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Manopuxka A. I'. OnepxaHHs MOHOMEPHOI OPTOKPEMHIEBOi KHUCJIOTH SIK
MoudiKaTopa aTFOMIHIMBMICHUX KOAaryJsHTIB. — KBamidikaliiiHa HaykoBa Ipars

Ha IIpaBax pyKOMUCY.

Jluceprarris Ha 3M00YTTA CTyNEeHIO JOKTOpa ¢inocodii 3a cremianbHicTIo 161
XiMIyH1 TEXHOJIOTl Ta I1HXKEHepis (rady3b 3HaHb 16 XiMiuHa i1HXKEHepis Ta
OloimkeHepis). — JlepkaBHUN BUIMI HaBUAIbHUN 3aKiaj] «YKpaiHCHKUI

JepKaBHUM XIMIKO-T€XHOJIOTIYHUN YHIBEpcUTET», JHimpo, 2023.

HuceprartiiiiHy po0oTy NPUCBIYEHO po3podii (Pi3UKO-XIMIYHUX 3acaj
oJIep>KaHHS MOHOMEPHOT OpPTOKPEMHIEBOT KHUCIOTH Y BOJHUX pO3YMHAX Ta ii
BUKOPUCTAaHHA i1 MOJu(IKalii aJOMIHIMBMICHUX KOAryJsiHTIB, Kl MarOTh
MOKpAIIeH] BJIACTUBOCTI B MpPOIECaX BOJOMIATOTOBKA MUTHOI Ta TEXHOJOT1YHOI

BOJIH.

Y  Berymi  OOrpyHTOBaHO — aKTyaJbHICTh  JHMCEpPTalliHOI  poOOTH,
chopMyJILOBAHO METY, 3a7a4i, 00’ €KT, IPEAMET 1 METOAM JIOCTIHKEHHS, BU3HAUYECHO
HAayKOBY HOBHU3HY Ta IPaKTHYHE 3HAYCHHS OTPUMAHUX PEe3YyJIbTaTiB, OCOOMCTHI

BHECOK 3/100yBaya Ta anmpo0aiiito poOoTH.

Iepuiii po3ain NpuUCBSYEHUI aHali3y HAYKOBO-TEXHIYHOI JIITEPATypH, 1110
CTOCYEThCSI TUTaHb OJIEpKaHHS Ta cTaOLII3aIll] BOMHUX PO3UYMHIB OPTOKPEMHIEBOT
KHCIIOTH, a TaKOXX METOJaM OJep>KaHHS Ta MoAu(iKamii aTroMOKPEMHIEBHX

KOAryJIsiHTIB.

3a pe3yabpTaTaMM aHaJli3y JITepaTypHHUX JKEPET BCTAaHOBJIEHO, 1[0 OCHOBHUMN
HampsiM  JIOCJIJDKEHb  CIPSAMOBAHMM HA BCTAHOBJIEHHA O10J0TIYHOI POl
OPTOKPEMHI€BOT KUCIIOTH, 11 610/I0CTYITHOCTI Ta METOJIaM CTa0LII3a1lli OpraHiYHUMHU
airangamiu. [pu npomy Bi1oMO, 1110 OpTraHiyHi Jiranau cTadiai3y0Th HE MOHOMEPHY
bopMy OPTOKPEMHIEBOI KHUCIOTH, a il oliroMepHi ¢gopMu abo K YTBOPIOIOTh
KPEMHIM-OpraHiuyHi CoJykKd. MOHOMEPHY OPTOKPEMHIEBY KHUCIIOTa PO3IIISIIAI0OTh

JIUIIIE B IKOCTI TIPEKYPCOPY B MpoIiecax ii moiximMepu3aliii 3 yTBOPEHHIM MOTIMEPHUX



