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Hucepramisi Ha 3700yTTS HAyKOBOTO CTymHeHs JoKTopa dutocodii 3a
cneniaibHicTIO 161 — XiMiYH1 TeXHOJIOTI Ta 1HXeHepis — HanlonanbHU yHIBEpCUTET
«JIpBiBChKa MOJITEXHIKa», MiHICTEPCTBO OCBITH 1 Hayku YKpainu, JIbBiB, 2021.

JucepTartiitHa poOoTa MpUCBsYEHA BJOCKOHAJIECHHIO TEXHOJIOTT KaBiTaIllIHHOTO
OUMIIEHHS CTIYHUX BOJ MIANPUEMCTB XIMIYHOI, XapyoBOi Ta NEpepoOHOI
IPOMHUCIIOBOCTI 13 3aCTOCYBaHHSM Ta3iB pi3HOI TPUPOAM Ta CTBOPEHHIO
€HEProoIIaHOTO MPUCTPOIO 7Sl 30ypEeHHs KaBiTallii, CIPOMOKHOTO peai3yBaTH [0
TEXHOJIOTI10.

Ha mizgcraBi aHamizy BITYM3HSHUX Ta 3apyODKHHX JDKepen JITepaTypH,
BCTAHOBJICHO, 1110 ICHYIOU1 TEXHOJIOT1i BOJIOOYHILIEHHS € BY3bKO CIIEL1aI130BaHUMHU, 10
TOTO X €(QEKTUBHUMH JHUIIEC IS 3a0pyJHIOIOYMX PEYOBUH TIEBHOI TPHUPOIHM.
CTBOpeHHS Ta MPAKTHUYHE 3aCTOCYBAHHS TEXHOJIOT], siKa 0 Jjaia 3MOTy OUHINATH CTIUHI
BOJAM PI3ZHOMAHITHOTO TMOXOJPKEHHS 3 BMICTOM 3a0pyJIHIOIOYMX PEYOBUH PI3HOI
IPUPOIN € HE JJOCTATHHO BUBUYCHHM, IO 1 CTAJIO HAMPSIMKOM JTOCIIIKCHb.

JlocTipKeHHS IPOBOMIIMCS HAa peajbHUX CTIYHUX BOJAX I’ SITH MiAIPHEMCTB, 3
METOI0 OJIEp’KaHHS MAaKCUMaJIbHO HAOMIDKEHUX JaHUX JO TPOMHUCIOBUX YMOB.
CtBOpeHi MOJENbHI PO3YMHHU 13 MIIBUIIEHUM BMICTOM JOMIHYIOYMX OpTraHIYHHX
PEYOBHH, IO MICTATHCS y CTIYHUX BOJAX MPOMMCIIOBHUX ITiIMIPUEMCTB, CIYTyBaIH
3pa3kaMu IS JOCHIKEHHS KIHETHKW KaBITAIITHOTO TMPOIeCy pPYyWHYBaHHS
OpraHiYHMX 3a0pYyJIHIOIOUHMX  peuyoBUH. lle gamo 3MOry OLIHUTH JOIIBHICTH
3aCTOCYBaHHSA T'APOAMHAMIYHOL Ta YJIbTPa3BYKOBOI KaBITallll B MOEAHAHHI 3 ra3amMu
NIEBHO1 IPUPOM JIJIsl OI[IHKY iX BIUTMBY HA BIATIOBIHI OPTaHIYHI PEYOBHHH.

[TpoBeneHO AOCIIHKCHHS BILUIUBY MPUPOJIN a3y Ha OYUIICHHS CTIYHHX BOJI Bij
OpraHiyHMX Ta MIKpoOioJMoTiYHNX 3a0pyaHeHb. B  pe3ymbrari MpOBEACHHX
€KCIIEpUMEHTIB, BCTAHOBJIEHO, IO MpU 0apOOTYBaHHI CaMUX JUIIE JOCIIHKYBaHUX
rasziB, BIJOYyBa€TbCsl JI€SIKE 3MEHIIEHHSI KIIbKOCTI SIK OpraHiyHuX, TaK 1
MIKPOOIOJIOTIYHUX 3a0pyAHEHb, 110 MOB’S3aHO 13 MEBHUMH (PI3UYHUMU SIBUIIIAMHU.

