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INTRODUCTION FROM THE EDITOR-IN-CHIEF

Introduction from the Monograph’s Editor-in-Chief,
the Organizing Committee’s Chairman of the
4™ International Scientific Conference «Chemical Technology and Engineering»,
Head of Department of Chemical Engineering,
Lviv Polytechnic National University, DSc, Professor
Volodymyr Atamanyuk

Dear Colleagues!

It is becoming a pleasant tradition to publish another collective monograph based on the results
of the conference “Chemical Technology and Engineering”. The extended articles of the
conference participants’ proceedings allow us to familiarize ourselves with the presented

scientific developments in more detail.

This time we decided to publish the papers in two languages — in addition to English, also in our
native language. I thank all the authors for their contribution to the development of
Ukrainian science.

Even in this difficult time of armed russian aggression, we must support new research,
knowledge, and development in the free world. I am grateful to the Armed Forces of Ukraine for
the opportunity to publish this scientific work in peaceful Lviv.

I believe in the Victory over the russian invaders!

Glory to Ukraine! Glory to the Heroes!
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COMPUTER SIMULATION IN THE CHEMICAL TECHNOLOGY AND ENGINEERING

CFD-monenoBaHHS MOTOKY TEIUIOBOI0 ATEHTY Yepe3 map A4YMiHHOI IUBHOI
APOOUHH

Poman Umxosuu', Onekcanp Isairyk?, Bonogumup AtamaHiok?

1. Kacdenpa ximiunoi imkenepii, Harionansauit yriBepcuter «JIpBiBchKa nomitexnikay, YKPATHA,
JIbRiB, Bys1. banaepu, 12, E-mail: roman.a.chyzhovych@lpnu.ua

2. Kadenpa ximiunoi imxenepii, Hamionansauii yriBepcuter «JIpBiBchKa nonitexnikay, YKPATHA,
JIbBiB, Bys1. banaepu, 12, E-mail: oleksandr.s.ivashchuk@lpnu.ua

3. Kagenpa ximiunoi imxkenepii, Harionansnuii ynisepcutet «JIbBiBchbka nositextika», YKPATHA,
JIbBiB, Byn. bangepu, 12, E-mail: volodymyr.m.atamaniuk@lpnu.ua

Anomayia — Poooma micmums pe3yiomamu KOMR’IOMEPHO20 MOOETI08AHHA 2IOPOOUHAMIKU DPYXY
mMen08020 azewmy Kpizb CAUIOHAPHUILL wiap oCcyuieHoi AUMIiHHOT nuenoi Opoounu. /Insa euKonanns
MOOENI06aHHA, NONEPeOHbO Oyau GU3HAYEHI XaPAKMEPUCMUKU ROPpUCMOl 30HU ceped AKUX:
nopizHicmb wapy 00CnioIHcysanozo mamepiany & 3HAYeHHA Koegiuicumie 6’a3zkozo 1/a ma
inepuiitnozo C; onopis. Komn’romepne mooentoeanms npogoounu y npozpamnomy komniekci ANSYS
Fluent 2022 R?2 3 suxopucmanuam k- SST moodeni mypoynenmuocmi. /locniodcenus npoeoounu ons
00Ci0MCY8anux gucom wiapy ocyuieHoi nuenoi opoounu 6 dianazoni H = 80+120 mm 3a wieuokocmeii
nomoky meniogozo azenmy wy = 0,83+1,78 m/c. Ha ocnosi ekcnepumenmanbHux 0aHUX 2iopaeiiunozo
onopy wiapy, po3paxo6ano cepeonio NOXubKy mMooenloeanns, aka cmanosums 6,85 %.

KimtouoBi cioBa — Oiomaca, mmBHa ApoOWHA, CymiiHHS, (iTBTpaliifHe CYIIiHHA, TiOpPOAWHAMIKA,
koM’ roTepHe MoaemtoBanHs, CFD, ANSYS Fluent.

Beryn

BropuHHE BUKOpHUCTAaHHS POCIMHHOI OlOMacH € OJHUM 13 BaXIWUBUX HANPSIMKIB
NPOBEICHHS HAyKOBHUX JIOCTI/DKEHb, 3 METOI0 HE JIHMIIE IOIIyKY HOBHUX MOJKIJIMBOCTEH
3aCTOCYBaHHSA, @ i MOKPAIIEHHS Ta ONTHMi3alii icCHyrounx. PamioHansHe mpupoI0OKOPUCTYBaHHS
JO3BOJIUTh 3MEHIIUTH O00’€MH HAKOMUYYyBAaHUX BIAXONIB POCIMHHOTO TOXO/PKEHHS Ha
MPOMUCIIOBUX MIANPHUEMCTBAX Ta CIIPUATHUME MMOKPAILIEHHIO 3arajibHOi €KOJIOT1uHO1 cutyaii [1].

OpHuM 13 BIIXOJIB POCIMHHOTO IMOXO/DKEHHA, IO MOTpeOdye yBaru, € siiMiHHA MUBHA
OpoOuHa, 10 € MOOIYHUM MPOJYKTOM B MPOIECi MPOMHUCIOBOTO BHpOOHMIITBA muBa [2, 3].
OpHiero 3 XapaKTepUCTUK MUBHOT APOOUHHU, 110 0OMEeXye 11 MOKIIMBE BTOPUHHE BUKOPHUCTAHHS,
€ BHCOKA 3aJIUIIKOBA BOJIOTICTHh MPOIyKTY (~70 % Mmac.) miciis TeXHOJIOTiuHOro mporecy [4, 5].
Jlanwii mapamMeTp € MPUIHHOIO MIBUIAKOTO MICYBaHHS IIHOT'0 TOOIYHOTO MPOAYKTY (~ 2+3 mHi) [6].

3BakalouM Ha BHINE3TaJaHU (aKT, HasBHI HANPSMKHA BTOPUHHOTO BHKOPHCTAHHS
SYMIHHOI MHUBHOI APOOMHH MOTPEeOyIOTh YaCTKOBOTO ab0 MOBHOTrO ii OCYyIIEHHS, Cepell SKHX:
XapyoBi 100aBKU A0 XJ1000yn0uHUX BUPOOIB [3, 7], yAOOpEHHS CUTECHKOTOCIOIAPCHKUX 3EMEIb
[8], cupoBuHa a5 oTpuMaHHs 0iorasy [3, 9], BATOTOBIEHHS TBEPOMATUBHUX OpUKET [6] TOIIO.

Jns  ocymieHHS  SUMIHHOI TUBHOI  JIPOOMHU  MPOTNOHYETHCS  BHUKOPUCTOBYBATH
BUCOKOC(EKTUBHUN MeTOJ (PUIbTpaliiiHOrO CYUIiHHS, BpaxoBylouu ioro mepeBaru [10] mns
CYUIIHHS JUCIIEPCHUX MaTepialliB POCIMHHOTO MOXO/HKEHHS Y CTAlliOHAPHOMY IIapi.

[lomepenne mochi/KEeHHS TiAPOAMHAMIKM pPyXy TIIOTOKY TEIJIOBOTO areHTy Kpisb
CTalliOHAPHUH MIap TOCIIKYBAaHOTO MaTepiay J03BOJUTh BU3HAUYUTH HOTO TiApaBIIYHUHA OMip.
Opneprxani maHi HEOOXIiHI NPU NMPOEKTYBAHHI Ta PO3PAaXyHKY CYHIMIBHOTO OOJaJHAHHS IS
MPOTHO3YBAaHHS EHEPreTUYHUX 3aTpaT Ha CTBOPEHHS PI3HUII THUCKY T Yac CYLIIHHSA
mucrepcHoro marepiany. O6po0Oka OTpUMaHUX €KCIEPUMEHTAIBHUX JIaHUX T1IPOJUHAMIKU PyXy
TEIUIOBOTO areHTy JacThb MOKJIMBICTH MPOBECTU KOMII'IOTEPHE MOJICIIOBAHHS MpoLecy s
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[POTHO3YBaHHS TiAPABIIYHOIO OMOPY PI3HUX BHCOT CTALlIOHAPHOTO INApy SYMIHHOI MHBHOT
JPOOVHH.

EKcnepnMeHTaana YacTHHA

JIJist IpoBeICHHSI €KCIIEPUMEHTAIBHUX JIOCHIKCHD T1IPOJUHAMIKH CTAIlIOHAPHOTO MIapy
JMCTIEPCHOTO MaTepianry OyJ0 BHKOPHUCTaHO SUMIHHY NHBHY JApOOMHY, OTPHUMaHy Ha
BUpOOHNYIi iHil nuBoBapHi «Kymmens» (M. JIbBiB, YKpaina).

Jlns BUIaJIeHHS HAJUIMIIIKOBOI BOJIOTM BHXIJHOT POCIMHHOI CHPOBUHH, SIUMIHHY IMUBHY
opobuHy  Oyno  momepedHbO  OCYIIEHO  METOAOM  (inbTpaliifHOro  CymIiHHS  Ha
eKCIIepUMEeHTalbHil nabopaTtopHiil yctanosmi [11].

JlochimkeHHs T1IAPOAMHAMIKY LIApy OCYIICHO! SYMIHHOI MUBHOI APOOWMHU TPOBOAMIHU 3
METOI0 BCTAaHOBJICHHS 3aJIC)KHOCTI BIUIMBY (DIKTUBHOI IIBHUAKOCTI Wy TEIUIOBOTO areHTy Ha
3HA4YCHHS T1APaBIIYHOTO OMopy AP CTaliOHapHOTO Iapy JOCHTiKyBaHOTO Matepiamy. Jlms
BU3HAUYEHHS OMOpY CTalliOHAPHOTO Imapy Marepiany, OyJao JOAaTKOBO BH3HAYEHO OIip
nepGopoBaHOI MEPETOPOJIKH MWITIHIPHIHOTO KOHTSHHEPY I MaTepiany (puc. 1) maboparopHoi
ycTaHoBKH (inbTpariitnoro cyminng [ 11]. TigpaBnigauii onip mapy oCylIeHoi sYMiHHOI MUBHOT
JPOOWHU PO3PaXOBYBAIH SIK PI3HUIIO MK TIOBHUM OTPUMAHHM €KCIICPUMEHTAIbHO 3HAUCHHSIM
Ta 3HAYCHHSM, PO3PaxXOBAHHUM 3a PIBHSHHSAM IMOJIHOMHU JUIS KOXKHOI BEJMYMHHU HIBHJIKOCTI
MIOTOKY TIOBITPSI, IO JIOCITiPKYBaJIach.

205,00

(R

P TSNS A AR A Ao A AL AL A Ao
{

| | | | |
NESTESTERESRIESIRESR
| | | | | |

35,00

[a—

©98,00

Puc. 1. Cxematnyne 300pakeHHs HIWIIHIPHYHOTO KOHTEHepa: 1 — kopiyc KoHTelHepa, 2 —
nepopoBaHa Meperopojika, 3 — TEIUIOI30JISIIIIfHA BCTABKA.

JIJIst KOHTPOJTIO BUCOTH APy JUCIICPCHOTO MaTepialy y IMIIHIPUIHOMY KOHTeHHepi (puc.
1) 3rinHo Metonuku [12] Oyno BH3HAYEHO 3HAYEHHS HACUIIHOT T'YCTUHU SYMIHHOI MUBHOT
ApoOuHK, 0 cTaHoBWIO 175,2 kr/M>. Takox, OyjI0 €KCIEPUMEHTAIBHO BU3HAYEHO BEIUYMHY
nopisHocTi mapy BignosigHo mo [12], mo mis ocynieHoi cupoBuHH cTaHoBuUTH 0,32 M3/M>.
Cepennst BoJOTiCTh MaTepiany cranoBuia 12,69 % mac.
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Pe3yabTaT T2 00roBOpeHHs

3a pexomenpaaniero [13], ams mpoBeAeHHS KOMIT IOTEPHOTO MOJAETIOBAHHS PyXY TEIUIOBOTO
areHTy Kpi3b AWCIIEPCHUIN IMap 00’€KTy IOCIiIHKCHb, OyJI0 BHKOPHUCTAHO METOJ TOPUCTHX
cepeoBHIN y porpamMHomMy Komruiekci ANSYS Fluent. MopenmoBaHHS TIpoIiecy BiIOyBasiocs Ha
OCHOBI cuctemu audepeHmiaabHux piBHAHB Hap’e-CTOKca Ta piBHSHHSA HEPO3PUBHOCTI MOTOKY
13 JIOMaTKOBHM 3aJTy4CHHSIM piBHSHHS Jlapci IS BU3HAUEHHS BEJIUYHHH TiIPaBIIIYHOTO OIOPY
mapy 4P [13, 14].

Jns  mpoBeeHHS KOMITIOTEPHOTO MOJENIOBaHHS, OKpIM IapaMeTpiB  JIUCHEPCHOT
CUPOBHHH, HEOOXITHO BPaxoOBYBaTH MapaMeTpu MOTOKY TEIUIOBOTO areHTy. SIK TerJIOBHUH areHT
BUKOPHCTOBYBAJIM MOBITPS, TeMIepaTypa sIKOTO Ha MOMEHT MPOBEACHHs cepii eKCIepUMEHTIB
cra”osuna 17 °C.

ExcriepuMeHTanbHI JaHi JOCTIDKEHHS TiAPOIWHAMIKM PYyXy TEIUIOBOTO areHTy Kpi3b
CTalliOHAPHUI IIap OCYIIEHOI MUBHOI APOOWHH MMOIAHO Y BUIIISII TpadiqHO] 3aJIeKHOCTI BILTUBY
(GIKTHBHOI MIBUAKOCTI Wo MOTOKY JO 3MIHH TiIpaBIid4HOrO Oomopy AP mapy JoCiiIKyBaHOTO
MmaTtepiany (puc. 2).
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Puc. 2. 3miHa riApaBiIivHOro ONMOpPY IIapy OCYIICHOI MUBHOT IPOOUHH 3aJIEKHO BiJl

(IKTUBHOI MIBUIKOCTI PyXy TEIUIOBOTO areHTY 3a Pi3HOi BUCOTH MIApy
(T=17°C, H=80+120 MM, wo = 0,83+1,78 m/c).

BukopucToByloUr OTpHMaHi €KCIIEPUMEHTANbHI JaHi TiIPOAMHAMIKHA PyXy TEIJIOBOTO
areHTy Kpi3b IIap JOCITIKYBAHOTO MaTepiany, 0yio modymaoBaHo rpadidHy 3ajexHicTh (puc. 3),
BUKOPHUCTOBYIOUH JIiHilHE piBHSIHHS (1), oTpumane Ha ocHOBI piBHsHHS Jlapci—Beiicbaxa [15]:

—=A+B (1)

0

ne AP — rimpaBniyauid omip mapy martepiany, Ila; H — Bucora mapy marepiainy, M; wo —
(iKTHBHA IIBUIKICTH TEILIOBOIO areuTy, M/c; A” Ta B — koedilieHTy piBHAHHSL.
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[TopiBHIOIOYM OTpuUMaHy JiHIAHY 3anexHicTs (puc. 3) ta piBHAHHA (1), BUAHO IO
xoedimienTn A” Ta B® OyayTh Bianosigatu xoedilieHTaM y piBHSAHHI psMOi MoOyI0BaHOI Ha
OCHOBI €KCIIEPUMEHTAIBHUX JaHUX T1IPOAMHAMIKH PyXy TEIUIOBOTO areHTY.

120000 1 I | [ [ l
1Y =2765511293 * X +47046.56141
110000
. 8
ry »

o 100000 : s
g ° g O

’;‘ . E q /0( 8 —@—— H=2%mm

g 90000 = /( = + + —FHF— H=9mm

o u]

R ) /§ + : + o —&—— H=100mm
g 80000 & B * g | = ——4—— H=110mm
- =t e * L (8]

\:./ /D/ﬂo/ + o] o —O—— H=120mm

=~ F (@] o

(= o | 047 ©

o <&
< 0000 = o : <
s+ o
o o -
60000
50000
0.8 1 1.2 14 16 18
W, , /s
Puc. 3. I'padiuna 3anexuicte —— = () U1 JOCTIKEHUX BHCOT Iapy
0

(T=17°C, H=280+120 MM, wyp = 0,83+1,78 m/c).

JIss  KOMIT'FOTEpHOTO MOJICTIOBAHHS 32 METOJIOM TOPUCTHX CEPEIAOBUIN HEOOX1THO
BU3HAYUTHU KOoedilieHTH B’s13K0ro /o Ta iHepiiitHoro C> Omopis, 110 MOXKYTh OyTH po3paxoBaHi
HAa OCHOBI DpiBHSHHSA mpsaMoi (puc. 3) Ta (i3UYHMX NapaMeTpiB TEIJIOBOIO areHTy,
BUKOPHUCTOBYIOUH 3anexHocTi (2) ta (3) [12, 13]:

A =- 2)
B = 3 3)

Je {4 — NDUHAMIYHUN Koe(dimieHT B’S3KOCTI TEIUIOBOTO areHty, Ila-c; p — rycTHHa TErioBOro
arelry, Kr/m>.

Kowmn’rotepae MoeIoBaHHs pyXy TEIUIOBOTO MOTOKY KPi3b MIAp AMCIIEPCHOTO Marepiaiy
npoBogwiiocs 'y mporpami ANSYS Fluent 2022 R2 3 BukopuctanasMm k-o SST wmopemni
TypOyJIEHTHOCTI, 3TiHO pekomeHnaiii [12, 16]. XapakTepucTHKHU MOPUCTOI 30HH MOJICTIOBAHHS
BU3HAYAJINCh 3HAYCHHSM TIOPI3HOCTI INapy OCYINIEHOI MUBHOI APOOMHH & 1 3HAYCHHSIMHU
xoedilienTiB B’a3koro //a ta iHepuiiinoro C> onopis, ki ctaHoBiATh 2,63-10° M~ Ta 45448 m
BIJIITOBITHO.

VY pesynbTaTi NpPOBENEHOIO MOJICNIOBAHHS, OTPUMAHO 3HAYEHHS TIAPaBIIYHOIO OINOPY
CTaliOHAPHOTO IAapy IOCIIKYBAaHOTO MaTepiary IS KOXKHOI €KCIIEpUMEHTAIbHOI (piKTUBHOI
MIBUJKOCTI TEIUIOBOrO areHTy. J[nsg TOpiBHSHHS OTpUMAaHMX JaHUX MOJEIIOBaHHS 13
eKCIIepUMEHTAIBHUMH, TOOY0BAaHO rpadivHy 3aJeKHICTh 3MIHM TifpaBiiuHOro onopy AP Bin
(IKTHBHOI MBUIKOCTI Wy (puC. 4).
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Puc. 4. I'padiune nopiBHAHHS OTPUMaHUX 3HAYECHb MOJICTIOBAHHS (—— YEPBOHI JIiHIT)
TiIPaBIIYHOTO OMOPY 3 EKCIIEPUMEHTATBLHIUM (—— YOPHI JiHiT)
(T=17°C, H=80+120 mm, wo = 0,83+1,78 m/c).

Amnainizyroun oTpuMaHi rpadivHi 3anexHOCTI, 300paXkeHi Ha puc. 4, CIOCTepiraeMo NeBHE
BIZIXWJICHHSI OTPUMAaHUX PE3YJIbTATIB MOJICIIIOBAHHS 13 €KCIIEPUMEHTAILHIM IO Mipi 301IbIICHHS
PI3HUII BHCOT IIapy BiJHOCHO BiJ CEpeIHBOI BHUCOTHU WIAPY MOCIIHKYBAHOTO Jliala3oHY.
3BakalouM Ha e, JUIS IJBUIICHHS TOYHOCTI MOZETIOBAaHHS PEKOMEHIYETHCS MPOBOJIUTH
JNOCTIDKCHHST JUISL BYXYHMX MEX Ta BIANOBIAHO 13 MEHIIMM KPOKOM BHCOT IIapiB
JIOCIIIJIKYBAHOTO JUCIIEPCHOTO MaTepiaiy.

Po3paxoBaHi MOXMOKM MOJENIOBaHHS BIJIHOCHO EKCHEPUMEHTAIbHUX [AaHUX MOJAHO Y
Tabn. 1, y BHUIVIAAl OKpPEMHUX 3HAueHb JUId KOXKHOI JOCHIKYBaHOI BHCOTH IIapy Ta iX
y3arajibHEHE 3HAUCHHSI [0 YCiX TOYKaX eKCIIEPUMEHTY.

Tabauys 1
BimHOCHI MOXHOKY MPOBEIEHOTO KOMIT FOTEPHOTO MOJICTIOBAHHS JUISI TOCIKYBAaHUX
BUCOT LIapy OCyIlIeHOoi NUBHOI Apoounu H = 80+120 mm

Bucora mapy Ycepennena noxuoka
MaTepiaiy, MM MOJICJIFOBaHHS, %
80 11,22
90 3,26
100 1,88
110 5,74
120 12,12
Cepenne 3HaYCHHS: 6,85
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Amnanizyroun gani 3 tabxn. 1, s Bucotu mapy H = 80 MM cnoctepiraeTbcsi HalOIbIIEe
ycepenHeHe 3HA4eHHS BiJIHOCHOI MOXMOKH. SIKmo >k OpaTé M0 yBarw yci TOYKH IPOBEIECHOTO
MO/ICITIOBAaHHS, TO CEPETHE 3HAYCHHS TOXHUOKN CTaHOBHUTH 6,85 %o.

Jns  Bizyamizamii  xapakTepy pyxy TEIUIOBOTO areHTy Kpi3b CTalliOHapHUH IIap
JOCTIPKYBAHOTO MaTepiany Oysio BHBEICHO DPE3YyJIbTaTH MOJCIIOBAHHS y BUIJISI PO3MOJLITY
H0JIsL CTATUYHOTO THCKY (pHcC. 5, a) Ta BEKTOPHOTO MOJIs MWBUIKOCTEH (pHcC. 5, 0) y nonepeyHomy
nepepisi po3paxyHkoBoi obmiacti [17].

e

1N ll vector-1
' i ! Velocity Magnitude
contour-1 T

Static Pressure ta

16966.08

w )
1 '!'l . 186
15260.47 1 1.62

1357286 1.78

1.74

1187624

1.70
10179.63

1.66
8483 02

1.62
158

678641

508970

154
339 18

150

1696.57 [ms]

-0.04
[Pa]

a §)

Puc. 5. Ilpuximan Bizyamizarii po3MoAilTy MOJsl CTATHYHOTO THCKY (&) Ta BEKTOPHOTO TIOJIS
mBuAKocTel (0) y monepeuHomMy repepizi 001acTi MOJICTIOBAHHS AJIs
H=100 MM, wo = 1,76 M/c.

AHani3yro4d Bi3yasizallilo po3MoJiiay MOJisi CTATUYHOTO TUCKY (pHC. 5, a), CIlocTepiraeMo
MOCTYIOBE 3MEHIIEHHS CTaTUYHOTO THCKY B3JIOBXK MHUIAXY MPOXOHKEHHS MOTOKY TEIJIOBOTO
areHTy 4epes o0yacTh MOJEIIOBAHHS, a TAKOXK HOro cTaje 3HaYeHHS y 30HaX HaJl Ta MiJ IapoM
MmaTepiady. Y TOW e 4Yac, BEKTOPHHMU PO3MOILT MOl IIBUAKOCTEH (puc. 5, 0) Bkasye Ha
NPSIMOJIIHIAHUI XapakTep pyXy TEIUIOBOTO areHTy B3JO0BXK O0JIACTI MOJCITIOBaHHS. Takox,
CIIOCTEPITAa€ThCSl MOTO CIIOBUTRHEHHSI O17s CTIHOK pPO3paxyHKOBOI 00JacTi Ta Ha BXOJI JIO
[IOPUCTOI 30HMU.

BucnoBku

Bukonano komm’roTepHE MOJENIOBAHHS T1IPOJMHAMIKM PYXY TEIUIOBOTO areHTry Kpi3b
11ap OCylieHoi SYMIHHOI MUBHOI APOOMHU y CTAI[IOHAPHOMY CTaHi 3a JOTIOMOTOI0 MPOTrPaMHOTO
komruiekcy ANSYS Fluent 2022 R2. JlocnmimkeHHs TPOBOAWIN AJiA Jlama3oHy BUCOT IIapy
ocylieHoi sumMiHHoi muBHOI Apobunn H = 80+120 MM Ta MIBUIAKOCTEH TEIMJIOBOrO areHTy wy =
0,83+1,78 m/c.

ExcrieppuMeHTaIbHO BH3HAYEHO IMapaMeTpy JIOCHTIKYBAHOI CHPOBHUHH, CEpeld SKHX:
HacumHa ryctuna 175,2 xr/m?, ta nopisuicts 0,32 m3/m3.
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PesynapTaTi MojentoBaHHS MpPENCTaBiCeHI Yy BUIMSAL TpadiyHOi 3aNE€KHOCTI BIUIMBY
(GIKTHBHOI MIBUIKOCTI TEIUIOBOTO arcHTY Ha TiAPaBIIYHHUKA OIMIp MIapy TUCIEPCHOTO MaTepiaiy.
Jlari MO/IeMIOBaHHS TIOPIBHSHO 13 MONEPETHHRO OTPUMAHUMH EKCIIEPUMEHTATLHUM IUISIXOM Ta
pO3paxoBaHO BIJHOCHI TOXWUOKM MK HUMH. Ha OCHOBI EKCIEpUMEHTAIBHHX JIaHUX
TiIPaBIIYHOTO OMOpY Iapy, pPO3pPaxOBaHO CEpPEeIHI0 TOXHUOKY MOJETIOBAaHHS 3a YyciMa
EKCIIePUMCHTAILHUX TOUYKax, ska 6,85 %. PekoMeHIyeThCs sl TIABHINEHHS TOYHOCTI
MOJICITFOBAHHS MTPOBOJIUTH JOCIHI/DKEHHS U1 BY)KUMX MEXK Ta 3 MEHIIMM KPOKOM BHCOT HIapy
JIOCITIJIKYBAHOTO JMCIIEPCHOTO MaTepialy.

BuBeneno Bizyainizamii po3MOAUTYy TOJNS CTAaTHYHOTO THUCKY Ta BEKTOPHOTO TIOJISI
HIBUAKOCTEH y MOMEpeYyHOMY Iepepi3i 00J1acTi MOJENIOBaHH, TPOAHAII30BaHO XapaKTep 3MiHU
CTaTHYHOTO THCKY Ta IBUIKOCTI B3JJOBXK IUIAXY MPOXOHKCHHS ITOTOKY TOBITPAL.

KoMmmr’'rorepae MOZCTIOBaHHS PO3TJSIHYTOTO TPOIECY JacTh 3MOTY IPOTHO3YBaTH
3HA4YCHHS T1APaBIIYHOTO OMOpPY IMIAPY OCYIICHOI SYMIiHHOI MMBHOI APOOWHH ISl JOCIHIHKEHUX
MEX BHCOT, III0 € HEOOXITHIM MIPH MPOEKTYBAHHI Ta PO3PAXYHKY CYIIHILHOTO OOJIQHAHHS JIJIs
NPOTHO3YBaHHSI CHEPreTHYHUX 3aTpaT Ha CTBOPCHHS PI3HMIN THCKY TIiJ Yac CYIIiHHSA
JMCIIEPCHOTO MaTepiaiy.
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Molecular modeling of electrically conductive polymer-polymer composites
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Abstract — Polymer-polymer composites based on polyaniline and water-soluble polymers of polyvinyl
alcohol and polymethacrylic acid have been prepared and it has been shown that intermolecular
hydrogen bonds are formed between the components of the composite. The length and energy of the
hydrogen bonds were determined. The intermolecular interaction between the components of the
polymer-polymer composite affects its physicochemical parameters: electrical conductivity, heat
resistance, and thermomechanical properties.

Keywords — polyaniline, polymethacrylic acid, polyvinyl alcohol, hydrogen bonds, electrical conductivity.

Introduction

Polymer-polymer composites (PPCs) based on the electrically conductive polymer
polyaniline (PANI) and the film-forming polymer polyvinyl alcohol (PVA), polymethacrylic
acid (PMAA), or copolymer of styrene with maleic anhydride (SMA) have properties that allow
them to be used to produce various devices [1-3]. Such PPCs are effective corrosion inhibitors
for metals and composites that can form conductive films on surfaces of various natures [4]. X-
ray studies of the PPCs have shown that intermolecular hydrogen bonds can be formed between
the components, which will affect the physical and chemical properties of the studied composites
[5]. The intermolecular interaction between the macromolecules of polymers that make up the
PPC is evidenced by thermomechanical studies. The thermomechanical curves of individual
polymers differ significantly from those of the PPC.

Polyaniline and its derivatives, such as polyanisidine and polytoluidine, are considered to
be among the most promising polymers with intrinsic electronic conductivity. Due to their high
stability, relatively low cost, and various electronic and optical properties, and the ability to
absorb radioactive rays, such polymeric products are of great interest for the production of
functional nanomaterials. Obtained by chemical or electrochemical oxidation of aniline and its
analogues in an aqueous acidic environment, these polymers can be in a conductive form (known
as the "emeraldine salt") or in a non-conductive reduced (leukoemeraldine) or peroxidized form
(pernigraniline).

The formulas of such molecules are as follows:

H H H H
OO OO

fully restored - leukoemeraldine
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semi-oxidized emeraldine

(OO0t

fully oxidized - pernigraniline

)

Results and discussions

Quantum chemical calculations can provide valuable information about the structure and
electronic properties of PANI [6, 7]. In this report, we present the results of calculations on
PANI macromolecules with different polymer chain lengths. The calculations were performed
with the MOPAC2016 program [8] using the graphical interface [9]. Thermodynamic
calculations of the models were performed with the key parameter THERMO(290,330,10). All
calculations were performed using the semi-empirical method RM7, which allows the
calculation of the heat of formation (A/H?®), molecular dipole moments (D), ionization potentials
(Ix), molecular volume (V) and surface area (S), energy of the highest occupied (Enomo) and
lowest unocuupied (ELumo) molecular orbitals, etc. Calculations were performed for emergaldine,
leukoemeraldine and pernigraniline. To the initial aniline (An) molecule, another An molecule
was successively added, gradually forming PANI macromolecules of various shapes. The results
of the calculations are given in Table 1.

Table 1
Results of quantum-chemical calculations for oligomers of emeraldine, leucoemeraldine and
pernigraniline
Emeraldine:
oligomer |AH?®, kJ/mol Ik, eV S, A2 v, A3 Enomo, €V | ErLumo, eV
CisHisNs 503.77 8.263 313.66 332.61 -8.263 -1.466
C24H20N4 619.80 8.024 405.69 436.72 -8.024 -1.430
C30H25N;s 740.09 7.843 497.11 543.25 -7.843 -1.411
C36H30Ns 859.27 7.698 588.62 649.86 -7.698 -1.400
Ca2H33N7 1176.75 7.878 677.65 751.70 -7.878 -1.550
CasH3sNs 1269.09 7.804 769.64 856.60 -7.804 -1.515
Cs4H43No 1388.84 7.801 861.18 955.74 -7.801 -1.485
CeoHasNio 1508.26 7.688 952.16 1063.34 -7.688 -1.501
Leucoemeraldine:
oligomer |AH?®, kJ/mol Ix,eV S, A2 v, A3 Enomo, €V | ErLumo, eV
CisH17N3 329.03 7.672 316.72 338.69 -7.672 -0.008
Ca4H2oNy 448.20 7.569 408.92 446.65 -7.569 -0.093
C30H27N5s 567.49 7.512 501.05 555.76 -7.512 -0.149
C36H32Ns 686.62 7.473 592.67 666.79 -7.473 -0.187
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oligomer |AH?, kJ/mol Ix,eV S, A? V, A3 Enomo, €V | ELumo, eV
Cs2H37N7 805.74 7.440 686.02 777.26 -7.440 -0.221
CasH4oNg 924.75 7.375 772.67 880.89 -7.375 -0.320
Cs4Ha7No 1043.55 7.349 863.56 991.31 -7.349 -0.362
CsoHs2N10 1162.27 7.335 954.69 1098.24 -7.335 -0.383
Pernigraniline:
oligomer |AH?, kJ/mol Ix,eV S, A2 v, A3 Enomo, €V | ErLumo, eV
CisHisN3 503.77 8.263 313.66 332.61 -8.263 -1.466
C24H18N4 826.87 8.857 402.97 436.17 -8.857 -1.725
C30H23Ns5 918.80 8.272 494 .42 541 -8.272 -1.658
Cs6H26Ne 1241.84 8.797 583.72 642.37 -8.797 -1.806
Cs2H31N7 1333.71 8.281 675.58 746.59 -8.281 -1.753
CagH34Ng 1656.81 8.777 764.73 847.39 -8.777 -1.844
CsaH30No 1748.66 8.285 856.39 950.11 -8.285 -1.804
CsoH42N10 2071.79 8.770 945.62 1050.39 -8.77 -1.864

The addition of the next NA linkage to the corresponding defined structure leads to an
increase in AH® of ~120 kJ/mol for emergaldine, leukoemeraldine, and pernigraniline. The
ionization potential (Ix) gradually decreases from 8.263 to 7.688 eV for the emergaldine structure
containing ten An units (Fig. 1). The decrease in Ix is more pronounced as the number of An
units (N) increases from three to six, and then the ionization potential decreases to a lesser extent.
As expected, the numerical values of the dipole moments of the studied PANI structures are

different, which indicates a significant influence of the conformation on this parameter.

8.4 5

8.3 -

number of aniline section
Fig. 1. Changing the ionization potential for increasing the number of aniline sections in PANI

molecules.

9 10
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The addition of each such An linkage to the macromolecule leads to an increase in the
structure area (S) by 91.4 - 95.0 AZ, and the molecular volume (V) increases by 107.4 - 109.7 A3,
The dependences of the volume and area of molecules on the number of An units in the PANI
macromolecule are linear. The numerical values of the energy of the Enomo and the Erumo
indicate the reducing properties of PANI macromolecules.

The elementary link of PANI is flat, the angles between the atoms are almost the same and
equal to 120°, the length of the bonds in the An residue between carbon atoms is 1.391-1.405 A,
and the length of the C-N bond is 1.404 A. Due to the different attachment of each link, PANI
macromolecules can form many conformations.

Calculations of the structure of macromolecules show that PVA and PMAA can also form
many conformations.

Fig. 2. Conformers of macromolecules PANI: a — compressed spiral; b — rod;
¢ — deployed spiral.

The results obtained indicate that strong intermolecular interactions are realized between
the macromolecules of PANI, which will lead to the formation of a complex consisting of
several macromolecules. Calculations of the partial charges on nitrogen atoms and hydrogen
bound to it confirm this conclusion (Table 2).

Table 2
Partial charges on atoms of nitrogen and hydrogen bound to it
Links 1 2 3 4 5 6 7
nitrogen -0.6281 -0.5168 | -0.5207 | -0.5210 | -0.5211 | -0.5218 | -0.5214
hydrogen 0.2875 0.2882 0.2880 0.3033 0.3036 | 0.3038 0.3015

18
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The partial charge on the nitrogen atom of the first member of PANI is the largest and
amounts to -0.6281, and the corresponding values for the other nitrogen atoms are almost
identical and range from -0.5168 to -0.5218. Partial charges of hydrogen atoms are in the range
of 0.3038 to 0.2875. Thus, the PANI macromolecule is highly polarized, which can promote
intermolecular interactions between different macromolecules.

During the formation of PPC, interactions occur between macromolecules of different
types to form a composite. During the formation of the composite, the conformations of the
macromolecules can change. Thermodynamic calculations allowed us to estimate the energy of
intermolecular hydrogen bonds and the length of these bonds. The average hydrogen bond
energy is 13.0 kJ/mol. For 6 links of PMAA, 4-5 bonds are formed, which are characterized by
different energy and length. Depending on the conditions, the number and energy of hydrogen
bonds may vary. Table 3 shows the calculation of thermodynamic parameters for PANI, PVA
and a composite based on them.