CTPYKTYP 3 YTBOPEHHSM Te€lIiB 4M aJicopOeHTIB. BiAnoBiHO, B ICHYIOYMX poOOTax
HE PO3IJISHYTI METOAU OJIEpPKaHHS CaMe€ MOHOMEPHOI BOJOPO3YMHHOI (popmu
OPTOKPEMHIEBOI KUCIOTH y BiTHOCHO KOHIIEHTPOBaHMX po3umHax (2-20 r/am’) ta
MeToIB ii crabimizarii. B To#l ke 4ac BijoMO, IO BHUKOPUCTAHHS IOJIMEPHO1
(oiromepHoO1) OPTOKPEMHI€BOT KHCIOTH 7151 MOAM(IKALIi{ KOAryJIsHTIB IPU3BOIUTH
JI0 OJIep’KaHHS KaJaMyTHHUX MPOJYKTIB, CXWJIBHUX JO0 TE€JICyTBOPEHHS Ta 3 JIyKe
KOPOTKHUM TEpMIHOM 30epiraHHs. BUKOpUCTaHHS K OPTOKPEMHIEBOI KHCIOTH
cTaO11130BaHOi OpPTaHIYHUMHU CHOJYyKaMH HEAOLIIBHO 4Yepe3 BUCOKY BapTiCTh, a
TaKOX OJIiroMepHy (OpMYy ICHYBaHHS B PO3YMHI, 110 MPU3BOAUTH JI0 3HUKEHHS
TEepMiHYy NPUJATHOCTI Ta MIJBUILEHHS COO1BAPTOCTI MOAM(DIKOBAHOTO KOATYJISIHTY.
BinoMmi MeTonu ozepKaHHSI pO3UMHIB OPTOKPEMHIEBOI KUCIOTH 3a JonoMoror H-
KaTIOHYBaHHs Ha 10HOOOMIHHUX CMOJIaX, IPOTE IPOMHUCIOBE BUKOPUCTAHHS JaHOTO
METOJy YCKJIaJHEHE, 4Yepe3 HasABHICTh JOMIIIOK OaraTo3apsiHUX KaTiOHIB B
pO3UMHAX PIAKOTO CKJA, M0 MPHU3BOAUTH 10 «OTPYEHHS» CMOJH Ta KOPOTKOTO
TEepMiHy 11 BUKOPUCTAHHS.

B Ou1blIOCTI HAsIBHUX JITEPATYpHUX JKEpenax IMOKa3aHO OJep:KaHHA
ATIOMOKPEMHIEBUX KOATryJSIHTIB Y BUIJISAIl Jy’Ke€ pO30aBIE€HUX PO3UYHUHIB, IO
YHEMOJIMBITIOIOTH X TIPOMHUCIIOBE BUKOPUCTAHHS, TAKOXK HE TOCIIHKECHI TUTaHHS
CTabUIBHOCTI MOJIM(PIKOBAHUX KOATYJISIHTIB, IO HE J03BOJIE€ BIPOBAIKYBATH 1X Y
BUPOOHHUIITBO.

[Toka3zaHo, 10 OCHOBHOIO MPOOJIEMOIO BHOPOBAKEHHS MOJIU(PIKOBAHUX
AJIFOMOKPEMHIEBUX KOAryJsHTIB Y IPOMHUCIOBE BUKOPHUCTAHHS € HEIOCTaTHE
BUBYCHHS YMOB OJICp)KaHHS CTa0lIbHUX Ta OLIbII €PEKTUBHHUX 3pa3KiB, yepe3
HEJIOCTATHIO yBary J0 BIUIUBY (DOPMU 3HAXOKEHHS KPEMHI€BO1 KUCIOTH B MPOLEC]
cuHredy. Lle mpu3BOIUTH A0 BUKOPUCTAHHS OPTOKPEMHIEBOI KHCIOTH B PI3HUX
dbopmax (MOHO-, IU-, OJIIrOMepiB) s Moaudikaiii pi3HUX KOAryJSHTIB 1
BIJIOBIJTHO /10 OJIEpXKaHHS Herepen0auyBaHUX Pe3yJbTATIB, SIKI HE MOXKYTh OyTH
BUKOPHWCTaHI B MPOIIECI MPOMHUCIOBOTO BIIPOBAKEHHS TEXHOJIOT1].

Ha mizncraBi aHammizy HayKOBO-TEXHIYHOI JIITEpAaTypu OOIPYHTOBAHO OCHOBHI

HaIPSIMKH Ta 3a/1a41 JOCI1KEHb.



Y napyromy po3aiii HaBeleHO JaHl MO0 BUKOPUCTAHUX CHPOBUHHHUX
MaTrepiaiiB, pEaKkTUBIB [UJIi CHUHTE3y Ta aHajiidy, METOJaX BUTOTOBJICHHS
eKCIEPUMEHTAIBHHUX 3pa3KiB, METOAAX aHali3y Ta METOAaX CTAaTUCTUYHOI 0OpOOKH
pe3yJIbTaTiB eKCIIEPUMEHTIB.