HpOTG, ozLepmaHi 3HAYCHHS XIMIYHOT'O CIIOKMBAaHHS KHUCHIO Ta CTYIICHA OYMUIICHHA €



HEJIOCTATHIMH JJIs 3a0€3T1CUCHHS CaHITApHO—TITIEHIYHUX BUMOT JIO CKUAAHHS CTIYHUX
BOJI Y MICbKI CUCTEMH BOJOOYHIIICHHS YH JIJIsl IOBTOPHOTO BUKOPUCTAHHS CTIYHUX BOJI
y IPOMUCIIOBOCTI.

HocnimpkeHo eQeKTUBHICT, CyMICHOI il Ta3y TIEBHOI TMPUPOAU Ta
yJIBTPa3BYKOBOI KaBiTalli. BcTaHOBIEHO, 10 HE3aJeKHO BIiJ MPUPOIU Ta3y, SKHM
0apOOTYETHCS, Ta HE3AIEKHO BIiJ CKIaAy CTIYHUX BOJ, B1IOYBA€ThCS MiACUICHHS il
yJIBTPA3BYKOBO1 KaBITaIlll ISl yCiX JECATH JOCHTIDKYBaHUX 00’ €KTIB, SIKUMH OYJId
NEBH1 PI3HOBUAM CTIYHUX BOJ. BcTaHOBIEHO, 1110 BUOIp HaOUIbII €)eKTUBHOTO Ta3y
s 6apOoTyBaHHS B 30HY Jii KaBiTallii, 3aJIe)KUTh HE JIUIIE BiJl TEPMOJIUHAMIUYHUX
BJIACTUBOCTEH Tra3y, aje 1 BiJi MOYaTKOBOIO CKJIaay CTIYHUX Boj. Ha ocHOBI 1boro,
OyJ10 BCTAaHOBJIEHO BIHOCHI psIIM €(pEKTUBHOCTI BIUIMBY OapOOTOBaHMX rasiB 1 00paHo
ras, IKMi y o€ THaHHI 3 YJIbTPa3BYKOBOIO KaBiTaIll€10, HAWIOIIIBHIIIE 3aCTOCOBYBATH
JUTSL KOXKHOTO JTOCHTII)KYBaHOTO 00’ €KTY.

ITinTBepKEHO, MO KaBITAIliiHE OYMINCHHS CTIYHUX BOJ BiJI OpraHIYHUX Ta
MIKpPOOIOJIOTIUHUX 3a0pyJAHEHb, OIMHUCYEThCS KIHETHYHUM PIBHSAHHSAM TIEPIIOTO
NOPAJIKY, HE3aJeKHO BiJ MpUpoaud 0apOOTOBAHOrO razy Ta CKJIaay CTIYHMX BOJ.
I'padpiuro me MIATBEPIHKEHO CHPSIMIICHHSIM KPHBUX VY  HamiBIOTapUPMITHUX
KOOpAMHATAX.

BceranoBneHo, 1o Mpu pi3HIA OPHUPOAL OPraHIYHUX CIONYK, SAKI MICTATHCA Y
CTIYHHMX BOJAaX P13HOTO MOXOJKEHHS, ONITUMAJIbHI TEMIIEPATYPH MIPOBEACHHS MPOIIECY
KaBITAI[IHHOTO OYMIIICHHS 3HAXOASATHCS B OJTHOMY JIiara3oHi.

[IpoBeneno pocmimpkeHHss 3Miam pH pos3umHy mnpu faii  kaBiTamii  Ta
JOCTIKyBaHUX Ta3iB. BcraHoBieHno, mo mnpu 0apOOTyBaHHI a30Ty BiAOYBa€ThCS
3MCHIIICHHSI 3HAYCHHS BeTuIrHN pH.