Table 3
Thermodynamic parameters of the studied macromolecules
Temp K A/HP° heat of formation, Enthalpy Heat capacity, Entropy
kJ/mol kJ/mol Cp, J/Kmol J*mol*K
Thermodynamic parameters for 8 links of polyvinyl alcohol
290 -2463.16 83.024 522.07 840.88
298 -2458.33 87.337 546.33 855.56
300 -2457.75 88.370 549.98 859.22
310 -2452.15 93.919 567.92 877.55
320 -2446.38 99.792 585.85 895.86
330 -2440.43 105.74 603.75 914.16
Thermodynamic parameters for 6 links of polyaniline
290 1558.33 90.49 582.15 918.01
298 1563.06 95.21 596.30 934.06
300 1564.24 96.41 501.08 938.07
310 1570.35 102.51 619.90 958.08
320 1576.64 108.81 638.61 978.06
330 1583.13 115.29 657.18 997.99
The sum of parameters of polyvinyl alcohol and polyaniline
290 -904.82 173.52 1114.22 1758.90
298 -891.78 182.55 1143.69 1789.61
300 -893.49 184.84 1151.06 1797.24
310 -881.79 196.54 1187.82 1835.63
320 -869.74 208.60 1224.46 1873.92
330 -857.31 221.03 1260.92 1912.16
Thermodynamic parameters for the composite
290 -973.02 159.64 1070.20 1376.30
298 -969.34 168.32 1100.13 1405.83
300 -967.13 170.53 1107. 61 1413.22
310 -955.86 181.79 1144.78 1450.14
320 -944.23 193.46 1182.35 1487.08
330 -932.22 205.44 1219.36 1524.03
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The calculated heat capacity values for PVA, PANI and their composite increase with
temperature. The total heat capacity of PVA and PMAA is higher than that of a composite with
the same composition of fragments. The difference between the corresponding values is 41.56 -
44 .45 kJ/K*mol. The calculated enthalpy values for PVA, PANI and the composite increase with
increasing temperature. The difference between the sum of the respective values for PVA and
PANI and the calculated value for the composite is 13.88-15.59 kJ/mol. This fact may also
indicate the formation of hydrogen bonds between PVA and PANI in the resulting composite.

Similar studies were carried out for a composite based on PMAA and PANI. The
calculation of the thermodynamic parameters of PMAA, PANI macromolecules and their
composite is shown in Table 4. The heat of formation is negative for a fragment of § PMAA
bonds, while it has a positive value for a fragment of 4 PANI bonds. It should be noted that other
PANI conformers can be formed during the formation of macromolecules. The thermodynamic
parameters of PMAA macromolecules have been calculated for 6 monomeric links of the
polymer.

Table 4
The heat of formation (AH?®, kJ/mol) of PMAA, PANI, PPC and their mathematical sum for
different temperatures.

T,K PMAA PANI Sum PPC

298 -3598.7 1373.6 -2225.1 -2263.3
290 -3605.7 1370.5 -2235.2 -2273.5
300 -3597.0 1374.4 -2222.5 -2260.7
310 -3588.0 1378.5 -2209.5 -2247.6
320 -3578.9 1382.7 -2196.1 -2234.1
330 -3569.5 1387.1 -2182.4 -2220.3

The heats of formation for the fragment consisting of 8 PVA links are negative, whereas
the fragment made up of 6 PANI links is positive. With an increase in temperature, an
insignificant rise in AH° is noted. The combined AH® values for the corresponding PMAA and
PANI values result in negativity. The calculated A/H° values for the composite are lesser than the
corresponding values for the sum of the fragments of the studied polymers. The formation of
hydrogen bonds between PMAA and PANI fragments leads to a decrease in energy A/H°. This
decrease corresponds to the formation of 4 intermolecular hydrogen bonds, resulting in a
difference of approximately 40 kJ/mol.

As the temperature increases, the calculated heat capacity increases for PMAA, PANI, and
their composite. The total heat capacity of PMAA and PANI is greater than that of a composite
with the same fragment composition. The difference in the corresponding values is
approximately 40 J/mol. The enthalpy values for PMAA, PANI, and the composite increase as
the temperature increases. The difference between the sum of the corresponding values of
PMAA and PANI and the calculated value for the composite is between 13.88-15.59 kJ/mol.
This observation suggests the formation of hydrogen bonds between PMAA and PANI in the
resulting composite. In the study of the PANI-PVA composite, researchers observed the
presence of intermolecular hydrogen bonds among macromolecules, with variations in bond
energy and length. The respective lengths of the bonds were measured at 3.07, 1.97, and 2.04 A,
The first bond is presumed to possess the lowest energy, whereas the average energy of the
second bond is the highest. The first bond is presumed to possess the lowest energy, whereas the
average energy of the second bond is the highest. The first bond is presumed to possess the
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lowest energy, whereas the average energy of the second bond is the highest. The energy of the
third bond falls within an average range. The formation of hydrogen bonds among the
components of the polymer-polymer composite impacts the physicochemical properties of the
PPC. The study determined the specific electrical conductivity of the tested PPCs and its
correlation with temperature.

In Fig.3a-3d are given PPC models formed by PANI-PMAA and PANI-PVA with
calculated of electrostatic potentials surfaces.

Fig. 3. Model of polymer-polymeric composite of PMAA-PANI (a, hydrogen bonds marked with
a dotted) and surface of ESP Population Charge (b); and PVA-PANI (c, hydrogen bonds marked
with a dotted) and surface of ESP Population Charge (d).

The formation of hydrogen bonds between the components of the polymer-polymer
composite affects the physic-chemical parameters of the PPCs. The specific electrical
conductivity of the studied PPCs and its dependence on temperature were found.

Conclusions
Semi-empirical method of RM7 calculated the parameters of polyaniline oligomers. It is shown
that macromolecules can exist in different conformational states. The introduction of water-
soluble polymers into the polymerization composition: polyvinyl alcohol or polymethacrylic acid
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leads to the formation of hydrogen bonds between macromolecules. The length and energy of

hydrogen bonds were calculated. The formation of intermolecular complexes between PANI,
PVA and PMAA macromolecules affects the physical and chemical properties of composites.

[1]
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Theoretical analysis of steady-state biooxydation under limitation and
inhibition by substrate
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Abstract — A stationary problem of the oxidative action of a representative biofilm is formulated taking
into account the nonlinear kinetics of substrate utilization, which reflects its limitation and inhibition.
Two characteristic situations are sequentially considered - high initial content of the substrate,
relatively low oxidation rate (no inert zone); low substrate content, high oxidation rate (inert zone
exists). The exact solution of the mathematical problem are obtained and compared. A number of
special cases are considered. The subject of quantitative analysis was the consequences of biooxidation
for different parts of the biofilm and its productivity.

Keywords — biofilm, substrate, biooxidation, utilization, limitation, inhibition, solution, modeling.
Introduction

In porous media, the development and vital activity of microorganisms attached to the
surface of the solid phase, as a rule, occurs under unfavorable conditions due to tightness of the
microbial population, insufficient levels of easily decomposable organic substances, oxygen and
biogenic elements, the presence of toxins, temperature conditions, etc [1, 2]. Functioning of
biofilms is first limited by the consumption and composition of the substrate. Even with a small
amount of dissolved organic substance in waste and natural waters, biofilms are not able to use it
with maximum utility due to their physiological and structural features. At the same time, an
inhibitory effect is also possible at a high concentration, which forces to modify the nonlinear
kinetics with limiting saturation of the Monod (Michaelis-Menten, Langmuir, etc) type or other
complex kinetic equations. To formally take into account the specific degradation of the
substrate in a particular biofilm, it is necessary to set the function of intrabiofilm utilization
u(s) in a special mathematical model, which authentically reflects a relationship between the rate

of the process and the concentration of the substrate.
Statement and exact solution of the mathematical problem

When formulating the stationary problem of the oxidative action of a biofilm, it is
customary to consider a system of assumptions, namely, to assume that it is homogeneous, its
surface is flat, and a liquid film adjoins it. The original mathematical problem proposes an
equation for the diffusion transfer of a substrate

d’ B
D, 22 = EnZ ()= Au(s); (1)

“dx’ Y

boundary conditions at the internal and external (x =/,) surfaces of the biofilm

ds ds
x=0, EZO; lef, Deasz(S—s). (2)

Here, s is the mass concentration of the substrate inside the biofilm; D, is the diffusion
coefficient; A, 1is the reduced coefficient of the maximum biooxidation rate; g, is the
maximum specific rate of the biomass growth; Y,, 1is the economic coefficient of substrate

transformation into biomass; /, is the (equivalent) biofilm thickness; k, is the mass transfer
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coefficient through the liquid film adjacent to the biofilm; S is the mass concentration of the
substrate outside both films; origin of the coordinate axis is at the inner boundary of the biofilm;
the form of the function u(s) will be specified below. The desired concentration s is found in
the form of the following inverse integral function

D ' dnp

e

225 (U (1,5,)

¥=1 - ©

where U(s,s,) = u({)dS, s, is the mass concentration of the substrate at the inner boundary.

Sg

Eq. (3) contains unknown parameters s,, s, (mass concentration of the substrate at the outer
surface of the biofilm). To determine them using conditions (2), a system of equations is
compiled:

2

leJQ=2f%(S—%Y @)

B~ e

sy
= | B _dn (5)
TN 24,  (JUGs,)

Thus, the required parameters are in fact implicit functions of the concentration S . To

generalize the theoretical analysis, dimensionless variables and parameters are introduced:
S=5/S9, S;o=5,,/8 S=8/sy, X=x/ly, 1, =1,[l;, Xy =24, [(D,s,),

Sy 1s the initial concentration of the substrate (at the entrance to the bioreactor-filter), /, is
the length scale, for example, the radius of the granule (grain) R, .Then the solution of problem

(1), (2) is represented by such a system of dimensionless equations:

UG,5,)= 5455, ©)
- 17 dpy

|l =

o ) ?
gl L __dn (8)

It is possible to express the integral function U (E , Eg) in terms of elementary functions for

some forms of function u(S) proposed in the literature. Thus, in the case of the kinetics of
Haldane, which takes into account the inhibitory effect [3]:
s 5’
usS )l=——————, uls )= ——— 9
) s’ +Kis+K, ) sP+K35+K, ©)
where K is an analogue of the half-saturation constant; K, is the inhibition coefficient;

K . =K, /5, » the following representation is valid.
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U(E,Eg)— u(( ¢ =

K 5+K5+KK 1 n 2s+K JAC 25, + K +4A,

2 5 K5, KK, A, 25+ K +JA, 25, +K, — Ay

where A, = K> —4K_ K, . If there is a nonlinear kinetics of the Mono type (K, =0), then the
system of Egs. (6) - (8) is written in such a final form [4]:

_ 5, +K, k}
§5,-5 —K InL—>= S -3 10
f g N §g+Ks 22{3( f)z ( )
Y d .
V27 - K = (£0
BSg\/g—sT -K lnf‘”r s
5, +K,
Sy
>‘C=l}—¢2} de - (12)
5 S\/é’—s —Kln§+
+K

The limiting cases of the indicated kinetics, which correspond to low (KS >> s) and high

(s >> K,) substrate content are of interest from the methodological point of view. In the first
case

Zu(3) = 2,5 , Uls,s

g

)=0.54,(5% -52),

where A, = A,/K, . As aresult, we receive

SO W) R i) R "

It follows from Eq. (13) that at any values S >0 the substrate reaches the inner surface
and therefore the entire mass of the biofilm will be active (sg > 0).
A different picture emerges at the maximum rate of substrate utilization (¥ =1). In such a

situation, it is useful to further substantiate the assumption of biofilm homogeneity by
generalizing a simple initial model, additionally taking into account the actual biofilm
heterogeneity. Indeed, according to [5], the biomass is unevenly distributed over the thickness,
so that its density, and at the same time the coefficient D, , are functions of x . Then the original

equation (1) after an appropriate adjustment is reduced to the following form

d d.
O (14

where x4, is the maximum specific biomass growth rate; Y, is the economic coefficient of

substrate transformation into biomass; py is the biomass density. After the introduction of

dimensionless variables D (%) = D(x)/D, , p,(X)= ps(x)/ps Eq. (14) is transformed as follows
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% 5(7_6)% = BOIBB(X) (15)
where 4,, = /JmpBolg /(YSBDeSO) .

Biofilm material can be in both an active and inert state, and deprived of nutrition, it
cannot, in principle, persist for a long time. Indeed, from the kinetic equation for inert biomass
with concentration B, :

aBi —
e

It follows that the inert biomass will monotonically decrease with time (with the functional

—k,(B,)B

1

coefficient of the biomass loss rate k, = const - according to an exponential law) and, at any

initial value, asymptotically (t — ) tend to 0 . By the way, with a sharp decrease in the

concentration of the substrate at the inlet of the operating filter, the inert zone either appears or
increases abruptly, but then gradually becomes thinner again due to the prevalence of its costs
for autoxidation. However, with the constant replenishment of inert biomass reserves due to the
active biomass, the corresponding zone can exist for a long time.

In view of the possible formation of a zone with inert biomass, two typical situations
should be considered sequentially. The first situation formed at a high initial content of the
substrate and a relatively low rate of its oxidation. Then conditions (2) must be satisfied, and
solution (15) is expressed by the general dependence:

X 1 n

I _
s5)=S5 32 Palndn+ Y S, Pa(¢)dcdn (16)

Hence, we can conclude that with correct averaging p, and l_)=l, the accuracy of
calculations 5, for any form of dependence p, ()_c) does not decrease. Obviously, the entire
biofilm will be active under the condition 5(0) 0 . A state can be considered as critical if
E(O)zO . Then any deterioration in living conditions, formally expressed in a hypothetical

increase in / P k,, Az, Py oradecreasein S, D, will lead to the appearance of an inert zone.

The relationship between these parameters, corresponding to the critical state, is described by the
equation:
Z/ 1 n . /1 i/' . _
Aoy == Ps($)dSdn+2 py(n)dn =5 (17)
D (77)() kL 0

0

If the inert zone exists, so that Z, >0 (/. is the coordinate of the boundary between the

active and the indicated zones), then instead of the first condition (2) it is necessary to specify a
pair of boundary conditions:

x=1, 5=0; —=0. (18)

Then the solution of problem (15), (18) is represented in the following form:
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S(5)=5 e 5 L
sx)=5 =22 malakdn 2, B0, Pul$)dg dn (19)

The value /, is not known in advance and must be found from the equation:

o e )
Ago 5(77 (§)d§dn+k—“p3(f7)d77—5 (20)

v

According to [6] for functions l_)()_c), Pg ()_c ), the linear form is quite acceptable, namely:
D(X)=ayX +by, py(¥)=a,¥+b, 1)

where a, ,, b are empirical constants. Taking into account Eq. (21) and as a result of

D,p

integration, dependence (16) is represented as follows:

- \ a,d;+2b], 2apb,—ab .
(-5 2o o (o) 220D Juoh b g
2 2a,, k, a;

2
B 2anDbp3— a,b;, In
a; aDl +b,

(22)
ap,x + b,

If we neglect changes in the diffusion coefficient (5 = 1), then (22) will be simplified so
that:

5(x)=5 + % Yop oy xr - Ler T g-f—bpz'; (23)

Finally, in the simplest case of unlimited oxidation in a biofilm with a uniformly
distributed biomass (l_) =P, = 1) and in the absence of an inert zone, changes in the relative

concentration of the substrate are described by the dependence:
_ Al 7 _
§(f)=S—£—f+ﬁ()—c2—l;) (24)
k, 2 ‘

The specified zone (l_* X Z_ f) will be formed when the condition is met:

= Al

S < kl +2 25
2kL( ) (25)
Then the dependence similar to (24) will be:
Z 1 [1 25
E)_C =5 )_C—l_ +=+ |=+—= 26
) 2 Tk kA, (26)

and the relative coordinate of the boundary between the active and inert zones should be
calculated by the formula:

- ?4'? (27)
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Directly, the content of dissolved organic compounds in the working volume of bioreactors
with a fixed biocenosis decreases due to their inflow into biofilms, which together form a
biological phase. And it is natural that the productivity of such bioreactors is directly related to
the diffusion transfer of the substrate into a separate biofilm, as well as their total amount.
Therefore, when modeling the operation of devices with a stationary biological phase, the key
role is played by the determination of the transport of the flow of dissolved organic matter into a
representative biofilm i, , which can be expressed in two ways, namely:

i, =4x(R, +1,) k,(S—s,)=4r(R, + zf)zDe%

x=Ig

Thus, if we accept /, = R,, then the relative value z_ p will be:

i i—f=1€L(1+Z‘)2(_—§g)=(1+Zf)2§

=— 28
" 4R D,s, / dx @%)

x=l,

It is appropriate to note here that, due to the presence of the factor (1 + l_ f')z in expressions

(28), it is possible to avoid additional errors in the calculations of the action of the biofilm first,
and then of biofiltration due to the neglect of its curvature. These errors are due to the actual
difference between the areas of the inner and outer surfaces of the biofilm and are measured by
the following relationships:

(Rg +Zf)2—Rg2 _ Z_f(1+21_f)
R, +1, ) 1+7,)?

Therefore, to establish the value i, at a given concentration, it is enough to first find the

~I, (29)

value 5, based on the system, for example (10), (11) or, in extreme cases, using formulas (13),

(16), (19). At an unknown value S , it is necessary to formulate and solve, in essence, a problem
external to the biofilm. The relevant research materials by analytical methods will be presented
in the next section.

Calculation of examples and discussion of results

The exact solution obtained above for the stationary problem of substrate oxidation in a
separate biofilm and its special cases are illustrated by calculations of relative
microcharacteristics, which are of particular interest for mathematicalmodeling of biofiltration.
The subject of quantitative analysis was the consequences of biooxidation in general for the
peripheral part of the biofilm (§g) , as well as its productivity (1_ f). Taking into account the

direction of theoretical studies of the oxidative action of an individual biofilm and the
peculiarities of the functioning of a set of biofilms in a bioreactor-filter, the concentration of the
substrate in the surrounding solution was used as an argument in determining the desired
functional values. At the same time, it (§ ) continuously changed within the maximum possible

range - from 0 to 1. In addition, the value of the parameter K, (0.5) was fixed, and the values
of the other model parameters (IB  k, l_ f‘) were varied with the intention to more widely cover

the variety of technological conditions when filtering water with significantly different content
of easily decomposable organic substances.

In the first place, strict Egs. (10) and (11) were used for calculations, as well as, in addition
to them, simple formulas (13), (24), (28), corresponding to the limiting cases of nonlinear
kinetics (Mono).
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First of all, the concentration of the substrate on the inner surface of the biofilm was
determined as the hypothetical increase in water pollution outside it (Fig. 1). The values 5, were
calculated, firstly, for strictly limited decomposition of the substrate and three values of the
coefficient A1, (curves 1-3), and secondly, for linear kinetics, unlimited decomposition and
A, =50 . It has been established that with both methods of limiting the rate of degradation of
dissolved organic substance, even at arbitrarily small values S, some of its amount is retained in
the entire biofilm. At a constant rate of substrate biooxidation, according to (25), it is sufficient
to reduce the value S to 0.55 for it to be completely utilized inside the biofilm. Naturally, with
an even greater decrease of S , an inert zone will necessarily form near the substrate, so that
I, <1. The limiting effect is easy to visually assess by comparing graphs 1, 2, 5, corresponding to

the same value 1, .

. P
o /2/ ///
////g,é/

0 0.2 0.4 06 0.8 s

Fig.1. Dependence 5, (3):
1,2,5— /TB =50; 3- /TB =100; 4- ZB =150 ; 1, 3, 4 — nonlinear kinetics (Mono);
2 —linear; 5— u=1.
The actual oxidative capacity of a biofilm is characterized by the rate of substrate inflow
into it. Its consumption inside the biofilm i, significantly depends on their physical and

biochemical properties and was determined in all cases considered by formula (28). The input
concentration 5, was preliminarily determined using the same calculation procedure and with

the same initial data as 5, . In two series of calculations, the coefficient A, and thickness [ E

alternately changed by an order of magnitude and by 2...4 times respectively. The data of
calculating dependence i f(§ ) for three forms of biooxidation kinetics are presented in the form
of two sets of graphs in Figs. 2, 3. With an increase in the initial water pollution, the slope of all
graphs gradually decreases. Thus, on the one hand, it is advisable to maintain a high content of
the substrate outside the fixed biocenosis for its productive activity. But, on the other hand, the
quality of water treatment is of decisive importance for the management of a bioreactor. The
calculated flow 7, shows high sensitivity with respect to each of the three variable parameters.
To a greater extent, it responds to changes in the relative thickness of the active biofilm. Thus, a
formal increase of l_ , from 0.05 to 0.2 leads to an increase in the substrate inflow from the

outside by 2-2.5 times. At a stable rate of utilization of organic substance (u = 1) , much more of
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it enters the biofilm, and the flow rate i, reaches its maximum value (in the absence of an inert
zone, it is equal to ﬂ_,Bl_/ ). Then, in particular, at /TB =50, l_f =0.1 and also due to EL =25 mu
S =1 a significant limitation of the substrate degradation rate, the value i, is reduced by 1.6-2.4

times. In the case of linear kinetics with a coefficient 4, /k, , in comparison with the kinetics of

the Mono type, a serious overestimation of the rates of biooxidation and volumes of treated
water is possible.

If Zf
: 7 ;
//3/ ; L |

2 2 p
5. |1 /
%ﬂf
i 0

\
A

0 0.25 05 0.75 § 0 0,25 05 075 s
Fig.2. Dependence i f(§); Fig 3. Dependence sz(E):
1-2,=200, 2— 2, =100,3 -1, =50, 1-1,=02;2,3-1,=0.1; 4— 1, =0.05;
4— 2, =20. 1,4—k, =25;2—k, =40;3—k, =10
Conclusions

Summarizing the above theoretical studies, it follows highlight:

- the validity of the set of assumptions adopted when choosing the basic mathematical
model of the oxidative action of a separate biofilm and, as a result, its adequacy in general to the
operating conditions of bioreactors with fixed biota,

- the rigor of the derived calculation equations and dependencies, which allows them to be
used in the subsequent study of the patterns of biofiltration, as well as reference expressions in
the development and evaluation of the reliability of approximate analogues that are convenient
for technological and constructive analysis.
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Abstract — The main methods for regenerating used mineral motor oil include physical, chemical, and
Dphysico-chemical approaches. To assess the functionality and cost-effectiveness of these methods,
industry experts were engaged. The functional-value analysis employed the paired comparisons
method, which involved ranking selected characteristics based on their degree of importance (validity).
Each characteristic was assigned a specific index. The results of the functional-cost analysis confirmed
the suitability of employing vacuum distillation and hydrocracking technologies in the regeneration of
used mineral motor oils.

Keywords — functional-value analysis, used oil, oil regeneration, oil hydrocracking, coagulation.
Introduction

At present, the vast majority of lubricants are imported into Ukraine from abroad, leading
to a growing dependency on these imports. Motor oils, whether derived from petroleum or
synthetic sources, exhibit a wide range of applications, including lubrication, heat and power
transfer, engine parts protection, and component cleaning, among others. Over time, these oils
become contaminated or degrade depending on their use and operating conditions, resulting in
the generation of used motor oils. It's important to note that used oils are classified as hazardous
waste and fall under subgroups Y8 and Y9 of the Basel Convention [1].

In Ukraine, the predominant method for handling used oils (UO) involves incineration,
which is neither economically nor ecologically sensible. Instead, it is more appropriate to
consider secondary processing as a means to obtain base oil components or lubricants for various
applications.

Simultaneously, as global commercial oil consumption continues to rise annually, the
volume of used oils (UO) also increases. This, in turn, leads to their further accumulation,
resulting in detrimental environmental impacts and posing a challenge for their proper disposal.
In Ukraine, the major contributors to UO production are industry (28%), transport (38%),
agriculture (23%), and construction (11%) [2]. It's crucial to emphasize that recycling secondary
raw materials is not only an environmental concern but also a responsibility towards future
generations.

To regenerate UQ, it is essential to modify their physical and chemical properties to
closely match those of the base oil components. To achieve this, the following steps are required:
1) remove mechanical impurities from used oil, such as water, dust, and additive decomposition
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products; 2) separate light hydrocarbons from the oil, such as the remnants of unburned fuel; 3)
separate light hydrocarbons from the oil, such as the remnants of unburned fuel; 4) enhance the
viscosity-temperature properties of UO; 5) improve the low-temperature properties of UO; 6)
reduce the acid number of UO.

Accomplishing these tasks will yield a base oil component suitable for use in commercial
oil manufacturing and various industries. To achieve this, it is crucial to begin by conducting a
comprehensive analysis of established oil regeneration methods and exploring the potential of
implementing new methods.

To select the most suitable technology for regenerating UO, it is advisable to employ
functional-cost analysis (FCA) of established UO regeneration methods. FCA offers a
straightforward mathematical framework for simultaneously establishing ranking criteria [3].
Industry experts were engaged to conduct an expert evaluation of UO regeneration technologies,
facilitating a functional and cost analysis based on their assessments.

Characteristics of the research method

The FCA pairwise comparison method entails ranking selected characteristics based on
their degree of importance, with each characteristic assigned a specific index.

We determine the required number of comparisons, based on the number of
characteristicsn, using Expression 1:

n(n -1)

p="""aHu
5 (1)

When comparing the selected characteristics in pairs, three weight degrees were applied:
1.5 for more significance, 0.5 for less significance, and 1 for equivalency. Following the FCA
methodology, X independent experts were interviewed. Each expert was tasked with comparing
characteristics X1 to Xo in pairs and selecting the more significant characteristic from each pair
for water regeneration technologies.

The overall average assessment of the importance of each selected characteristic was
determined based on the collective evaluation of all experts, as calculated using the following
expression:

k, = =—— ()

where B represents the importance rating assigned by each expert to the characteristic;

m — the number of experts.

The second average score, ko, for the second of the two compared criteria was determined
using the following expression:

k,=2-k, 3)

Using data from the expert survey, a prioritized characteristics table is generated. The
values above the main diagonal of the matrix represent the average ki scores, while those below
the main diagonal correspond to the k» scores. The priority coefficient for each row in the table is
calculated using the following formula:

m-1

k.

. i
i=1

k rior. 4
P n(n-1) ¥
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m-1
where values &, are taken from the table; n — the number of characteristics to be compared.
i=l1

The following characteristics were chosen as the initial data for conducting the FCA of UO

regeneration technologies and methods:

— X — regenerated oil quality;

— X> — regenerated oil yield;

- X3 — the quantity of by-products generated during UO regeneration and their
potential for further use;

— X4 — specific cost of UO regeneration;

- Xs — the use of reagents in the UO regeneration technology;

— X6 — necessity to use high temperatures and pressures for water regeneration;

- X7 — transport version of the UO recovery unit (stationary or mobile);

— Xs — the hazard classification of regeneration by-products, determined by product
toxicity, storage requirements, and environmental impact;

- X9 — technological process hazard class.

The following UO regeneration technologies were chosen for comparative analysis:

- Y1 — sedimentation;

— Y, — filtering;

— Y3 — centrifugation;

- Y4 — vacuum distillation;

- Y5 — adsorption;

— Y — coagulation;

- Y7 — acid-alkaline cleaning;

- Ys — hydrocracking.

Results and discussion

Currently, all established methods and technologies for regenerating used oils aim to
produce oils that align with the performance properties of commercial oils. These technologies
are known to involve substantial capital and energy expenditures. Hence, a key objective is to
identify the most optimal oil regeneration technology that meets essential operational
requirements.

Table 1 presents the classification of UO regeneration methods and technologies for expert
evaluation, along with their advantages and disadvantages, as per [3-6].

As shown in Table 1, available technologies for UO regeneration not only vary in their
methods but also in terms of efficiency and cost.

To identify the optimal UO regeneration technology based on these characteristics, a
functional and cost analysis was conducted. This analysis established the degree of importance
for each characteristic, with numerical values provided in Table 2.

Based on the number of characteristics, n = 9, we determine the required number of
comparisons (p = 36) using expression 1.

p=="2=36

When comparing the selected characteristics in pairs, three weight degrees were applied:
1.5 for more significance, 0.5 for less significance, and 1 for equivalency. Following the FCA
methodology, X independent experts were interviewed. Each expert was tasked with comparing
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characteristics Xi to Xo in pairs and selecting the more significant characteristic from each pair

for UO regeneration technologies.
The final average estimates of the importance degree for each characteristic, ki and ko, are
calculated using expressions 2 and 3, and are presented in Table 2.

34

Table 1
Characterization of methods and technologies of UO regeneration
g
% Technology Advantages Disadvantages
=
- No need for reagents. - Requires additional regeneration stages.
g - Compatibility with used oils|- Does not fully eliminate "ageing" products
= from various sources. (oxygen-containing  compounds,  asphalt-
% - Cost-effectiveness of thejresinous substances), mechanical impurities,
= equipment. etc.
= - Prolonged processing time.
« - Low efficiency.
- Necessitates disposal of the resulting sludge.
- No need for reagents. - Low efficiency.
%D - Low energy consumption. - Inability to restore the filter element.
8 - Compatibility with UO from|- Requirement for additional regeneration
s i various sources. stages.
'z - Direct use during oil operation. |- Necessity to dispose of the resulting sludge.
= - No need for reagents. - Requires additional oil treatment.
.5 - Obtaining base oil (BO)|- Does not eliminate oxygen-containing
§o components. "ageing" products.
i - Removal of mechanicall- Complex design and high equipment cost.
= impurities and water. - High energy consumption.
3 - High speed and productivity of]- Necessitates sludge disposal.
the process.
o - No need for reagents. - High equipment cost.
§ = - Obtaining the BO component. |- Energy consumption.
3 ;cj - High productivity. - Requirement for disposing of the resulting
S % |- Compatibility with the|cube residue.
~ refinery's existing equipment.
- High cleaning efficiency. - Requirement for adsorbent preparation and
- Removal of oxidation products|regeneration (disposal).
.5 and asphalt-resinous substances. |- Lengthy processing time.
& - Compatibility with UO of]- Absence of viscosity control.
= § various ~ compositions  and
é < origins.
5 - Simple hardware design.
g - High efficiency.
-2 - Removal of oxidation products,|- Significant consumption of reagents.
=y 5 asphalt-resinous substances, and|- Requirement for additional oil treatment.
Ru = mechanical impurities. - Challenge in selecting a coagulant and
Eo - Enhanced filterability of oils. |optimal process conditions.
§ - High processing speed. - Absence of a universal coagulant.

- High cost of coagulant.

- Energy consumption.
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- Production of high-quality oils.

- High efficiency and
environmental friendliness of the
process.

- High productivity.

- Significant hydrogen consumption.

- High catalyst cost.

- Requirement for catalyst regeneration.
- High equipment cost.

- Energy consumption.

<
Q
% Technology Advantages Disadvantages
=

‘g -The ability to regenerate|- Necessity to dispose of acidic residues.

= significant volumes of UO; - Low process selectivity.

§ -high productivity; - Requirement to establish disposal sites for

b -production  of  base  oil|process residues (sour tar).

£ components. - Significant consumption of reagents.

g - Need for an additional stage of oil
= = regeneration.
2 g - High equipment and energy costs.
g =2 - Inability to remove polycyclic aromatics and
= S ) Y Ve poryey :
O < highly toxic chlorine compounds from the oil.

en

g

e

Q

<

5

=

s

>

am

Table 2

Expert evaluation of UO regeneration technologies and methods characteristics

Expert opinion Average scores
Comparable — ~ o < “ © —
characteristic 5 B B B B B 5
; o o o o o o [ ki ka
pairs = > > > = = o
84| /M /M /M /M /M 84|
X1&Xo 1.50 | 1.50 | 1.50 | 1.00 | 1.50 | 1.50 | 1.00 | 1.36 0.64
X1&X3 1.50 | 1.50 | 1.00 | 1.50 | 1.00 | 1.50| 1.00 | 1.29 0.71
X1&X4 1.50 | 1.00 | 1.50 | 1.50 | 1.00 | 1.50 | 1.50 | 1.36 0.64
X1&Xs 1.00 | 1.00 | 1.00 | 1.50 | 1.50 | 1.50 | 1.00 | 1.21 0.79
X1&Xe 1.50 | 1.00 | 1.50 | 1.50 | 1.00 | 1.50| 1.50 | 1.36 0.64
X1&X7 1.50 | 1.50 | 1.50 | 1.50 | 1.50 | 1.50 | 1.00 | 1.43 0.57
X1&X3 1.00 | 1.50 | 1.50 | 1.50|1.50|1.50|1.00| 1.36 0.64
X1&Xo 1.50 | 1.50 | 1.50 | 1.00 | 1.50 | 1.50 | 1.00 | 1.36 0.64
Xo&X3 1.00 | 1.00 | 1.50 | 1.50 | 1.50 | 1.50 | 1.00| 1.29 0.71
Xo&X4 1.50 | 1.00 | 1.00 | 1.50 | 1.50 | 1.00 | 1.50 | 1.29 0.71
Xo&Xs 1.50 | 1.50 | 1.00 | 1.50 | 1.50 | 1.50 | 1.50 | 1.43 0.57
Xo&Xe 1.00 | 1.00 | 1.00 | 1.50 | 1.50 | 1.50|0.50| 1.14 0.86
Xo& X7 1.50 | 1.50 | 1.50 | 1.50 | 1.50 | 1.50 | 1.50| 1.50 0.50
Xo&Xs 1.50 | 1.50 | 1.00 | 1.50 | 1.00 | 1.50 | 1.50 | 1.36 0.64
Xo&Xo 1.50 | 1.50 | 1.50 | 1.00 | 1.50 | 1.00 | 1.00 | 1.29 0.71
X3&X4 1.00 | 1.00 | 1.50 | 1.00 | 1.50 | 1.00 | 1.00 | 1.14 0.86
X3&Xs 1.00 | 1.50 | 1.00 | 1.00 | 1.50 | 1.00 | 1.00 | 1.14 0.86
X3&Xe 1.50 | 1.50 | 1.00 | 1.00 | 1.00 | 0.50 | 0.50 | 1.00 1.00
X3&X7 1.50 | 0.50 | 1.00 | 1.50 | 1.50 | 1.00 | 0.50 | 1.07 0.93
X3&Xs 1.00 | 1.00 | 0.50 | 0.50 | 1.00 | 0.50| 1.00 | 0.79 1.21
X3&Xo 0.50 | 1.00 | 0.50 | 0.50 | 0.50|0.50|0.50| 0.57 1.43
X4&Xs 1.00 | 1.00 | 1.00 | 1.50 | 1.00 | 1.50| 1.00 | 1.14 0.86
X4&Xe 1.00 | 1.50 | 1.00 | 1.50 | 0.50 | 1.00 | 1.00 | 1.07 0.93
X4& X7 1.50 | 1.50 | 1.00 | 1.50 | 1.50 | 0.50 | 1.00 | 1.21 0.79
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X4&Xs 1.50 | 0.50 | 1.00 | 1.50 | 0.50 | 1.00 | 1.00 | 1.00 1.00
X4&Xo 1.50 | 0.50 | 1.00 | 1.00 | 1.50 | 1.00 | 1.00 | 1.07 0.93
X5&Xs 1.00 | 1.50 | 1.00 | 1.00 | 1.50 | 1.00 | 1.00 | 1.14 0.86
Xs5&X7 1.00 | 0.50 | 1.00 | 1.50 | 0.50 | 0.50 | 1.00 | 0.86 1.14
Xs5&Xs 0.50 | 0.50 | 1.00 | 0.50 | 0.50 | 0.50 | 1.00 | 0.64 1.36
Xs5&Xo 1.00 | 0.50 | 1.00 | 0.50 | 1.00 | 1.50 | 0.50 | 0.86 1.14
Xe&X7 1.00 | 0.50 | 1.00 | 1.00 | 1.00 | 0.50 | 0.50 | 0.79 1.21
Xe&Xs 0.50 | 0.50 [ 1.00 [ 0.50 | 1.00 | 0.50 | 1.50 | 0.79 1.21
Xe&Xo 1.00 | 1.50 | 1.00 | 1.00 | 1.00 | 1.50 | 1.00 | 1.14 0.86
X7&Xs 1.50 | 1.50 | 1.00 | 0.50 | 1.00 | 1.50 | 1.00 | 1.14 0.86
X7&Xo 1.00 | 1.50 | 1.00 | 0.50 | 1.00 | 1.50 | 1.50 | 1.14 0.86
Xs&Xo 0.50 | 0.50 | 0.50 | 1.00 | 0.50 | 1.00 | 0.50 | 0.64 1.36

Using data from the expert survey, a table of characteristic priorities was compiled (Table
3). Values above the main diagonal in Table 3 correspond to the average ki scores from Table 2,
while values below the main diagonal correspond to the k> scores.
Table 3
Prioritization of characteristics of UO regeneration technologies and methods

Prioritization |Characteristic
X Kprior. | Of priorities

X1 0.00]1.36(1.29|1.36|1.21|1.36|1.43|1.36|1.36|10.71 | 0.149
X2 10.64]0.00(1.29|1.29{1.4311.14|1.50|1.36/1.29| 9.93 | 0.138
X3 10.7110.71({0.00|1.14|1.14{1.00|1.07|0.79{0.57 | 7.14 | 0.099
X4 10.64]0.71|0.86|0.00|1.14{1.07|1.21|1.00(1.07| 7.71 | 0.107
Xs 10.7910.57]0.86|0.86/0.00(1.14|0.86|0.64 |0.86| 6.57 | 0.091
X6 10.64]0.86(1.00/0.93|0.86|0.00{0.79(0.79|1.14| 7.00 | 0.097
X7 10.57]0.50({0.93/0.79|1.14|1.21{0.00 | 1.141.14| 7.43 | 0.103
Xs 10.64]0.64(1.21|1.00{1.36|1.21]0.86|0.00|0.64| 7.57 | 0.105
X9 10.64]0.71|1.4310.93|1.14{0.86|0.86|1.36(0.00| 7.93 | 0.110

Index Xl Xz X3 X4 Xs X6 X7 Xg X9

W DN N[0 | O ||~

Using Table 3, each characteristic was scored based on its feasibility within the
technological process. The highest values received 10 points, those close to the best were
assigned 8-9 points, acceptable values got 4-7 points, values close to acceptable received 2-3
points, and unsatisfactory values were rated 0-1 point. The results of the characteristic scoring
are presented in Table 4.