Y TperbOMy Ppo3aiJii TPOBEIEHO TEOPETUYHE OOIPYHTYBaHHSA Ta
eKCIIEpUMEHTaJbHE IMiJTBEPKEHHS TMPOIeCciB  cTadimi3amii  OpTOKPEMHIE€BOT
KucIoTH. [IpoBeeHO KBaHTOBO-XIMIYHE MOJIETIOBAHHS KJIACTEPIB OPTOKPEMHIEBOT
KHCIIOTH 3 HEOpraHiyHUMHU Kucjaotamu. [lokazaHo, 10 HaWOUIBIIA CTIHKICTH
monekynu H;SiO4 cmocrepiraetbes B mpucyTHOCTi amioniB HPO,>, cyma
MDKMOJICKYJIIPHUX ~ BOJHEBUX 3B’SI3KIB  sIKMX ckianae —186,27 xJx/mMoib.
Po3paxyHku noka3zanu, mo craduibHicTh MosieKynu HsS104 migBumyeTscs B psmy
HSO4 < CH3SO;™ < H,PO4 < SO < PO,* <HPO4*™ 3a paxyHOK yTBOPEHHS JBOX
BoAHEBUX 3B’s3KiB 3 HO-rpymamu OpTOKpEeMHIEBOT KHUCIOTH. Takox BHepiie
MOKa3aHO, [0 HaWCTAOUIBHINIMM KJIACTEPOM OPTOKPEMHIEBOI KHUCIOTH 3
MeTaHcyJbdoHaT-aHl0HOM € [HsSiO4 - 4CH3SO57]. danuii pakt cBiAYUTH TIPO TeE,
0 METaHCYJb(OHAT-aHIOH 3JaTHUM CTaOLII3yBaTU MOHOMEpP OPTOKPEMHIEBOT
KHUCJIOTU Ta 3MEHIIUTH MOKJIMBICTB 11 TUMepH3allii.

Jlnsg oxepxkaHHS PO3YHHIB OPTOKPEMHIE€BOT KHUCIOTH 3 MAaKCHMAaJIbHUM
BMICTOM MOHOMeEpY MpoaHali3yBaiu rpadiku (opM iCHyBaHHS OPTOKPEMHIEBOI
KHCIIOTH B 3aJie)HOCT1 BiJl pH po3uuny, Oyio 3’scoBaHo 110 B Aiana3zoHi pH Bif 1
110 4 OpTOKpEMHI€BA KMCIIOTA 3HAXOAUTHCS B PO3UMHAX Y HEUCCOLIOBaH1M GopMi.
Jlnst opepKaHHS PO3YMHIB OPTOKPEMHIEBOT KHCJIOTH 3 MaKCUMaJIbHUM BMICTOM
MoHOMepy Oyio oopano inTepBas pH Big 1.5 mo 3.5. Byno mociimpkeHo BUXia Ta
CTaOUIbHICTh PO3YMHIB OPTOKPEMHIEBOI KUCIIOTH B 3aJI€XKHOCTI BiJl BUAY KHUCIOTH
B3STOI ISl TIAPOJI3y, a TaKOX Bij CHiikaTHoro mojaynro. IlokaszaHo, 1m0 BHXiJ
OPTOKPEMHIEBOT KHUCIOTH TMpPU MEHILIOMY CHJIIKATHOMY MOJAYJl BHUIIUH, a
CTaOUIbHICTb PO34YMHIB M1JBUILY€THCS B pany aHIOHIB
SO4* < CI" < CH3SO;5™ < HPO4*". ByJ10 BUCYHYTO MOSCHEHHS, IO 1€ Bi0yBa€ThCS
yepe3 MEHIIY TOJIMEPHU3aIlilo B pO3UMHAX PIAKOTO CKJIa 3 HUXKYUM CHJIIKAaTHUM