AHamnoriyHi TOCTIKEHHS OYJI0 TPOBEACHO JIJIsl MOOYTOBHUX CTIYHUX BOJ MiCTa
JIsBoBa. [0 ckilaqy TakMX CTIYHMX BOJI BXOJUTH IIUPOKUH CIIEKTP OpraHIYHUX
3a0pyIHIOIOYUX PEYOBMH, a TAKOXX IMATOTCHHI Ta HEMATOTeHHI MiKpOOi10JIOoTivHI
3a0pynHeHHs. byj0 BUBUEHO BIUTMB CYMICHOI Ji1 a30Ty Ta yJIbTPa3BYKOBOI KaBiTallii
Ha 3HE3apaXCHHS BOJM HE JIMIIE BiJ HEMAaTOreHHUX, ajieé 1 BiJ MNaTOTCHHUX
MIKpoOpraHi3miB. BcTaHOBIEHO, IIO0 BOPOJOBXK JABOTOJUHHOI 0OpOOKH, Baiocs

JOCSITHYTH TOBHOT'O 3HE3apa)K€HHs BOJAM BiJl MATOI€HHUX MIKPOOPraHi3MiB TpyIMH



KUIIKOBOI Majnuydku. [le Haromnomrye Ha BapiaTUBHOCTI 3a0pyAHIOIOUUX PEYOBHH, SIKi
3/1aTHA 3pyHHYBATH TEXHOJOTIS KaBITA[IHHOTO OUYUILEHHS.

CTBOpEHO KOHCTPYKTUBHY CXEMYy BJIOCKOHAJIEHOTO HHU3bKOYACTOTHOTO
BIOpPOPE30HAHCHOTO KaBITAIIMHOTO arapaTy Ijisi 0OpOOKH CTIYHUX BOJ MPOMHUCIOBUX
mianpueMcTs. Moro XapakTepHHMH OCOGNMBOCTAMH € BHCOKAa (10 6 MY/ron.)
IPOJYKTUBHICTh OYMCHHX OIepamid y moenHaHHi i3 3HauHuM (82-88%) crynenem
OYMIIICHHS CTIYHUX BOJ BiJl OpraHIYHHUX 3a0pyIHIOBAYIB.

CHpoeKTOBaHO TEXHOJIOTIUHI CXEMH OYMIIEHHS HU3bKOKOHIICHTPOBAHHMX Ta
BHCOKOKOHIIEHTPOBAHUX CTIYHUX BOJ. 3alPOMOHOBAHO Il HU3HbKOKOHIIEHTPOBAHUX
CTIYHHUX BOJI 3aMIHHUTH CTAIIf0 OIOJOTIYHOrO OYMINEHHS HA CTAIII0 KaBITAl[lHOTO
OUHWIIIEHHS 3 TepeadadyBaHUM OJICPKAaHHIM OYHWIIEHOI BOAM, SKy MOXKHa Oyne
3aCTOCOBYBAaTM Yy  MOJAIBIIOMY I TEXHOJIOTIYHMX  IIUIEH. Jst
BHCOKOKOHIICHTPOBAHUX CTIYHUX BOJ PEKOMEHIYETHCS 3aCTOCOBYBATH JABOCTAIIHHHMA
npolec BIOPOPE30HAHCHOTO KaBITAIITHOTO OYHWIIEHHS 13 OJHOYACHOKO IO/Iauyero
HalOIbIl eEeKTUBHUX PEKOMEHJIOBAaHUX HAMHU Ta3iB Ha KOXHYy 13 craxmiit. lle
320€3MeUYNTh MOMIIUBICTh MMOJATBIIIOTO BUKOPUCTAHHS  OYMINEHOT CTIYHOT BOJH IS
TEXHOJIOTTUHUX IITeH. Y KOXKHOMY 13 IUX BHIIAJKIB BATIOCS YHUKHYTH 3aCTOCYBaHHS
JOJIATKOBUX XIMIYHUX pEareHTiB, M0 3MEHINYE KUIbKICTh CTaAldl JTOOYMIINCHHS 1
NOJAJbIIOT YTHITI3allli 3JIMILIKIB XIMIYHUX PEAreHTIB.

