density of traditional dispersed fillers, as will be
shown below, can serve as an excellent raw material for
the production of building materials and at the same time
contribute to reducing the costs and energy for the extrac-
tion and processing of natural resources.

The purpose of the study: Study properties of glass
microspheres production wastes are considered for their
use as micro fillers for lightweight concretes and other
construction materials.

Materials and methods of research

This paper presents the properties* of the sediment ob-
tained as a result of the flotation of MS-VP-A9 F3 micro-
spheres from a sodium-borosilicate glass composition,
made from fractionated frit with a size of no more than 30
um. The waste was taken during the 4-stage flotation of
microspheres in a mixture of artesian water and Volan
702. The sediment was collected after each stage of flota-
tion. The drying of the sediment provided for analysis was
carried out at the NPK "Kompozit" at a temperature of
80°C for 8 hours.

* Note: Actual data on the properties of waste were obtained
under the conditions of JSC "NPO Stekloplastic" (division "NIK
SKM").
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DKCIEePUMEHTDI H 00CYKIeHHe Pe3yJIbTATOB

I'panynomeTrpryeckuil cocTaB 0TX0Ja MPOU3BOJCTBA MUK-

pocdep, npexcrasieH B Buae Tadbmumm! 1 u Ha puc. 1.

IInotHOCTH NIPEACTABJICHHOTO O0CaJA0YHOro Marepuala,
OnpeaciICHHasd THAPOCTATUICCKUM B3BEIIMBAHUEM, COCTaBUJIa

0,818 r/cm®.

Experiments and discussion

The particle size distribution of the microsphere pro-
duction waste is presented in the form of table 1 and fig.
1.

The density of the presented sedimentary material, de-
termined by hydrostatic weighing, was 0.818 g/cm?.

TABJIMIA 1. TPAHYJIOMETPUYECKHUI COCTAB OCAJIKA, IOJYYEHHOI'O B PE3YJbTATE ®JIOTALIAA

MHUKPOC®DEP MC-BII-A9 ®3

Table 1. Particle size distribution of the sediment obtained as a result of flotation of MS-VP-A9 F3 microspheres

Pasmep uactii, MkM | 0| 50 | 39 | 49 | S0 | 60 | 70 | 80 | 9 | 100 | 250
Particle size, pm
CpenHee conep:xanue
YacTHI TaHHOTO0 pa3-
Mepa, % 12,86 | 4526 | 2541 | 9,87 | 3,85 1,57 | 0,66 | 0,29 | 0,14 | 0,07 | 0,03
Average content of par-
ticles of this size, %
PUCYHOK 1 50
N 45
TPAHYJOMETPUYECKHNU COCTAB
OTXOJ0B ®JOTALIUN MC-BII-A9 ®3 . 40
FOR
Figure 1 ] % 25
g8 20
Particle size distribution of flotation waste EE 15
MS-VP-A9 F3 g=
10
5
0 & + & L
0 10 20 30 40 50 60 70 80 90 100 110 120
JIEIaMeTp A CTHILI, MKM

Ha puc. 2 mpexcraBieHa 31eKTpOHHAs MUKpPO(OTOrpa-
(ust UCXOHOTO Ocalika, KOTOpash MOKA3blBAaeT HAJIUYUE B
JaHHBIX OTXOJax B OCHOBHOM 4YacTHIl IIapooOpa3zHOM
(hOopMBI, KOTOpPBIE 33 CYET CHJI MEXYACTHIHOTO B3aHMOJICH-
CTBHSI 0Opa3ylOT arperaTtbl pa3iIM4YHBIX pa3MepoB B BHIE
apOYHBIX ¥ MOCTHKOBBIX CTPYKTYP.

[TnoTHOCTH OCaZOYHOrO Martepuaia, ONpeAeieHHas Ha
NIOpPOMETpE, OKasaach paHoii 0,788 r/cm®, uTo nocTaTouHo
Ou3Ka K TMOJTYYCHHOMY T'HAPOCTATUYCCKUM B3BCUIMBAHHUEM
pe3yJbTaTy U MOJATBEPIKAAET JOCTOBEPHOCTh ITHX JIaHHbIX.

IIpencraBnser naTepec Oojyee MOAPOOHBIN aHAIN3 CO-
CTaBa MCXOJHOTO OcCajika, OJIYYeHHOTO B pe3ynbTate (Go-
tauuu Mukpochep MC-BIT-A9 ®3. s sroro 8 HUK CKM
NpOBEZIeHa JIOTIOJIHUTENbHAS (PIIOTALIMS UICXOAHOTO 0CajIKa B
TeueHne 20 4acoB, B pe3yibTaTe KOTOPOH BBIJIENICHBI BEpX-
HHUH CJIOH M3 BCIUIBIBIIMX MHUKPOYACTHIl M (PUHHIIHEIA oca-
JoK (puc. 3).