MoayieM. ExkcriepuMeHTaIbHO NOBEIEHO, IO BUXIJ MOHOMEPY OPTOKPEMHIEBOT



KHCJIOTH 3aJICKHUTh BiJ BIUIMBY KOHIICHTpaIlli ()OHOBUX €JIEKTPOJIITIB Ta 3HAYCHHS
pH. MakcuManbH#i1 BITHOCHUN BMICT OPTOKPEMHIEBOT KUCIIOTH CIIOCTEPITraBCs MpH
pH po3unny 3,5 Ta mpu MiHIMaNbHIN KOHIIEHTpAIlil JOHOBUX €IEKTPOIITIB.
YerBepTHii po3aij NpUCBIYCHUN TEOPETUUHOMY OOIPYHTYBAHHS MPOILECY
B3a€MOJII TIAPOKCUXIIOPUIY ATIOMIHIIO Ta MOHOMEPY OPTOKPEMHIE€BOI KHCIOTHU
METOJIOM KBaHTOBO-XIMIYHOTO MOJIETIOBAHHSA, a TaKOX EKCIIepUMEHTAIbHUM
JOCIDKEHHSAM 10 MoAu(iKallii TiIpOKCUXJIOPUJIIB ATIOMIHIIO Ta JOCIIIKEHHIO
cTablIbHOCTI MOIM(DIKOBAHUX KOAryJsHTIB. 3a JTOTIOMOTOI0 KBAaHTOBO-XIMIYHHX
pO3paxyHKiB, OyJHM po3paxoBaHI KOMIUIEKCH TIIPOKCUXJIOPUY AaTIOMIHIIO 3
OpPTOKPEMHIEBOIO KUCIOTOI y ii MOHOMEpHIM, AUMEpPHIN Ta TpUMEPHIN (Popmax.
bynun 3anponoHoBaHi JBa MexaHi3My peakuid ytBopeHHs AlCLOH 3
OPTOKPEMHI€BOIO KHCIOTOIO Y BOAHOMY PO3UKHI (Ha MPUKIall MOHOMEPHOI (hopMH
OpPTOKPEMHI€BOT KUCTIOTH). 32 MeXxaH13MoM | Bi1OyBa€eThCsl BIAILEIIIIEHHS. MOJIEKYJTU
TipOKCOHI0 3 yTBOopeHHsAM komiuiekcy [Al(H,0)s—OSi(OH);]*, a 3a mexanizmom

IT — Bigmerienns Boau 3 yrBopenusm [Al(OH)(H»0)4—OSi(OH);]*.
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Peakuii yrBopeHHs KoMIuieKciB 3a pisHuMH MexanizMamu OKK 3 TOXA: |
— 3 BIAMICTUICHHSM BoM; I1 — 3 BIAIICTUICHHSM T1POKCOHIIO
Bbyno nmokazano mio eneprist ['160ca B3aeMoii T1IPOKCUXIIOPHUIY ATIOMIHIO 3
MOHOMEPHOIO  (POPMOIO  OPTOKPEMHIEBOI KHUCIOTH 3a MexaHisMoM [ —
48,38 xJI>k/MOJIb, 1110 IEIIIO BUIIE 3a CHEPTII0 B3a€EMO/IIT 3 JUMEPHOIO Ta TPUMEPHOIO

dbopmoro - —32,94k]x/monb Ta —41,86 k/[/MOJIb BiATIOBITHO.



ExcrniepyuMeHTanbHO MiATBEPIPKEHO 3HMKEHHS KOHIEHTpALil MOHOMEPHOI
GbopMH OPTOKPEMHIEBOT KHUCIOTH MICIsA 11 3MIlIyBaHHS 3 T1APOKCUXJIOPHUIOM
AJTFOMIHIIO, 110 MiITBEPIXKY€E YTBOPEHHS CIIOIYKHA MIXK HUMH.