[IpoBeneno ampoOariito pe3yabTaTiB JOCTIKEHb KaBITAIIIHHOTO OYMIICHHS
CTIYHUX BOJI HA HU3bKOYACTOTHOMY BIOpOPE30HAHCHOMY KaBITallIHHOMY MPUCTPOI Ta

0JIepKaHO TMO3UTHUBHI BIITYKH

KuirouoBi cioBa: ynbpTpa3BykoBa KaBiTallis, CTi4HI BOJH, MpUpoja 6apOOTOBAHOrO
ra3zy, Opra”iufi 3a0pyIHEHHs, MIKpPOOIOJOTIYHI 3a0pyJHEHHS, HHU3bKOYACTOTHHM

BIOpOKaBITaLIMHUI NPUCTPIH.



SUMMARY
Vashkurak U.Yu. - The Improvement of cavitation Technologies of
industrial wastewater treatment. - Qualifying scientific work on the rights of the

manuscript.

The dissertation for the Degree of Doctor of Philosophy in specialty 161 —
Chemical technology and engineering — Lviv Polytechnic National University,
Ministry of Education and Science of Ukraine, Lviv, 2021.

The dissertation work is devoted to the improvement of the technology of
cavitation wastewater treatment of chemical, food and processing industries with the
usage of gases of different nature and the creation an energy - saving device for
cavitation perturbation, which is able to implementing this technology.

Based on the analysis of domestic and foreign sources of literature, it is
established that the existing water treatment technologies are narrowly specialized,
moreover, thy are effective only for pollutants of a certain nature. The creation and
practical application of the technology which would allow to clean wastewater of
various origins with the content of pollutants of different nature is not sufficiently
studied, that became the direction of the researches.

The studies were conducted on a real wastewater from five enterprises, in order
to obtain the the most approximate data to industrial conditions. The created model
solutions with the high content of the dominant organic substancesmixed in sewage of
the industrial enterprises served as samples to study the Kkinetics of the cavitation
process of destruction of organic pollutants This made it possible to evaluate the
feasibility of using hydrodynamic and ultrasonic cavitation in combination with gases
of a certain nature to assess their impact on the relevant organic substances.

A studies of the influence of the nature of gas on wastewater treatment from
organic and microbiological contaminants were conducted. As a result of the conducted
experiments, it was established that during bubbling only the studied gases, some
reduction of the number of both organic and microbiological contaminants was
observed, which is associated with certain physical phenomena. However, the obtained

values of chemical oxygen demand and the degree of degree of water purification are



insufficient to ensure the sanitary and hygienic requirements for wastewater discharge
In urban water treatment systems or for reuse of wastewater in industry.

The efficiency of the combined action of a gas of a certain nature and ultrasonic
cavitation has been studied. It was found that regardless of the nature of the bubbling
gas and regardless of the composition of the wastewater, the effect of ultrasonic
cavitation is enhanced for all ten studied objects, which were certain types of
wastewater. It is established that the selection of the most efficient gas for bubbling
into zone of cavitation depends not only of the thermodynamic properties of the gas,
but also on the initial composition of wastewater. Based on this, the relative eries's of
gas efficiency of bubbling gases were determined and the gas that, in combination with
ultrasonic cavitation, was the most appropriate to use for each object under study was
selected.

It is confirmed that cavitation wastewater treatment from organic and
microbiological contaminants is described by a first-order kinetic equation, regardless
of the nature of the bubble gas and the composition of wastewater. Graphically, this is
confirmed by the straightening of the curves in semi-logarithmic coordinates.

It is established that with the different nature of organic compounds contained
in wastewater of different origin, the optimal temperatures of the cavitation treatment
process are in the same range.

A study of the change in pH of the solution under the action of cavitation and
test gases. It is established that during bubbling nitrogen there is a decrease in the pH
value.

Similar studies were conducted for domestic wastewater of the city of Lviv. Such
wastewater includes a wide range of organic pollutants and pathogenic and non-
pathogenic microbiological contaminants. The influence of the combined action of
nitrogen and ultrasonic cavitation on the disinfection of water not only from non-
pathogenic but also from pathogenic microorganisms was studied. It was found that
during the two-hour treatment, it was possible to achieve complete disinfection of
water from pathogenic microorganisms of the Escherichia coli group. This emphasizes

the variability of pollutants that can be destroyed by cavitation technology.