Table 4
Scoring of UO regeneration technology characteristics

Technology name Scoring of characteristics
Xi X> X3 X4 Xs X6 X7 Xs | X9
Sedimentation Y, 1.29 | 3.71 | 1.71 | 729 | 7.14 | 7.71 | 529 |4.71 | 6.57
Filtering Y2 3.14 | 6.00 |2.00 | 6.00 | 8.00 | 7.00 | 7.00 | 3.29 | 6.86
Centrifugation Ys | 471 | 743 |3.86| 6.00 | 843 | 729 | 7.71 [ 4.71 | 7.29
Vacuum distillation | Y 8.00 | 8.00 [ 6.71 ]| 6.29 | 10.00 | 6.00 | 6.29 | 6.71 | 6.71
Adsorption Ys 6.57 | 6.71 |3.29 | 486 | 4.57 | 6.14 | 5.57 | 4.86 | 6.43
Coagulation Yes | 571 | 6.71 | 329 | 5.14 | 486 | 6.57 | 4.29 | 3.86 | 5.29
Acid and alkaline Y, | 729 | 7.14 | 329 | 5.14 | 3.14 | 6.57 | 3.71 | 1.29 | 2.43
Hydrocracking Ys 986 | 9.57 | 871 | 500 | 8.14 | 5.00 | 6.00 | 7.71 | 4.86
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Upon completing the scoring and knowing the priority of each characteristic, we
determined their integral scores, as presented in Table 5.

Table 5
Integral scores of UO regeneration technologies

Technology Integral score Th: Sﬁlm Priority of

name X | X | X3 | X Xs Xe | X7 | Xg | Xo socotrees technology
Sedimentation | 0.19 | 0.55 | 0.26 | 1.08 | 1.06 | 1.15|0.79 | 0.70 |0.98| 6.76 4
Filtering 043 10.83(0.28 1083 | 1.10 {097 | 097 | 0.45 |0.95| 6.80
Centrifugation | 0.47 | 0.74 | 0.38 | 0.60 | 0.84 | 0.72 | 0.77 | 0.47 |0.72| 5.70 5
lzfllllggon 0.86 | 0.86 | 0.72 | 0.67 | 1.07 | 0.64 | 0.67 | 0.72 [0.72| 6.93 1
Adsorption 0.60 | 0.61 [ 0.30 | 0.44 | 0.42 | 0.56 | 0.51 | 0.44 |0.59| 4.47
Coagulation | 0.56 | 0.65 | 0.32 | 0.50 | 0.47 | 0.64 | 0.42 | 0.38 |0.51| 4.44
Acid and
alkaline 0.7510.74 {034 | 0.53 | 0.32 | 0.68 | 0.38 [ 0.13 |0.25| 4.13 8
treatment
Hydrocracking| 1.04 | 1.01 | 0.92 | 0.53 | 0.86 | 0.53 | 0.63 | 0.81 [0.51| 6.82 2

The analysis of used oil regeneration methods using the FCA method revealed that vacuum
distillation technology received the highest integrated score, while hydrocracking technology
received a slightly lower score.

The hydrocracking of used mineral motor oils is a well-established and widely practiced
process. Industrial processes by IFP, UOP, Snamprogetti, and Mainken are known to yield high-
quality base oils used in the production of commercial oils [6-10]. However, this process
requires significant capital investment and faces challenges related to hydrogen production and
utilization. It becomes economically viable when processing large volumes of used oils, typically
exceeding 50-60 thousand tons per year.

Conclusion

For the first time, independent experts conducted a functional and cost analysis of known
used oil regeneration methods. The analysis revealed that vacuum distillation technology
received the highest integrated score.

These results from FCA offer initial information for choosing the optimal technology for
used oil regeneration and can be used for developing a comprehensive used oil regeneration
technology.
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Po3paxyHok Tenji0BUX 3aTPaT Npolecy HAaCHYEHHs IJI0iB Kabauka Ta
A10J1yKa HYKPO3010 3 BOJHOIO PO3YMHY

Ipuna I'y3poBa!, Bonoaumup ATtamaHiok?
1. Kadenpa ximiunoi imkenepii, Harionansauit yHiBepcuteT «JIpBiBchKa momiTexHikay, YKPATHA,
JIsBiB, Byn. C. Bannepwu, 12, Ykpaina, 79013, E-mail: iryna.o.huzova@lpnu.ua
2. Kadenpa ximiunoi imkenepii, Hamionansuuii ynisepcurer «JIbBiBchka nonitexnika», YKPATHA,

JIsBiB, Byn. C. Baunepu, 12, Ykpaina, 79013, E-mail: atamanyuk@ukr.net

Anomayia — B pobomi npoeedeni 00cnioxyceHHa npouecié HAcCUYeHHA N100ié Kabdauka ma a0JyKa
uykpozorw. Excnepumenmanvui o0ocniodyceHHa npogedeHi 8 060X pexdcumax: CMAMUUHOMY ma
ounamiunomy. Ilpu cmamuunomy pexcumi HacuueHHa NA00I8 8i00YBACMBCA 3 800HO20 PO3ZUUHY
UYKpO3U 6 Hepyxomomy cmani po3uuny. /Junamiunuil pexcum iodysacmuvca 6 ymosax oapoomajicy
nosimpam 600H020 po3uuny uykposu. Teopemuuno po3paxoeani numomi mennoei 3ampamu
00CTIOIHCYBANHUX PENHCUMIE HACUYEHHA N100i6 KADauKa ma AOIYKA 6 YYKPOEOMY CUPORI,

KirouoBi ci0Ba — HaCHYEHHS IYKPO3010, CTATUYHUH Ta TUHAMIYHUH PEKUM, TEIJIOBI 3aTPaTH.
Beryn

P€3y.HI>TaTOM HACUYCHHS IJIOJIOBO OBOYEBOI1 CHUPOBMHHW BOJHUM pPO3YMHOM LYKPO3U 3

MOJAJIBIINM CYIIiHHSM € TaKUil KOPUCHUN TPOAYKT, SIK IyKaT. ETanamu BUpOOHHIITBA ITyKATiB €:

IHCIIEKTYBaHHS, MHWTTS, OYHINCHHS CUPOBHHU BIJ IIKIPKW, IUTIBKH, HACiHHS, pi3aHHA Ha
YaCTUHKU OJHAKOBOI (popmu, OnaHIIyBaHHS, MpOIEC HACHYCHHs IUIOAIB OBOYIB Ta ()PYKTIB
I[yKPO30I0 Ta MpOLeC CYHIIHHS HACHUYEHHUX I[yKaTiB 10 KIHIIEBOi BOJIOTOCTI Ta CKJIaJyBaHHS
roToBoi nmpoaykiii. BUpoOHUIITBO IyKaTiB € MOMIMPEHUM B OaraTthox Kpainax city. Jlinepamu y
BUPOOHUITBI LyKaTiB € kpainu [liBgennoi Amepuku [1]. B nux kpaiHax 1yKaTd BUTOTOBJISIOTH,
B OCHOBHOMY 3 MaHTO0, aHaHACiB, rap0y3iB, nuTpycoBux [2—5]. B YkpaiHi mykaTtu BUTOTOBJISIOTH
3 BITYM3HSHOI IJIOJJOBO OBOYEBOi CHPOBUHU (TapOy3, MOpPKBa, kaba4yok, aiBa, rpyiia, s0IyKo,
cimBa) Ta sria. 3rigHo 6asu ganux OOH 3i cratuctuku MikHapoaHoi Toprisii [1], Ykpaina B
2012 pomi 3aiimana 26 Mice y CBITI 3 €KCIOPTY IIyKariB, IO craHOBWIO 716,475 ToHUM
npoaykmii B pik. Jlo 2022 poky [1] Taka cTaTucTUKa 3HAYHO MOTIPIIMIIACS 1 €KCHOPT I[yKaTiB
cranoBuB 199,605 ton mponykuii B pik. [Ipore Ykpaina mae Bci meperymMOBH HajlaroauTu
eKCIOPT LyKaTiB Ha CBITOBOMY puHKY. Came TOoMy, BHpPOOHMLTBO LYyKaTiB B YKpaiHi €
aKTyaJlbHUM MUTAHHSIM CbOTOJCHHS.

[Tpouecu audys3ii yKpo3u B cepeAMHYy IUIOAIB Xap4yOBOi POCIMHHOI CHPOBHHM Ta iX
y3arajJbHEHHS TMOTpedye OKpeMoi yBaru, a came: TEOPETHYHOIO  y3arajJbHEHHS
eKCIEpUMEHTAIBHAX JAaHUX, OpraHizalmii eHeproomaaHoro Mpoiecy BUPOOHMITBA ITyKaTiB i3
30epeKEHHSAM SIKOCTI TOTOBOrO MPOAYKTy. KpiM TOro, KOeH Takui mporec Oyae 3HAYHO
3aJIeKaTH BiJl IPUPOAN Ta CTPYKTYPH CaMOT0 TUIOAY, 3 SKOT'O BUTOTOBJISIOTHCS IIyKaTH [6].

Pe3yabTaTH Ta iX 00rOoBOpeHHs

O06’exToM JociiikeHb OyB kabadok copTy «Asbepemio» Ta A0i1yko copty «CeMepeHKo».
3pa3ku roTyBaJIMCA HACTYMHUM YMHOM: IIOAM Kabauka Ta sS0JIyKa BIAMLISUIMCS BiJ MIKIPKU (BiX
HIKIPKU Ta HACIHHEBOTO THi3/1a B BUMIAJKY sI0yKa) Ta GopMyBaIUCs 3pa3Ki HACTYMHOI (hOpMHU:
® s kabauka: GopMH MPSIMOKYTHOTO Mapajesnerineaa ogHakoBux po3mipis (18x10x8 mm);
® i si0iyKa: KyoiuHoi popmu 3 po3mipom pedpa 15 mm.

Jlaiti yci Tocitiiy mpoBOIMIMCH OKPEMO 3 IJI0JaMU Kabadka Ta OKpeMo 3 TUIOAaMH sS0TyKa.

Bei 3paskm OmanmryBammcess 7 xB. bmanmioBaHi 3pasku IUioiB Kabauka Ta s0MyKa
pO3IuIsTUCS Ha J1Bi yacTHHU. [lepra yacTuHa OJIaHIIOBAHMX TUIOMIB IMigaBajiacsi HACHUYCHHIO
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IyKPOM B IIYKpPOBOMY CHPOIIi 3 KOHIIEHTpaIliero 65 % (Mac.) B CTaTUMHOMY PEXHMi, TOOTO Oe3
nosavi moBitpst Ha G6apboTaxk. Jocniau nmpoBomwmck 3a temmneparyp 30°C, 40°C, 50°C, 70°C,
100°C. Jliarma3oH Temneparyp BUOUpaBCsS TAKMM YUHOM, 100 HE JOBOIUTH CHPOIT 0 KHITIHHS.

Jlpyra yactuHa OJAHIIOBAHWX IUIO/AIB AHAJIOTIYHO IIiJaBajacs HACHUCHHIO IIYKPOM B
IyKPOBOMY CHpOI 3 KOHIeHTpamieo 65 % (mac.), aje B JUHAMIYHOMY pEeXuMi, TOOTO 3
MOJIa4Yci0 TOBITPss Ha OapOoTaxk. B juHaMiYHOMY pPEXUMI JOCTIAM TaKOX TMPOBOJMINCH 3a
temriepatyp 30°C, 40°C, 50°C, 70°C, 100°C.

ExcriepuMeHTH MpOBOJSATHCS HA YCTAHOBIN, 300paXkeHiil Ha puc. 1 HACTYmHUM 4uHOM [7].
CratuyHuil peXuM: B IWIIHJIPUYHUN eMajlbOBaHWM Kopryc | depes miTymep 2 3aJIMBA€THCS
ykpoBuit cuport. Iligirpis cuporny BigOyBaeThcsi BOASHOIO Maporo uepe3 o0ononky 11. Komu, 3a
JIOTIOMOT 010 TepMotnapu, puiaz 7 Gikcye 3agaHy TeMIepaTypy, B eMalboBaHUN Kopiyc | uepes
mTyrep 2 3aBaHTAKYIOTHCS 3pa3Kd ONAHIIOBAHUX IUIOMIB. 3pa3kd IUIOAIB IO OJHOMY
BUUMAIOTBCSA 3 CHPOITy 4epe3 KOokHI 2 XBWiMHHU. [licis mporo, 3pa3ku po3pi3aroThcs Ha JBi
OJIHAKOBI TIOJIOBUHKH, BHYABIIOETHCS 3 HHUX CIK Ta BHW3HAYAETHCSA KOHIICHTpAIlisl COKY 3
IyKpOBaHOTO Kabauka Ta s0yyKa 3a mkanow Brix 3a gqomomororo pedpakromerpa HT118 (0 —
80% Brix). Jlocmin TpuBae 10 TOr0O MOMEHTY, KOJIM KOHIIGHTpAIlisi COKY 3 Kalauka Ta s0iyka
OCTaHHIX 3-X MpoO cTae HE3MIHHOIO.

LyKaTtu
—_cupon

BynbbaLlkn
=N
7

Puc.1. Cxema ycTaHOBKM HACHYEHHS YaCTMHOK Kabayka IIyKpoM
1 — kopryc nmmiHapa; 2 — WTYIEp AJS MoAavi IyKPOBOTO CUPOITY Ta YACTUHOK Ka0adka;
3 — maTpyOOK MoAayi CTUCHYTOTO MOBITPS; 4 — BEHTHIIATOD; 5 — Kasopudep; 6 — natpyOox ams
BUXOJY TOBITPS; 7 — MPWIIAJ JUII BUMIPIOBaHHS TEMIIEPAaTypH; 8 — IITyLEp ISl 3JIUBY CUPOILY;
9 — kpumika; 10 — kpameBinOiHuK; 11 — o6osIOHKA.

JluHamiuHUN pexuM: B UWIHAPUYHUNA eManboBaHWil kopmyc 1 uepe3 mTyuep 2
3alIMBa€THCS IyKpoBuid cuporl. [Tigirpis cupomny BigOyBa€eThCsl BOASHOIO MApOI0 Yepe3 000JIOHKY
11. Konu, 3a nonomororo tepmornapu, npuian 7 (ikcye 3alaHy TemrepaTypy, B eMalbOBaHUI
Kopryc 1 depe3 mrynep 2 3aBaHTaXYIOTHCS 3pa3Ku OJaHmoOBaHUX MIoAiB. OmHOYACHO, Yepe3
natpy0oKk 3 B LWIIHADP IMONAETHCA CTUCHYTE IOBITPS TEMIIEPATypolO, PIBHOIO TeMIIEpaTypi
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cuporry. [ToBITpsSl OAA€ETHCS Ta PETrYNIOETHCS BEHTHISATOPOM 4, HarpiBaeThcs Kaopudepom 5.
Buxomute moBiTps 3 amapary uepe3 mrTynep 6 Ta IOAAETbCI Ha PEHUPKYISIII0 Yepes
kpameBinOifHuK 10. TakuM uYnHOM B UWIHIPI BiAOYyBa€ThCs MHEBMATHYHE IHTCHCHBHE
nepeMillyBaHHS YaCTHHOK IUIOAIB 3 IYKPOBUM CHpOTIOM. Jlami TOCiif MpOBOAUTHCS aHAIOTIYHO
31 CTaTHYHUM pEXUMOM. JlOCHIiN B IMHAMIYHOMY PEXHMI MPOBOAATHCS 32 HACTYITHUX BHTPAT
NoBITpsL: 2 JI/XB, 5 1/xB, 8 1/xB, 9.5 1n/xB. [Ipu 1bOMyY MBUIKOCTI y TATPpyOKy 3 CTaHOBIATH: 1.5
M/c, 4 m/c, 6.6 M/c, 8 M/c BinmoBimHO. Jliama3oH BUTpAT MOBITPS BUOHUPAETHCS TAKUM YHHOM,
1100 3a0e3MeunTH IHTEHCUBHE TMepeMIlTyBaHHS TUIO/IB Ta 3a00IrTH IHTEHCUBHOMY BHHECEHHIO
KpaIuTiH CUPOILY 3 arapary.

[To 3aBepIeHHIO EKCIIEPUMEHTIB, BUMHKA€ETHCS TOJadya TOBITPS, & CUPOIN 3JIMBAETHCS
yepes mrynep 8. Temmeparypa (iKCyeTbCs BOCBMHUKAaHAIBHHM  TEPMOCICKTPUIHUM
nepetrBoproBaueM I1T-108. liameTp xopmyca muinapa 1 nopisaioe 200 M.
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Puc. 2. KinetnuHi KpHBi 3MiHH KOHIICHTpALIi IyKPO3H B TUI0AaxX Kabayka B 4aci
| — KiHeTHYHA KpUBa HACHUYCHHS B JMHAMIYHOMY pexumi 3a Temmeparypu 100°C;
2 — KIHeTUYHA KPHBa HACHUEHHSI B TMHAMIYHOMY pexuMmi 3a temneparypu 70°C;
3 — KiHeTUYHA KpHBa HACHUYEHHSI B CTATUYHOMY pexumi 3a Temmeparypu 100°C;
4 — KiHeTUYHA KpUBa HACUYEHHS B CTATUYHOMY pekuMi 3a Temnepatypu 70°C;
5 — KIHeTUYHA KpUBa HACUUYCHHS B JMHAMIYHOMY pexuMi 3a Temneparypu 40°C;
6 — KiIHETHYHA KpUBA HACHUEHHS B CTATUYHOMY pexuMi 3a Temnepatypu 40°C;

Ha puc. 2. 300paxeHi KiHETUYHI KPUBI 3MiHU KOHIIEHTpAIl I[yKPO3H B IJIOJax Kabayka 3a
JIBOX PEXHMIB HACHYEHHS: CTATUYHHUIO Ta JAWHAMIYHOTO. CTaTUYHUN pPEXHUM IpEICTaBICHHUHA
kpuBuMH 3, 4, 6 (puc. 2). luHaMi4HUN PEeXUM Ha pHC. 2. IPEICTaBICHUN KpuBUMH 1, 2, 5 3a
YMOB IIBHJIKOCTI TI0ja4i OBITpst 6.6 m/c.

Ha puc. 3. 300pakeHi KiHeTHYHI KPUBI 3MIHU KOHLIEHTpALii I[yKpo3u B IJIoJax s0Iyka 3a
JBOX PEXKHMMIB HACHUYEHHS: CTATUYHUTO Ta MuHAMIYHOTrOo. CTaTUYHHI peXUM MpeaCcTaBICHUN
kpuBuMu 2-5 (puc. 3). JluHaMiyHMI peXuM Ha puc. 3. MpeAcTaBIeHUN KpuBOKO 1 3a yMOB
IIBUIKOCTI 1TO/1a4i MOBITPs 6.6 M/cC.
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Puc. 3. KineTn4Hi KpuBi 3MiHU KOHIIEHTpAIIi]l IIyKpO3H B IUIOAAX sI0yKa B yaci
1 — KiHeTUYHA KpYBa HACUUYCHHSI B AMHAMIYHOMY pexuMi 3a Temneparypu 70°C;
2 — KIHeTUYHA KpUBa HACHYEHHS B CTATHYHOMY pekuMi 3a remnepatypu 100°C;

3 — KiHeTHYHA KPUBAa HACHUYCHHS B CTATUYHOMY peXuMi 3a Temreparypu 70°C;

4 — KiHeTUYHA KpUBA HACUYEHHS B CTATHYHOMY pekuMi 3a temnepatypu 50°C;

5 — KiHeTUYHA KPUBa HACHYCHHS B CTATUYHOMY pexuMi 3a Temreparypu 30°C;

SAx BugHO 3 rpadikiB (puc. 2), KokHa KiHeTH4YHa KpuBa (1—6) Mae AUISHKY 30BHIIIHBO
mudysiiHoi Ta BHYTpilIHBO AudysiiiHoi obnacti. Bix mowarky mnpoiecy HacwueHHS 1 J0
MOMEHTY, KOJH KIHETUYHI KpUBI BUXOSATh HA PIBHOBAry TPUBAae€ IMpPOLIEC, B IKOMY MEPEHECEHHS
PEUOBHHHM 3[IHCHIOETHCS HUIIXOM 30BHIMIHBOI au(y3ii. [HTEHCHBHICTH 1IbOTO Tporiecy Oyze
3aJIe)KATH BiJI TEMIIEPATypH CEpEIOBHIIA Ta BiJl IIBHIKOCTI MOIa4i TOBITPs. 3 pUC. 2. BUTHO, IO
picT Temmeparypu i momava moBiTpst Ha OapOoTax cnpusie iHTeHcHuikamii mporecy HaCHYeHHS.
B Toli wac, sk BHyTpimHBOAH(DY3iifHA 00JIACTE 3HAYHO MEHBINE 3AJICKUTH BiJl MMapamMeTpiB
cepenoBuma (puc. 2), Ha HEl B mepury 4epry Oyje BIUIMBATH BHYTPIIIHSA CTPYKTypa IUIOJIB
kabauka. BHyTpimmHS 00JIaCTh MOYMHAETHCS 3 TOTO MOMEHTY 4acy, KOJIM NUISTHKA KiHCTHYHHX
KPUBUX, 110 ACUMOTOTUYHO HAOIMKAIOTHCS 10 PIBHOBAark, MOKHa ampOKCHUMYBATH MPSAMOIO
JHIETO.

3aranbHUM Yac HACHUYEHHS IYKpPO30K0 IJIONIB Kabauka A0 PIBHOBAXHUX KOHIICHTpAIliil
(puc. 2) cranoButh: kpuBa 1 — 1920 c; xpuBa 2 — 2000 c; xpuBa 3 — 2330 c; xkpuBa 4 — 2400 c;
kpuBa 5 — 3120 c; kpuBa 6 — 3450 c. Anamizyroun HaBeneHi kpuBi 1 — 6 (puc. 2) Ta yac
HACHYCHHS MOXXHAa 3pPOOWTH HACTYITHI BHCHOBKHU: IMPOBOJIUTH TIPOICC HACHYCHHS B yMOBax
temreparypu cupory 40°C HeIONIIBHO SK B CTATHYHOMY, TaK i B JUHAMIYHOMY PEXUMI Yepes
3HAYHUW Yac HACMYCHHS. AHaNi3yl0ud KpuBi 2, 3 (pHc. 2) MOXHA CIIOCTEPIraTH, 0 HaCHYCHHS
BiIOYBa€ThCS 32 MEHIIMM MPOMDKOK Yacy B YMOBaxX JWHAMIYHOTO PEXUMY MPHU TemrepaTypi
70°C (kpuBa 2), HI’XX B yMOBaxX CTaTHYHOTO pexumy mpu temmneparypi 100°C (kpusa 3).

3aranbpHUIM Yac HACHYEHHS IIYKPO30I0 TIO/IB sI0IyKa /10 pIBHOBAXXHUX KOHIEHTpAIlii (puc.
3) cranoButh: kpuBa 1 — 2700 c; kpuBa 2 — 3600 c; kpua 3 — 5400 c; kpuBa 4 — 8100 c; xpuBa 5

CHEMICAL TECHNOLOGY AND ENGINEERING - 2023: MONOGRAPH, LVIV, UKRAINE



DEVELOPMENT, ENERGY AND RESOURCE SAVING IN THE CHEMICAL AND FOOD TECHNOLOGIES

— 11400 c. Anamizyroun HaBeneHi KpuBi 1-5 (puc. 3) Ta yac HAacHYEHHS MOXHa 3POOUTH
AQHAJIOTIYHI BHCHOBKH, IO 1 B BUMNAQAKy HACHUYCHHS IUIOMIB Kabauyka: MPOBOJUTH IPOIIEC
HACMYEHHSI B yMOBax Temneparypu cupony 30°C HemOUinbHO 4epe3 3HAYHUM 9ac HACHYCHHSL.
Amnanizyroun kpuBi 1, 2 (puc. 3) MOXKHA CIIOCTEpIiraTH, 10 HACHYCHHSI BiJOYBAETHCS 32 MCHIINN
IPOMIKOK 4Yacy B yMOBax OUHAMIYHOTO pexxumy mpu Temmeparypi 70°C (kpusa 1), HiX B
YMOBaX CTaTUYHOTO pexkxumy rpu temneparypi 100°C (kpusa 2).

TakuMm 9rHOM, OO BCTAHOBUTH HAWOUIBINT €(DEKTUBHHHM PEKUM HACHUYCHHS SK IUIOJIB
kabauka, TaK i MIoAIB A0IyKa, HEOOX1THO po3paxyBaTH MUTOMI TerioBi 3aTpaT (M /IK/KTeupony)
Ha mporec. TerioBi 3aTpaTH Ha MiJICPiB CUPOILY A0 BCTAHOBIIEHOI TeMIlepaTypH Ta Ha MpoLec
HACHYEHHSA 0 MOMEHTY JoCcATHEHHS piBHOBaru (Q) po3paxoByroTbes 3a piBHAHHAM (1). Temnosi
3aTpaTd BEHTHISATOpA JJs mozjadi moBiTps Ha 6apOoTax (Qfn) PO3PaXOBYIOTHCS 33 PiBHSHHIM

(2). Termogi 3aTparu kamopudepa Ha HarpiB NOBITPS (Qheater) PO3PAXOBYIOTHCS 32 PIBHIHHAM (3).

Cymapsi teruioBi 3aTpaTi (X Q) po3paxoByroThes 3a piBHsAHHIM (4) [13]:

0=c, (t,-1,) Z—j 107 (1)
O =V Mp 7, 10°/m, (2)
Oseair =Var Cur (=17, 10°° 3)

0=0+04, *heurer “4)

ne to — remmneparypa HacuueHHs, °C;
t| — moyaTkoBa Temrieparypa cuporiy, 20°C;
T2 — 4YaC HACHYCHHS TUIO/IB Kabauka 70 PIBHOBXKHOT KOHIICHTpAIII1, ¢
T| — 4ac MiAIrpiBy CHPOITY 0 TEMIIEPATypy HACHYCHHH, C;
Vair — 00’ €MHa BUTpaTa NOBIiTps Ha 6apOoTax, M>/c;
Cair — MUTOMA TETUIOEMHICTh NOBITPA, JIK/Kr Tpan;
Ap — THCK MOBITps Ha 6apboTax, [1a;
ms — Maca CUpoIny, Kr;
Cs — IUTOMA TEIUIOEMHICTD cuporty, [k/Kr-rpa.

OTpuMaHi YHCIIOBI 3HAYCHHS MMHTOMHUX TEIUIOBUX 3aTpar I BCIX JIOCHIJKYBaHHX
pexuMiB HaBenleH1 B Tabmui 1 11st miio/iB kabavka Ta B TaOIMLi 2 A IIOIB SI0TyKa.

Tabnuys 1.
[TuToMmi TEMIOB1 3aTpaTH NOCIIKYBAaHUX PEKUMIB HACHUEHHS IUIOIB Kabauka B LIyKPOBOMY
CUpOIT
pexum | 1,°C TI,C | T2, C Q, Qfan, Qneater, 2 Q,
MJIx/kT Mx/kr | MJDbx/Kr MJIx/kr

cTaT 100 480 | 2330 1.113 0 0 1.138
JIUH 100 480 | 1920 0.938 0.128 0.020 1.085
cTaT 70 300 | 2400 1.172 0 0 1.172
JIUH 70 300 | 2000 0.977 0.133 0.013 1.123
cTaT 40 75 3450 2.532 0 0 2.696
JIUH 40 75 3120 2.438 0.207 0.008 2.653
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Tabnuys 2.
[TuToMmi TeIIOB1 3aTpaTH TOCIIKYBAHUX PEKUMIB HACUYCHHS TIJIOIB S0JIyKa B I[yKPOBOMY
cupori
pexum | 1,°C T,¢ | T2, C Q, Qfan, Qneater, 2Q,
MJIx/kT Mx/kr | MJDx/KT MJIx/kr
crar 100 480 | 3600 1.758 0 0 1.758
crar 70 300 | 5400 2.637 0 0 2.637
JIVH 70 300 | 2700 1.319 0.173 0.017 1.508
crar 50 210 | 8100 3.390 0 0 3.390
cTar 30 20 | 11400 16.701 0 0 16.701

44

Sx BuaHO 3 Tabnumi 1, cymapHi TEIJIOBI 3aTpaTd € MEHIIMMHU 32 YMOB JIMHAMIYHOTO
PEeKUMY Y MOPIBHSHHI 31 CTATUYHUM, IPU OJHAKOBUX TeMIlepaTypax cepenopuia. Kpim Toro, 3
tabauii 1 BUIHO, IO TEIUIOBI 3aTpaTH MPH TUHAMIYHOMY PEXHMI 3 TEMIIEPATYpOIO CEpeIOBHUIIA
70°C (1,123 MJDX/Kr) € MEHIIMMH, HDK TEIUIOBI 3aTpaTH IPH CTaTHYHOMY pPEXUMI 3
temneparyporo cepenosuina 100°C (1,138 MJIx/kr).

AHaznoriuno, 3 Tabnumi 2 BUAHO, IIO0 TEIUIOBI 3aTpaTH NpH JUHAMIYHOMY PEXHMI 3
temneparypoto cepenosuma 70°C (1,508 MJDK/Kr) € MEHIIMMH, HDX TEIJIOBI 3aTpaTd MpU
CTaTHYHOMY pexkuMi 3 Temneparypoto cepenosuina 100°C (1,758 M/Jlx/kr).

Haii6inbuii Teriosi 3aTpaTu crnoctepiralotbes 3a Temmneparypu 30°C min yac HaCHYEHHs
a0nyka Ta 3a Ttemneparypu 40°C mig yac HacHMueHHs Kabayka, sIK B CTaTUYHOMY, Tak 1 B
JMHAMIYHOMY peXHMax. ToMy Taki TeMmIepaTrypHi peXKHMMHU € HEJOIUIbHUM Ui HACHUYCHHSI
nykariB. 3a temmeparypu 50°C mig 4yac HacHYEHHS s0JlyKa TaKOXK CIOCTEPIraroThbCs 3HAYHI
terutoBi 3arparu: 3,39 MJx/kr.

OTxe, BHUXOISYM 3 pE3yJbTAaTIB JOCTIKEHb, PEKOMEHIOBAHO TPOBOJUTH MPOIIEC
BUPOOHHUIITBA IYKATiB 32 YMOB JWHaAMiuHOro pexxumy 3a temmeparyp 70 — 100°C. 3a Takux
YMOB CIIOCTEpIratoThCs HaliMeHIIi TemoBi 3arparu (Tabdm. 1, 2). 3a ymoB 100°C cnoctepiraerscs
HE3HAYHE KOHIICHTPYBAHHS CHPOIY 3 OJHOYACHUM BHUIIAPOBYBAHHSAM PO3YMHHHUKA, IO MOXKE
NPU3BECTU JI0 TOTIPUICHHS SIKOCTI TOTOBOTO MPOMYKTY. ToMy, Ui TMOAANBIIAX JOCHIKCHb
30BHIIIHBOIN(DY31HHUX TpoIieciB Oy0 00paHo IHHAMIYHUK pexkum 3a Temmeparypu 70°C.

BucnoBku

JocnimkeHo KiHETUYHUN Tpolec 3MIHM KOHIEHTpalii IyKpo3u B IJIojgax kabauka Ta
g0JIyKa 3a JBOX PEXKUMIB HACHUEHHS: CTATMYHOTO Ta AMHAMiYyHOro. BU3HaueHi MUTOMI TEIUIOBI
3aTpaTH JOCHIPKYBAaHUX PEKHUMIB HACUYEHHS IUTOIB Kabayka Ta s0JIyka B IIyKPOBOMY CHPOII.
JoBeneno, mo HaiimeHI TemoBi 3arpatd X Q = 1,123 MJIK/KTeupony A Kabauka Ta £ Q =
1,508 MJIK/KTcupony IS 10TyKa OyayTh MiJ Yac mepediry mpolecy HaCHUeHHS B JUHAMIYHUX
yMoBax 3a Temmneparypu cupoiry 70°C.
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OTpuMaHHS TA BUKOPUCTAHHS IHIPEi€HTIB 3 BTOPUHHOI CHPOBHHU
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Jlina Coxonosa!, Onekcanapa I[Tandinosa?, Banepiit OBuapos?

1. YkpaiHchkuii iepaBHuUi XiMiKo-TexHoJoriuHuMiA yHiBepcuTeT, YKPATHA,
M. Ininpo, np. ['arapina, 8, E-mail: sokolovalinal §@gmail.com

2. YkpaiHchKuii nepaBHUii XiMiKko-TexHoNoriunmit yHiBepcutet, YKPATHA,
M. [Tainpo, mp. "arapina, 8, E-mail: olexandra.panfilova@gmail.com

3. VkpaiHchKuil iep:KaBHUI XiMiKko-TeXHoIoTiuHuit yHiBepcuTeT, YKPATHA,
M. [Juinpo, np. ['arapina, 8 E-mail: dekanat tvms@ukr.net
Anomauia — /locnioyceno ma 6cmano61eHO0 HANPAMKU GUKOPUCHIAHHA PE2eHEPO8AHOI CUPOBUHU
GUPOOHUYMEA COHAUWIHUKOBOT Ol y AKOCMI HARNIE ROCUNIOIOUUX MIHEPATbHUX HANOBGHIVEAUIE,
naacmughikamopis-nom’aKulyeauis,  MexHON0ZIYHUX  000ABOK  eNACHIOMEPHUX  KOMRO3UUill
noaigyynkuyionanvhnoi oii.