bynu mocnimkeni aBa Metoan Moaudikaiii T1APOKCUXJIOPUAIB aTIOMIHIO:
HUIXOM KHCJIOTHOTO TiAPOMi3y PIIKOrO CKJa 3a JOMOMOIOI0 HHU3bKOOCHOBHOTO
T1APOKCUXIIOPUAY aTIOMIHIIO Ta MUISIXOM 3MIIIyBaHHS MOMEPEAHBO OICPIKAHOTO
PO3YMHY OPTOKPEMHIEBOI KMCJIOTH 3 BUCOKMM BMicTOM MoHOMepy (Buie 50 %) 3
T1APOKCUXIIOPUAAMH ATIOMIHII0 Pi3HOI OCHOBHOCTI. Takok BIepiie Oyja BUBUEHA
CTaOUIBHICTh OJCPKAHUX MOJU(DIKOBAHMX KOaryJsHTIB. ExcrnepumeHTaabHO
MIJTBEP/PKEHO, 10 CYMICHMM KHCJIOTHHMH TipoJli3  PIAKOTO CKJIa Ta
TIAPOKCUXJIOPUIY  AJIIOMIHIO  OPUBOJUTH O  OJAEPXKAHHA  KaJlaMyTHUX
MajoCcTa0lIbHUX PO3YMHIB, MPOTE 3MINIYBAHHS TOTOBOTO PO3YMHY OPTOKPEMHIEBOT
KUCJIOTA OJIEP’)KAaHOTO 3 BUKOPUCTAHHAM METaHCYJIb()OHOBOI KHUCIOTH 3
BUCOKOOCHOBHUMHU T1JIPOKCUXJIOPUIAMHU AJTIOMIHIIO B Jl1alla30H1 CIIBBIHOIIEHb
Al/Si 250-50 mpu3BOIUTH 10 OJEpkKaHHS CTAOLILHUX MPO30PUX PO3UHHIB 3
TEpMIHOM 30epiranHs 6 MICALIB 1 BUIIIE.

[InsxoM BUCYIITyBaHHS MOAM(DIKOBAHOTO ATFOMOKPEMHIEBOTO KOATYJISIHTY Ta
MTOTAJTBIIIOTO HOTO PO3YMHEHHS 3 YTBOPEHHSIM MPO30PHX KOHIICHTPOBAHUX PO3YHHIB
JIOBEJCHO B3a€EMOJIII0 MIX TIIPOKCUXJIOPUAOM aJTIOMIHIIO Ta OPTOKPEMHIEBOIO
KHCJIOTOIO Ta 30€peKEeHHS LbOTO 3B S3KY IICIs TOBTOPHOTO PO3YMHEHHS.

Y m’saTomy po3aiji npoBesieH1 10CHIKEeHHS €(DeKTUBHOCTI MOAN(PIKOBAHOTO
ATFOMOKPEMHI1€BOTO KOATYJISTHTY 110 OYHINIEHHIO PUPOIHOT BOIM Ta OYJI0 JOBEICHO
roro Bummii Ha 12% CTymiHb BUJAJICHHS KaJIaMyTHOCTI Ta HIDK4y Ha 8%
KOHIICHTPAI[I}0 3aJUIIKOBOrO0 AJIOMIHIIO MPU HU3BKUX TemIepaTypax. BucyHyTto
MOSICHEHHSI, 1110 1€ BiI0YBA€THCS 32 paXyHOK 301JIbIIIEHHS CEPEIHBOI MOJICKYJISIPHOT
Bard KOMIUICKCIB QJIIOMIHIIO TpPU B3aEMOAIT 3 OPTOKPEMHIEBOI KHUCIIOTOIO.
ExcniepuMeHTaNbHO TIATBEP/PKEHO OUIBINY TIApaBiIiuyHy KPYHHICTH (QIIOKYJ
MoK (IKOBAHOTO KOAryJISIHTY. EKCIieprMeHTanbHO BCTAHOBJICHO, IO MOUDIKAITis

TIPOKCUXJIOPUAIB AIIOMIHIIO PO3YMHAMHU OPTOKPEMHIEBOI KHUCJIOTH 3 BMICTOM



MoHoMmepy Buiie 50% Tta y cmiBBimHomeHHi Al/Si Big 100 mo 20 mo3Bodsie
0JICp)KYyBaTH CTaOUIbHI PO3UMHU KOATyJISIHTIB.