Mukpodororpadun MmoaydeHHBIX 00pa3loB Marepuaia
MI0CJI€ TOBTOPHOU (MIOTALIMH MPEICTABICHBI HAa PHC. 4 1 5.

Particle diameter, pm

The electron micrograph of the initial sediment shown in
fig. 2 shows the presence of predominantly spherical parti-
cles in this waste, which, due to the forces of interparticle
interaction, form aggregates of various sizes in the form of
arched and bridge-like structures.

The density of the sedimentary material, determined on a
porometer, was 0.788 g/cm?, which is quite close to the result
obtained by hydrostatic weighing and confirms the reliability
of these data.

A more detailed analysis of the composition of the origi-
nal precipitate obtained as a result of the flotation of micro-
spheres MS-VP-A9 F3 is of interest. For this purpose, addi-
tional flotation of the initial sediment was carried out at NIK
SKM for 20 hours, as a result of which the upper layer of the
floated microparticles and the final sediment were separated

(Fig. 3).

Micrographs of the obtained material samples after re-
peated flotation are presented in figs. 4 and 5.

241



Texnuxa u mexuonocus cuauxamos. Tom 31, Ne3, 2024

PUCYHOK 2

OIITUYECKAAA MHUKPOD®OTOI'PADUS
HCXOJHOI'O OCAIKA, TIOJTYYEHHOI'O
B PE3YJIBTATE ®JIOTALIUA
MHUKPOC®EP MC-BII-A9 @3

Figure 2

Optical micrograph of the initial sediment ob-
tained as a result of flotation of MS-VP-A9 F3
microspheres

PUCYHOK 3

PE3YJIbTAT NOBTOPHOM ®JIOTALIMU
OTXO/JIOB

Figure 3

The result of repeated flotation of waste

BceruibiBiMe MUKpOYacTUIlbl M 00pa30BaBIINIiCs 0CaoK
MOCJIE TOBTOPHOW (yioTanyyu ObUTM BBICYLIEHBI TIPH TEMIIE-
parype 80°C B cymmibHOM mikady M TakKe MpoaHaIN3UPO-
BaHbI (TabII. 2).

Beime 06110 yKa3aHO, 4TO OCHOBHBIM HEZOCTAaTKOM 00-
JIETYCHHBIX LIEMEHTHBIX PaCTBOPOB SIBJISIFOTCS] HU3KUE TTPOY-
HOCTHBIE ITOKa3aTeN KaK pe3yJIbTaT CHIKEHHUS TUIOTHOCTH.
OnHako THpH HCHOJIB30BAaHWM HAIOJIHUTENEH, HMEIOLINX
HHU3KYIO CPEIHIOI IUIOTHOCTH U OTHOCHTENIBHO BBICOKYIO
MIPOYHOCTB, K KOTOPBIM MOKHO C YBEPEHHOCTBIO OTHECTH OT-
XOJI IIPOM3BOJICTBA MOJBIX CTEKITHHBIX MUKpPOChEp, MOKHO
JOOUTBCS 3HAYMMOTO CHIDKEHHS IUIOTHOCTH IIEMEHTHBIX
pacTBOpOB, oOecreunBas IPH TOM UX AOCTATOYHYIO IPOY-
HOCTb.
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The floated microparticles and the formed sediment after
repeated flotation were dried at a temperature of 80 °C in a
drying oven and also analyzed (table 2).

It was mentioned above that the main disadvantage of
lightweight cement mortars is the low strength characteris-
tics as a result of a decrease in density. However, when using
fillers with a low average density and relatively high
strength, to which the waste from the production of hollow
glass microspheres can be confidently attributed, it is possi-
ble to achieve a significant reduction in the density of cement
mortars, while ensuring their sufficient strength.



Technique and technology of silicates. Volume 31, No3, 2024

PUCYHOK 4

BEPXHMIA CJION OTXO0B OCJIE
MOBTOPHOM ®JOTALUU U CYILIKHU

Figure 4

The upper layer of waste after repeated flotation and
drying

PUCYHOK 5

OCAJIOK OT OTXO/I0B IOCJIE IOBTOPHOI1
®JIOTALIMM U CYIIKHA

Figure 5

Sediment from waste after repeated flotation and drying

TABJIMLA 2. CBOMCTBA BEPXHEI'O CJIOSI U OCAJIKA MTOCJIE JOMOJIHUTEJBHOM DJIOTAIINU
HUCXOAHOI'O OTXOAA MPON3BOACTBA CTEKJVISIHHBIX MUKPOC®EP
Table 2. Properties of the upper layer and sediment after additional flotation of the initial waste from