The constructive scheme of the improved low-frequency vibroresonance
cavitation device for sewage treatment of industrial enterprises is created. Its
characteristic features are high (up to 6 m®/ h) productivity of treatment operations in
combination with a significant (82-88%) degree of wastewater treatment from organic
pollutants.

Technological schemes of low-concentrated and high-concentrated wastewater
treatment have been designed. It is proposed to replace the stage of biological treatment
with low-concentration wastewater with the stage of cavitation treatment with the
expected production of treated water, which can be used in the future for technological
purposes. For highly concentrated wastewater, it is recommended to use a two-stage
process of vibroresonance cavitation treatment with simultaneous supply of the most
effective gases at each stage. This will ensure the possibility of further use of treated
wastewater for technological purposes. In each of these cases, the use of additional
chemical reagents were avoided, which reduces the number of stages of water
purification and subsequent disposal of chemical reagent residues.

The results of cavitation wastewater treatment studies on a low-frequency

vibroresonance cavitation device were tested and the positive feedback was delayed.

Key words: ultrasonic cavitation, wastewater, nature of bubbling gas, organic
pollutants, microbiological pollutants, low-frequency vibroresonance -cavitation

device.



CIIUCOK ONYBJIKOBAHUX ITPALLb 3A TEMOIO JUCEPTALIT
Cmammi y euoanuax YKpainu, aKi iHOeKCy1Omovcs y MiXHCHAPOOHUX
Haykomempuunux oazax oanux (Scopus ma \Web of Science)

1. Research into effectiveness of cavitation cleaning of wastewater of a fat-and-
oil plant from organic and biological contamination in the presence of various
gases / U. Vashkurak, L. Shevchuk, 1. Nykulyshyn, I. Aftanaziv. Eastern-
European Journal of Enterprise Technologies. 2018. Ne 3/10 (93). C. 51-58.
(Scopus).

2. The effect of ultrasound on the treatment of domestic wastewater from
organic and biological contamination / U. Vashkurak, L. Shevchuk, I.
Aftanaziv, A. Romaniv. French-Ukrainian Journal of Chemistry. 2020. Vol.
8, iss. 1. P. 125-132. (Web of Science).

Cmammi y nayKogux nepiooudHux 6UOAHHAX IHO3EMHUX 0epIHcag
1. The influence of ultrasound cavitation on the process of degradation of organic

substances in wastewater of pharmaceutical production / U. Y. Vashkurak, L. I.

Shevchuk, I. S. Aftanaziv, A. S. Romaniv. Kemija u industriji. 2020. Vol. 69,

Ne 11-12. C. 631-638. (Web of Science).

Cmammi y naykosux ¢haxoeux euoanuax Ykpainu
1. Bamkypak VY. 1O., IlleBuyk JI. I. KaBiTamiiiHe OYMIIEHHS CTIYHMX BOJ

KUPKOMOIHATY BiJI OpraHIYHUX 3a0pyAHEHb Y MPHUCYTHOCTI Ta3iB PI3HOI

npuponu. Chemistry, Technology and Application of Substances = Ximis,

mexuonozisa pewosun ma ix zacmocysauns. 2018. Vol. 1, Ne 1. P. 105-110.

(¢haxose suoanns, Index Copernicus).

2. Bamxkypak VY. FO., llleBuyk JI. 1., Adranasi 1.C. 3He3apa>keHHSI CTIUHUX BOJ

BUPOOHUIITBA MaprapuHy MijJ BIUIMBOM Ta3iB Pi3HOI MPUPOJIU B KaBITAIlIMHIX

yMmoBax. Exonociuni nayku. 2019. Ne 1 (24), 1. 2. C. 23-26.(¢paxose sudanms).