Y mocromMy po3aiji Ha OCHOBI TEOPETHYHHX Ta EKCIEPUMEHTaJIbHHUX
pe3yabpTaTiB po3poliieHa TEXHOJIOrIYHA CXeMa Ta BUKOHAHA OI[iHKa BUTpPAT Ha
OJIep>)KaHHS BOJHOTO PO3YMHY OPTOKPEMHIEBOI KHCIOTH 3 BHUKOPUCTAHHSIM
METaHCYJIh(OHOBOT KUCIOTH Ta MOAMDIKAI T1IPOKCUXJIOPHUIIB ATIOMIHIIO PI3HOT
OCHOBHOCTI. 3 METOI0 3MEHIIEHHS BUTpPAT KHUCJIOTHOTO  KOMIIOHEHTY,
MaKCHMaJbHOTO BHMXOJly MOHOMEpPY OPTOKPEMHIEBOi KHCIOTH Ta OJIEpKaHHs
MO (IKOBAHUX KOATYyJISIHTIB 3 JIOBTUM TEPMIHOM 30epiraHHs OyJio MPUHUHSITO, 1110
HANOUIbII TOLUIBHUM € OJIEp KaHHS PO3YMHY OPTOKPEMHI€BOI kucnotu rpu pH 3,5
Ta Moju(ikanii BUCOKOOCHOBHUX TIAPOKCUXJIOPUAIB ILISAXOM 3MIIIyBaHHS iX 3
PO3YMHOM OPTOKPEMHIEBOIO KHMCJIOTOIO Yy CITIBBiHOIIEHHI 1 : 1 mo Maci po3uunHiB.
BukopucTaHHs SIKMX JO3BOJISIE BIIMOBUTHUCH BiJ 3aCTOCYBaHHS (DJIOKYJISHTIB Ha
OCHOBI TOJIIAKPUJIAMIJIIB, 3MEHIIUTU 03y BHKOPHUCTOBYBAHOI'O KOATyJISIHTY HE
MeHIe HiXK Ha 12 % TOpIBHSAHO 3 TIAPOKCUXJIOPUIAMHU AIOMIHIIO Ta 3MEHIIUTH
3arajbHl BUTPATH Ha peareHTHY 0OpoOKy BoaM Ha He MeHI Hik 10 %.

Takum 4yrHOM B POOOTI TEOPETUYHO Ta EKCIIEPUMEHTAIBHO OOIPYHTOBaHI
3aKOHOMIPHOCTI ITPOIIECY OJIep>KaHHS PO3YUHY MOHOMEPY OPTOKPEMHIEBOT KUCIOTH
JUISl CUHTE3Y aJIFOMOKPEMHIEBUX KOAryJSHTIB 3 MOKPAIIEHUMHU KOAryJsiiHUMU
BJIACTUBOCTSIMU B IPOLIECaX OYUCTKU MUTHOI BOJM, BCTAHOBJIEHI TEXHOJOIIYHO
JIOLIUIBbHI CHIBBIAHOIIEHHS Al/S1, OCHOBHOCTI Ta YMOB CHHTE3Yy aTOMOKPEMHIEBHX
KOaryJIsiHTIB.

KurouoBi cjioBa: OopTOKpeMHi€Ba KHUCIIOTa, TIAPOKCUXJIOPHI ATIOMIHIIO,
KOAryJiiHTH, (JOKYJISHTH, cOpOLiiiHa e(pEeKTUBHICTh, MUTHA BOAA, KBAaHTOBO-

XIMI4H1 pO3paxyHKH, KOATyJIsIlisl, OYMCTKA BOJIH.



ABSTRACT

Mandryka A. H. Preparation of monomeric orthosilicic acid as a modifier of

aluminum-based coagulants.

Dissertation for the degree of Doctor of Philosophy in the specialty 161
Chemical Technology and Engineering (field of knowledge 16 Chemical
Engineering and Bioengineering) — State Higher Educational Institution "Ukrainian

State University of Chemical Technology", Dnipro, 2023.

The dissertation is devoted to the development of physicochemical principles
of obtaining monomeric orthosilicic acid in aqueous solutions and its use for
modification of aluminum-containing coagulants that have improved properties in

the processes of drinking and process water treatment.

The introduction substantiates the relevance of the dissertation, formulates
the purpose, objectives, object, subject, and methods of the study, defines the
scientific novelty and practical significance of the results, the personal contribution
of the applicant, and the work's validation.

The first Chapter is devoted to the analysis of scientific and technical
literature on the preparation and stabilization of aqueous solutions of orthosilicic
acid, as well as methods for the preparation and modification of aluminosilicon
coagulants.