KittouoBi croBa — enacToMepHi KOMIO3HIIi, BIACTHBOCTI, pETeHEePOBaHi CYITyTHI MPOIYyKTH BUPOOHHUIITBA
COHSIIIHUKOBOT OJii, HAITPSIMKHA BUKOPUCTAHHS.

Beryn

O3HAaKOI0 CYy4acHOCTI € €KOJIoT13allisi BUPOOHUIITBA Ta TEXHOJIOT1H. Exonorizaiis BKItouae
OIIAJIMBY BHUTpPATy CHUPOBUHU, KOMIUIEKCHE BHUKOPUCTAHHS MPHUPOJIHUX PECYpPCIB, CTBOPEHHS
HOBHUX TEXHOJIOTIH, IO 3a0e3NneuyloTh pecypco30epekeHHs, MajOBiIXOIHE BUPOOHHUIITBO 1
yTUIi3amito  BiIxodiB. Pecypco3OepexxeHHst 3amobirae  3a0pyqHEHHIO  HAaBKOJUIIHHOTO
CepeIOBUIIIA.

CydacHi BUMOTH 710 30a1aHCOBAHOTO MPUPOJAOKOPUCTYBAHHS Ta 3aXUCTY HABKOJIHUIIHBOTO
CEpeoBUINAa CIHOHYKAIOTh HAyKOBI[IB Ta BUPOOHMYHHUKIB JI0 PAIliOHAILHOTO CTaBIEHHS 0
BTOPUHHOI CHUPOBUHHU OJi€ >KUPOBOi Taiy3l YKpaiHu. BiTum3HsHa TEXHOJOTisS OYHILEHHS,
30KpeMa COHSIIHHUKOBOI OJIii Ha cTaaii BimOiLIOBaHHSA Ta QiabTpamii (mporec BiHTepu3arlii),
nepeabavae IMIOpiYHE OTPUMAHHS JIECATKIB THCAY TOH HEOE3MEYHOro I JOBKULIA
BiJIIIPAlIbOBAHOTO 3aMaceHOro Tipo}o6i30BaHOr0 MiHEPaTBLHOTO aACOPOEHTY, SIKUH 3a CBOIM
CKJIa/IOM MO>Ke OYTH MOTEHIIHHOI0 CUPOBUHOIO MTPH OTPUMAaHHI IHTPEIIE€HTIB AJIs €1aCTOMEPHHUX
KOMIO3UIill. B eKOHOMIYHOMY, €KOJIOTIYHOMY CEHCi Ta 3 TOYKH 30py IMIOPTO3aMilllEHHS
MaTepiajiB TYMOBOI rajry3i IPOMHUCIOBOCTI 1€ € aKTyaJbHUM.

Meta

Meror0 BHKOHaHMX HaMH JOCHIKEHb CTaJl0o pO3pOOJIEHHS CIOCO0IB  OTPUMAaHHS
NPOJAYKTIB Ha OCHOBI Tigpodo0i30BaHOTO ancopOEHTa BUPOOHMIITBA COHSIIHUKOBOI OMii Ta
BU3HAYCHHS (YHKIIOHAJIBHOI [ii MIHEPaJIbHOTO 1 OPTraHIYHOTO CKJIAJHHKIB SK IHTPEHI€HTIB
TYMOBHX CyMiIIICH.

0O0’ekTH Ta METOAU

Perenepanito BuxigHOro riipoo6i30BaHOr0 MiHEPATBHOTO aacOpOEHTa MPOBOAUIN HOTO
OUMINEHHSIM PO3UYMHHHUKAMH, BifmamoBaHHAM 3a temnepatypu 800°C. XXupo-, BOCKOBMiCHY
¢pakuiro (OKB®) BignpanpoBaHoro ¢iIbTpyBaJIbHOTO MOPOUIKY OTPUMAHO B pPE3YNbTaTi
BiIMUBaHHS T11pod0o0i30BaHOT0 aICOPOCHTA POZYMHHUKAMH Ta MOJATBIIOT0 TEPMOCTATYBAHHS
pimuaHOI dpakii mpu 100°C a6o 160°C (KB®D-100 ta dKB®D-160 BiamosigHO).

BusnauenHs  (i3MKO-XIMIYHHUX  XapaKTEPUCTHUK  BHUXIZHOTO  TiApodo0i30BaHOTO
ancopbenta (AC-CO), i#oro pereHepoOBaHUX THIIB, MXHUPO-, BOCKOBMICHOTO OPTaHIYHOTO
CKJIaTHUKA BUKOHAHO Pi3HUMHU iHCTpPYMEHTAIbHUMH MeTofamu (puc. 1-3).
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a)
Puc. 1. Mikpodotorpadii rizpodobdizoBanoro agcopoenra (AC-COHo) (a) Ta ioro
perenepoBanoi popmu (AC-COou) (6) (36unp11enoro B 230 pasiB)
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OuiHioBaHHS BIUIMBY THILy, KOHLEHTpauii JOCHI)KYBaHUX pPEYOBMH B  SKOCTI
HAIIOBHIOBAYiB, TIOM SIKIIyBadiB, TEXHOJOTIYHUX aKTHBHUX J00aBOK, cTabumi3aTopiB Ha
(dopMyBaHHS KOMIUIEKCY BIIACTHBOCTEH €IaCTOMEPHHX KOMIIO3UIH B J1a0OpPaTOpPHUX YMOBax
MPOBOAWIIOCS B TYMOBHUX CyMiIIax 1 ByJIKaHi3aTaX MOJEIHHOTO Ta TPOMHCIIOBOTO THIIIB Ha
OCHOBI KapOOJAHIFOTOBHX KaydyKiB 3araJlbHOTO 1 CIELiaTbHOTO NMpPU3HAYEHHS. 30Kpema, Oyio
BU3HAYEHO PEOMETPHYHI MapaMeTpyd MOJCIBHUX HEHAIIOBHEHWX 1 HANOBHEHUX TyMOBHX
CyMilllei Ha OCHOBI CHHTETUYHOTO HECTEpPEOperyIsipHOro 3a OyIoBol OyTamaieH-o-
MeTuiacTuposibHoro kaydyky mapku CKMC-30 APK 3a HasgBHOCTI TEXHOJIOTIYHHMX J100aBOK
(pi3HOTO BILTUBY Ha KIHETUKY CipuaHOi ByJKaHi3allil) y piBHOMacoBOMy J103yBaHHi 1,5 mac.4. Ha
100,0 mac.4. kayauykoBoi OCHOBH. JlochmiKeHHs KIHETHUKHU CipuaHOoi ByJIKaHi3allii BUKOHAHO Ha
peomerpi MDR 3000 Professional BupoOuuntBa xommanii MonTech Werkstoffprufmaschinen
GmbH, Himeuuwnna, BiamoBimHo 10 MixkHapogHoro crangapty ASTM DIN 53529 3a ymoB
T=155°C, 165°C; D=50 agH-m, 100 nH-m; t=60 xB. 3a OoTpUMaHUMH i30T€pPMaMH BYJIKaHi3aIlil
3MIHCHEHO PO3PAaxXyHOK MapaMeTpiB ByJKaHi3allil 3 JOMOMOIOK aHATITHYHOTO 3a0e3TMeueHHs
MonControl peomerpa 3a DIN 53529 Ta BiioMUMH METOUKAMH.

Pe3yabTaTn nociigzkeHb Ta ix 00roBopeHHs

Hocmimkeno BmmuB 10, 20 1 30 mac.4. Tiapodo0i30BaHOrO MiHEPATBLHOTO aJCOpOCHTA i
fioro ounieHoi (pereHepoBaHoi) (POPMHU Ha BIIACTUBOCTI €I1aCTOMEPHHUX KOMIIO3HIII HA OCHOBI
HECTEPEOPEryIIpHOTO 3a OyJOBOIO CHHTETHYHOTO OyTaai€H-0-METHICTUPOIBHOTO KaydyKy
mapkun CKMC-30 APK BignocHo aii kaominy. [Tokazano [1], mo perenepoBana gpopma npomykry
€ MIHCpAJIbHUM HAINlOBHIOBAYEM HAIIBIOCWIIOWOYOT Jii, SIKUH HaJa€ TYMOBHM CyMilllam
MOKpAIIeHI TEXHOJOTIYHI BJIACTHUBOCTI, 3a0BiJIbHE CIiBBIAHOIICHHS KIHETUYHHUX I1apaMeTpiB
ByJIKaHi3aIlii Ta PEKOMEHIYEThCS JUIS BHKOPHCTaHHS B CKIQJaXx TyM JUIsi KOMIPECIHHOTO
croco0y BUTOTOBJICHHS T'YMOBOTEXHIYHUX BUPOOiB (puc. 4, Tadm. 1).
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Puc. 4. Kinernuni kpuBi ByJsikasizamii exactromepanx komnosumid Ha ocHoBi CKMC-30 APK 3a
HasBHOCTI Kaoiny (a), mpoaykty AC-COou (6) Ta mpoaykry AC-COHo (B): BepXHiid ps —
T=155°C; amxHniii psag — T=165°C [1]

BusnaueHo 0cOOMHMBOCTI TEXHOJIOTIYHUX, BYJKaHI3aliHUX 1 (Pi3UKO-MEXaHIYHUX
BJIACTMBOCTEH €JacTOMEPHHMX KOMIIO3ULINA Ha OCHOBI muc-1,4-nomiizonpeny Mapku CKI-3 npu
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BBEJICHHI JOCTIAHMX MPOIYKTIB OYMIIEHHS 1 BIAMATIOBAaHHS BHKOPUCTAHOTO aJCOPOEHTY
OUUIICHHS COHSAMIHUKOBOI 0oil mpu go3yBaHHsXx 20-80 mac.u. [2]. BcraHoBieHo nepeBary rym
Opy  ONTHUMAILHOMY Jo3yBaHHI 20 Mac.4. JOCHITHUX TMPOMYKTIB 3a IapamMeTpaMu
TEMIEPATYPOCTIMKOCTI Ta CTIUKOCTI 10 TEIIoBOro crapinus (tabn. 2). [lokazaHa MOXIUBICTh
3aCTOCYBaHHS PETEHEPOBAHOTO MIHEPAIBHOTO TPOAYKTY SK HAllOBHIOBaYa Y  CKIJIAJII
€IaCTOMEPHUX KOMIO3MIM I[IMHHOTO TPU3HAYEHHS HA OCHOBI Kay4yKiB 3arajibHOTO
MIPU3HAYCHHS.

Tabnuys 1.
PeomeTpryHi XapaKTEepUCTUKH €TACTOMEPHUX KOMITO3HIIIH HA OCHOBI
CKMC-30 APK 3 pi3HEUMH TUTIAMH T4 BMICTOM MiHEpAIbHUX HAIIOBHIOBAYIB [ 1]

Tum Ta BMicT (Mac.4.) MiHEpaIbHOTO HAITOBHIOBAaYa
[Toxaznuk pizcyTHil KaoJliH npoaykt AC-COou Hpo?gczoAC-

10 [ 20 {30 ] 10 [ 20| 30 | 10 | 20 | 30

T=155°C
M, ., iH M 18,90 |19,50[19,50(20,50(19,50{22,30( 25,90 |16,00|14,90|15,30
M, .-M, , 1H-M 15,40 [15,60/16,00{16,50|16,10{17,80| 22,40 [13,10|11,80{12,80
M -M),-(M, -M) - aHwM| 0,00 |0,20[0,60]1,10[0,70 | 2,40 | 7,00 |-2,30(-3,60]-2,60
t., XB 23,00 [19,50|15,50[16,70{13,30{11,50| 9,50 [11,30{10,00| 9,80
o0 XB 37,80 |32,30(28,30/29,90/|25,70(23,20( 19,50 [22,50{20,70{19,30
V., iH-M/xB 0,86 |1,02]1,05|1,00]| 1,10 | 1,36 | 1,92 0,98 | 0,90 | 1,21
k, X8 0,18 1020021020020 0,35 0,27 | 0,22 0,23 | 0,27

T=165°C
M, ., iH M 17,50 |18,6018,60(19,00(18,30{21,50( 24,80 |15,00|14,00|14,40
M, -M,, 1iHm 14,30 |15,40[15,40(15,60(15,40{18,40( 21,60 [12,40|11,40|12,10
MM, -M-M)) - oaHM| 0,00 | 1,10 [ 1,10 [ 1,30 | 1,20 | 4,10 | 7,30 |-1,90(-2,90-2,20
t., XB 11,50 10,80 9,80 | 8,70 | 7,50 | 6,60 | 5,50 | 6,60 | 6,10 | 5,00
t o0 XB 19,50 [18,50/17,20{15,00|14,50{13,20| 11,00 |12,80|11,90{10,20
V., iH-M/xB 1,48 | 1,66 1,73 2,08 [ 1,87 [ 2,38 | 3,38 [ 1,65 (1,55 1,90
k, X8 039 |041]038]039]041/0,39| 0,52 |0,43|0,44|0,51

JocaimxeHo ocobauBOCTI (popMyBaHHS TEXHOJIOTIUHUX, BYJIKaHI3alIMHUX, TUHAMIYHUX,
penmakcamiiHuX Ta (I3MKO-MEXaHIYHUX BJIACTHMBOCTEH  €JIacCTOMEPHOI KOMITO3MINI IS
BUTOTOBJICHHSI 0IrOBOI YaCTHHM MPOTEKTOPA 32 HASIBHOCTI OPraHiYHOTO CKJIAJHUKA CYITyTHHOTO
OPOAYKTY IMicisl BIHTEpHU3allli COHSIIHUKOBOI OJii B SKOCTI IutacTu(dikaTopa-mom’siKiryBaya
(Tabn. 3). Y mnopiBHSAHHI 3 TPOMHUCIOBUM HadTOXiMiuHUM MacTwioM Mapku Nytex 4700
JOCTIAHUM MPOAYKT B 1,5 pa3u miJiBUIIye KOTe3i1iHYy MIIHICTh TYMOBOI CyMillli, pu 30epekeHH1
napaMmeTpiB BylikaHizalii 3a0e3neuye Ha 30-40 % BuUILy CTIHKICTb O peBepcii Ta penakcariitHux
nporeciB npu 100°C, MeHIUI piBeHb AMHAMIYHUAX BTPAT, BUCOKUH PiBEHH (Hi3MKO-MEXaHIUHUX
XapaKTepUCTHK [3].
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Tabnuys 2.
[Tpy>XHBO-MIIIHICHI BIACTUBOCTI MOJeNbHUX I'yM Ha ocHOBI CKI-3 3 pi3HuMU THIIamMu Ta
BMIiCTOM HAIIOBHIOBaYiB [2]

IToka3Huk Tum Ta BMiCT (Mac.4.) MiHEpaJIbHOTO HAIIOBHIOBaYA
BiJCYTHIN npoaykt AC-COou KaoJIiH
20 | 40 [ 60 | 80 20 | 30 | 10 | 20
32 HOPMAaJIBFHUX YMOB BUIIPOOYBaHb
YMoBHE HanpyXeHHs npu 0,8 0,7 1,0 1,0 0,9 1,2 1,7 2,7 3,0
noposxenHi 300 %, MIla
YmoBHa MIIHICTE npu 22,0 17,2 11,0 6,1 3.4 22,1 23,6 22,3 21,6
postsryBanHi, MITa
Bignocue IOJIOBXKEHHS npu 890 880 820 720 680 810 760 660 690
po3pusi, %
Omip po3nupansto, kH / M 42 32 17 10 8 37 34 32 25
mpu 100°C
YmoBHE HAIPYKESHHS npu 4,8/0,22% 54/ 6,4/ 3,3/ 1,9/ 9,8/ 12,2/ 8,1/ 7,6/
nonosxenHi 300 %, MIla 0,31* | 0,58* | 0,54* | 0,56* | 0,44* | 0,52* | 0,36* | 0,35*
Bignocue IIOJOBKEHHS npu 740/0,83* 980/ | 1400/ | 1300/ | 1200/ | 920/ 960 / 720/ 780/
po3pusi, % L,11* | 1,71* | 1,81* | 1,76* | 1,14* | 1,26* | 1,09* | 1,13*
Omip po3aupanuio, kKH / M 26/0,62% 15/ 10/ 9/ 9/ 16/ 15/ 14/ 17/
0,47* | 0,59* | 0,90* | 1,13* | 0,43* | 0,44* | 0,44* | 0,68*
micis TeroBoro crapinas mpu 100°C x 24 rog
YMoBHE HanpyXeHHs npu 1,60 5,30 1,50 1,70 1,50 5,00 3,20 3,30 5,00
noposxenHi 300 %, MIla
YmoBHa MIIHICTE npu 13,7/ -38** 17,3/ | 13,8/ 8,8/ 5,8/ 13,3/ | 12,5/ | 21,6/ | 18,4/
posrarysansi, MIla 0,6%* | 25%%* 44%% T1*% | -40%** | -47** -3k -15%*
Bignocue TOTOBXKECHHS npu 650/ -27** 770/ | 730/ 690 / 690 / 670/ 560 / 600/ | 560/
po3puBi, % S12%F ) 11 -4 %% 1,5%* | -17%* | -26%* ko -19%*
Onmip po3mupanHto, kKH / M 35/-17** 32/ 21/ 11/ 10/ 25/ 15/ 26/ 24/
0** 18** 10** 25%% | 3D%x | _5gkk | ] Qi 4
micis TeroBoro crapinas mpu 100°C x 72 rog
VYMoBHE HanpyXeHHs npu - 1,60 1,80 1,80 1,20 - - - 9,00
nojosxenni 300 %, MIla
VYmMoBHa MILHICTE npu 1,6/ 12,4/ 12,6/ 9,7/ 5,0/ 1,8/ 2,0/ 2,9/ 8,3/
posrarysansi, MIla -93%* -28%* 15%* 59%** 47H% | 92¥* | _QDEE | RTHE | _G2F*
Bignocue IO JOBKEHHS npu 290/ 620/ 640/ 670/ 600/ 260/ 200/ 160/ 380/
po3pusi, % -67** -30%* | -22%* STH* S12%F | LeRFK | JT4HE L TeRE | 45%*
Omip po3aupanuio, kKH / M 12/ 22/ 13/ 12/ 11/ 13/ 11/ 12/ 16/
ST1%* SRR |24k 1 DOR* 38** | -65%* | -68%* | -62%* | -36%*

[IpumiTka: * — B 3HAMEHHUKY HaBeICHO 3HAYCHHS Koe(]ilieHTa TeMIIepaTypOCTIMKOCTI OKa3HUKa; ** — B
3HAMCHHUKY HaBEJICHO 3HAYCHHS 3MiHU PIBHS IMOKa3HHMKA B MPOIleci TerioBoro crapinus (%).

Tabnuys 3.
@Di31uK0-MeXaH1YH1 MOKa3HUKHU T'YM JJIsi BUTOTOBJICHHS OIrOBOT YaCTHHA MPOTEKTOPA 3 PI3HUMHU
THTIAMH Ta BMICTOM JOCIIDKYBaHUX CHOJNYK [3]

HaiimenyBaHHS MOKa3HUKA Tun ta BMicT (Mac.4.) iHrpeieHTa
Nytex 4700 Tponykr )KB® | Nytex 4700 (5,5) +
(11,0) (11,0) Tpoayxt KBD
(5,5)
3a HOpMaJBHUX YMOB BHITPOOyBaHb / ipu 100°C

YMOBHE HaNpyXEHHS IPU 10 11,7 9,9

noxosxenHi 300 %, MIla — - -

YMOBHa MIIHICT TIPH 16,8 15,3 16,4

posmsirysauti, MIla 8,9(0,53%) 9,5(0,62%) 9,5(0,58%)
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BimHOCHE MOOBXKEHHS TIPH 480 420 500
po3puBi, % 380(0,79%) 340(0,81%) 400(0,80%)
Omip po3aupannio, KH / M 58 50 51
45 34 34
Teepaicts 3a [llopom, yMm. oj. 63 69 65
61 67 63
EnactuunicTs 3a BifcKokoM, % 26 22 24
37 28 30
100°C x 12 roxn / 100°C x 24 ron
YMOBHa MIIHICTh IPH 16,4(0,98%) 15,2(0,99%) 16,2(0,99%)
posTarysanni, MIla 15,0(0,89%) 14,8(0,97%) 15,7(0,96%)
BinnocHe MOJOBXKECHHS pu 360(0,75%) 320(0,76*) 390(0,78%)
po3puBi, % 300(0,63%) 290(0,69%) 330(0,66%)
Onmip po3aupanuio, kH / m 42 41 43
41 41 42
Temnoyrsopenns no ['yapiy, °C 34 41 36
BromHa BUTpUBAIICT TIpH 497000 485000 645000
0araTopazoBoMy PO3TATyBaHHI MPH 9000 7708 8833
100 % momoBskeHHi, 250 UK/XB,
IUKIY (32 HOpMaibHUX yMoB / 120°C
x 12 rom)
BromHa BUTpHBaNiCTh TyMU TIPU
OaraTopa3zoBOMY MOB3JOBKHOMY
3THHI, IUKIN
—3aH.Yy. BHJIUMI 105000 93000 88000
10 12 Mm 236000 212000 189000
— ICHS CTapiHHA ~ BUIUMI 83000 73000 63000
710 12 MM 152000 133000 121000
CTIHKICTh TYMH JI0 030HOBOT'O CTapiHHs B cTaTUUHUX yMBOBax (O3) = (5+0,5)*10-5 00., ecrar=10 %,
50°C x 24 ron
YMoBHE HaIpY>KEHHS npu 11,2 12,8 10,6
noxosxenHi 300 %, MIla
YMoBHA MILHICTE pH 16,3 15,2 16,1
posTarysanHi, MIla (0,97%) (0,99%) (0,98%)
BimHocHe  momoOBXKEHHs npu 450 410 480
po3pusi, % (0,94%) (0,98%) (0,96%)

IIpumiTka: * — B 3HAMEHHHWKY HaBEJACHO 3HAuUeHHS Koe(ilieHTa TeMIepaTypo- Ta TEeIUIOCTIHKOCTI
MOKa3HUKA.

VY HamoBHEHUX €JIACTOMEPHUX KOMIIO3ULISAX MOJEIBHOIO THILy Ha OCHOBI OyTaJl€H-0-
MeTHICTUPOIbHOTO KayuyKy Mapku CKMC-30 APK xwupo-, BockoBMicHI npoxykru KB®D-100
ta JXKB®-160 sk cxiamoBi cipyaHOi BYJKaHI3yBaJIbHOI CHCTEMH 3a0€3MedyloTh BHCOKI
AaKTUBHICTh Ta CTYNiHb 3muBaHHA. Bukopucranus XB® no3Bomsie ¢opmyBatu ¢i3uKo-
MEXaHI4HI XapaKTepUCTHKA TYM 3a PI3HUX YMOB BHIIPOOYBaHb Ha DPiBHI T'YM 31 CTE€apHWHOBOIO
KHCJIOTOIO, TIOKpaIntyBaty B 1,3 pa3u BTOMHY BUTPHBAJICTh (Ta0u. 4) [4].
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Tabnuys 4.

@Di3uKo-MeXaHi4Hi 1 AMHAMIYHI TOKa3HUKH HAIIOBHEHUX MOJIEIILHUX T'YM Ha OCHOBI KaydyKy
mapku CKMC-30 APK Ta Bmictom 1,5 mMac.4. TEXHOJOTIYHUX J00ABOK [4]

Tun opraniuaoi 70OaBKH

HalimenyBaHHs OKa3HUKA bes CreapuHoBa KBD-100 KBD-160
00aBKH KHCIIOTa

YMOBHE HaNpyXEHHS IPU 11,5 11,5 10,2 10,3
nonoBxenni 300 %, 3a H.y., MIla
YMOBHa MIIHICT TIPU
postsryBanHi, MI]a:
3a H.y. 27,8 26,7 27,1 26,5
npu 100°C 8,5/0,31* 10,2/0,38* 10,3/0,38* 9,6/0,36*
nicis crapiaas (100°Cx72 rox) 17,2/0,62* 19,8/0,74* 19,9/0,73* 18,1/0,68*
BinHocHe mogoBkeHHs Ipu
po3pusi, %:
3a H.y. 560 540 590 570
npu 100°C 280/0,50* 320/0,59* 340/0,57* 330/0,58%*
nicis crapiaas (100°Cx72 rox) 240/0,48* 250/0,46* 280/0,47* 270/0,47*
Omip po3aupannio, KH/Mm:
3a H.y. 47 53 58 47
npu 100°C 33/0,70%* 33/0,62* 36/0,62* 36/0,77*
nicis crapidas (100°Cx72 ropm) 35/0,74* 33/0,62* 38/0,66* 35,0,74%*
Trepuicts 3a llopom, ym.o.:
3a H.Y. 65 64 65 65
npu 100°C 63 62 63 63
nicis crapiaas (100°Cx72 rox) 71 71 70 71
EnactuuHicTh 3a BiACKOKOM, %:
3a H.y. 39 40 39 41
npu 100°C 44 43 46 45
micist crapinas (100°Cx72 rox) 40 41 41 40
BromHa BUTpUBaNiCTh TYMH IIPH 12,08 18,71 24,21 24,71

OaraTopazoBOMY pO3TITyBaHHS MpU
150 % nonoxenns (250 nuK./XB)
3a H.y., THC. IUKIIIB
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[IpumiTka: * — moka3HUK KoedilieHTa TeMreparypo- abo TeTIOCTIHKOCTI

BucnoBku

[TokazaHa MOXJIMBICTh OTPUMAHHS 3 BTOPUHHOI CHPOBHHHM BHUPOOHHUIITBA COHSIIHUKOBOL

oJlii pereHepoBaHMX TMOPOMIKOMOMIOHUX Ta >KHPO-, BOCKOBMICHHUX MPOAYKTIB, SKI 37aTHI

MPOSBIISATH HAMIBIOCWIUTIOUY Mil0 SK MiHEpaJbHUX HaIlOBHIOBaYiB (TBepaa ¢pakuis) 1 sK

TEXHOJIOTIYHUX T0OABOK MOTi(PyHKITIOHAIBHOT 1Tii (KUPO-, BOCKOBMiCHA (paKIlisi) eTaCTOMEPHUX

KOMIIO3UI[iil HA OCHOBI JIIEHOBUX Kay4YyKiB.

P C3yJIbTaTU ,I[OCJ'IiI[)KeHL € IICBHUM BHCCKOM Y p03p06Ky TEXHOJIOT1H OTPpHUMaHHA

IHTPEIIEHTIB Ha OCHOBI ITOHOBJIFOBAHOI CHUPOBHHHM POCIMHHOTO ITOXOJKEHHS, CKOJIOTI3aIliio

BUPOOHMIITBA COHSIITHUKOBOI OJIii.
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Abstract — This research is devoted to obtaining of HAp-filled nanocomposites with enhanced
performance. The goal has been achieved by using HAp nanoparticles modified by oleic acid. This
results in an essential increase in the mechanical properties of the obtained nanocomposites as
compared to HDPE nanocomposites containing unmodified HAp.

Keywords — Nanocomposite, Hydroxyapatite (HAp), High-Density Polyethylene (HDPE), Surface
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Introduction

Important challenges caused by the concern for improving the quality and longevity of
people's lives require the development of new functional materials that can be implanted in the
human body and replace or facilitate repairing damaged organs. In particular, there is a great
demand for materials that replace bone tissue because of, on the one hand, the ageing of the
world's populations, and on the other hand, high level of domestic and industrial injuries. In
armed conflicts, this need increases significantly. Especially because of the war, there is
currently a great need for materials that replace bone tissue. In cases of bone fractures,
orthopaedic dentistry and plastic surgery often find it necessary to create temporary or permanent
prostheses. Medical applications of xenografts can cause viral infections, while the use of
autografts is limited.

It is common practice in orthopaedics now to widely use metal implants such as cobalt-
chromium alloys, stainless steel, and titanium alloys for limb injuries. Due to the excessive
strength compared to human bone, such implants can cause pathological bone resorption [1],
osteopenia, osteoporosis, or even rejected by the body due to insufficient biocompatibility [2].
Therefore, currently orthopaedics is trying to move from metal implants and xenografts/
autografts to bioceramic composites possessing high biocompatibility and characterized by a
strength corresponding to human bone.

One of the promising ways to obtain such materials is the creation of polymer composite
materials filled with mineral nanoparticles, especially hydroxyapatite (HAp) [3,4]. HAp is a
natural material that is a component of human bone [5]; natural bones of mammals and humans
contain 70% or more of minerals, primarily HAp. Incorporation of HAp as a filler into polymers
improves their biocompatibility [6,7]; but, on the other hand, it brings about a deterioration in
physico-mechanical properties of the obtained composites [8, 9]. As shown in [5], poor strength
of composites is the result of a large difference between the surface energies of the HAp particles
and the polymer matrix, i.e. their incompatibility. Many diverse techniques have been developed
and used to improve the interfacial compatibility between HAp fillers and polymer matrix;
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mostly, this is achieved by applying various methods of modifying the filler surface, which are
reviewed in [10, 11]. The type of surface modifier applied is highly dependent on the nature of
the matrix polymer, which can be conventional synthetic polymers (polyethylene, polypropylene,
epoxy resins, etc.), natural polymers (collagen, starch, chitin, chitosan, etc.), synthetic
biocompatible and biodegradable polymers (e.g. polylactic acid, hydroxyalkanoate, polyamide,
polyglycolic acid); each of them has its own advantages, disadvantages, and suitable uses [12].

The two last types of polymers are usually characterized by inferior physico-mechanical
properties. Moreover, their biodegradation in vivo leads to a further deterioration of their
performance. Implants made of nanocomposites based on biodegradable polymers are supposed
for temporary installation, followed by their replacement with naturally regenerated bones. Thus,
in this case, both processes of implant biodegradation and bone regeneration must be
synchronized, which is not so easy to achieve in vivo. Obviously, biodegradable nanocomposite
implants are worth to apply in the case of a juvenile organism, when diverse metabolic and
regenerative processes are very active. The reason to apply the nonbiodegradable nanocomposite
implants, based on polymers of the first type, is the case when regenerative processes proceed
slowly, e.g. in an old or weakened organism. In the latter case, permanent implants are preferable.

Polymers of the first type are quite strong materials, while they have low or no
biocompatibility, but it can be improved by adding HAp fillers [6]. However, to achieve
sufficient physoco-mechanical properties of composites based on these type polymers, the polar
surface of HAp filler should be modified for its better compatibility with polymer matrix.

Here we present the results obtained in the study of applying oleic acid as a surface
modifier for HAp nanoparticles aimed at obtaining the polymer nanocomposites with improved
performance, based on commercial high-density polyethylene.

Experimental techniques

Materials

Calcium nitrate Ca(NOs3), and diammonium hydrogen phosphate (NH4).HPO4 were used as
the precursors for the synthesis of hydroxyapatite Caio(PO4)s(OH)2 nanoparticles (HAp NPs).

Oleic acid (OA) was used as as a surface modifier of HAp NPs.

Ethyl acetate (EA), used as a solvent, was distilled and dried over CaCl, before the use.

All reagents were of reagent grade quality supplied by Sigma-Aldrich Co.

A commercial high-density polyethylene of grade HDPE 21008-075 (GOST 16338-85)
was applied as a matrix polymer for obtaining the nanocomposites. HDPE of this grade is
approved for application in medical accessories and devices, as well as in the food industry.

Synthesis of hydroxyapatite nanoparticles

HAp NPs were synthesized by a precipitation reaction occurring when two aqueous solutions
of precursors salts CaNOs; and (NH4);HPO4 were mixed in accordance with method described
elsewhere [13]. Briefly the procedure was as follows. Initially aqueous solutions of precursors salts
both with the concentration of 5 wt.% were prepared separately in the amounts corresponding to
the molar ratio Ca/P = 1.67. The first solution containing Ca** ions was thermostated at 70°C and
vigorously stirred with a magnetic stirrer (700 rpm). The solution of (NH4)2HPO4 was then added
dropwise to the first solution for 4 hours. Because the phosphate solution is slightly alkaline
(pH ~ 8), an NH4OH solution was used to maintain the pH of the reaction mixture to a value of 11.
Afterwards the reaction mixture was allowed to mature for 20 hours under continuous stirring (500
rpm) while maintaining the temperature of 70°C. After synthesis, the mixture was filtered and
washed three times with distilled water. Afterwards the precipitate was dried at 80°C to constant
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weight. The resulting powder of nano HAp was characterized by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR) and Scanning Electron Microscopy (SEM).

Surface modification of HAp

Modification of HAp was performed as follows. 0.05-0.25 g of the surface modifier OA,
that corresponded to 1-5 wt.% relatively to the amount of HAp, was dissolved in 10 ml of EA. 5
g of HAp was added to this solution and stirred with a magnetic stirrer (500 rpm) for 2 hours at
ambient temperature. The precipitate of the modified HAp was separated by decantation, rinsed
with a fresh portion of EA, decanted again, and dried at 60°C to a constant weight. The resulting
powder was characterized similarly to the previous sample.

Obtaining of nanocomposite HDPE/HAp

HDPE/HAp nanocomposites were prepared according to the following procedure. A
mixture of 1.6 g of HDPE and 0.4g of HAp (pure or modified) was mixed and finely ground in a
mortar. The resulting fine powder was then press-molded at high temperature into specimens for
further examination. To prevent sticking of nanocomposites to the surface of press-mold, its
working surface was covered with a polyethylene terephthalate thin film, afterwards the press-
mold was filled with the HDPE/HAp mixture. The press-mold was kept under load (27 kPa) for
1 hour, then thermostatized at 180 °C for 4 hours, and finally placed again under load (27 kPa)
for 1 hour. As a result, the standard type - II dumbbell-shaped specimens of nanocomposites for
testing the tensile properties and the impact strength were obtained. These specimens were also
used for measurement of the surface hardness of nanocomposites.

Characterization of HA and HDPE-HA nanocomposites

X-ray diffraction studies of the structure of HAp samples were performed exploiting an
automated diffractometer DRON-3. Cu Ka radiation (wavelength 0.154 nm) from a Cu X-ray
tube, run at 20 mA and 40 kV, was used. X-ray diffractograms of the samples were recorded in
the 26 range from 10 to 60 ° at a scanning speed of 1 °/min.

Fourier transform infrared spectra of HAp nanoparticles before and after surface
modification with OA, as well as the samples of pure HDPE and HDPE/HAp nanocomposites,
were recorded using a Cary 630 FTIR instrument in the range of 4000-650 cm™ at resolution of
2 cm™! and averaged after 32 scans.

Scanning electron microscopy was used to observe and prove the effect of
deagglomeration of HAp nanoparticles caused by the OA modifier, and to study the morphology
of the fracture surface of nanocomposites. Scanning electron microscopes Selmi REM-106I were
used for this purpose.

Thermomechanical studies of nanocomposites were carried out on a TIRA Vicat tester
FVW R7/90. For testing, a specimen of the tested material was placed on a horizontal stand and
pressed on top with a steel needle, having a flat end with an area of 1 mm?, loaded with a weight
of 5.0 kg (49 N), that corresponds the pressure of 49 Pa. A specimen was heated at the rate of 50
K/h. As the temperature raised, the needle under load gradually dipped into the specimen
because of its softening, the deviation of the needle from the initial position was recorded every
1 minute using a clock-type indicator.