MATEPIAJIM KOH®EPEHIIN

. Vashkurak U. The Influence of the Nature of the Gas into the Cavitation
Destruction Organic and Biological Contamination of Wastewater from
Brewing Industry / Vashkurak U., Falyk T., Shevchuk L. // 7th International
Youth Science Forum «Litteris et Artibus», 23 — 25 November: 36ipHuk Te3
nomosineit. — Lviv, 2017. — P.74 — 76.

. Vashkurak U. The influence of ultrasound cavitation of organic contamination
in wastewater of various origin // Vashkurak U., Shevchuk L. // EastWest
Chemistry Confrence of Young Scientist 2018, 10 — 11 October.— Lviv, 2018

. Vashkurak U. Investigation the Kinetics of the process of destruction organic
contaminations wastewater production margarine. / Vashkurak U., Shevchuk L.
// 2nd International Scientific Conference «Chemical Technology and
Engineering», 24 — 28 June: 30ipHuk Te3 gonosineit. — Lviv, 2019. — P.207 —
209.

. Bamkypak Y.1O. [locnimkeHHs BIUIMBY Ta3iB PI3HOI MPUPOIU B KaBITAIlIHHUX
yMOBax Ha CTYMiHb OYHUIIEHHS BOAM BiJ OpPraHIYHUX Ta O10JOTTYHHX
3a0pynaenp / Bamkypak V.1O., IleBuyk JILI., Adranaziz [.C. // XXII
MIXKHApOJHA HAayKOBO-TeXHIYHa KoH(pepeHiis «Texnomoria — 2019», 26 — 27
KBiTHS: 30ipHUK Te3 AomnoBineil. — Ceepogonensk, 2019. —q.1. — C.103-105.

. Bamkypak V.}O. Kasirtamilinuii BIUIMB Ta3iB pi3HOT MPUPOAM HA IIBUIKICTD
IpOLIECY OUYHMILEHHS CTIYHUX BOJ >kKMpkKoMOiHaty / Bamkypak V.1O., leBuyk
JL.I. // IX mixHapomHa HayKOBO-TeXHIYHA KOH(epeHIis «Ximis Ta CydacHi
TeXHOJIOT1i»,24 — 26 KBiTHS: 30ipHUK Te3 aomnosiaei. — Jninpo, 2019. — 1.1, —
C.53.

. Bamkypak VY.FO. [ocmimkeHHs BIUIMBY Ta3iB pi3HOI NpUpPOIA B
yJIbTPa3BYKOBOMY IOJI1 HA pyHHYBaHHS OPTaHIYHUX 1 010JIOTTYHUX 3a0py/IHEHb
y ctiuaux Bogax BII «JIbBiBChKHI KUPKOMOIHATY, BUPOOHHUIITBO MaprapuHy /
Bamikypak VY.1O., llleBuyk JLI., Adranazis 1.C. // IV MmixxHapoaHa HayKOBO-
npaktuyHa koHdpepeniis « Dynamics of the development of world science», 18

— 20 December: 36ipHuk Te3 gonosineit. — Vancouver,2019. — P.139.



7. Bamkypak V.}1O. JlocnipkeHHS BIUTUBY yJIBTPa3BYKy Ha pyHHYBaHHS JOMIIIOK
oimuniny / Bamkypak VY.1O., IleBuyk JI.I. / V MixHapoaHa HayKOBO-
npakTuuHa KoHdepeHmis «Science, society, education: topical issues and
development prospects», 12 — 14 April: 36ipauk te3 momosigeii. — Kharkiv,
2020. - P.170 - 172.

8. Bamkypak Y.}O. BB ynpTpa3BykoBoi KaBitamii B atMocdepi rasiB pi3HoOi
IPUPOAN HA JOMIIIKHA ITUKIOTEKCAHOHY 1 IIMKJIOTEKCAHOMY Y CTIYHUX BOJAX.
Bamkypak V.IO., lleBuyk JI.I. // I MibkHapoiHa HayKOBO — MpakTUYHA
koH(pepenttis « Science and education: problems, prospects and innovationsy,

7-9 October: 30ipHuK Te3 nmomnoBinei.- Kyoto, 2020.-P.146-154.