the production of glass microspheres

Tpounocrs npu MaccoBoe coaep-
IInoTHOCTD, 10 % pa3pyuie- ep
HanmenoBanme Hend i el JKaHHe B ucxt:;nblx Pacyernoe o6bemHoOe couepil;a-
. % orxoxax, % HHE B HCXOHBIX 0TX0/1aX, %o
Sag?plzsr?:me De;:j:g ’ Stz%ggﬁﬂﬁolno L Mass content in Estimated volumetric content in
P 9 kgflcm? ’ the initial waste, % the initial waste, %
BepxHuuii cioit
Upper layer 0,504 122,5 38,35 16,63
S(e)g?rﬁzlrit 1,853 - 45,55 72,59
HeusBecTHas yacTh,
B3BeCh B BOjIe Pacuernaz
IUIOTHOCTh - 16,10 10,78
Unknown part, suspen- 12
sion in water '
3akJriouenue Conclusions

IIpu ucnonb30BaHNM B KAUE€CTBE HAIOJIHUTEIS 3TOTO OT-
X0Jia ¥ BSKYIIETO Pa3IMYHON JUCHEPCHOCTH MOXKHO MOITY-
YaTh ONTHUMAIBHYIO CTPYKTYPY, TP KOTOPOH YaCTHIIEI MHK-
pocdep OynyT XapakTepHU30BaThCs INIOTHON YHIaKOBKOH, UX
JI0J1s1 B 00beMe Oy/1eT MaKCUMAaJIbHOM, a IIEMEHTHBIH KaMEeHb,
BBINOJIHSAS POJIb CBSI3YIOIICH MPOCIONKH, OyAET CKperuIiaTh
WX B IPOYHBIA MaTepHajl KOHTJIOMEPAaTHOTO THITA CTPOCHHUS.

When using this waste as a filler and binders of various
dispersion, an optimal structure can be obtained, in which the
microsphere particles will be characterized by dense pack-
ing, their share in the volume will be maximum, and the ce-
ment stone, acting as a binder layer, will bind them into a
strong conglomerate-type material. An optimal structure can
be considered a low-defect solution structure, where the
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OnTuManbHONH MOXKHO CUUTATh MaJo AC()EKTHYIO CTPYKTYPY
pacTBopa, Te KOMIIOHEHTHI ((ha3bl, TOPHI U JPYTHE COCTAB-
JSIOIINE) PABHOMEPHO paclpesieieHbl 10 BceMy 00sémy. B
TaKOM CTPYKTYpE UMEETCSl HENPEPbIBHAS MIPOCIONKA BIXKY-
IIETO BEUIECTBA, KOTOPAsl BBIMOJIHIET POJIb IPOCTPAHCTBEH-
HOI MaTpuibl. BogonieMeHTHOE OTHOIIEHHE NPHU STOM MH-
HUMAaJIbHO, @ CBSI3b MEX/IY T'MAPATHBIMHU (ha3aMu M YacTH-
[[aMU HAIOJIHUTEIISI OYEHb [TPOYHas.

Emé€ ogHuM Ba)KHBIM IIPU3HAKOM ONTUMAJIBHOM CTPYK-
TYpHI JIETKOTO MaTepHaia sBJIAeTcs HauOOJblIee HachIlle-
HHE YNAKOBKH JIETKMMH IIPOYHBIMH YacTHUIIAMH TBEPIOH
(azpr. OueBUIHO, YTO YEM MEHBIIEC PACCTOSHUE MEXKAY da-
CTHI[AMHU 3aIOJIHSIOIIETO KOMIIOHEHTa, TeM OObIle HX
MOXHO TIOMECTHTh B CTPYKTYpy. Ho mist 6onee nérkux me-
MEHTHBIX PacTBOPOB C MEJKOAWCIIEPCHBIM HAIlOIHHUTEIEM
Jydlle HCIOJIB30BaTh BBICOKOIHMCIICPCHOE BSDKYIIEE CO
Cp€aAHUM pasMEpOM YHaCTHUL, PaBHbBIM WJIM 3HAYMMO MCHb-
IIMM pa3Mepa YacTHILl HAIlOJHUTEs, IIPU 3TOM COTJIacOBaH-
HBIM C HUM T10 TPaHyJIOMETPUIECKOMY COCTaBY.
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components (phases, pores and other parts) are evenly dis-
tributed throughout the volume. In such a structure, there is
a continuous binder layer that acts as a spatial matrix. The
water-cement ratio in this case is minimal, and the bond be-
tween the hydrated phases and the filler particles is very
strong.

Another important feature of the optimal structure of a
lightweight material is the maximum saturation of the pack-
ing with light, strong solid phase particles. It is obvious that
the smaller the distance between the particles of the filler
component, the more of them can be placed in the structure.
But for lighter cement mortars with a fine-dispersed filler, it
is better to use a highly dispersed binder with an average par-
ticle size equal to or significantly less than the particle size
of the filler, while being coordinated with it in terms of par-
ticle size distribution.
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