Evaluation of mechanical performance of nanocomposites

Tensile testing was performed in accordance with ISO 527 1:2019 standard exploiting a
Universal Testing Machines Tira Test 2000 at room temperature with the crosshead speed 10
mm/min. At least five the type I dumbbell-shaped specimens of each nanocomposite were tested.
The averaged values of tensile strength and maximum elongation at break were reported in the
results, the deviation did not exceed 7% in all trials.
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Impact strength was determined on a TIRA Charpy pendulum impact tester in accordance
with ISO 8256:2004 standard. The mean values obtained for at least five specimens of each
nanocomposite were reported.

The surface hardness of the obtained nanocomposites was determined on a Konig
Pendulum Hardness Tester M- 3 according to ISO 1522:2022 standard. The surface hardness was
calculated using the formula (1):

T =1, /1o (relative units) (1)

where 1, is the oscillation time of the pendulum on the nanocomposite surface, sec; 1g is the
oscillation time of the pendulum on a glass plate, sec.

The oscillation time was measured in three parallel experiments. If the difference in the
results did not exceed 2 sec, these results were averaged. If the difference exceeded 2 sec, two
more tests were performed; and the results were averaged omitting maximum and minimum
values.

Results and discussion

Obtaining of nanocomposites filled with the surface-modified HAp, supposed to be used as
materials for manufacture of artificial bones, is a two-step process.

The first step includes obtaining and a surface-modification of nano-HAp. In our case, OA
has been used as a modifier. OA has an amphiphilic structure with highly polar and reactive
carboxyl group and lipophilic tail. The presence of carboxyl group in molecule of OA provides
its intraction with the superficial hydroxylic (base) groups of HAp, i.e. provides chemisorption
of OA. The chemisorption of OA provides bonding with the HAp surface of the OA lipophilic
tails, which should promote better affinity of the filler nanoparticles towards the polymer matrix,
and in turn lead to improvements of the nanocomposite performance.

Obtaining of the final nanocomposite is the second stage. Nanocomposites have been
obtained on the base of thermoplastic polymer (HDPE) by fusing the mixes of powdered
polymer with nano-HAp. For comparison both unmodified and surface-modified HAp
nanoparticles have been used as fillers to reveal the effect of the surface modifier OA on
performance of the final nanocomposites.

The pure hydroxyapatite Caio(PO4)s(OH)2 nanoparticles have been synthesized in aqueous
solution as described above via the interaction of two precursors salts, namely CaNO3z and
(NH4)2HPO4, in accordance with following reaction:

10Ca(NOs)2 + 6(NH4):HPOs + 8NH4OH — Caio(PO4)s(OH)2 + 20(NH4)(NO3) + 6H20 (2)

Freshly synthesized HAp nanoparticles have been subjected to surface modification with OA
as a surface modifier to improve a compatibility of hydrophilic highly polar HAp nanoparticles
towards the non-polar polymer matrix (polyethylene). The procedure used is described above. It
was supposed that the surface modification ought to be realized via the interaction of carboxylic
group of OA with the superficial base centers of HAp according to the scheme shown in Fig. 1. In
our view, well consisting with other authors [14], turning of a highly polar surface of HAp
nanoparticles into a non-polar one should cardinally enhance its affinity towards the
polyethylene matrix, thus improving the wettability and compatibility of HAp nanoparticles as
well as their dispensability in the polymer matrix. Finally, this should lead to an improvement in
the mechanical performance of the obtained nanocomposites as compared with nanocomposites
obtained using unmodified HAp nanoparticles, which was the main target of this study.
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Hyghly polar surface Non-polar surface

R
H—o-qo — Oleic Acid

Fig. 1. Schimatical representation of OA chemisorption
at the surface of HAp nanoparticles.

The choice of OA as a surface modifier, among other fat acids, is explained by the fact that
the OA molecule occupies the largest surface area (at the interface compared to that of other fat
acids with the same number of Carbon atoms in the carbon tail [15]. This effect is explained by
the 'unique molecular shape' of OA, which has a kink at the middle of its molecule, unlike its

analogues, e.g. elaidic and stearic acids (Fig. 2).
0

/\/\/\/\/\/\/\/\)LOH SA

0

/\/\/\/\/V\MOH EA

0
oy OA

Fig. 2. Structure of stearic (SA), elaidic (EA) and oleic (OA)acids.

Comprehensibly, the larger area occupied by the one modifier molecules the lower surface
concentration of this modifier required to completely cover the modified surface; i.e. one needs
lower amount for modification of the nanoparticle's surface turning it from hydrophilicity to
lipophilicity. Thus OA has an advantage in this sense compared with other its analogues.
Additionally, OA is quite cheap and easy available reagents.

To reveal effect of OA chemisorption on the properties of HAp nanoparticles, a
comparative investigation was carried out by X-ray diffractometry, FTIR spectroscopy and SEM
of HAp samples, both as synthesized and after surface-modification.

1. Characterization of HAp nanoparticles

The results of X-ray diffraction analysis of the synthesized HAp sample are shown in
Fig. 3.

It clearly indicates that the obtained sample is composed by pure hydroxyapatite with the
hexagonal structure, since all its diffraction peaks correspond to the peaks of the reference XRD
pattern (JCPDS file number 9-0432) of standard HAp [16]; there are no any other peaks in XRD
pattern of synthesized HAp. However, there is a difference between these two XRD patterns, one
can note appreciable broadening of all peaks in the previous XRD pattern, which can be
explained by nanosize of the synthesized HAp nanoparticles [17]. Moreover, the relationship
between the crystallite size and full-width at half-maximum of the XRD peak allows to estimate
an average particle size (L) using Debye-Scherrer equation 3 [18]:
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_ 09

(3)

where A is the wavelength of X-ray (0.154 nm), B is the full width at half maximum (FWHM),
0 is the angle of diffraction and L is the crystallite size.
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Fig. 3. XRD patterns of the synthesized HAp samples (1) and standard HAp
(JCPDS file number 9-0432) given for reference (2).

The average sizes of HAp crystallites, calculated using equation 3 and data obtained for
several diffraction peaks in Fig. 3, are summarized in Table. 1, which shows that the synthesized
nanocrystals of hydroxyapatite have a rather elongated shape with dimensions of about 9x18nm.

Table 1
Crystallographic data of the obtained HAp

20 Lint. B b B L
(degree) d(4) (a.u.) (hkl) (degree) | (degree) | (degree) (nm)
26.12 3.4110 603 (002) 0.693 0.138 0.555 18.0
31.83 2.8110 849 (211) 0.740 0.154 0.586 15.4
32.33 2.7686 746 (112) 0.730 0.158 0.572 17.2
32.89 2.7231 1555 (300) 1.431 0.159 1.272 9.4
34.27 2.6169 262 (202) 0.821 0.159 0.662 13.9

To confirm the chemisorption of OA at the surface of HAp, FTIR spectra have been
recorded for samples of unmodified and surface modified HAp powders. Fig. 4 shows the FTIR
spectra of HAp nanoparticles prior and after surface modification with 2% OA; the FTIR
spectrum ID G6i44b42hBS for HAp (Fig. 4, c), taken from SpectraBase [19], is also given there
for reference.

It is clearly seen that the FTIR spectrum (Fig. 4, b) of the pure HAp nanoparticles
synthesized corresponds well to the reference spectrum (Fig. 4, c). The peaks in the range of
800-1200 cm™! are present in both spectra. Particularly, the peaks around 1020 cm™ to 1090 ¢cm!
correlate with asymmetrical P-O bonds stretching vibrations [20].

Compared to the previous spectra, new peaks appear in the FTIR spectrum of the surface-
modified HAp nanoparticles (Fig. 4, a) in the range of 2800-3000 cm™!, which can be especially
well recognized in the inset to this figure. Indeed, absorption bands at 2926 cm™! and 2853 c¢m’!
correspond to asymmetric stretching va.s(CHz) and symmetric stretching vs(CH2) of methylene
groups, respectively. Obviously, these groups belong to carbon chain of oleic acid, thus
confirming the presence of its molecules at the surface of modified HAp nanoparticles, i.e.
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successful modification. Dynamic light scattering (DLS) was applied for an analysis of particle
size distribution of the HAp powder prior and after surface modification with 2% OA (Fig. 5).

As can be seen from results shown in Fig. 5, the unmodified HAp particles have an average
size of 254 nm and are characterized by a unimodal size distribution with a rather narrow
polydispersity, polydispersity index value = 0.09. Appreciably large average size of HAp
particles determined by DLS analysis, compared with that estimated when using XRD data, can
be explained by high tendency of HA nanoparticles to agglomerate.

The surface modification of HAp nanoparticles with 2% OA brings about their partial
deagglomeration, which is reflected in dropping down an average size up to 135 nm, the
polydispersity remains unimodal, although it becomes somewhat larger, after surface
modification polydispersity index value = 0.25. A deagglomeration under the OA modification is
reflected in an increase in the specific surface area of HAp nanoparticles. The specific surface
area, determined by the standard N2 adsorption technique, increases from 180 m2/g for
unmodified HAp up to 290 m2/g after its modification with 2% OA.

An agglomeration of HAp nanoparticles is also confirmed by SEM. Images of unmodified
and surface modified HAp powders are shown in Fig. 6.

Comparing the left and right images, the effect of partial deagglomeration caused by
chemisorption of OA at the surface of HAp nanoparticles is clearly seen. In the second case, the
particles are not so densely packed as in the case of unmodified HAp.
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Fig. 4. FTIR spectra of HAp: a) HAp nanoparticles modified with 2% OA; b) pure HAp
nanoparticles as synthesized; c) reference Spectrum of HAp Wiley ID SIAL ATR-
IR 011624 SpectraBase https.//spectrabase.com/spectrum/G6i44b42hBS
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Probably, this phenomenon can be explained by diminishing the hydrogen bonds after
surface modification caused by the substitution of hydroxyl groups at the surface of HAp
particles with salt bonds, as shown in Fig. 2.0btaining the final nanocomposite is the second
stage. Nanocomposites have been obtained on the base of thermoplastic polymer (HDPE) by
fusing polymer granules with filler. A modified HAp was used as a filler.

To confirm that the HAp modification is effective in improving the physical and
mechanical properties of the nanocomposites, they were compared with nanocomposites filled
with unmodified HAp. which was OK. A sample with unmodified HAp was also obtained to
compare the effect of the modifier on the properties of the final nanocomposite.
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Fig. 5. Particle size distribution of the HA powder: (1) - unmodified HAp, HAp modified
with 2 wt.% OA (2).

Fig. 6. SEM image of HAp powder (a), modified with 2 wt.% OA (b)

2. Characterization of HDPE/HAp nanocomposites

The HDPE-based nanocomposites have been obtained using both unmodified and surface-
modified HAp nanoparticles for the comparison.

The following formulation of nanocomposites were used: 80 wt.% of HDPE and 20 wt.% of
HAp. There was no sense to obtain nanocomposites with a HAp content of more than 20% because
of their very high brittleness. Both unmodified and modified HAp nanoparticles were used as
fillers to reveal the effect of the surface modifier OA on performance of the final nanocomposites.
In the case of modified HAp filler, the amount of OA was varied: nano-HAp modified with 1, 2
and 5 wt.% (relatively to the taken HAp amount) were obtained and composed with HDPE.
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The procedure of obtaining the specimens of nanocomposites is described in Experimental

techniques.
Figure 7 shows the FTIR spectra of pure HDPE and nanocomposite of HDPE with HAp

modified with 2 wt.% of OA.

The following characteristic absorption peaks are observed on the FTIR spectrum of pure
HDPE: 2913 cm™ and 2846 cm' correspond to asymmetric stretching and symmetric stretching
of methylene groups - CH»-, respectively; 1471 cm! the bending of the HDPE structure; 1364
cm! corresponds to —CH3 symmetric deformation; 717 cm™! corresponds to rocking deformation
[21]. In the FTIR spectrum of nanocomposite of HDPE with the surface-modified nano-HAp,
besides the aforementioned peaks, new very strong absorption peaks are observed in the region
of 800-1200 cm! , especially at 1020 cm™ , which are obviously attributed to HAp nanoparticles
(compare with Fig. 4). Thus, the FTIR spectra gives strong evidence for formation of

nanocomposites.

|
|
I |
I 11 | L
\.“ | .‘I N ,."“wl N
ot WM— S S % alrgptuger” W

LU I IR EE S L SN L S T | T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500 4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1) Wavenumber (cm?)

a b
Fig. 7. FTIR spectra of pure HDPE (a) and nanocomposite of HDPE with nano-HAp modified
with 2 wt.% OA (b)

Studies of the thermomechanical properties of HDPE nanocomposites with unmodified and
modified HAp nanoparticles (Fig. 8) do not show difference in their Vicat softening temperature.
The reason of such behaviour can be explained by the fact that the Vicat softening temperature is
determined predominately by properties attributed to the polymer matrix which is a continuous
phase. A notable increase in the softening temperature can be observed only in the case of strong
bonding the matrix polymer to the filler; but this is not our case. However, less deformation of
the specimen under load after its softening in the case of nanocomposites with surface-modified
HAp nanoparticles evidences about a stronger interaction of the matrix polymer with the OA-
modified surface of HAp nanoparticles that with the bare surface of unmodified HAp.
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Fig. 8. Thermomechanical properties of HDPE nanocomposites with:
unmodified HAp (1); HAp modified with 2 wt.% OA (2).
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The comparative investigation of the physico-mechanical properties of HDPE/HAp
nanocomposites has been performed.

The results of the tensile strength and impact strength testing of nanocomposites are shown
in Table 2. One can notes a significant increase in both the tensile strength and impact strength
of nanocomposites caused by application of 2 wt. % of OA for a surface modification of HAp
nanoparticles. Indeed, the tensile strength of nanocomposites with 2%-modified HAp increases
by 66% and the impact strength increases by 10% (Table 2, line 4) as compared to those of
nanocomposites with unmodified HAp (Table 2, line 2). It worth be noticed, that at the same
time, when the content of OA was increased to 5 wt. %, the properties of the nanocomposite
obtained sharply deteriorated, its fragility sharply increases, so it was not possible to obtain
specimens for testing. Thus, 2 wt. % of modifier is seamed to be an optimum amount.

Table 2
Tensile strength and impact strength for the resulting nanocomposites
# Ratio of |Content of | Elongation | Tensile Tensile Impact Impact
HDPE/HAp | modifier | atbreak | strength |strength gain| strength | strength gain
(%0) (%0) (%) (MPa) (%) (kJ/m?) (%)
1 100/0 — 85,25 27,6 — 35,0 —
2 80/20 0 1.42 17,1 — 28,4 —
3 80/20 1 1.71 22.4 +30 29,3 +3,0
4 80/20 2 1.78 28,6 +66 31,5 +10

Fig. 9 shows the fracture surface of the HDPE/HAp nanocomposite, in which the size of
the HAp agglomerates is in the same range as for HAp in powder (Fig. 10). Additionally, to
reveal HAp nanoparticles, the samples of HDPE/HAp nanocomposites were subjected to
concentrated nitric acid for 15 minutes at 60°C. Under these conditions the entire HAp was
washed away, while the polyethylene matrix remains with the fingerprints appeared after
removing HAp nanoparticles (Fig. 10). These SEM images confirm the presence of nanoscale
HAp in the nanocomposite. Comparing the SEM images in Fig. 10, the conclusion can be drawn
that in the case of the surface-modified HAp, its agglomerates are smaller and distributed more
evenly throughout the polymer matrix (the cavities remained are much smaller and well
distributed) as compared with the nanocomposite containing unmodified HAp.

20,00kV. Bx2010

Fig. 9. SEM images of the fracture surface of HDPE nanocomposites with: unmodified HAp (a);
HAp modified with 2 wt.% OA (b)
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Fig. 10. SEM images of the fracture surface after exposure to nitric acid of HDPE
nanocomposites with: unmodified HAp (a); HAp modified with 2 wt.% OA (b).

To confirm the stability of the obtained nanocomposites in the human body, the obtained
specimens were soaked in water and saline for five days and then tested for the impact strength
(Fig. 11) and surface hardness.
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Fig. 11. The impact strength of Fig. 12. Relative values of surface hardness
nanocomposites filled with unmodified HAp  of nanocomposites filled with unmodified HAp
and HAp with 2 wt.% OA. and HAp with 2 wt.% OA.

Analyzing these data, it can be concluded that the surface modification of HAp with 2
wt.% OA in all cases provides better nanocomposites performance compared with
nanocomposites containing unmodified HAp, the impact strength increases by about 10%, and
the surface hardness — by about 25-30%. There is no drastic deterioration in the nanocomposite
properties after their exposure to water and saline.

Another important characteristic of a bone substitute material is its water wettability.
Highly hydrophobic surfaces, as a rule, provide low adhesion of living cells, including
osteoblasts, thus their proliferation is poor [22]. HDPE is highly hydrophobic polymers.
Incorporation of mineral nanoparticles into HDPE leads to an increase in the water wettability of
the resulting nanocomposite. The improved surface wettability with water of the obtained
HDPE/HAp nanocomposites in comparison with the surface wettability of pure HDPE has been
proved by measuring the static water contact angle.

Indeed, the nanocomposite of HDPE filled with 20% of HAp modified has the water
contact angel ® = 79+2°, which is much less than that of pure HDPE ® = 100£2°. The latter
value is well consistent with the values of the water contact angle published elsewhere for HDPE
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[23, 24] and indicates that the material is hydrophobic, since the contact angle exceeds 90°. For
HDPE/HAp nanocomposites the water contact angle is <90°, which indicates a change in surface
behavior towards hydrophilicity. Moreover, hydrophilicity of the HDPE/HAp nanocomposite
can be improved by immersing a nanocomposite sample into hot xylene for a very short time.
After such treatment, the water contact angle decreases up to 62+5°. The reason for this
phenomenon is removing of a hydrophobic superficial layer of the HDPE matrix; this leads to
the expose of mineral nanoparticles [25] and, accordingly, an increase of the area occupied by
mineral nanoparticles on the sample surface.

Conclusions

HAp nanoparticles have been synthesized and surface-modified using OA. Chemisorption
of OA brings about deagglomeration and lipophilisation of nanoparticles. The latter facilitates an
even distribution of the HAp filler in the polymer matrix. HDPE-based nanocomposites have
been obtained using both unmodified and surface-modified HAp nanoparticles for comparison.
An increase in the performance of nanocomposites filled with HAp, modified by OA, compared
with unmodified HAp, is shown. A significant increase in tensile strength and surface hardness is
achieved by applying a small amount of modifier. 2 wt.% of OA chemosorbed at the surface of
HAp nanoparticles brings about an increase in tensile strength by 66% and surface hardness by
31%. The obtained nanocomposites are quite stable when subjected to aqueous media with only
a slight loss in the physico-mechanical properties. This makes them a good candidate to apply as
bone substitute materials.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to the research,
authorship and/or publication of this article.

References

[1] Jaggi, H.S., Kumar, S., Das, D., Satapathy, B.K.R., & Ray, A.R. (2015). Morphological
correlations to mechanical performance of hydroxyapatite-filled HDPE/UHMWPE
composites. J. Appl. Polym. Sci., 132 (1), 1-10. https://doi.org/10.1002/app.41251

[2] Sloten, J. V., Labey, L., & Van Audekercke, R. (1998). Materials selection and design for
orthopaedic implants with improved long-term performance, Biomaterials, 19 (16), 1455—
1459. https://doi.org/10.1016/s0142-9612(98)00058-1

[3] Shi, C., Yuan, Z., Han, F., Zhu, C., & Li, B. (2016). Polymeric biomaterials for bone
regeneration. Annals of Joint, 1 (9), 27. https://doi.org/10.21037/20j.2016.11.02

[4] Oladele, I. O., & Agbabiaka, O. G. (2019). Structural performance of poultry eggshell
derived hydroxyapatite based high density polyethylene bio-composites. Heliyon, 5 (10),
1-7. https://doi.org/10.1016/j.heliyon.2019.e02552

[5] Supova, M. (2009). Problem of hydroxyapatite dispersion in polymer matrices: A review. J.
Mater. Sci: Materials in Medicine, 20 (6), 1201-1213. https://doi.org/10.1007/s10856-009-
3696-2

[6] Herman, V., Gonzalez, G., Noris-Suarez, K., Albano, C., Karam, A., Romero, K.,
Yndriago, L., Marquez, A., & Lozada L. (2009). Biocompatibility studies of HDPE-HA
composites with different HA content. Polymer Bulletin, 62 (1), 45-55.
https://doi.org/10.1007/s00289-008-1011-x

CHEMICAL TECHNOLOGY AND ENGINEERING - 2023: MONOGRAPH, LVIV, UKRAINE

65


http://dx.doi.org/10.1002/app.41251
http://dx.doi.org/10.1016/j.heliyon.2019.e02552

66

THE INNOVATIVE TECHNOLOGIES IN THE CHEMICAL AND FOOD INDUSTRIES

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]

[20]

[21]

Jaafar, C. N. A., Zainol, 1., Khairani, M. L. 1., & Dele-Afolabi, T. T. (2022). Physical and
Mechanical Properties of Tilapia Scale Hydroxyapatite-Filled High-Density Polyethylene
Composites. Polymers, 14 (2), 251. https://doi.org/10.3390/polym 14020251

Yi, Z., Yubao, L., Jidong, L., & Xiangn Z. (2007). Novel bio-composite of hydroxyapatite
reinforced polyamide and polyethylene: Composition and properties. Materials Science
and Engineering: A, 452 (3), 512-517. https://doi.org/10.1016/j.msea.2006.11.138

Wang, Z.-P., Huang, Y.-F., & Xu, J-Z. (2015). Injection-molded
hydroxyapatite/polyethylene bone-analogue biocomposites via structure manipulation. J.
Mater. Chem.: B 3 (38), 1-9. https://doi.org/10.1039/C5TB00643K

Wilson, O. C. (2009). Surface Modification of Hydroxyapatite: A Review. In R.J. Narayan,
P.N. Kumta, W.R. Wagner (eds.). Advances in Biomedical and Biomimetic Materials.
Publisher: WILEY . https://doi.org/10.1002/9780470538357.ch17

Nabipour, H., Batool, S., & Hu, Y. (2023). Chemical surface modification of
hydroxyapatite for biomedical application: A review. Emergent Mater. 6, 31-44.
https://doi.org/10.1007/s42247-021-00322-2

Zhang, J., Feng, Y., Zhou, X., Shi Y., & Wang, Li. (2021). Research status of artificial
bone materials. International Journal of Polymeric Materials and Polymeric Biomaterials,
70 (1), 37-53. https://doi.org/10.1080/00914037.2019.1685518

Pu'ad, N. M., Haq, R. A., Noh, H. M., Abdullah, H. Z., Idris, M. 1., & Lee, T. C. (2020).
Synthesis method of hydroxyapatite: A review. Materials Today: Proceedings, 29, 233-
239. https://doi.org/10.1016/j.matpr.2020.05.536

Wang, M., & Bonfield, W. (2001). Chemically Coupled Hydroxyapatite-Polyethylene
Composites:  Structure and  Properties.  Biomaterials, 22 (11), 1311-1320.
https://doi.org/10.1016/s0142-9612(00)00283-0

Langmuir, I. (1917). The shapes of group molecules forming the surfaces of liquids.
Proceedings of the National Academy of Sciences of the United States of America, 3 (4),
251-257. https://www jstor.org/stable/83667

Rafique, M. A. (2018). Hydrothermal Processing of Phase Pure and Doped Hydroxyapatite
and its Characterization. J. Encapsulation and Adsorption Sciences, 8 (1), 18-37.
https://doi.org/10.4236/jeas.2018.81002

Ingham, B. (2015). X-ray scattering characterisation of nanoparticles. Crystallography
Reviews, 21 (4), 229-303. https://doi.org/10.1080/0889311X.2015.1024114.

Winterer, M. (2002). Nanocrystalline Ceramics: Synthesis and Structure, Publisher.
Springer-Verlag, Berlin. ISBN 3-540-43433-X

HYDROXYLAPATITE "HIGH RESOLUTION" - OptionallATR-IR] - Spectrum
SpectraBase. https://spectrabase.com/spectrum/G6i44b42hBS

Khan, H. M., Igbal T., Ali C. H., Yasin S., & Jamil F. (2020) Waste quail beaks as
renewable source for synthesizing novel catalysts for biodiesel production. Renewable
Energy, 154 (11), 1035-1043. https://doi.org/10.1016/j.renene.2020.03.079

Liu, T., Huang, K., Li, L., Gu, Z., Liu, X., Peng, X., & Kuang, T. (2019). High
performance high-density polyethylene/hydroxyapatite nanocomposites for load-bearing
bone substitute: Fabrication, in vitro and in vivo biocompatibility evaluation. Composites
Science and Technology, 175, 100-110.
https://doi.org/10.1016/j.compscitech.2019.03.012.10.1016/j.compscitech.2019.03.012

CHEMICAL TECHNOLOGY AND ENGINEERING - 2023: MONOGRAPH, LVIV, UKRAINE


http://dx.doi.org/10.1016/j.msea.2006.11.138
http://dx.doi.org/10.1039/C5TB00643K
https://doi.org/10.1016/j.matpr.2020.05.536
http://dx.doi.org/10.1016/j.renene.2020.03.079

THE INNOVATIVE TECHNOLOGIES IN THE CHEMICAL AND FOOD INDUSTRIES

[22]

[23]

[24]

[25]

Chang, E. (2004). Low proliferation and high apoptosis of osteoblastic cells on
hydrophobic surface are associated with defective Ras Signaling. Experimental Cell
Research. https://doi.org/10.1016/j.yexcr.2004.09.024

Koffi, A., Mijiyawa, F., Koffi, D., Erchiqui, F., & Toubal, L. (2021). Mechanical
Properties, Wettability and Thermal Degradation of HDPE/Birch Fiber Composite. Polymers,
13 (9), 1459. DOI: 10.3390/polym13091459

Siraj, S., Al-Marzouqi, A. H., & Igbal, M. Z. (2022). Development and Mechano-
Chemical Characterization of Polymer Composite Sheets Filled with Silica Microparticles
with Potential in Printing Industry. Polymers, 14(16), 3351.
https://doi.org/10.3390/polym14163351

Voronov, S., Tokarev, V., Datsyuk, V., Seredyuk, V., Bednarska, O., Oduola, K., Adler, H.,
Puschke, C., Pich, A., & Wagenknecht, U. (2000). Polyperoxidic surfactants for interface
modification and compatibilization of polymer colloidal systems. II. Design of
compatibilizing  layers. J.  Appl  Polym.  Scie., 76 (8), 1228-1239.
https://doi.org/10.1002/(SICI)1097-4628(20000523)76:8<1228::AID-APP3>3.0.CO;2-8

CHEMICAL TECHNOLOGY AND ENGINEERING - 2023: MONOGRAPH, LVIV, UKRAINE

67



68

THE INNOVATIVE TECHNOLOGIES IN THE CHEMICAL AND FOOD INDUSTRIES

Fermentation of kvass wort by thermotolerant strains of microorganisms

Lesia Sandig-Predzymirska!, Oksana Orobchuk?, Liliya Shevchuk?®, Khrystyna Frys*

1. Institute of Nonferrous Metallurgy and High-Purity Materials, TU Bergakademie Freiberg, GERMANY,
Freiberg, Leipziger Str. 34, 09599, E-mail: lesichkaplm@gmail.com

2. Department, of Technology of Organic Products, Lviv Polytechnic National University, UKRAINE,
Lviv, S. Bandery street 12, E-mail: oksana.m.orobchuk@]lpnu.ua

3. Department, of Technology of Organic Products, Lviv Polytechnic National University, UKRAINE,
Lviv, S. Bandery street 12, E-mail: liliia.i.shevchuk@]lpnu.ua

4. Department, of Technology of Organic Products, Lviv Polytechnic National University, UKRAINE,
Lviv, S. Bandery street 12, E-mail:khrystyna.frys.khr.2021@lpnu.ua

Abstract — For effective fermentation of kvass wort, a culture of yeast Saccharomyces cerevisiae,
Safale HA-18, MP-10 and complexes of lactic acid bacteria in the form of starters "Kefir," ""Yogurt,"
"Symbiotic," "Bifivit" were used. The dynamics of changes in the concentration of dry substances
content and the acidity of fermented wort were studied. The optimal amount of yeast and lactic acid
bacteria was established (4.0 % suspension of yeast and lactic acid bacteria with a mass ratio of yeast :
lactic acid bacteria - 4:1).

Keywords — kvass, kvass wort, thermotolerant yeast, lactic acid bacteria, bacterial leavens.

Introduction

Kvass is a popular drink, sweet and sour, with a characteristic aroma of rye bread. High
taste qualities and beneficial properties for the human body position it as a drink that perfectly
quenches thirst and refreshes [1]. Kvass has a good balanced chemical composition. The
nutritional value of kvass is since it is made from grain raw materials, from which soluble
substances pass into the wort: carbohydrates (mainly maltose, maltotriose, glucose, fructose),
vitamins, dietary fibers, mineral components, proteins [2, 3]. Carbohydrates of the wort are
fermented by yeast and lactic acid bacteria (lactic acid bacteria), during the vital activity of
which biologically active compounds accumulate: amino acids, vitamins, and aromatic
substances [1, 2].

The microflora of bread kvass - yeast and lactic acid bacteria enrich the drink with
vitamins B1, B2, PP, D, and lactic acid. Kvass suppresses and disinfects the pathogenic
microflora of the intestine, regulates its acidity, promotes better metabolism, and redox processes,
and has a health-improving effect [1, 4]. The popularity of kvass is promoted by the tendency to
consume natural products and maintain a healthy lifestyle. The volume of kvass production is
increasing, at the same time, the consumer demand for certain types of kvass with health-
prophylactic effects, rich and diverse taste, and aroma is growing [5].

The search for effective causative agents of sour wort fermentation (strains of brewer's
yeast and lactic acid bacteria) and optimal conditions will allow to achievement of various
organoleptic indicators and therapeutic and preventive properties of the drink. At the same time,
using available commercial strains of microorganisms - agents of fermentation- will make it
possible to easily organize the production of kvass, a seasonal drink, at the available facilities,
particularly craft breweries [2, 6, 7].

For the production of kvass, pure yeast cultures of races 131-K, C-2, and race M baker's
yeast with an optimal fermentation temperature of 26-30 °C, pH 4.5-5.5 are used [7]. Races
ferment glucose, and sucrose well, maltose and raffinose are worse, so the use of thermotolerant
strains of brewing yeast will allow to increase the temperature range of fermentation.
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Because of maintaining high physiological activity, it is proposed to use thermotolerant
yeast strains with an optimal fermentation temperature of 30 to 40 °C Safale HA-18 and MP-10
race [8 - 10]. In addition, they can provide excellent taste and aroma properties of kvass, while
maintaining a neutral taste with subtle citrus notes.

Lactic acid bacteria are heterofermentative, that is, during fermentation, in addition to
lactic acid, they produce acetic acid, ethanol, and aromatic compounds [5, 11]. The optimal
breeding temperature is 30 °C, they also ferment glucose, sucrose, and maltose.

During joint cultivation, two types of microorganisms are in symbiosis: lactic acid bacteria
create the acidity of the environment, optimal for yeast, and yeasts secrete into the environment
amino acids, vitamins necessary for bacteria [12]. At the same time, with unregulated
reproduction, bacteria compete for nutrients. With a decrease in the concentration of dry
substances (DS content) and an increase in acidity, better conditions are created for lactic acid
bacteria, too high acidity also suppresses yeast, and ICD, while developing foreign
microorganisms is also possible [7]. In the production of kvass, lactic acid bacteria
Betabacterium [11], which have low fermentation activity, and individual strains of
Lactobacillus and Bifidobacterium [11, 12] are used. For research, it is proposed to use dry
preparations of lactic acid bacteria in the form of starters, which are easier to use in the
conditions of craft productions, which will allow to improve the quality of kvass, to obtain drinks
with various taste and aroma profiles.

The tasks of the research are the justification of the use of microorganisms for the
fermentation of sour wort based on dry concentrate; creation of optimal conditions for wort
fermentation using thermotolerant strains of microorganisms.

Results

The following were used for research: dry kvass semi-finished product (rye bread crumbs,
fermented rye malt, barley malt). The moisture content of dry kvass is not more than 10%, the
extractability in terms of DS content is more than 49 %, the acidity is not more than 60 cm? of a
1 N NaOH/100 g of extract, the color is not less than 10 cm? of a 0.1 N 1,/100 g.

Drinking water is used for the preparation of kvass wort by infusion. DSTU 7525:2014
Drinking water. Requirements and methods of quality control.

Ready commercial leavens based on lactic acid bacteria were used as lactic acid
fermentation agents: "Yogurt" (Lactobacillus bulgaricus, Lactobacillus acidophilus,
Streptococcus  thermophilus), "Bifivit" (Bifidobacterium lactis, Bifidobacterium infantis,
Lactobacillus bulgaricus, Lactobacillus acidophilus, Streptococcus thermophilus, Lactobacillus
paracasei), "Symbiotic" (Bifidobacterium bifidum, Bifidobacterium infantis, Bifidobacterium
longum, Bifidobacterium breve, Bifidobacterium adolescentis, Streptococcus thermophilus,
Lactobacillus bulgaricus, Lactobacillus acidophilus, Lactobacillus rhamnosus, Lactobacillus
plantarum,  Propionibacterium  freudenreichii), "Kefir" (Leuconostoc  mesenteroides,
Lactococcus lactis cremoris, Lactococcus lactis, Lactococcus lactis diacetylactis,
Saccharomyces cerevisiae, Lactobacillus bulgaricus, Lactobacillus acidophilus).

Dry yeast was used as the causative agents of alcoholic fermentation:

- dry baker's yeast Saccharomyces cerevisiae;

- Safale HA-18 dry yeast - top fermentation yeast, composition: Saccharomyces cerevisiae,
maltodextrin, glucoamylase from Aspergillus niger, emulsifier E491 (sorbitan monostearate),
fermentation temperature is 25-35°C;

- dry yeast of the MP-10 race - top-fermenting yeast of the Saccharomyces cerevisiae
species (Meyen ex Hansen 1883), fermentation temperature is 25-39°C.
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Sour wort was prepared by the infusion method, filtered, and sugar syrup was added.

The wort was analyzed by determining the content of dry substances, DS content
(refractometry), titrated (titrimetry, using an automatic titrator Easy Pro Mettler Toledo), and
active acidity (potentiometrically, using an automatic pH meter Mettler Toledo SevenCompact
S220-Kit). Fermentation was carried out at a temperature of 35 °C and with different proportions
of yeast and lactic acid bacteria. The total mass of the dry starter remained unchanged and was
0.05% of the mass of wort. The initial acidity of the wort is 0.143 ml of 0.1 N NaOH/100 ml of
wort, the DS content is 3.2%, and the pH is 4.83.

Selection of yeast races for the production of kvass

A study of several yeast races as causative agents of alcoholic fermentation was carried out.
Dry baker's yeast, Safale HA-18 and MP-10 strains were used for the fermentation process of
kvass wort.

Fermentation was carried out at a temperature of 30 °C until the DS content decreased by
0.8-1.0 g /100 g of wort and the total acidity of 2.0 cm?® of 0.1 N NaOH/100 ml of wort was
reached. The fermentation process was stopped by cooling the wort to a temperature of 2-7 °C
and holding it for 30-60 minutes at the same temperature.

According to the results of determining the content of dry substances in the fermentation
process, it was established that as a result of fermentation of kvass wort by the studied yeast
cultures for 30 hours, the content of dry substances changed when using dry baker's yeast and to
a lesser extent - when using thermotolerant strains (Table 1). At a temperature of 35 °C, better
results were obtained using thermotolerant strains, in particular the MP-10 race.