Based on the results of the literature analysis, it was found that the main
research focus is on establishing the biological role of orthosilicic acid, its
bioavailability, and methods of stabilization with organic ligands. It is known that
organic ligands stabilize not the monomeric form of orthosilicic acid, but its
oligomeric forms or form silicon-organic compounds. Monomeric orthosilicic acid
is considered only as a precursor in the processes of its polymerization to form
polymeric structures to form gels or adsorbents. Accordingly, the existing works do
not consider methods for obtaining the monomeric water-soluble form of orthosilicic
acid in relatively concentrated solutions (2-20 g/dm*) and methods for its

stabilization. At the same time, it is known that the use of polymeric (oligomeric)



orthosilicic acid to modify coagulants leads to cloudy products prone to gelation and
with a very short shelf life. The use of orthosilicic acid stabilized with organic
compounds is impractical due to its high cost and oligomeric form of existence in
solution, which leads to a decrease in shelf life and an increase in the cost of the
modified coagulant. Methods of obtaining solutions of orthosilicic acid by H-
cationization on ion exchange resins are known, but the industrial use of this method
i1s complicated due to the presence of impurities of multicharged cations in liquid
glass solutions, which leads to "poisoning" of the resin and short usage terms.

Most of the available literature sources show the production of alumina-silica
coagulants in the form of very dilute solutions, which makes their industrial use
impossible, and the stability of modified coagulants has not been studied, which does
not allow their introduction into production.

It is shown that the main problem of introducing modified aluminosilicon
coagulants into industrial use is insufficient study of the conditions for obtaining
stable and more efficient samples, due to insufficient attention to the influence of
the form of silicic acid in the synthesis process. This leads to the use of orthosilicic
acid in various forms (mono-, di-, oligomers) to modify various coagulants and,
accordingly, to obtain unpredictable results that cannot be used in the process of
industrial implementation of the technology.

Based on the analysis of scientific and technical literature, the main directions
and objectives of research are substantiated.

Chapter 2 presents data on the raw materials used, reagents for synthesis and
analysis, methods of manufacturing experimental samples, methods of analysis, and
methods of statistical processing of experimental results.

Chapter 3 provides a theoretical justification and experimental confirmation
of the processes of stabilization of orthosilicic acid. Quantum-chemical modeling of
orthosilicic acid clusters with inorganic acids was performed. It is shown that the
highest stability of the H4SiO4 molecule is observed in the presence of HPO,*,
anions, the sum of intermolecular hydrogen bonds of which is —186.27 kJ/mol.

Calculations have shown that the stability of the H4S104 molecule increases in the



series HSO4 < CH5S05 < H,PO4™ < SO4* < PO, < HPO4* due to the formation
of two hydrogen bonds with HO groups of orthosilicic acid. It was also shown for
the first time that the most stable cluster of orthosilicicic acid with methanesulfonate
anion 1s [H4S104 - 4CH3SO57]. This fact indicates that methanesulfonate anion is
able to stabilize the monomer of orthosilicic acid and reduce the possibility of its
dimerization.

To obtain solutions of orthosilicic acid with the maximum monomer content,
we analyzed the graphs of the forms of orthosilicic acid depending on the pH of the
solution, and found that in the pH range from 1 to 4, orthosilicic acid is in the
undissociated form in solutions. To obtain solutions of orthosilicic acid with the
maximum monomer content, the pH range from 1.5 to 3.5 was chosen. The yield
and stability of orthosilicic acid solutions were investigated depending on the type
of acid used for hydrolysis and the silicate module. It was shown that the yield of
orthosilicic acid at a lower silicate module is higher, and the stability of solutions
increases in the series of anions S04 < Cl” < CH3SO; < HPO,*. It has been
suggested that this is due to less polymerization in solutions of liquid glass with a
lower silicate module. It has been experimentally proven that the yield of the
orthosilicic acid monomer depends on the influence of the concentration of
background electrolytes and the pH value. The maximum relative content of
orthosilicic acid was observed at a solution pH of 3.5 and at a minimum
concentration of background electrolytes.

The fourth Chapter is devoted to the theoretical substantiation of the process
of interaction between aluminum hydroxychloride and orthosilicic acid monomer by
quantum chemical modeling, as well as experimental studies on the modification of
aluminum hydroxychlorides and the study of the stability of modified coagulants.
Using quantum chemical calculations, the complexes of aluminum hydroxychloride
with orthosilicic acid in its monomeric, dimeric, and trimeric forms were calculated.
Two reaction mechanisms for the formation of AICI,OH with orthosilicic acid in
aqueous solution were proposed (for example, the monomeric form of orthosilicic

acid). According to mechanism I, the hydroxonium molecule is cleaved to form the



complex [Al(H,0)s—OSi(OH);]**, and according to mechanism II, water is cleaved

to form [Al(OH)(H,0),~OSi(OH)s]".

- -2+
B 2+
| OH OH
| 10| Ok /HQO | OH, H,0
AN
HO—si—dH E7AI\—H20 ——>  |HO—Si—O0—AI—H,0
| OH H,0 OH H,0
OH 2 2 OH 2 2
11 - 2+ B T+
OH OH
_H3()Jr OH2 Hzo OH2 Hzo
. AN
HO—sSi—dH E7A|—0H ——> | Ho—Si—0—A“—O0H
OH H,0 OH H,0
OH |7 s OH  ° 2

Reactions of complex formation by different mechanisms of OCC with GOHA: I -

with water scavenging; II — with hydroxonium scavenging

It has been shown that the Gibbs energy of interaction of aluminum
hydroxychloride with the monomeric form of orthosilicic acid by mechanism I is
48.38 kJ/mol, which is slightly higher than the energy of interaction with the dimeric
and trimeric forms —32.94 kJ/mol and —41.86 kJ/mol, respectively.

A decrease in the concentration of the monomeric form of orthosilicic acid
after its mixing with aluminum hydroxychloride was experimentally confirmed,
which confirms the formation of a compound between them.

Two methods of modifying aluminum hydroxychlorides were investigated:
by acid hydrolysis of liquid glass using low-base aluminum hydroxychloride and by
mixing a previously prepared solution of orthosilicic acid with a high monomer
content (above 50 %) with aluminum hydroxychlorides of different basicity. The
stability of the obtained modified coagulants was also studied for the first time. It
has been experimentally confirmed that the combined acid hydrolysis of liquid glass
and aluminum hydroxychloride leads to cloudy, unstable solutions, but mixing the
finished solution of orthosilicic acid obtained using methanesulfonic acid with
highly basic aluminum hydroxychlorides in the range of Al/Si ratios of 25050 leads

to stable, transparent solutions with a shelf life of 6 months and more.



The interaction between aluminum hydroxychloride and orthosilicic acid and the
preservation of this bond after re-dissolution was proved by drying the modified
alumina coagulant and its subsequent dissolution to form transparent concentrated
solutions.

In the fifth Chapter, the effectiveness of the modified alumina-silica
coagulant in the purification of natural water was studied and its 12 % higher degree
of turbidity removal and 8 % lower concentration of residual aluminum at low
temperatures were proved. The explanation was put forward that this is due to an
increase in the average molecular weight of aluminum complexes in interaction with
orthosilicic acid. The larger hydraulic size of the flocs of the modified coagulant was
experimentally confirmed. It has been experimentally established that the
modification of aluminum hydroxychlorides with solutions of orthosilicic acid with
a monomer content above 50 % and in the ratio of Al/Si from 100 to 20 allows
obtaining stable solutions of coagulants.

In Chapter 6, on the basis of theoretical and experimental results, a
technological scheme was developed and the costs of producing an aqueous solution
of orthosilicic acid using methanesulfonic acid and modification of aluminum
hydroxychlorides of different basicity were estimated. In order to reduce the
consumption of the acid component, maximize the yield of the orthosilicic acid
monomer, and obtain modified coagulants with a long shelf life, it was assumed that
the most appropriate method is to obtain an orthosilicic acid solution at pH 3.5 and
modify highly basic hydroxychlorides by mixing them with an orthosilicic acid
solution in a 1 : 1 ratio by weight of solutions. The use of which makes it possible
to abandon the use of flocculants based on polyacrylamides, reduce the dose of the
coagulant used by at least 12 % compared to aluminum hydroxychlorides and reduce
the total cost of reagent water treatment by at least 10 %.

Thus, the paper theoretically and experimentally substantiates the regularities
of the process of obtaining a solution of orthosilicic acid monomer for the synthesis

of alumina coagulants with improved coagulation properties in drinking water



treatment processes, and establishes technologically feasible Al/Si ratios, basicity,

and conditions for the synthesis of alumina coagulants.

Keywords: orthosilicicic acid, aluminum hydroxychloride, coagulants,
flocculants, sorption efficiency, drinking water, quantum chemical calculations,

coagulation, water treatment.