Table 1
Change in the content of dry substances during the fermentation of wort
Time of fermentation, DS content, %
hours dry baker's yeast Safale HA-18 MP-10
0 3,2 3,2 3,2
10 3,1 3,0 3,1
20 2,8 2,9 2,9
30 2,5 2,8 2,8
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The change in the acidity of the wort during fermentation is shown in fig. 1.
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Fig. 1. Acidity of wort using different strains of yeast.
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The increase in acidity in kvass wort as a result of fermentation caused by yeast S.
cerevisiae, MP-10 race and Safale HA-18 is practically absent. The sufficiently long duration of
the fermentation process is explained by the fact that it is impossible to achieve the necessary
acidity of the environment, since yeast without lactic acid bacteria was introduced into the kvass
wort. In kvass wort with dry baker's yeast, starting from 15 hours, the acidity increased slightly,
which is explained by the presence of uncontrolled extraneous microflora.

As a result of studying the effect of temperature and determining the optimal composition
of bacterial starter, strain MP-10 was used for further experimental studies.

Optimum temperature and composition of sourdough starter for fermentation of kvass wort

Four samples of starter cultures with different microbiological compositions and
thermotolerant yeast MP-10 were used for the study.

Sample 1 — MP-10 + "Kefir"

Sample 2 — MP-10 + "Yogurt"

Sample 3 — MP-10 + "Symbiotic"

Sample 4 — MP-10 + "Bifivit"

Fermentation of wort from dry concentrate was carried out at a temperature of 30°C, 35°C.

At a temperature of 30 °C, with a MP-10 yeast content of 33 % of the mass of the entire
sourdough during a day and a half of fermentation, the acidity of the fermented wort increases
slightly in the presence of "Yogurt", "Symbiotic", "Bifivit" starters and is slightly higher in the
sample with "Kefir". However, in general, the insufficient increase in the acidity of the wort is
caused by the low concentration of yeast and insufficient temperature for full-fledged lactic acid
fermentation.

With an increase in the proportion of yeast in the starter, there is a uniform gradual
increase in the acidity of the wort and, accordingly, a decrease in the DS content. The
fermentation process of wort is long enough and the reduction of the DS content to one percent,
as well as the increase in acidity of only about 1 ml of NaOH solution with a concentration of
0.1 N NaOH/100 ml of wort is insufficient.

For further research, the fermentation temperature of the wort was increased to 35 °C, and
the yeast content in the initial starter was also increased to 75 and 80 % (fig. 2).

The percentage of yeast and LAB is 75% yeast and 25% LAB; 80% yeast and 20% LAB.

3 23

Acidity, 0.1 N NaOH/100 ml
Acidity, 0.1 N NaOH/100 ml

30

30

Db Time, h

a b
Fig. 2. The dynamics of changes in the titrated acidity of the wort during the fermentation
process (temperature 35 °C) with the percentage of yeast and LAB in the starter: a — 75% and
25%, respectively; b — 80% and 20%, respectively.
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After analyzing the graphs (Fig. 2), we can see that the wort reached the required level of
acidity in 17-19 hours (when using 75% yeast) and 12-18 hours (when using 80% yeast). At a
lower concentration of yeast, the increase in acidity occurred gradually, at a higher concentration
- it was faster. The fastest process occurred during the fermentation of sample No. 4 using the
"Symbiotic" complex of lactic acid bacteria.

IS
Lh

DS content, %

DS content, %

3%

]
# 0 1|0 :io 3|0 L3 ' ' '
’ 0 10 20 30
Time, h Time, h

a b
Fig. 3. The dynamics of changes in the content of dry substances in the wort during the
fermentation process (temperature 35 °C) with the percentage of yeast and LAB in the starter:
a—75% and 25%, respectively; b — 80% and 20%, respectively.

The change in the content of dry substances occurred similarly to the change in acidity (at
a lower concentration - gradually, at a higher concentration - faster). The fastest process occurred
in the 4th (14 h), and 2nd (18 h) samples, provided 80% of yeast was used (Fig. 3).

The best results are also observed when using 80% yeast and 20% lactic acid bacteria.
Therefore, a temperature of 35°C and the use of yeast and lactic acid bacteria in a ratio of 4:1 are
optimal conditions for the fermentation of wort from dry concentrate.

Conclusions

The composition of yeast and lactic acid bacteria, fermentation temperature of kvass wort
was established. From the obtained results, it can be concluded that such factors as the
fermentation temperature and the composition of microorganisms in the sourdough affect the
course of fermentation of kvass. At 35 °C, fermentation occurs more intensively than at 30 °C,
which can be explained by the content of cultures with greater temperature tolerance. The
optimal amounts of yeast and lactic acid bacteria were established, namely, a 4.0% suspension of
MP-10 yeast (80%) and LAB "Symbiotic" (20%). The kvass wort fermentation process can be

optimized by using thermotolerant strains of microorganisms and increasing the fermentation
temperature to 35 °C.
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Anomauia — Jlocnioiiceno 3aKOHOMIPHOCMI 00€PHCAHHs 2I0POo2enedux KOMROZUYIIHUX Mamepiaie Ha
OCHOBI Kononimepie 2-2i0pokciemuimemaxpunanmy 3 HOJIGIHIINIPOAIOOHOM Yy BPUCYMHOCHI
depomaznimnux nHanoenioeauie piznHoi npupoou. Buznaueno iniyirorouy 30amuicme hepomazHimuux,
y m.u. Gimemaneeux 4YACMUHOK, Y peakuii noaimepu3ayii ma éU3HAYEHO 6NAUE CKI1A0Y HA KIHEMUKY
nonimepusauii. Cunme306ano 2iopozenegi KOMRO3umMu Ha OCHOGI 2-2i0poKciemuimemaxkpuiamy 3
HONIGIHINNIPONIOOHOM, HANOBHEHUX OpiOHOOUCNEPCHUMU  (PEepOMAZHIMHUMU  YACHMUHKAMU |
oocnioyceno ixHi (hizuxo-mexaniuni enacmueocmi. Jlocniodceno 6naue npupoou HANOEHI06AUd,
CKNady 6uxionoi Komnosuuii Ha enacmueocmi Komnozuuiiinux mamepianie. Bcmanoeneno, uio
(6i)memanesi uacmunku euKkoHuyloms @yHkyito (hepo)maznimouymaueozo HanoseHioéaua ma
iHiyimopa nonimepusayii.

KitouoBi crmoBa — MONMIBIHUIHIPOMIIOH, 2-TIAPOKCIETHIMETAKpUIaT, KOMOJMIMEpU3alis, TiApOorenb,
OiMeTaJieBi YaCTUHKH, (DepOMAarHiTHUI HATIOBHIOBAY.

Beryn

Cepen BenuKOi KIIBKOCTI TMOJNIMEPHHX MaTepialiB 3HauyHAa YyBara MNPUAUISETHCS
HOJIMEPHUM, 30KpeMa TiIpOTeJIeBHM, KOMIIO3UTaM 3 BIACHOIO EJEKTPOHHOIO MPOBIIHICTIO Ta
MarHiTHOIO YyTJUBICTIO. [lepCrieKTHBHUM € 3aCTOCYBaHHS TaKuMX MaTepialliB B E€JIEKTPO- Ta
panioTexHIuHIHN, eIEeKTPOHHINA, MEIUYHIN Ta B IHIINX Taly3sX Ui OTPUMAHHS CTPYMOIPOBITHUX
aJIre3WBiB, TEPMETHUKIB, 3ATMBHUX KOMIIO3HIIIH Ta AQHTHCTATUYHHX IMMOKPUTh HA METATIYHUX 1
HEMETAIIYHUX MOoBepXHAX. O0’€KTOM 0araTthoX OCHIKCHb € CHHTE3 MaTepialiB 3 po3MipaMu
YaCTUHOK BiJ MIKpO- 1O HAaHOMETPIB, fAKi 3aBISKHM MajUM pO3MipaM HalOBHIOBaYa MarOTh
3HAYHO Kpallll eJIeKTpUYHi, MarHiTHI Ta 1HII eKCIuTyaTaliiiHi BiactuBocTi. IlpencraBHuKaMu
HOBOT'O THUIY TaKUX KOMIIO3MIIIMHUX MarepiaiiB € IMOJiMEepHI KOMIIO3UTH Ha OCHOBI 2-
rigpokciermimerakpuiary (I'EMA) 3 nmomiBininmiposnigonom (I1BII), y skux sk MarHiTO9yT/IMBI
Ta CTPYMONIPOBIJHI KOMIIOHEHTH BHKOPHUCTOBYIOTHCSI HAIIOBHIOBAYi Ppi3HOI JTUCIIEPCHOCTI,
30KpeMa METaJId Ta TOHKoaucrepcHui kouoin FesO4 [1,2]. BcTaHOBICHHS 3aKOHOMIPHOCTEH Y
JAHLIOTY CHHTE3—CTPYKTYpPa—BIACTHBOCTI A€ MOMJIMBICTh BUPILICHHS MPOOJIEeM HalpaBIEHOTO
CHHTE3Y HAIIOBHEHUX IMOJIIMEPIB 13 3aJaHUMHU XapaKTEPUCTUKAMHU.

Cepen BenHKOi KiJTbKOCTI HAIOBHIOBAYIB IS TIOJIMEPHUX KOMIO3HIIN MPAKTHYHO HIYOTO
HEe BigoMo mpo (Oi)Meranu, sKi 3aBASKH CBOIM YHIKQJIbHUM BIACTHBOCTSAM MOXYTh 3HAYHO
PO3IIMPIOBATH JI1ala30H 3aCTOCYBaHHS HANOBHEHHMX IOJIMEPHUX CHCTEM. BBeneHHS Takux
HAIlOBHIOBAYiB CHpPUSE€ HE TUIBKH 3MiHI €JIEKTPOIPOBIAHOCTI, TETUIOMPOBIAHOCTI 1 MarHiTHHX
BJIACTUBOCTEH MOJIMEPHHUX MaTepiajiB, ajie # 3MiHi IHIIUX (Qi3UKO-MEXaHIYHUX XapaKTEPHCTHUK.
[Tomyk HOBUX METOIB ofepKaHHS Ta MoAM]iKalii MOTIMepiB 3 BUKOPUCTAHHIM HAITOBHIOBAYiB
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3 aKTUBHOIO MOBEPXHEIO, AKI MOTJIM O OyTH OJHOYACHO iHIIIIOIOBAIBHUM 1 MOAU(DIKYBaTbHUM
areHTOM, € aKTyaJIbHUM 3aBJaHHSAM XiMii Ta TEXHOJIOTIi TOJTIMEpiB.

Bimomo, mo xomomimepusamis kommosuiii 'EMA 3 TIBIl mig miero TpaawmiiHHX
1HIIIaTOPIB paJiKaIbHOI MoJliMepu3alii € mopiBHsAHO TpuBajiot (6—10 rox) [3]. IlonepeanimMu
JOCITIUKCHHSIMH, BHKOHAaHUMH Ha Kadenpi XiMiuHOi TeXHONOTii mepepoOKu IuracTMac
HamionaneHoro  yHiBepcutery  “JIbBIBChKa  TOJIITEXHIKA”, BCTAHOBJICHA  MOXKIUBICTh
e(eKTUBHOIO IHIiIitOBaHHA MaTpu4HOoi mnojiMepu3amii TIBII-meTakpuimaTHUX KOMMO3UITIN
CONISIMU METaliB 3MIHHOTO CTymneHss okucHeHHS [3]. OnmHak ogepxaHi TakuM CHOCOOOM
KOMoJIiMepH 3a0pyAHEHI 3aJUIIKaMH COJIeH MeTaliB 1 He MaloTh ()EPOMArHITHUX BIACTHUBOCTEH,
OCKIIbKM HE MICTATh y CBOiMl CTPYKTYpi METaliB 3 MAarHiTHOI MPOHHUKHICTIO, IIO 1CTOTHO
oOMexye TXHE MpakTHYHE 3acToCyBaHHS. [lomanbiumMu HOCHipKeHHSIME aBTOpiB [4] BUsBICHA
iHiIifoBaNbHA  37aTHICTH  (Oi)MeTaneBUX  JpiOHOMMCIEPCHUX YAaCTHHOK B  MAaTPUYHIN
nonimepu3zanii komno3unii 'EMA 3 IIBIl Ta BCTaHOBIEHO BIUIMB MPHUPOIM Ta KUIBKOCTI
(epoMarHiTHOTO HaNOBHIOBaYa HA KIHETHKY MOJIiMEepHU3allii.

BBeneHHs HamoBHIOBaua y MOJIIMEPHI MaTepiail 3yMOBIIIOE MOSBY PI3HUX BUIIB XIMIYHHUX
1 Gi3MUHUX B3a€MOJIH, SKi BHHUKAIOTh HAa MeXi1 (a3 momimep-HamnoBHioBaY. [Ipupoaa mux sSBUIIL
3QJICKUATHh BIJ XIMIYHOI aKTMBHOCTI HANOBHIOBaYa, IHUTOMOI IUIONII HOTO ITOBEpXHI,
CHIBBIIHOIIICHHS 1HIPETIEHTIB 1 ICTOTHO BIUIMBA€ HAa CTPYKTYPY Ta BIACTHUBOCTI OJEpIKaHHUX
KOMIIO3UTIB MiJ 4ac ekcruryaramnii. Tomy nocnmimkeHHs: (pi3UKO-MeXaHIYHUX Ta TerI0(i3uIHUX
BJIACTUBOCTEH KOMITO3HTIB € BaXKJIMBHM 3 HAYKOBOTO 1 PUKJIAJTHOTO MOTJISITY.

Mema pobomu - BCTAaHOBUTH MOXJIMBICTh OJEp)KaHHS HANOBHEHUX TiIPOTeJIeBUX
KOMITO3UTIiB Ha ocHOBi (ko)momimepiB 'EMA 3 TIBII, BHKOpHCTOBYIOUM MJIsi iHILIFOBaHHS
nomiMepu3aiii  gepoMarHiTHIi YaCTMHKH, Ta BHUBYUTH BIUIMB TPHUPOAM 1  KIJIBKOCTI
(dbepoMarHiTHOro HarlOBHIOBaYa Ha KIHETUKY MOJIMEpU3allil Ta BIaCTUBOCTI KOMIIO3UTIB.

ExcnepuMeHTAJIbHA YACTHHA

Jnst mocimpkens BukoprctoByBanu [IBIT (M 28-10°) Meanunmii BACOKOT OYMCTKH Ta OYUIIICHUI
neperonkoro y Bakyymi EMA (3amumkosuit tuck 130 H - M2, T 351 K). biokosy
(ko)moJriMepH3aIlito 3/IIHCHIOBAIN 3a TIONEPEIHLO OMUCAHOI METOIUKOW [4] 3a TemmepaTypu
338 — 358 K. Sk akTuBHI HAaIOBHIOBA4l BUKOPUCTOBYBAJIM APIOHOIMCIIEPCHI METAJIeBl YaCTHHKH,
30kpeMa (0i1)MeTaneBi 4aCTUHKM Ta Mar”iTHI (HaHO)YaCTHMHKHU Hikelnto, (hepyMy, KOOambTy Ta
C1a0OMAarHiTHOTO KYIIpyMy.

(bi)meraneBi 4YaCTUHKU OJIEPKYBAIM OCA/KEHHSIM METaJiB 3 BOJHUX PO3UMHIB iX cCONei 3
koHeHTpaniero 0,05-1 mac. % Ha uacTuHKax iHmoro wmerany pgiamerpom 0,1-0,8 mwm;
TPUBAJTICTh OCAJKEHHS Tocax = 5—10 xB. JIJs1 MiATBEPHKEHHST OCA/PKEHHSI METAJIIB BUKOHYBAJIH
MIKPOCKOIIIUHI TOCIiPKEHHS 3 BUKOPHCTAHHIM CKaHYIOUOTO eJIeKTPOHHOTro Mikpockomna ZEISS
EVO-40XVP i3 cucremoro kinbkicHoro wmikpoanamizy INCA Energy 350. Konmertpariito
HANOBHIOBaYa y KOMMO3HIIii 3MiHIOBanu B Mexkax 0,1-1 %.

MarniTHi HaHOYaCTMHKM Ha OCHOBI TOHKomucmepcHoro kojoiny Fe;Os4 omepxyBanu
xiMiyHUM ocamkeHHaMm coneir depymy Fe(Ill) ta Fe(Il) 3 ix BogHOro po34yMHYy aMoOHiIO
rigpokcuaoM 3a MmojsipHoro criBBigHomeHHs coyer Fe(Ill):Fe(I)=2:1 mac.4. [5].

3 Metoro 3amoOiranHs arimomepanii (01)MeTaJeBUX YAaCTUHOK 1 MAarHiTHOIO KOJOiMy iX
romoreHi3yBaiu B pozunHi [1BI1 ynbsrpa3BykoBuM romoreHizatopom «Ultrazonic disintegrator UD-20
automaticy mpotsarom 10 xB. TIBII y mpomy BHIanKy, OKpiM SIK aKTHBHHH peareHT B peaKIil
MPUILETIICHOT KOMOoMiMepH3allii , BAKOHYBaB (DYHKIIF0 cTabini3aTopa YaCTUHOK.
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OpepxaHi KOMIO3UTH aHANi3yBajld HA MUTOMY €JIEKTPOMPOBIIHICTE (Vv), IKY BHU3HAYaIH
3a BUMIPIOBAaHHSM ITUTOMOTO IOBEPXHEBOTO OINMOPY KOMIO3HTIB (py). [lnTOMUii moBepXHEBHiA
enekTpuaHuii ontip (OM M) po3paxoByBaiu 3a GOPMYJIIOL0:

S

=— R 1
po=" R (1)

I'pannune BomonorivHanHs (W) BH3HA4Yald BaroBMM METOJIOM 3a 3MIHOK MacH 3pasKa
MoJIIMEpPY MICJIsi BATPUMYBAHHSI Y AUCTUIHOBAHIM BOA1 10 PIBHOBAXXHOTO HAOPSKAHHS:

= m=m,) 100%, @)

m,
A€ mjp - Maca Ha6p5IKJ10FO 3pa3kKa; m: - Mmaca CyXOFO 3paska.

[ToBepxHueBy TBepAicTh (F) omiHOBaNMM 32 KOHIYHOK TOYKOIO TEKYUOCTI HA KOHCUCTOMETPI
Xeriepa BIABIIOBaHHSAM Y 3pa30K CTalbHOTO KOHyca 3 KyToM BicTpsa 580 08’ min
HaBaHTakxeHHsM 50 H nipoTsirom 60 c.

Koniuny Touky Tekydocti B MIla po3paxoByBaiin 3a (hopMyIioro:
4G

F = 2 10°°, 3)

V4
ne G - HaBaHTakeHHs, H; S - rmuOuHa NpOHUKHEHHS, M.

PesyabTaTi nociigxkeHb Ta ix 00ropopeHHst
PeHTreHocekTpocKomyHuM  MikpoaHaitizoM (criekTp OiMmeranmy Ha mnpukiagi Fe — Cu,
OTPUMAHOTO 3a KOHIIEHTpallii Kynpymy cyiabdary B po3unti 0,1 mac.%, Tocan=10 xB (puc.1)) BusBIEHO
Ha rioBepxHi 6imMetary okpim Fe (58,4 mac. %) ta Cu (17,9 mac.%) taki enements sik C (3,3 mac. %) Ta
0 (20,4 mac. %), o BKa3ye Ha Te, 0 YaCTHHKU MICTATh TAKOK OKCHJTU Ta KapOoHaTH MeTautiB. [licis
TPUBAIIIOrO BUTPUMYBAHHS 3aJ1i3HUX 4acTHHOK B 1 % BomHOMY po3unHi CuSO4 (Tocar=24 TOI) Minb
NPaKTUYHO TIOBHICTIO TOKPUBAE IXHIO TIOBEPXHIO (99 %).

F cnekTp 1
o
e
( cu
Fe Cu
c . JIA N o
750 F R I GLIR L e P e o R G Il o e e, Ll o o P e e e e e o G ) e i PR Wk Sl A ) I Wt R G
o 1 2 3 4 5 G 7 g g 10 11
flonHaa wkana 6150 w\en. Kypoop: 0.000 kaB

Puc.1. Cnextp 6imerany Fe-Cu.

Ockinpku 1 (01)MeTasieBi YaCTMHKH, 1 MarHiTHUM KOJOi[ Miclid OJep:KaHHS yTBOPIOBAJIHN
armomepatu (puc.2), To 3 METOIO 3amo0iraHHs arjiomepallii YaCTUHKY TOMOTEH13yBalli B PO3UMHI
[1BII yneTpa3BykoBuM romorenizaropom «Ultrazonic disintegrator UD-20 automatic» mpoTsirom
10 xB. @oTtorpadii cTabis1i30BaHUX YACTHHOK ITiCTS YJIBTPA3BYKOBOI 0OPOOKHM 1o1aHi Ha pUc.2 T.

HepiBHOMipHOCTI TOBepXHi OiMeTaeBUX YaCTUHOK (pUC.2 0) € MPUYMHOIO TOTO, IO MiX
MIOBEPXHSAMHU 3 PI3HUX METAJIIB y €IEKTPOIPOBITHOMY CEPEIOBHIII BHHUKAIOTH MiKPOITOTEHITiaJIH,
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SIKI MOXYTh 1HILIIOBAaTH €JIEKTPOXIMIYHY IMOJIiMepu3alio. Y 3B 3Ky 3 IIMM, HAMM JOCIiIKeHa
KiHeTHka nosiMepusanii kommosuniii [EMA-TIBII y npucyTHOCTI HamoBHIOBaviB OiMeTasiB Ta
TOHKOAHcIepcHOro Konoiny Fe;Os4. BuBuanm BIuMB TeMmepaTypH, KOHIEHTpAIii 1 MPUPOIH
HAIOBHIOBAYa, CIIIBBIAHOIICHHS TIOJiMEp:MOHOMEpHa (a3a Ha KIHETHKY MoJiMepu3alii
JOCTIPKYBAaHUX KOMITO3HUITIH.

EHT = 156.00 kv Signal A= SE1 Date 27 Feb 2012 2 EHT = 15.00kV Signal A = SE1 Date :27 Feb 2012
WD =13.5 mm Phote No. = 7908 Time :19:53:39 WD =125mm Photo No. = 7911 Time :20:02:52

3

SEM MAG: 21.18 kx
HV: 30.0 kV DATE: 10/18/01 5um Vega ®Tescan
VAC: Hivac Digital Microscopy Imaging

Puc.2. 3HIMOK TpaHCMICIIHOTO €JIeKTPOHHOTO MiKpOCKoIy OimeraneBux yacTuHok Fe — Cu
(a,0) 1xonoiny FesO4 He crabinmizoBaHoro (B) Ta cTabdinizoBaHoro ().

Bceranosneno (puc.3), 1m0 Ha MIBHJKICTH MOJIMEpuU3allli CyTTE€BO BIUIMBAE IpPUPOJA
(epOoMar”HiTHOro HamoBHIOBaua. Y BUMAAKY JOCHIDKYBAaHMX KOMIIO3HIIH, 1HII[IHOBaHUX
nepokcuom 6ensoiny (I1b), y mpucyTHOCTI TOHKOAMCIIEpCHOTO KoIoiny FesO43a Temmneparypu
348 K MokHa JOCATHYTH I'PaHHYHUX IEpETBOPEHb MOHOMepa y Mexkax 85..90 % yxe yepes 1
ToJI.

[Momimepu3zamis nmux xe Kommosuiiini 06e3 IIb Big3HauaeTbes SICKPaBO BHUPAKECHHM
IHAYKIIIAHAM TIepioJIoM, IMCIs SKOTO IMOJIIMEepPHU3allis BilOYBAa€ThCS 31 CITIBPO3MIPHOKO ISt
HEpUIOro BUMAJIKY IIBUAKICTIO.

Ha nepe6ir nonimepusanii 3Ha4HUN BIJIMB MA€ 1 pO3UMH HATPIIO XJIOPHULY, SIKUM CTBOPIOE
eJIeKTponpoBiaHe cepenosuule. Ilpu momiMepusanii B HOro HPUCYTHOCTI CIIOCTEPIraeThbCs
3pOCTaHHs LIBUAKOCTI MoJIiMepu3alii 1 JOCSATaeTbCs BUINA CTYIIHb MEPETBOPEHHS MOHOMEpA.
Kommno3sumis 3 6iMeraniom, BMICT MiJli Ha TOBEPXHI SKOTO CKJIaaaB 99%, B yMOBax €KCIIEPUMEHTY
He mommMepusyBanack (puc.3, kp.6). OueBUAHO, MO Migb Yy JaHOMY BHUIAAKYy IHTiIOye
TOJIIMEPH3AIlilo.
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JlocmiKeHHSIMU BILTUBY TIPUPOAM HAIOBHIOBAYa BUSBJICHO, II0 KOMITO3MIIii, HAIIOBHEHI
ToHKOUCTIepCHUM Fe3O4, MoTiMepr3yIoThes 3 MEHIIIOK MIBUAKICTIO, OHAK 31 3HAYHO MCHIIUM
IHAYKIIAHIM TiepiogoM (puc.3, kp.5) nopiBHsHO 3 6imetaiom Fe — Cu.

100 o 1 100 -

80 80

60 60

< 4. / < 4l
201 20 1
0 T T |6 0
0 1 2 3 0
t, ron
Puc. 3. KineTnuHi KpuBi MaTpU4HOT Puc. 4. Bius konnentparii [IBIT Ha
HOJ’IiMepI/IBaIIi'l. y HpI/ICYTHOCTi q)epOMaI‘HiTHOFO KiHeTI/IKy HOHiMepI/ISaHﬁ.
HaITOBHKOBA4a. [Fe-Cu] =5 MaC.%;
I'EMA:IIBII, mac.4.: 1,3,4,5,6 — 80:20; 2 — 100:0; [2 % NaCl ] = 5 mac. %; T= 348 K;
T=348 K. BmicT HanoBHIOBaya — 5 Mac. %; TEMA-TIBIL mac.4. 1 — 100:0: 2 — 90:10:
Hanosarosau: 1,5 — Fe3zOg; 3 - 80:20: 4 — 70:30.

2,3,4 — Fe-Cu ([CuSO4] = 0,1 mac.%,
Tocan = 10 XB.);
6 — Fe-Cu ([CuSO4] = 1 Mmac.%, Tocan= 24 r01);
[2 % NaCl ], mac.%.: 1,2,4,5—-0; 3,6 - 5;
[I1B], mac.u.: 1-0,3; 2,3,4,5,6 — 0.

3 Mmetoro Bu3zHaueHHs BBy [IBII Ha nmonimepu3aliito AOCHIPKyBaJId KIHETUKY MPOLECY
3a piznoro cmiBBigHomeHHss ' EMA:IIBII (100:0...70:30 mac.4.). 3aneXHOCTi BUXOY HOJiMepy
BiJl 4acy MoJiiMepu3allii Uisi KOMIO3HIN pi3HOro ckiany y mnpucytHocti Oimerany Fe—Cu
OJTHAKOBOI KOHIIEHTpaIii mofani Ha puc.4. Ha BiqmiHy Bia momiMepu3amii MuX e KOMIO3HIIN
0e3 HaroBHIOBAada, iHIIIHOBaHOI MEPOKCUAHMMHU YH a30iHII[IaTOPaMH, a TaKOX KOMILIEKCAMHU
[IBII i3 #ioHaMu MeTajiB 3MIHHOTO CTYIIEHIO OKHCHEHHS [6], 13 30umbmeHHsM KinbkocTi T1BIT
MI0YaTKOBA IMBUKICTH MMOJIIMEPU3allii 3MEHIITY€EThHCSI.

JI71st CTBOpEHHSI HOBHIX TTOJIIMEPHHUX MaTepialliB i3 3aJaHUMH BIIACTUBOCTSIMH JTyKE BaXKJTHBUMU €
TEXHOJIOTIYHI peXUMH. Perymoroun Ckiiaa KOMIIO3UINli, TeMIlepaTypy 1 TPUBAIICTh IMOJiMepU3allii,
3a0e3reuyloTh HEOOXiMHI BJIACTUBOCTI Matepiany. EKcreprMeHTalbHO BCTAHOBJICHWM TaKuil
TEeMIIEPaTypHO-9acoBUil pexuM mosiMepu3arii kommnosuiiii Ha ocaoBi EMA-TIBIL: T = 348 K,
tpuBaiicte 5 rox. ['omomomimepuzamiss [EMA (6e3 IIBII) 3a nHasiBHOCTI OiMeraneBMX YacTWUH B
JIOCIT/DKYBAaHUX YMOBAaX HE CIIOCTEPITaeThCsl.

MOXXJMBICTh BUKOPHCTAHHSI CHHTE30BaHHX TTOJIIMEPIB 1 KOMITO3UTIB Ha iXHiil OCHOBI 3HAYHOIO
MIpOI0 BH3HAYAETHCS iXHIMH EKCIUTyaTAllliHUMH BJIACTHBOCTSMH: TBEPJICTIO, EJIEKTPHYHOIO
MPOHUKHICTIO, MPY)KHICTIO, 3HAUYEHHs SIKMX MMojgaHo B Tabm. 1. I3 30umbmennsam swmicty [IBIT y
BuxiaHiil komnozuuii 3 0,1 1o 30 mac. % 3a ogHakoBoro BMicTy HamoBHIoBa4da Fe - Cu TBepaicTh
KOMITO3UTIB 3MeHIyeThes 3 360 MIla o 154 MITa. Lle, oueBunHO, BUKIMKAHO 3MiHAMHU SIK Y CKJIJI,
TaK 1 y CTPYKTypi KomojimepiB. Y pa3i 30iumbmenns kimbkocti [IBIT y xommoswmiii 3pocrae
BojonorHaHHs KomoiimepiB (3 40 % mo 80 %), Mo chopuyYMHEHO SK TiIpodiTi3ali€lo CiTKH
BBE/ICHHSM JI0 ii CKJIaAy XIMIYHO 3BSI3aHHX TiIPOQLIbHUX JIAHIIOTIB 3 MENTUIHUMHU TPYIaMH, TaK 1
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30UTBIIEHHSAM MDKMaKPOMOJIEKYIJISIPHOTO BUIBHOTO 00’€éMy B KOMOJIMEpI BHACHIJOK BHUMHBAHHS
yactunu [1BI], skuii He BCTYNUB y peakiiito nmpuineruieHHs [ 7].

JlocTipKeHHs BIUTMBY KUTHKOCTI HAIlOBHIOBAaYa J1ajl0 MOMKIIMBICTH CTBEpPDKYBATH, IO 3MiHA
MEXaHIYHUX BJIACTUBOCTEN MPOMOpIIiiHA 3MiHI HOTO BMICTY.

Tabnuys 1.
®di3uKko-MexaHIyH1 BJACTUBOCTI KOMIIO3UTIB
Bwmicr
Ckman (6i)MeTaneBux py3-1010 v4-3:101°
No KOMIIO3UIIT (Bi)MCTaHCBi YaCTUHOK, Mac. % s OM»l .M»l’ F, W,
3/11 FEMAHBH, YACTUHKU Bi,Z[ I'EMA:IIBII OM-M MIla. %
mac.%
1 Fe-Cu 0,1 0,68 1,47 303 74
2 0,3 0,73 1,36 304 71
3 0,7 0,44 2,27 315 71
4 1,0 0,46 2,17 349 73
5 Fe - Cu 1,06 0,94 285 74
6 Fe - Mg 0,57 1,75 317 72
7 80:20 Fe - Zn 0,71 1,41 235 70
8 Fe - Co 0,88 1,14 274 71
9 Fe - Ni 1,53 0,65 323 72
10 Fe 0,5 1,18 0,85 323 65
11 Ni 0,46 2,17 332 84
12 TIna3mMoxiMiuHMi 0,35 2,86 281 77
Fe
13 70:30 3,46 0,29 154 80
14 99,9:0,1 Fe-Cu 3,69 0,27 360 40
BucHoBok

JlocTipKeHO 3aKOHOMIPHOCTI Ta BCTAHOBJICHO BIUIMB NPUPOIM Ta KUTHKOCTI (pepOMarHiTHOTO
HAMOBHIOBaYa Ha IBUAKICTh monmimepusanii [ EMA y npucyrnocti [IBII. Businena iHiritoBanbHa
3MaTHICTH (Oi)MeTaTiB B peakiiii MaTpu4IHOI MOJIMEpH3allil IUX KOMIO3HUIIH. JlocmimKkeHo BILTUB
MPUPOJIM HAIIOBHIOBAYA, CKJITy BUXITHOI KOMITO3HUINI HA BJIACTHBOCTI KOMITO3MIIIHMX MaTepiaiB i
BCTAHOBJICHO, 1110 (0i)MeTaneBl YaCTUHKMA BUKOHYIOTH (DYHKIIIO (()epo)MarHiTHOro HAarOBHIOBaYa Ta
1HIITIaTOpa MOTIMEpU3aIlii.
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Abstract — The aqueous humic solution is polydispersity, heterogeneous, dynamic bio-colloid system
with a dissipative non-equilibrium state. Moreover, particle size organization of humic material in
solutions as well as its content are ill-defined. To analyze this material SEC chromatography, dynamic
light scattering, UV-visible, and fluorescent spectrometry have been used.

Keywords — humic acid, size organization, particles, aggregation, chromatography, fraction, spectra,
fluorescence, self-quenching.

Introduction

The humic acids (HA), as well as their complex effect on living organisms and the state of
the environment, confirm that they are not just a random product of the biosynthetic cycle of
biomass utilization, but a necessary link in the evolution of the biosphere, necessary for the
stable functioning and development of living processes with minimal energy expenditure [1-3].
The HA is a fraction of humic substances solubilized in alkali media. Due to the
(poly)functionality and beneficial properties, humic solutions are used in various industries along
with nanomaterials (from bio-medicine to agriculture) [4]. The main beneficial properties of HA
solutions are the ability for hydrophilic-hydrophobic interactions, complexation (carboxyl and
hydroxyl groups), anti-radical, antimutagenic, antioxidant (active groups such as quinones,
phenols), and radioprotective activity, enzymatic activity, as well as membranotropic properties,
and many others [1, 4, 5]. All these beneficial properties of humic materials are controlled by the
colloid or secondary structural humic organization that is very complex, heterogeneous,
polydisperse, dynamic, and requires detailed investigations involving the fractionation and
spectral methods.

The structural organization of humic substances has been a central question of earth soil
sciences [1-30]. Humic solutions contain co-existing multilevel heterogeneous micro- and nano-
structures— individual molecules, oligomers, stable macromolecules, supramolecules, which
aggregate via intermolecular association into big-size micellar-like particles with a higher
structural organization level. Due to the clustering, these latter turn at high HA concentrations
into large-scale space-time superstructures (having the fractal organization), which, stabilized by
hydrogel, generate new colloid objects having a set of individual properties (optical, etc.) [1, 2,
6-12]. Flocculation corresponds to bio-macromolecules linked by covalent strong bonds of poly-
phenols and lignin-like oligomer structures - the result of enzymatic de-polymerization and
oxidation of plant biopolymers, as well as secondary synthesis (metabolic products of soil flora
and fauna) [3]; that emerged very stable molecular aggregates [6, 7]. The self-organization in
solutions of supramolecular aggregates with an internal 3-D network with patterns alternation of
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polar and non-polar regions is due to the self-association of many various heterogeneous small
bio-molecules, stabilized by weak interactions such as Van der Waals, n-n, and CH-nt
interactions, H-bonds, as well as through complexation with metals ions and hydration [1, 11,
12]. Depending on the concentration of the HA in solutions macromolecular and supramolecular
aggregates can change their size (hydrodynamic radius), (-potential, optic, and other
physicochemical properties. When the HA concentration reaches a critical value, large micellar
agglomerates, which are able to precipitate, appear [2, 10, 13].

The relationships between HA concentrations and aggregates structure and properties have
been previously studied. At low HA concentrations, predominantly low-weight single molecules
and macromolecules, as well as small-sized associates are present in solutions. With an increase
in HA concentration, humic low-weight molecules spontaneously form supramolecular
structures, and at concentrations higher than 8 mg/dm?, these clusters form big micelle-like
aggregates of high structural complexity [10, 13].

By studying the formation and growth of particles of humic material at concentrations in
the range of about 15-30 mg/dm?®, Palmer and von Wandruszka [14, 15] found that the
intermolecular aggregation process is accompanied by changes in absorption and emission
spectra of humic solutions. It was also shown that a successive change in the physicochemical
state of the system through micellization [10, 13] and dynamic intermolecular aggregation [15]
leads to the non-linear dependence of fluorescence intensity on the HA concentrations [2, 10].

The fluorescence of the HA aqueous solutions has excitation maxima at 230-240 and 290-
310 nm, the emission band is centered in the range of 400-460 nm [16]. According to Bagori et
al. [6, 7], the position of fluorescence band maxima strongly depends on the aggregation-
disaggregation level of HA; it was shown that the disaggregation of large humic associates leads
to the short-wavelength shift of the fluorescence band. It was supposed that shifts of the
fluorescence band are associated with local conformational effects in the HA.

The emission intensity first increases with the growth of HA concentration, and then, with
the progress of the aggregation processes, it decreases down to zero. As it was reported in [15,
16], in concentrated humic solutions, the bigger aggregates do not fluoresce due to the effects of
self-quenching of fluorophores, which arise due to the inner-filter effect, the inter-fragmental
energy transfer, and an increase in non-radiative desactivation processes. It was found that
fluorescence quenching depends on the local environment of the humic fluorophores, namely on
the local polarity, which in turn depends on the relative positions of other aggregated molecules,
the hydration level, etc. The energy transfer depends also on the distance between fluorophores
and light-withdrawing fragments of HA molecules [17-19].

The relationship between the association level of the HA and fluorescence intensity can be
used for fraction analysis, for example for the size-exclusion chromatography (SEC) [17, 18, 20],
and allows to distinguish fractions of higher aggregation level (weak fluorescence) and fractions
with lower aggregation level (intense fluorescence).

During filtration through membranes or gel pores, the HA aggregates dissociate going
from big molecular humic ensembles to smaller homogeneous and low-weight associates [20].
The destruction of the mentioned aggregates can be estimated by fluorescence rise.

The strong ability of the HA to aggregate in solutions affects their mobility and
interactions with other components of the medium, and, in turn, influences the interaction of HA
with the environment [21]. Micro-organization of humic acids in aqueous solutions, particularly,
HA particle size distribution and structure, is very dynamic and changes all the time, by
aggregation/disaggregation processes [17, 18-23]. Such a continuous reorganization plays a
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crucial role in functioning the HA in the environment and their dynamic effect on living
organisms [1, 2, 21]. Since, the aggregation of humic particles results in a loss of their mobility
and sedimentation, this should lead to a decrease in accessibility of active sites and,
correspondingly, to a decrease in the bioactivity of humic solutions. Thus, the HA aggregation
should studied in more detail from that perspective.

Moreover, understanding the molecular superstructure of the HA and the behavior of their
solutions give a new insight into the interaction of the HA with nanomaterials, which is
improving the technology of creating a bio-hybrid functional composite synthetical and natural
organic (humic) material [4, 22, 23].

The aim of our research is to investigate the colloidal particle size distribution and its
correlation with spectroscopic characteristics in fractions of humic acid solutions after a
secondary fractionation procedure. This procedure involves double size-exclusion
chromatography under standard alkali conditions.

Material and methods

Preparing of humic solution and size-exclusion chromatography preceding

The HA solution was prepared by dissolving 10 mg of solid HA powder from black
(chernozem) soils (extracted by standard methods) in 0.1M alkali solution in a 100 ml flask,
making up to the mark and stirring until complete dissolution. Then obtained HA solution was
diluted with distilled water a hundred times.

Two consequent low-pressure exclusion chromatography procedures were performed using
Sephadex G-150 as adsorbent; and 0.1M alkali solution was used as the eluent. The detection of
fractions was carried out at a wavelength of 270 nm on a Hitachi U2000 spectrophotometer. The
volumes of all the fractions were 3 ml. For each fraction, the value of the summary retention
volume was calculated.

For the first separation, 50 ml of the HA and chromatographic column with an effective
volume of 500 ml were used. After particle distribution analysis, the fractions containing low-
molecular-weight HA oligomers and aggregates were combined and underwent the second
chromatographic separation. The separation of low-molecular-weight fractions was performed
using chromatographic column with a working volume of 100 ml.

Fractions collected after the second separation were used for further particle distribution
analysis.

PSD and surface charge

To measure the particle size distribution (PSD), the zeta potential (charge) of HA solutions,
and the polydispersity index, the dynamic light scattering (DLS) method was applied using a
Zetasizer MAL1151890 instrument.

Spectroscopic measurements

Absorption spectra in the range from 200 nm to 600 nm were recorded at room
temperature using a UV-vis spectrometer Hitachi U-2000. 0.1 M alkali solution used as a
reference sample. Fluorescent spectroscopy was performed using a Hitachi 850 fluorimeter.

Results

Particle size micro-distribution and absorption spectra of humic solutions

Results of DLS measurements of the particle size distribution (PSD) by the scattering
intensity, particle volumes, and particle number in the initial and diluted humic solutions are
shown in Fig 1, 2. DLS analyses indicate humic solutions at given concentrations as a very
polydisperse bio-colloid system with negative charge consisting of a set of sized-fractions —
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nano- (about 100 nm), sub- (about 1000 nm) and macrofraction (from about 2000 to 7000 nm).
In distribution by number of particles, one nanofraction was observed that can be explained by
the influence of alkali media. High basicity of the solutions promotes open or “un-folded”
conformations of humic molecules that leads to the formation of nano-sized particles having
large volumes [21, 24]. The more informative parameters are obtained with PSD by volume and
scattering intensity. Fig. 1 shows PSD for an initial humic solution that has very well-defined
sub- and macro-fractions with zeta-potential -25,1 mV and polydispersity index (PDI) 0.669.
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Fig 1. Particle size distributions for the initial HA solution. a) by scattering intensity, b) by
particle volume, ¢) by number of particles.

After dilution of the initial humic solution with distilled water, a significant re-distribution
of particle size takes place (Fig. 2). In diluted humic solution, a significant decrease of
macrofraction and an increase in sub- and some nanofractions is found that was also
accompanied by a change of zeta-potential from -25.1 to -39.2 mV and PDI from 0.669 to 0.570.
Also, some shift of nanofraction spectra to particles of bigger size was observed (Fig. 2).
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Fig 2. Particle size distributions for the diluted HA solution: a) by scattering intensity, b) by
particle volume, ¢) by number of particles.

The absorption spectrum of the diluted humic solution is depicted in Fig.3. It can be seen
that the obtained spectrum is typical to a class of humic-like substances and demonstrates an
intensive absorption in the UV range that decreases with increasing wavelength. The mentioned
absorption corresponds to aromatic condensed structures and (poly-) phenols [12, 14, 15].
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Fig 3. Absorption spectra of diluted humic solution

Fractionation, particle size distribution, and electronic spectroscopy of humic solutions

after double SEC

Figs. 4(a) and (b) shows the chromatographic profiles of the humic solution obtained via
SEC. The profiles indicate that the humic solution is a very heterogeneous molecular system
with a wide range of molecular weights of HA. The obtained fractions are characterized by an
intense optical absorption at 270 nm that corresponds to (poly)phenol and other relative
compounds [12].

It can be seen, the presented chromatographic profiles of the HA solution are characterized
by a gradual increase in the optical absorption with an increase in the used retention volume of
the fractions, which is typical for humic material separation [12, 17, 18]. Under the SEC
conditions, particles that have size larger than the gel pores, pass through the column with the
eluent phase and exit with a smaller retention volume, while HA particles of a smaller size
penetrate into the pores, concentrate there, and exit the column with a greater retention volume
[25-27]. It was found that fractions with smaller retention volume were characterized by lower
optical density values than low-weight fractions with great retention volume.
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Fig 4. Chromatographic profiles of humic solution after the first (a) and second chromatography
separation (b). A plot shows dependence of optical density of HA fractions on retention volume.
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It has been recently found that the short retention time (small retention volume) fractions
obtained by the SEC chromatography of humic materials contain weakly associated
macromolecules and oligomers (aliphatic and bio-polymer chains) with a weak optical
absorption [12, 18, 25-28]. The fractions with a long retention time (great retention volume)
contain various small and low-weight amphiphilic and aromatic molecules, which demonstrate a
pronounced tendency for the association and formation of complex molecular associates. The
latter process leads to the accumulation of “phenolic” chromophore fragments, which explains
higher optical densities of great retention volume fractions at 270 nm.

The chromatographic profile of the humic solution after the second separation is depicted
in Fig 4,b. Here, it can be seen an increase in the contribution of high-molecular-weight fractions
with lower retention volumes in comparison with low-molecular-weight HA fractions. Since the
second separation procedure was performed for the sum of low-molecular-weight fractions, the
appearance of a significant quantity of high-molecular-weight components evidences an
additional self-association of low-molecular-weight ones.

Table 1 shows results of studying the particle size distribution by DLS for humic fractions
with various retention volumes. It has been found that all humic fractions obtained by the second
SEC separation contain two species of particles: nano-sized particles (20-80 nm) and sub-sized
ones (200—400) nm.

Table 1
Particle size organization by volume and PDI of some HA fraction collected after double-size
chromatograph of humic solution

Fractions PDI Average particle sizes
according to Nanosize particles, | Sub-sizes particles,
retention nm nm

volumes, ml

10 0.431 62.89 370.1
15 0.445 32.47 223.6
25 0.519 77.07 302.7
30 0.567 20.72 243.6
35 0.613 21.99 297.3

Fig. 5a shows the absorption spectra of some humic fractions collected after the second
chromatography procedure. For fractions with retention volume in the range from 15 to 33 ml,
the values of optical density demonstrate a linear dependence on the eluent volume not only at
the band centered at 270 nm but also at any wavelength in the measuring range. An increase in
optical density was detected in fractions with a retention volume of more than 25 ml, which
reflects an increase in the concentration of small-sized aromatic humic molecules and their
associates that is in accordance with chromatographic profiles depicted in Fig. 4a.

The fluorescence spectra of some low-molecular-weight fractions obtained by second
chromatographic procedure are depicted in Fig 5b. The fraction with retention volume 15 ml has
two-band fluorescence spectra. The emission band positions — 320-330 and 375-400 nm
approximately, are typical for polyphenolic fluorophores. The relative changing intensities of
these bands is due to fluorescence re-absorption, and consequently depends on aggregate size
and concentration.
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Fig 5. UV (a) and fluorescence (b) spectra of some humic fractions collected after a double
chromatograph of the initial humic solution

The fractions with highest values of retention volume (30-35 ml) contain particles and
isolated molecules of the lowest molecular weight. The fluorescence spectra of these fractions
also contain an intense polyphenolic emission band at about 400 nm, but a new long-wavelength
band centered at 470-500 nm is also present. We suppose that this latter band is not of HA nature,

and rather refer to destruction products of porphyrine derivatives being important components of
soil organic matter.

Conclusion

The fractional analysis carried out in this work allowed us to study the processes of
intermolecular aggregation of HA in solutions, which is an important aspect of the
transformation of soil organic matter.

Analysis of SEC chromatograms of HA low-molecular-weight fractions showed the
appearance of a large number of high-molecular-weight components, thus demonstrating the
ability of low-molecular-weight associates to self-aggregate and form various new aggregates of
a more complex structure and larger size. The obtained results allow us to conclude the existence
of a complex equilibrium between aggregates of different levels of complexity and different
sizes. Removing high-molecular-weight fractions from HA solutions and, thus, increasing the
concentration of low-molecular-weight fractions leads to a shift in equilibrium towards the
formation of more complex aggregates. As a result, after some time, the ratio of low- and high-
molecular-weight fractions is leveled out and the distribution of particles in solutions approaches
those before chromatographic separation.

Secondary separation of HA fractions allowed to isolation of fractions with a low degree of
fluorescence re-absorption, which made it possible to obtain fluorescence spectra of HA
solutions. It has been shown that HA solutions contain not only humic components but also low-
molecular-weight components of a non-humic nature. The analysis of the positions of emission
bands in the fluorescence spectra showed that these components most likely belong to the
breakdown products of porphyrin pigments, such as chlorophyll.
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This work allows us to study the processes of intermolecular aggregation of HA in

solutions, which is an important aspect of the transformation of soil organic material.
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Abstract — The current topic of the XXI century is the design of cosmetic hydrogel masks, as these
products cover a wide range of opportunities, both basic skin care and in solving skin problems and
diseases, due to this mask market grows annually. Due to hydrogel’s properties, there is an interesting
possibility to saturate the hydrogel with plant extract. As a result we can create cosmetic mask which
can be used for irritation, inflammation or certain skin diseases. The features of hydrogel complexes
creation based on synthetic HEMA:PVP hydrogel and natural hydrogel with hyaluronic acid and
Calendula officinalis extract were studied. The sorption properties of hydrogel carriers were studied
and it was established that the created complexes contain flavonoids, exhibit antioxidant and
antimicrobial effects. As a result, after conducting a number of necessary studies, there are high
prospects for the use of these hydrogel complexes for the creation of cosmetic masks.

Keywords — hydrogel, extract, polyvinylpyrrolidone (PVP), 2-hydroxyethyl methacrylate (HEMA),
hyaluronic acid (HA), Calendula officinalis.

Introduction

The skin is the largest organ of the human body, it accounts for about 16% of its total
weight, so it is important to emphasize various aspects of its functions. Skin plays a major role in
maintaining homeostasis; regulating the body temperature and the body fluid content, and
representing the principal barrier to the external environment, for example, it protects against
pathogenic agents, toxins and UV radiations. Skin appearance and texture are highly influenced
by the water content of the epidermis and the dermis, defined as skin hydration. Decreased
hydration of the skin leads to various dermatological problems, such as a dry and scaly skin
surface and it may cause skin irritation and inflammation. Reduced moisture will also lead to
loss of skin radiance and skin elasticity. The reduction in elasticity decreases skin’s ability to
retain its shape and this causes the formation of fine lines and wrinkles. Skin hydration can be
affected by endogenous factors, such as genetic components, hormonal changes and intrinsic
ageing. Notably, the natural ageing process results in the loss of hyaluronic acid (HA), one of the
most important components of the extracellular matrix together with collagen and elastin. Skin
hydration can also be influenced by the diet and lifestyle factors: poor diet, alcohol, caffeine and
cigarette consumption, each of reducing skin moisturisation. Lastly, environmental factors, such
as air dryness and air conditioning, wind, cold weather and ultraviolet (UV) radiations, can also
disrupt the water balance in the skin [1].

The growing demand for biocompatible, biodegradable, non-allergenic, and non-toxic
cosmetic products reflects the current trends in the beauty and skincare industry, as well as the
heightened focus on health and the environment. Consumers are increasingly educated about the
ingredients used in cosmetic products. They want transparency from brands about what goes into
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their products, and they favor formulations with non-toxic and non-allergenic ingredients.They
are looking for formulations that are kind to their skin and health. Advances in biotechnology
and material science have made it possible to develop biocompatible and biodegradable carriers
that can enhance the delivery of active ingredients in cosmetic products. Ethical and sustainable
manufacturing practices are increasingly valued by consumers. The cosmetics industry
recognizes the importance of addressing environmental concerns and is actively working to
reduce its environmental impact. The shift towards biodegradable and eco-friendly packaging
and ingredients is a significant step in the right direction to minimize the long-term
environmental consequences of cosmetic product. The use of innovative technologies to create
customized skincare products is a growing trend in the cosmetics and skincare industry. The
cosmetics industry is investing in research and development to create innovative and sustainable
products. This includes the development of carriers and delivery systems that meet the criteria of
being biocompatible, biodegradable, non-allergenic, and non-toxic [2,3].

The growing cosmetics market and the increasing variety of products due to the pursuit of
beauty doubled the demand for natural products. Among the products, «the mask» is the more
used family of skincare treatments, that is a vehicle to deliver «actives» to the skin with the main
scope to quickly improve its appearance and quality. Facial mask represents an important and
increasing segment of the prestige beauty care market. The interesting growth is due to the
specific characteristics of the adopted formulations, able to influence the skin well-being.
Consumers are curating the facial mask routines, according to skin type, life style and product
offering. The sheet mask is another primary segment introduced in the market, having the main
function to hydrate and calm the skin quickly and easily. They are produced using a variety of
fabric types. Being a key target category, sheet masks gained popularity due to packagings,
innovative positioning claims, ingredients and ease of use, as well as no need to make any effort,
such as: preparation, long-term application, washing off. Such characteristics promote the
income growth of face masks manufacturers. In addition, manufacturers are also making
additional efforts in research and development in order to increase the reach of products among
consumers of different age groups, nationalities and genders. A wide price range for sheet masks
increases their affordability among consumers with different income levels. This market, in fact,
has to match different facial mask formats and formulations, able to deliver maximum efficacy
[4].

In cosmetic preparation, various raw materials are used. Among them, synthetic polymers
and biopolymers are extensively used. Based on biopolymers and synthetic polymers, a range of
hydrogels can be formed for potential cosmetic and biomedical applications. Hydrogels have
existed for more than half century, providing one of the earliest records of crosslinked
hydroxyethyl methacrylate (HEMA) hydrogels. Today, hydrogels still fascinate material
scientists and biomedical researchers and great strides have been made in terms of their
formulations and applications. They are used in contact lens production, cartilage reconstruction
and regeneration, artificial organs, wound dressings providing the humid environment beneficial
for wound healing, as materials for tissue engineering purposes, in plastic and reconstructive
surgery as soft tissue fillers, and as augmentation materials. Due to their unique properties,
hydrogels can also be used for drug release systems (DDS) [5,6]. The first developed hydrogels
were mainly static implants, after which dynamic scaffolds appeared that could react to various
biological stimuli. Subsequently, hydrogels began to be seen as potential carriers of biologically
active substances, which was confirmed in many scientific reports, until they became platforms
enabling cell proliferation and differentiation. To date, various types of hydrogels have been
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developed that may find potential use in skin care and treatment of skin conditions. Hydrogels
have gained significant attention due to its unique properties. Mainly, hydrogels are excellent
biomaterials due to elasticity, shape stability, unique pore structure, they can mimic the biphasic
(water and polymer) natural environment in biological system; the capability to synthesize,
modify, or blend with natural or synthetic components to mimic extracellular matrix,
biocompatibility, and biodegradability; the stimuli responsiveness, excellent transportation
properties [7].

Hydrogel mask is a type of sheet mask that has a gel-like texture that feels pleasing and
soothing on the skin. This soft texture also allows the mask to adhere to the skin comfortably.
Compared to cotton sheet masks, it also provides a more cooling and refreshing feeling on your
face. Most Hydrogel masks tend to be infused with skin-loving ingredients and nutrients like
hyaluronic acid and collagen, plants extracts. These masks come in a split structure design for
better adherence to any face shape. The essences infused in the face masks melt at body
temperature to release concentrated active ingredients directly into your skin, deeply nourishing
it [8].

Experimental part

We have evaluated the relevance of the topic, according to it, the purpose of the study is to
obtain hydrogel materials and create hydrogel-extract Calendula officinalis complexes for the
development of hydrogel cosmeceutical masks.

Hydrogels are three-dimensional polymer networks known to have effective moisturising
properties due to their high water content. Hydrogels have many features that give them a
significant advantage over other forms of preparations used in cosmetology and dermatology.
These biomaterials, due to their high swelling potential, have a similar degree of flexibility to
natural tissues and may undergo gel-sol phase changes in response to various types of stimuli,
both physical and chemical. The release of biological active substances from hydrogel structures
can be activated at any time by changes in temperature, local pH, physical stimuli, as well as by
the presence of various types of enzymes. There are also many possibilities to manipulate both
the pore size and the surface properties of hydrogels to ensure adequate and controlled kinetics
of active substance release as well as to obtain a hydrogel with the mechanical properties desired
for the application. Hydrogels as porous structures give the opportunity to incorporate into their
structures a wide range of different types of plant extracts, differing in size or charge. The
possibility of sustained release of substances by hydrogels allows for delivering a high
concentration of active substance to the target site for a long period of time. The big advantage
of these biomaterials is also the ability to store and protect biologically active substances against
the adverse effects of the external environment. What is more, the possibility of designing
hydrogels with high bioavailability and no immune response is also a great advantage of these
biomaterials. In addition, due to the fact that many skin diseases as well as cosmetological or
dermatological procedures are accompanied by the formation of many different types of wounds,
maintaining a moist wound healing environment thanks to the use of hydrogels is extremely
helpful in obtaining the desired results of treatment. Thus, the multitude of advantages that the
use of hydrogel structures in the treatment of various dermatological diseases brings, makes
them excellent biomaterials for versatile use [9-11].

Hydrogels for cosmeceutical masks must meet a number of requirements, including: high
strength, elasticity and shape stability, the ability to swell in alcohol solutions and water, and the
material must be non-toxic and non-allergenic.
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Based on previous studies, it was established that such a synthetic material is a
composition based on polyvinylpyrrolidone (PVP) copolymers with 2-hydroxyethyl
methacrylate (HEMA), which is formed by free-radical polymerization under the action of the
initiator - potassium persulfate. This hydrogel base of pHEMA-pr-PVP is formed by two
monomeric blocks of HEMA and PVP and contains functional groups: hydroxyl and carbonyl
(HEMA) and amide (PVP). The sorption capacity depends on the amount of these groups and
also on the porosity of hydrogel. Sorption capacity is very important because it determines the
amount of extract with which we saturate the hydrogel. The features of saturation the hydrogel
with extracts are related to the technology of hydrogel production and the composition of the
material. For further application of the HEMA:PVP composition, the following characteristics
are investigated: hardness, elasticity, plasticity, water content, swelling coefficient and porosity.
The received results showed that the synthesized hydrogels exhibit high sorption capacity,
elasticity, shape stability in water/solvents and biotolerance. Such characteristics provide the
possibility to saturate the copolymers of HEMA & PVP (pHEMA-pr-PVP) with medicinal herbs
extracts and receive materials, which can be used for prolonged enrichment of the skin with
biologically active components. Physical and chemical properties of the received hydrogels are
as follows: water content 48—69%, the degree of swelling 1.19—-1.35, conditional porosity 53—
84%, elasticity coefficient 82-89%, and plasticity coefficient 11-18%. The obtained material
meets the given requirements and on its basis it is possible to create hydrogel-extract complexes
that would increase the elasticity of the skin, provide hydration and have anti-inflammatory
properties.

The key factor of the research is the sorption properties of the hydrogel mask and the
environmental friendliness of the complex, due to the choice of active ingredients and materials.
Therefore, Calendula officinalis extract was chosen. Among the various species of the genus
Calendula officinalis is the only one, which is extensively used clinically throughout the world.
The plant is listed in World Health Organization monographs for wound healing and anti-
inflammatory actions. Calendula officinalis preparations are used in various complementary and
alternative medicine systems mainly for burns, cuts, rashes, dermatitis and varicosis. It is also
included as part of treatment for dry skin, bee stings and foot ulcers. The essential oil of the plant
is used for soothing central nervous system and as a wound healer. Bioactive compounds are
present in different plants extracts and exhibit biological activity. For example, the leaves of
Calendula officinalis contain triterpenoid esters, flavoxanthin, auroxanthin, carotenoids (lutein,
zeaxanthin, and beta-carotene). The flowers of Calendula officinalis contain flavonol glycosides,
triterpene oligoglycosides, oleanane-type triterpene glycosides, saponins, and a sesquiterpene
glucoside. Plant extracts are also widely used in cosmetics, presumably due to the presence of
such compounds as flavonoids, saponins, resins, and essential oils. Plant pharmacological studies
have suggested that calendula extracts may have antiviral, anti-genotoxic, and anti-inflammatory,
antibacterial and fungicidal properties. That is why there is a possibility to saturate the hydrogels
with Calendula officinalis extracts and to receive biologically active materials, which can be
used in cosmeceutical to design cosmetic masks with moisturizing, anti-inflammatory and
healing properties [12-14].

Due to the high demand for the development of new hydrogel biomaterials with
increasingly better mechanical and therapeutic properties, various polymers, both synthetic and
natural, are sought. A noteworthy starting material for the production of hydrogels that can be
used in cosmetology and dermatology are natural polymers which, in addition to playing an
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important physiological and biological role in the human body, can also serve as substrates for
the design of hydrogels.

Natural polymers are particularly valuable due to their high biocompatibility, non-toxicity,
similarity of their physical properties to natural tissues, numerous sites for modification with
reactive groups, biofunctionality, and biodegradability. A very important feature is their
relatively low immunogenicity which allows their use in some biomedical applications.
Although these biopolymers are not always able to form a gel on their own, efficient cross-
linking methods have already been developed, such as various chemical modifications, covalent
cross-linking, and the use of gelling agents. Various chemical and physical design strategies for
hydrogels have been developed to obtain hydrogels with desired properties. Recently, the efforts
of researchers have focused primarily on the development of hydrogel biomaterials that,
depending on the needs, would be versatile platforms with static or smart properties and
responsive to stimuli. Due to numerous skin conditions that both cosmetologists and
dermatologists struggle with, hydrogel materials are widely tested for their application in these
areas.

Among natural hydrogels, hydrogel based on hyaluronic acid is promising. Hyaluronic
acid (HA) has gained significant widespread usage by the cosmetic industry. HA is a natural,
dense and transparent component, highly abundant in all living organisms, the human body
included. The body’s hyaluronic acid levels decrease with age and around 80 years of age it
completely disappears. Hyaluronic acid is also critical to maintain structural integrity of the
dermal collagen matrix. The properties of this compound strongly depend on its molecular
weight. If the molecular mass of HA is higher than 100 kDa, the ability to penetrate epidermis is
limited. The use of this active compound brings also other beneficial effects. Hyaluronic acid
gives immediate smoothness to rough surfaces and forms a protective layer which provides a
barrier preventing transdermal water loss (TEWL). Hyaluronic acid and its sodium and
potassium salts are the active ingredients of many moisturizing, protective and anti-age products.
In cosmetic formulations HA functions as humectant which means it draws water to the skin and
increases the water content of the epidermis and prevents the cosmetic formulation from
becoming dry. HA has favourable properties due to its biocompatibility, non-immunogenicity,
and biodegradability. Hyaluronic acid (HA) hydrogels, obtained by cross-linking HA molecules
with cross-linking agents based on a simple, reproducible, and safe process that does not employ
any organic solvents, were developed [15]. These hydrogels show excellent properties suitable
for hydrogel-extract complexes creation that would increase the elasticity of the skin, provide
hydration and have anti-inflammatory properties.

Results and discussion

The saturation features of hydrogels with plant extracts depend on the creation technology
and the composition of the hydrogel material. HEMA:PVP films were obtained with different
thicknesses (1-4 mm) and composition ratios (60:40, 70:30, 80:20, 90:10). The extract of
Calendula officinalis was received by infusion at the room temperature for 7 days in a dark place
in a ratio of 1:10. The obtained extracts were filtered through a folded filter to exclude parts of
plants. The hydrogels in the form of square (1 cmx1 cm) were weighed and saturated with the
obtained extracts in the ratio of hydrogel film:extract - 1:5. The degree of swelling, elasticity,
solidity, plasticity of the samples, we have analyzed for an hour, 5 hours and 1 day.

For masks creation based on hydrogels saturated with Calendula officinalis extracts, the
following technological parameters are important: kinetics of hydrogels swelling (fig. 1, 3) and
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extract desorption (fig. 2,4). The first step of the study is to analyze the degree of hydrogel
swelling and desorption.

The swelling kinetics of the test samples
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Fig.1. The swelling kinetics of the test samples based on various HEMA:PVP composition
ratios.

The swelling kinetics of the test samples show that hydrogels with lower PVP content and,
consequently, with higher HEMA content, have a higher degree of swelling. That is why it is
possible to control the degree of swelling by changing the polymer composite. The degree of
swelling increases with increasing the PVP content in the original composition, when there is a
higher quantity of hydrophilic groups. The absolute degree of hydrogel swelling occurs under
normal conditions after 24 hours.

An important technological parameter of hydrogel materials is the quickness of the filler

release.
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Fig.2. Desorption kinetics of the test samples based on various HEMA:PVP composition
ratios.

According to the obtained results, the quickness of the filler release depends on the PVP
content in the original composition and the content of pores, which are remained after washing.
The extract release time is about 8-10 hours. The hydrogels are light brown, which indicates that
not all quantity of the extract is released, the part of it persists in the hydrogel. The hydrogel with
the composition HEMA:PVP=80:20 was chosen as the most optimum sample with high sorption
and desorption properties, which can be used to create a hydrogel mask.

The hydrogels of such composition was obtained with different thickness (4 mm, 3 mm, 2
mm, and 1 mm), because the quickness of absorption and the extract release also depends on the
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thickness of the hydrogel. All samples were used to design a hydrogel complex with ethanol
solution of Calendula officinalis.

Swelling kinetics of test hydrogel samples
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Fig.3. The swelling kinetics of the test samples based on different thicknesses of
HEMA:PVP hydrogel.

Desorption kinetics of test hydrogel samples
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Fig.4. Desorption kinetics of the test samples based on different thicknesses of
HEMA:PVP hydrogel.

It is observed that the thinner the hydrogel, the better is the extract sorption, and also the
faster is desorption. The thicker the hydrogel, the slower is the sorption, and the longer is
desorption. Given these facts, such hydrogels are proposed for designing cosmetics masks. The
desorption time up to 24 hours is enough, that is why the hydrogel with the thickness of 1 mm is
the most optimal variant for using as a matrix to create a complex of hydrogelextract Calendula
officinalis.

As we propose to use these hydrogels to create cosmetic masks, the desorption time of up
to 24 hours is sufficient, therefore, the composition of HEMA:PVP - 80:20 and the thickness of 1
mm is the most optimal sample of hydrogel, which can be used as a matrix for hydrogel-extract
Calendula officinalis complex creation.

The comparison between the received results and the previously published data showed
that the selection of copolymers of HEMA, PVP and hydrogel sample thickness allows preparing
the hydrogel materials that exhibit improved physical and mechanical properties and can be used
as a matrix to create hydrogel-extract complexes [16]. These results showed that the complexes
based on HEMA:PVP contain flavonoids that have biological activity and can be used as
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cosmetic masks. That's why there is a possibility to saturate the hydrogels with Calendula
officinalis extracts and to receive biologically active materials, which can be used in
cosmeceutical to design cosmetic masks with antibacterial and antioxadant properties for
application in irritations, inflammation or certain skin diseases.

Conclusions

Consequently, created hydrogel materials with calendula extract fully meet the
requirements for hydrogel carriers in terms of physical and chemical properties and contain
biologically active substances. The formation of hydrogel-extract complexes was established
and the kinetics of plant extract sorption and desorption was studied. The study of flavonoid
content in the received complexes and sorption/desorption processes revealed rapid sorption and
desorption within 24 h, which is sufficient for cosmeceutical masks. The results indicate that
such complexes can be used for the development of hydrogel cosmetic masks with moisturizing,
antibacterial and antioxidant properties for application in irritations, inflammation or certain skin
diseases.
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Anomayisa — /locnioxceno 3aKOHOMIPHOCHI 00€PHCAHHA NOJIINIAKMUOHUX KOMRNOZUYIIHUX Mamepiaie
Yy 6u2naodi niaieoK 3 0OHOUACHUM (POPMYBAHHAM Y HUX HAHOYACHMUHOK cpidna. Bcmanoesneno eniue
npupoou  noninakmudy ma oo cmpykmypu (amopguoi i  amopgro-Kpucmaniunoi),
naacmughikamopa 2niyepuny Ha KiHeMUKy GURAPOBYBAHHA PO3YUHHUKA. []0cNidxceno énnue ymos
dopmyeanna nnieox, Kinbkocmi naacmugikamopa, npupoou RONNAKMUOY HA CMPYKHYDY,
mopghonocito noeepxmi i (hizuxo-mexaniuni enacmugocmi MoOUPIKOGAHUX  NONLTAKMUOHUX
mamepianie. /[na HAOAHHA RNONINAKMUOHUM KOMROZUmMAM (YHIOAKmMepUYUOHUX 61acmusocmeit
GUKOPUCMAHO PeaKkyito 6i0HO0BIEHHA CPIONa 63AEMO0I€EI0 coNlell apreHmymy 3 HOJIGIHIINIPOIOOHOM.
Ymeopennn nanouacmunok cpiona niomeeporceHo MemoOOM EHePOOUCHEPCIiH0Z0 aHAI3ZY
komnozumy. Qoepicani pe3yrbmamu nepeodauaiomsv egekmusHe nNpaKmuyHe UKOPUCHIAHHSA
PO3p00OIEeHUX KOMNO3UMIE AK NAKYBATIbLHUX MAMEPIAie 014 XapUoeux NPOOyKmie ma jiikie.

KitouoBi crmoBa — MONMINAKTHA, TUTIBKA, HAHOYACTUHKW Cpibna, QyHribakTepuuuaHi BIACTUBOCTI,
MOJIBIHUTIIPOJTiA0H.

Beryn

Cepen nepcnektuBHUX ToniMepiB noninaktuf (IIJIA) 3HalIOB mMpoKe 3aCTOCYBaHHS B
0araTboX Traly3sX MPOMHCIOBOCTI, OCOOJMBO y XapuoBiif, MaKyBaJbHINH I1HIyCTpil Ta
JaMiHyBaHHI Marepy, y CUIBCBKOMY TOCHOJAPCTBi, MEIUIIMHI, 0O10TEXHOJIOTIi 3aBJISKH CBOIM
eKCILUTyaTal[iiHUM BJIACTHBOCTSIM, y T.4. 3AaTHOCTI 10 O10JOTIYHOTO PO3KJIaNaHHs, 1, Hapasi, €
OJIHMM 13 Halle(DEKTUBHIINX O10TJIACTUKIB.

Opnax He 3aBxau IIJIA xapakTepu3ylOThCsl BIACTHBOCTSAMH, SIKI 3aJ0BOJIBHSIIOTH YCi
HEOOXi/JHI TEXHOJIOTIUHI Ta eKCIUTyaTaliidHi BUMOTM 10 HuX. EdekTuBHUM crocobom
MOKPAIIEHHS MEXaHIYHUX BJIACTUBOCTEH, 3MIHU PEOJIOTIYHUX Ta TEIIO(PI3UYHUX MOKA3HUKIB €
cTBOpeHHs1 koMmo3utiB [1JIA 3 HanmoBHOBauamu pi3HOi npupoau (rpaden [1], HaHOKpUCTaIH Ta
HAHOBOJIOKHA Ietoo3u [2], MoHTMOpmiIoHIT [3], Timpokciamartut [4], 6ioakTuBHE CKiIO [5] 1
T.J1.), IPH IIbOMY YTBOPIOIOTHCS (HAHO)KOMITO3UTH 3 KPAIUMH BIACTHBOCTSMHU IOPIBHSHO 31
3BHYATHUMU TIOJTIMEPHUMHU MaTepiajiaMH.

Jlis  3MiHM ~ BIIACTHBOCTEH  IMONUIAKTHIY  MOXKHA  BHUKOPUCTOBYBAaTH  JOJATKU
(uractudikaropu, wmomudikaropu) [6]. Ilicma BBemenns npo IIJIA  mractudikaropis
(HU3BKOMOJICKYJISIPHUN  TOJIIETHIICHIIIIKOb [7], JIAaKTUAHUHA MOHOMEp, €CTEpPH, IUTPATH,
30KpeMa aleTWITPUOYTHIIUTPAT Ta TPUETHIMTPAT [§]) BimOyBa€eTbCs HE3HAYHE MOKPAICHHS
THYYKOCT1 Ta IJIACTUYHOI nedopmallii moaijgaKkTUaAy. 3MIHUTH Ta/ab0 MOKpAIIUTH BIACTHBOCTI
HOJUIAKTUAY MOXHA TaK0)K3a JIOTIOMOTO0 3MIITyBaHHS HOTO 3 IHIIMMH MojiiMepamu. Takum
YHHOM MO>KHA 3MIHUTH TEXHOJIOT14HI, Teru1o¢i3nyHi Ta peosoriuni BnactuBocTi [IJIA.

VY 1pOMy KOHTEKCTI HAaHOYACTUHKHM OJIaTOPOJHUX METaNliB, OCOOJMBO Cpi0iia, 3HANILIH
IIMPOKE 3aCTOCYBAHHS SK AHTHMIKPOOHI 3aco00M y MakyBaJIbHUX Martepiajax Juisi XapuoBHX
TIPOYKTiB Ta JiKiB. [XHi yHiKanbHi y 6araThox BUMAmKaX BIACTHBOCTI 3aleKaTh BiJl po3Mipy Ta
dbopMu HaHOYACTHHOK cpibysa. HanodyacTuHkM cpibia edeKTUBHI MPOTH T'PHOIB 1 IMIUPOKOTO
CIIEKTPY I'paM-HETaTUBHUX Ta IPaM-TIO3UTUBHUX OaKTEPii.
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Meroro poOOTH € JOCTIAUTH 3aKOHOMIPHOCTI OJIEpXKaHHS MOJUIAKTUAHUX ILTIBKOBUX
KOMITO3UIIIHHIX MaTepiaiiB 3 OJHOYACHUM (OPMYBaHHSIM y HUX HAHOYACTHHOK cpibna s
HAJIaHHS KOMITO3UTaM (yHT10aKTEPHUIIUTHUX BIACTHBOCTEH.

Marepiaau Ta MeTOM I0CTITKEHb

Jliist mociipkeHb BUKOprcTOoBYBay mosriaktuau Mmapok INGEO 3001D, INGEO 2500HP,
Luminy LX175, a Takox riinepus i ximopopopm mapku XY. IIBIT BuCOKOi 04MCTKH TOPTrOBOi
mapku AppliChem GmbH 3 monekynsapHoro Macoro 28-10°, aprenrymy HiTpaT Mapku 49.j.a.
BUKOPHUCTOBYBAIH 0€3 JOJaTKOBOTO OUUILECHHSI.

Pozuunu I1JIA y xjopodopmi roTyBaid y CKISHHUX OrOKcax 3 MpuiuiipoBaHUMU
KPHUIIIKaMH IiJ] 4yac MepEeMIlIyBaHHs 10 MMOBHOTO PO3YMHEHHS MOJIMepy MpoTiarom 2-4 ron 3a
KiIMHATHOI Temriepatypu. Jlo omepikaHUX PO3YMHIB JI0JaBaIH TIIILEPHH Ta CIIUPTOBUI PO3UMH
[1BII 3 apreatymy HiTpaTtoMm i nepemimryBaiu e 2-3 xB. @opmyBaHHs TiBOK Ha ocHOBI [1JIA
pizHOi mpupoau, 30kpema amop¢Horo momi-D,L-maktuay Luminy LX 175, amopdno-
kpuctanigHoro mom-L-maktumy INGEO 2500HP ta 96 % momi-L-maktuny INGEO 3001 D
3/11MCHIOBAJIM METOJOM IMOJHMBY 3 PO3YMHY Ha CKISHY a0o0 (TOpOMIACTOBY IOBEPXHIO 3
MOJaJbIIMM BHUPIBHIOBAHHSIM 3a JOMNOMOIOIO CIELiajbHOrO arjIikaTopa 1 BUIIAPOBYBAHHSIM
pO3YMHHKKA. BUMapoByBaHHsS PO3YMHHHUKA 3/IHCHIOBAIM 32 pisHuX Temmepatyp (20-110 °C) y
NOBITPSHUX TEpPMOCTaTax 3a pIi3HOI TPHUBAJIOCTI Mpouecy. TOBIIMHY OTPUMAHHMX IUTIBOK
pEryJIIOBaIH 3MiHOIO KUTBKOCTI 1 KOHIIEHTpamii (opMyBaIbHOTO po34nHy. BukopucTanus comei
apreHTyMy y TIO€JHaHHI 3 MOJTIBIHUIITIPOJIIJOHOM BHACITIIOK PEaKIlii BiIHOBJICHHS MK HAMH ITi]T
4yac OJepKaHHS KOMIIO3UTY 3a0e3redye yTBOPSHHS B KOMIIO3MTI HAHOYACTHHOK cpibia, siKi
HNPOSBISAIOTh (PYHTIOAKTEpUIIUAHI BIACTUBOCTI [9]. VYTBOpeHHS HaHOYACTUHOK cpidia B
KOMIIO3UTI MIATBEP/KEHO eHeprojucnepciiuuM anamizoM. OpnepskaHi IUIIBOK 30epirand B
€KCHKATOPi 10 MOAAIBIION0 BUKOPUCTAHHS.

Mopdornorito MIiBOK BUBYAIU 3a JONOMOTOI CKaHYIOUOTO EIIEKTPOHHOTO MiKPOCKOITY
(CEM) Vega Plus TS 5135.

TepmorpaBiMetpuunnii  ananizs (TGA) mnpoBoamiam 3a JONOMOTOI0 — aHali3aTopa
PerkinElmer TGA7 (Hopyo:nk, CIIIA)) Ha noBiTpi B inTepBani Temneparyp Bix 35°C mo 500°C.
[lIBuakicTh HarpiBanHsa 5°C/xB.

@Di3UKO-MeXaHIYH1 BIACTUBOCTI ITUIIBOK JOCHTIXKYBalu Ha po3puBHiA MammHi RT-602
srigao ['OCT 14236. [Ins BunpoOyBaHb TOTYBaJIHM 3pa3Kd IUTIBOK 0e3 1e(eKTiB MpSIMOKYTHOI
dbopMU TOBKUHOKO 95 MM i IMPUHOIO 15 MM.

OyHri6aKTepULIUIHI BIACTUBOCTI MOPUCTUX CPIOTOBMICHUX KOMIIO3UTIB Y BUTIISII TITIBOK
JIOCTIKyBaIM Ha TecT-KynbTypax Oaktepiit Escherichia coli HB 101 (E. coli) (kumkosa
nanuuka), Staphylococcus aureus (S. aureus) 1 nBiboBoro rpuba Aspergillus niger (A. niger) 3a
CTaHJAPTHOIO METOAMKOI 1udy3ii Mif0o4oi PEYOBHMHHM B arap Ha TBEPIOMY IOXHBHOMY
cepenoBuIi (M’SCO-TIENTOHHMIA arap — JUIst 0aKTepii, cycio-arap — JUIsi TpuoiB).

PesyabTaTi nociigxkeHb Ta ix 00ropopeHHst

OpanM 3 MeToAiB (POPMYBaHHS TUTIBOK € METO/T TTOJIMBY 3 PO3YMHY, SIKMI TIOJISITae Y HAaHECEHHI
PO3YHHY Ha TBEPIYy M3EPKABHY TOBEPXHIO 1 BUIIAPOBYBAHHI 3 HHOI'O OCHOBHOI MAacH PO3YMHHHKA.
[Ipouiec BKJIIOUae Taki eTaru: COMIOOUTI3AIIIO, JIUTTA Ta CcylIiHHA. Metos (hopMyBaHHS IUIBOK Ha
ocHoBi [IJTA 3 po3uuHIB Jae 3MOry CyMiCTUTH Oe3mocepeHbo Iporec (OpMyBaHHS IUTIBKH 13
NOJATBIIMM MOIU(IKYBaHHIM BIACTUBOCTEH BUX1THUX TOIIMEPIB.

VY poboti pocmimkeno GopmyBaHHs TTiBOK Ha ocHOBI [1IJIA pi3Hoi mprpomy, 30kpema Luminy
LX 175, INGEO 2500HP Ta 3001D, sixi Binpi3HsFOTECS TpUpOIOI0, 30kpeMa Luminy LX 175 €
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amopduum momi-D,L-naktunom, INGEO 2500HP — amopdHo-kpucTaniyHuM momi-L-1aktumom,
INGEO 3001 D € Ha 96 % nomni-L-naktumom.

Jlyiss  HampaBJIEHOTO BIDIMBY HAa BJIACTUBOCTI MOJUJIAKTUIHHMX IUTIBKOBUX MarepiaiiB, iX
CTpyKTYypy 1 Mopdororito 3ailicheno momudikyBanns [1IJIA riinepuHom B Kinbkocti 5-10 mac. %, a
TaKOXX TEPMOOOPOOJICHHAM OJICPKaHHUX TIOJUIAKTUTHIX MaTepiaJIiB.

st popMyBaHHSI KOMITO3UTHOI TUTIBKM 3 HAHOYACTHHKAMH Cpibia OyB BUKOPHCTaHHI METO.
JIMTTS 3 PO3UYMHY, KU OyB MOIM(IKOBaHUI JOIABAHHAIM €TaHOJILHOTO PO3UMHY MOMIBIHUTHIPOILIOHY
(IIBIT) 3 AgNOs Tta 3minu Texuiku npurotyBanHs [10]. IIBII, oxpim sk BiZHOBHHK CpiOia,
BUKOPUCTOBYETHCS SIK MOIM(DIKATOP KOMITO3UIIIHHUAX MaTepiaiiB MEIMYHOTO ipu3HaueHHsI [11].

Jocnimxena KiHeTHKa BUTIApOBYBaHHS xJ1opodopMy 3 TTiBok Ha ocHOBI [TJIA. 3a Temmnieparypu
50 °C ocHoBHa Maca XJOpo)OpMy BHIIAPOBYETHCSA 3 po3unHy Bke depe3 900 c. BumapoByBaHHS
xsiopodopmy 3 pozunHiB [TJIA Ta cymimreii [TJIA 3 riimepuHOM BiiOyBa€eThCs Maibke 13 OJHAKOBOO
HMIBUIKICTIO. BakimBuii BIUIMB Ha BUITAPOBYBAHHS PO3UYMHHUKA Mae 1 Temreparypa (tabm. 1).

Tabnuysa 1
Brums Temniepatypu Ha KiIHETHKY BUIIAPOBYBAaHHS PO3UMHHHKA 3 ITIBOK Ha 0cHOBI [ 1IJTA
(ToBIMHA mapy kommosutii 0,35 MM, TpuBaiticts BunapoByBaHHs 1800 c)

KinbKicTh pO3UMHHUKA,
[Mpupoma IJIA | T, °C | wmio BUmapyBaBcs 3 OTHHHMIT
IUIOL TUTiBKH, T/CM?*C
25 4,7-10°
30 54107
INGEO 2500HP 10 53107
50 6,3-107
INGEO 3001D 50 4,410
Luminy LX175 | 50 49-10°

Hocnimkeno BB ckiany cywmimi [IJIA 3 rininepyHoM Ha moBepXHEBY MOp(]OIOrito
IUTIBOK, oTpuManux 3 po3unHiB [IJIA y xmopodopmi (puc.l). Ha mikpodotorpadii miniBku 3
IIUIA Luminy LX175 (puc. 1, m.1) BHIHO HEBENMKI YTBOPEHHS pi3HOI (HOPMH, YaCTKOBO
chepuuHoi, 3 MapaeILHOI0 OPIEHTAITIEIO.

[MominmakTuani mIiBKy, oaepkaHi y npucytHocti 10 mac. % rminepuny (puc. 1, m.3), MaroTh
MOPUCTY CTPYKTYpPY 13 cepenHiMm pos3mipom mop 0,5 mkm. Takuii xapaktep mopdororii He €
TUTIOBUM JJIsl IJTIBOK 13 TOJIMEPHHUX CyMilled, B SKUX ofHa 3 (pa3 € HemepepBHOW, a 1HIIA
yTBOpIoe nucrepcHy ¢aszy. Ilig yac BUmapoByBaHHS PO3UMHHUKA BiAOYBA€THCS KpHCTaii3allis
I[IJIA 3 momanbmIiMM YTBOPEHHSM TIOP Y CTPYKTYpi KOMIIO3UTY. SIKIIO 3MEHIIyBaTH
KOHIIEHTPAIlI}0 TIIIEPUHY B CYMIlll MOPHUCTICTh MPAKTUYHO HE BHUPAXKEHA 1 30CEPEIKYETHCS
NEPEeBAXHO B MPHUIIOBEPXHEBUX 0OJACTAX IUTIBKH, /1€ KPUCTAII3a1lis 3aBEPIIY€ETHCS BUIIIE.

[IniBkm 3 HaHOYACTMHKAMH Cpibja MalOTh TEMHO-KOPUYHEBE 3a0apBJICHHS, ITiJT Yac
PO3TISILY il MIKPOCKOTIOM BUAHIIOTBCS OLTi BKpAIUICHHS Ha MOBEpxHi noiimepy (puc.l, m.4).
YTBOpPEHHsST HAHOYACTHMHOK Cpi0Jia MiATBEP/PKEHO METOJOM CHEProJIUCIepPCIiiHOrO aHami3y
KOMIIO3UTY 3 BUKopuctanusam /IPOH-4-07.

Hocnimkeno TermnodiznyHi BracTUBOCTI MIiBoK Ha ocHOBI ITJIA. Maca anamizoBaHUX
3pa3kiB kosmBanacs Bix 5 mo 10 mr. BusHavanu Temmeparypy, 3 sKOi po3nodaiacs TepMidHA
nectpykuii (T,) 1 3miHy Macu sk QyHkuiro Temmeparypu. Otpumani audepeHiinHl
tepmorpaBimerpuuHi kpuBi (ITI) BukopucTOBYBamM Il BU3HAYCHHS TEMIIEPATypH, 3a SKOI
JEeCTPYKIis Oyna MakCUMAITBbHOO (T max.).
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SEMHV: 3.0 kY WD: 4.94 mm

SEM HV: 3.0 kV WD: 498 mm
View field: 41.5 pm Det: SE 0 pm View field; 39.5 ym Det: SE
SEM MAG: 5.00 kx Date{midiy): 12127/18 SEMMAG: 5.25kx  Date(midly}: 1212719 SEM MAG: 5.00kx  Batejmidly): 1227119
sample | [sample V
46344460, 003 3-440_ 010

Puc.1. CEM dotorpadii 3pa3kis miiBok [IJIA Luminy LX175 3 BMicTOM TIiniepuHy,
mac %: 1-0;2-5; 3 - 10. 4- uriBku [IJTA-Ag.

Ha puc. 2 nokazano xpusi TT'A Ta ix noxiani mis ITJIA marepianis. L{i kpuBi noka3zyroTh
3miny macu (%) Ta noxignoi Big Brpatu Macu (ATT'A) sk ¢ynkuii Temneparypu. Yci kpusi TT,
NpeJCTaBJICHI HA IIUX PUCYHKaX, OKAa3yIOTh BTPATy MacH, OB’ si3aHy 3 MPOIIECOM JIECTPYKIIii.

Ha mepmiit cramii Tepmonmizy BinOyBaerscs 1uiaBinenns [IJIA. Ileit mporec
CYIPOBOJDKYEThCS TOSIBOIO  HE3HAYHOTO eHJoTepMiyHoro edekry Ha kpusiid JATIA 3
makcumymMoM Tnx 3a TemmepaTypu 0e3 BTpatu Macu. Ha Temmeparypy IIaBi€HHs BIUIMBA€e
KOHIIEHTpALis TIILEepUHY Y CyMillIax 1 MpoLec TepMOOOpOOIEHHS IITiBOK.

TrA arry TrA AT 1ra
% c % c %

r—ﬂ 10
80 - ——nTrA 80 aTrA 80

—TrA 1 —Tra

OTrA

—A0aTrA 15
45 —TrA

+4-15
L q1-15

L L L 20 L L L L L L L L L
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 500

Temneparypa, °C Temneparypa, °C Temneparypa, °C

1 2 3
Puc. 2. TT'A Ta ATT"A kpuBi miniBok Ha ocHOBI cymitui I[TJIA Ingeo2500 HP
3 rminepuHoM (0 mac.%) (1), (5 mac.%) (2,3). 3 —repmoobpoObiIeHa miTiBka

Pesynpratn anamizie TT' mnsa [IJTA mniBok npenctarieri B Tabn. 2. 3HadeHHS Thn 1 T
(TemmepaTypH, 3a SKHX BTpaTa MacH BiJIIIOBIIHO MMOYMHAETHCS 1 3aKIHUYEThCS) OYIIM OTpUMaHi 13
kpuBux TI' pazom 3 pesynabratamu Uil Tavax (TEMIIEpaTypa MakCHUMaJIbHMX BTpAT MacH) JUis
kpuBuX JITT BiANOBIAHKUX MOJIIMEPHUX MaTepialliB.

Ha npyriii cranmii Tepmonizy B 3pa3kax IUIBOK IIOYMHAIOTBCS TEPMOOKHCHI Ta
JECTPYKTUBHI mporecd. BoHM cynpoBOKYIOTbCS BTpPaToOld MacH 3pa3ka Ta IOSBOIO
ex3otepmiuHoro edexry Ha kpusiid [ATI'A, 3 makcumymom 3a Tiva. MeHIIa BTpaTa Macu
CTOCTepiraeTbCst y IBOK Ha ocHOBI cymimeil [TJIA Luminy LX175 3 5 mac.% riinepuny
NOpPIBHAHO 3 TuTiBKamMu Ha ocHOBI cymimeil [1IJIA Ingeo 2500 HP. Ha Brpary macu BrumBae i
KUTBKICTh IIacTudikaTopa riinepuHy.
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Tabnuys 2
Tennoi3nuHi BIaCTHBOCTI IJIIBKOBUX MartepiaiiB Ha ocHOBI IIJIA ta cymimeii [TJTA
UIA FJIiHG}i())I/IH, T popws Brpara Tun, T, T rva, T,
mac.% °C macH,% °C °C °C °C
Luminy

X175 5 18 93 88 279 318 332
5 18 95 92 284 321 334

Ingeo 0 50 96 105 283 318 332
2500 HP 5 50 96 105 | 284 | 318 [ 332
5% 50 98 131 268 315 328

10 50 90 142 262 308 325

* — nuiexoei mamepianu Ha ocnosi cymiweti I1JIA mepmoobpobneni 3a memnepamypu 110 °C

Ha Ttperiii cranii Tepmosnizy, B TemnepatypHomy iHTepBaii Tun... T, B 3pa3Ky MpOTIKaIOTh
MIUOOKI JIECTPYKTUBHI MPOLIECH, SKI CYMPOBOKYIOTHCSI 1IHTEHCHBHOIO BTPATOI0 MacH 3pas3ka
(98 %), mosiBoro rbokoro exngorepmiuHoro edexrty Ha kpuBiii TI'A. 30inbIneHHsS KUIBKOCTI
riinepuny B cyMminni [IJIA nemro 3MeHIIye MakCuMallbHy TEMIIEPATypy NECTPYKIIii.

Takum 4rHOM, 32 JAHWMHU TEPMIYHOTO aHAIII3Y yci AOCHIHKeH1 3pa3ku Ha ocHOBI [TJIA Ta
iX cymimed 3 TJIIIEpUHOM BiJI3HAYAIOTHCS BHCOKOIO TEIJIOCTIMKICTIO Ta TEPMOCTIHKICTIO.
[TouaTrox 1HTEHCHMBHOI BTpaTH MacH 3pa3KiB, BUKJIMKAHOI TINIMOOKUMH JAECTPYKTUBHHMH Ta
TEPMOOKMCHUMH IIPOLIECAM, 3MILEHUI B 00J1acTh BUCOKHX Temneparyp (265°C i Bumie).

@Di3UK0-MeXaHIuHI BIACTHBOCTI TUTIBOK 3HAYHOKO MipOr0 3ajexarh Bin mpupoau [1JIA
(ta6s.3). Haiiminnimi miiBku Bramocs chopMyBaTu, Koiau BUKOpucToByBanmd Luminy LX175,
KU € aMOpP(QHHUM IOJIUTAKTHIOM, HAMEHIIIe 3HAYSHHS MIIHOCTI Mij Yac pO3TATYBaHHS MaJH
wriBky, oxepxkani 3 INGEO 3001D amopduo-kpucranigaoi crpykrypu. Ilnisku 3 INGEO
3001D Big3HayarOTbCA  HAWMOUIBIIMM  3HAYEHHSIM  BIJHOCHOIO  BHJOBXEHHS. BIUIUB
mwiactudikaTopa € aHAJOTIYHUM, SIK y TONEPEeIHIX JOCHIPKeHHAX, a caMe JO0JaBaHHS 0
KOMIO3UIIT TIilEpUHy B KUIbKOCTI 5 Mac. % moripuiye MIiIHICTh IUTIBOK, MPU I[bOMY
€JIACTUYHICTb IJTIBOK JCIIO 3POCTAE.

Tabnuys 3
di3nKo-MeXaHIYHI BIIACTUBOCTI IUTiBOK Ha 0cHOBI I1JIA pi3HO1 mpupou
MiHicTh i yac BigHocHe BUIOBXEHHS
Mapka I[JTIA po3tsaryBanus, Mlla miJ] 9ac po3puBy, %
INGEO 2500HP 20,2/17,4 3,1/4,6
INGEO 3001D 10,6/7,5 6,1/9,2
Luminy LX175 26,7/14,3 4,6/4,6

Y snamennuxy 5 mac.% eniyepuny

Po3pobmeni  xommnosutu  ckimamy  [IJIA:Ag"IIBII=70:15:15 wMac.4. mOpOSBISIOTH
OaKTepUIMIHY aKTHUBHICTb, MPO IIO CBIMYUTH MOsBAa 30HU 1HTIOyBaHHsA B Mexax 10...12 MM
(60...100%) mst 6akrepiii Escherichia coli HB 101 (E. coli), Staphylococcus aureus (S. aureus) ta
7,5 mm (80%) s rpuba Aspergillus niger (A. niger). KommosuTy, siki He MICTHIM HAHOYACTHHOK
cpibia, He mposBUIN (QYHT10AKTEPUIIMIHI BIACTUBOCTI. TakuM YMHOM MOXKHA MPOTHO3YBATH, IO
komno3utu Ha ocHOBI IIJIA 3 HaHowyacTMHKamu cpibna 3abe3nedyarb BUCOKY €QEKTHUBHICTH
PO3pOOJICHUX KOMIIO3UTIB B MAKyBaHHI Xap4yOBHX MPOAYKTIB Ta JIKiB 1 30UTbIIATH TPUBANICTH iX
30epiraHHsl.
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BucnoBku

Oyuridakrepuiuani HanokoMno3utHi mwiiBku [1JIA:Ag™:IIBII Oynu BUrOoTOBICHI
METOJIOM TIOJIUBY 3 PO3YMHY. BHUsBIEHO MOPGOIOTIHHI 0OCOOIUBOCTI MOJUIAKTHIHUX TUTIBOK
3QJIC)KHO BiJ HAsABHOCTI TiacTudikaropa Ta HAHOYACTUHOK cpibna. BcranoBieHo, mio
3pazku Ha ocHoOBi IIJIA Tta cymimeidr IIJIA 3 rhinepuHOM BiJ3HAYAIOTHCS BHCOKOIO
TETUIOCTIMKICTIO Ta TepMmocTiiikicTio. Jlocaimkeno BmiauB npupoau I[IJIA Ha ¢i3uko-
MeXaHIYHI BJIACTUBOCTI MOAM(DIKOBAHUX MONINAKTUAHUX MaTepianiB. Haiiminnimi ruriBku
BHanocs chopmyBatu, skuo BukopuctoByBaT [1JIA Luminy LX175.

OpepxaHi TMOMIIAKTUIHI KOMIIO3UTHI MaTepiand BUSBWINM J100py OyHrinumHy Ta
OaKTepULIMIHY aKTUBHICTh LIONO PI3HHUX Trpymn OakTepiit 1 rpubiB. Ha mimcraBi gociimkeHb
TEXHOJIOTIYHUX Ta (PyHTIOAKTEpUIIMIHUX XapaKTEPUCTUK IUIIBOK HAa OcHOBI cymimeil [1JIA 3
[NIIEPUHOM Ta HAHOYACTHMHKAMHU cpibia iX MOXHA PEKOMEHIyBAaTH Jii BUKOPHUCTAHHS SIK
MaTepiajiB AJis NaKyBaHHS Xap4OBUX MPOAYKTIB Ta JIKiB.
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Abstract - Research of the influence of (MPB) montmorillonite-polyvinylpyrrolidone blend content and
production conditions on the thermomechanical properties of polyamide-6-containing nanocomposites.
Thermomechanical analysis showed that the nature of the curves depends on polyamide mixture
composition and modified filler concentration. It was determined that the modification of polyamide 6
can effect the structure and properties of nanocomposites as well as regulate their technological and
working properties.

Keywords - polyamide 6, montmorillonite-polyvinylpyrrolidone blend, Vicat softening point,
thermomechanical properties, modification.

Introduction

Research and study of polymer composites in recent years has shifted its interest towards
nanosized fillers. It proceeds due to their ability to improve the properties of composites at
relatively low nanofiller concentrations. Within a relatively short time scientists have
accumulated a significant experience in the creation and properties of nanocomposites [1, 2].

In the creation process of polymer nanocomposites which modified via adding of
nanoparticles, we can obtain the change in structure of the matrix, which significantly affects the
improvement of working properties. The advantage of nanosized fillers is that even at the lowest
concentration they considerably improve the characteristics of composites.

A special place holds layered silicates, in particular smectites, a bright representative of
which is montmorillonite. The last one is easily broken down into thin, flexible, elastic leaves
and plates due to its mica type structure. They also provide nanocomposites with improved
physical and mechanical properties, access and low cost which allows them to be widely applied
in research.

Many organo-inorganic polymer nanocomposites based on various polymer matrices are
known: epoxy [3], polyamide [4], polyurethanes [5], polysiloxanes [6], thermoplastic polymers
[7], polyacrylates [8] and interpenetrating polymer grids [9].

Silicate fillers are modified in advance by physical or chemical methods which ensure
uniform distribution on the surface and in the volume of the filler [2].

Previously the montmorillonite was modified with polyvinylpyrrolidone in the solution
applying an ultrasonic field. Montmorillonite- polyvinylpyrrolidon mixture (MPM) of 1: 5
component ratio in the form of a fine powder [10, 11] have been obtained. Thus, the created
nanofiller acquire an advantage over the natural analogue due to good dispersion in polymer
matrices and the ability to interact with reactive polar groups of the polymer [12].

Polyamides are one of the promising polymer materials which can be applied for
nanocomposites creation. They are characterized by complex of valuable properties but the
formation is complicated through the high rate of crystallization of polyamide when they are
precipitated from the solution.
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Thus, the main direction is the study of interfacial phenomena at the boundary of the
polymer matrix - nanofiller which leads to changes in the properties of the blend and as a result
the nanocomposites acquire fundamentally new features.

The uniqueness of the nanocomposites properties intended for use in various fields
primarily conditioned by their complex and special structure.

Purpose of the research

The aim of the work was to research the influence of montmorillonite-
polyvinylpyrrolidone mixture (MPM) content as well as the conditions of obtaining on
thermomechanical properties of polyamide-6 nanocomposites and determine the thermophysical
parameters of obtained mixtures.

Materials and methods of research

Polyamide PA6-210/310 made of (Belarus) with MFI 230216 = 19 g/10 min, melting point
488 K, density p?° = 1.12 g/cm’, relative viscosity 2.68 was applied in research. Before using the
PA-6 was dried in vacuum at 363 K for 2 hours.

As a modifier for polyamide the montmorillonite-polyvinylpyrrolidone mixture (MPM)
obtained from a solution in the ultrasonic field [4, 5] with a ratio of MMT: PVP = 1: 5 was
applied.

Polyvinylpyrrolidone (PVP) with a molecular weight of 12600 + 2700, softening point of
140-160 °C and a density at 293 K of 1.19 g/cm? was used to obtain the blend. Before mixing, it
was dried in vacuum at a temperature of 333-343 K for 2-3 hours.

The montmorillonite (MMT) by SIGMA-ALDRICH Fluka with a surface area of 250 m?/g
and pH 4-5 of grey-white color was applied.

Technical acetone (highest grade), C;HsO, TM "Khimrezerv" (Ukraine) was made
according to TU U 20.3-37168244-002: 2014 "Organic solvents", colorless transparent liquid
with a specific odor, flammable.

Benzene, chemically pure CsHs, colorless transparent liquid with a characteristic
"aromatic" odor; boiling point 353,1 K, melting point 278,5 K, insoluble in water, toxic was used.

Method of obtaining samples from the solution. Previous studies have found that in 85%
of concentrated formic acid, optimally dissolves 15% of PA-6. Complete dissolution of PA-6 in
formic acid is achieved for 2...3 hours [13]. To the derived polyamide complex was added the
MPM in the amount of 5, 10, 20 % of the mass relative to the mass of PA-6. The sedimentation
of the resulting blends was carried out using a mixture of solvents, in particular acetone and
benzene.

It was found experimentally that for the precipitation of polymer complex, the optimal
ratio of solvents is 1: 1 rpm.

At the initial stage of precipitation 200 ml of a solvents mixture was applied. The resulting
mixture was allowed to settle for 15 minutes. Then the top layer was removed and continued the
precipitation by a mixture of solvents in the amount of 100 ml at temperature 296 K. The formed
precipitate was filtered off with a water pump. The obtained polyamide complex was dried in a
vacuum dryer at a temperature of 353 K for 8 hours with the subsequent increase in temperature
by drying in vacuum to 378K [14, 16].

Subsequently the PA-6 with MPM polymer blend was obtained through the mechanical
stirring at the room temperature using mixer of the drum type.

Thermomechanical analysis of the obtained polyamide 6 nanocomposites was conducted
applying Hepler consistometer. Samples in the form of tablets of 4-5 mm thick and 11.28 mm in

CHEMICAL TECHNOLOGY AND ENGINEERING - 2023: MONOGRAPH, LVIV, UKRAINE
108



THE INNOVATIVE TECHNOLOGIES IN THE CHEMICAL AND FOOD INDUSTRIES

diameter were prepared for testing. Measurement of deformation was conducted via indicator
every 2K. The deformation of the samples € was calculated according to the formula:
Al -1,

e= — 100=
h h

where /, - indicator readings without load, mm;
[ - indicator readings under load, mm;
h - height of the tablet.

Thermophysical properties were studied according to ISO 306: 2004 [15]. Samples for
testing are prepared in the same way as for thermomechanical analysis. The softening
temperature determination was provide via pressing a cylindrical tip with a standard cross-
section to a sample depth of 1 mm under a constant load (5.0 kg) while ensuring constant heating
in a thermostat at 323 K for 1 hour. The temperature the tip pressing into the sample by 1 mm is
an indicator of the Vick softening point.

100

Research results and discussion

In obtaining of nanocomposites the physical and mechanical properties are decisive in the
study of changes in supramolecular structure. Morphological changes in polymer blends are
closely related to the flexibility of macromolecules and the nature of the polymer matrix.
Mentioned can be studied applying the method of thermomechanical analysis. In terms of our
research, it allows us to determine the effect of modified montmorillonite on the
manufacturability of the obtained nanocomposites from a solution based on polyamide 6.

Thermomechanical curves of nanocomposites based on PA-6 are presented in Figure 1.

20 s
18 - .
16 - s s
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273 323 373 423 473

Temperature, K

Fig 1. Thermomechanical curves of PA- 6 and its nanocomposites.

1 —PA-6; 2—-PA-6+MPM 5% wt. (m.m.)"; 3 — PA- 6 + MPM 5% wt. (s.)";
4 —PA- 6+ MPM 10% wt. (s.)"; 5 — PA- 6 + MPM 20% wt. (s.)".
(m.m.)" — composite which obtained by mechanical mixing;

(s.)" — composite which obtained from solution.

As you can see (Fig. 1), the nature of thermomechanical curves significantly depends on

the component composition of polymer based on PA-6, primarily on the content of the modified
filler. The montmorillonite-polyvinylpyrrolidone mixture (MPM) obtained from the solution in
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the ultrasonic field with the ratio of MMT: PVP components = 1: 5 was used as a modifier for
polyamide [16]. It was found that with increasing filler content, the deformation of the samples
becomes extreme in the temperature range of 303-343 K. Above mentioned being explained by
the similarity of supramolecular structures in the systems as well as the presence of
microheterogeneity and the transition layer at the interface of PA-6 - MPM. When heating
polymer mixtures over 343 K a mesophase probably being formed. The last one contains
hexagonal cylindrical packing in some areas.

It should be noted that during thermomechanical studies at a heating rate of 2 K/min
additional transverse structuring can occur, which leads to the formation of new bridges of
different lengths between molecules and linear structuring which increases the size of
macrochains. At the same time, physical processes can affect the nature of thermomechanical
dependencies.

Also, it can be noted that the nature of thermomechanical curves is conditioned both by the
method of obtaining nanocomposites based on PA-6 and the temperature at which it occurs.

For modified PA-6 based polymer compositions the transition layer is most likely due to a
change in the free volume of the system. In this case, the macromolecules of two polymers in
contact with each other cannot occupy the conformations that macromolecules occupy in the
volume. But at the same time, there is a possibility of macromolecules transition of one polymer
in a layer of another. This, in turn, leads to a fluctuation network formed by the involvement of
heterogeneous macromolecules. The fluctuation grid significantly affects the properties of the
polymer mixture and depends on the flexibility of the macromolecules of these polymers. This
can be explained by the fact that only a small number of segments of any macromolecule can be
fixed to a certain volume, the whole macromolecule fixation has been immediately occurred. The
mobility of all segments of macromolecules becomes limited. It has a significant effect on the
nature of thermomechanical curves in the range of glass transition temperatures. Such behavior
of the polymer, in our case, is also facilitated by the presence of the dispersed phase and the
interfacial region formed between the macromolecules of polyamide 6 and MPM.

Thus, modification of polyamides in the viscous state by MPM macromolecules can, by
influencing the structure of supramolecular formations in PA-MPM mixtures, regulate their
technological and working properties, including thermomechanical and temperature intervals of
physical transitions. Morphological features of the studied mixtures and, of course, their
properties are mostly determined by the nature of polyamide and the MPM content.

Research of thermomechanical properties of polymer materials based on modified PA-6
(thermomechanical curves - Fig. 1; Vick softening point - Fig. 2 and Fig. 3), on the one hand,
make it possible to determine the maximum working temperature of products and justify the
technological interval of material processing as well as evaluate the working properties in a wide
range of temperatures. All mentioned above give an idea regarding their supramolecular
structure.

Thermomechanical studies also confirm the diversity of physical processes occurring in
multicomponent systems. The thermomechanical dependences of the modified materials will be
influenced by such physical processes as the modification of the filler and the derivation
conditions. The Vick softening point index is one of the important characteristics of the polymer
composition showing the change in properties unde temperature. The influence of the
composition on the thermophysical parameters of mixtures based on PA-6 are presented in
Figure 2.
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Fig.2. Influence of MPM content on thermophysical properties of
compositions based on PA-6 obtained from the solution.

The adding of modified montmorillonite into the polymer composition significantly
affected the Vick softening point and the temperature difference reached more than 293 K. The
nanocomposite with the content of modified MPM of 10% wt. has the greatest heat resistance.
Further increase in the content did not significantly affect the thermophysical indexes of polymer
compositions based on PA-6. This is obviously due to the compaction of the composite structure.

Such features of the properties of modified materials, first of all, can be explained by the
influence of the polymer modifier on the morphology of polymer compositions and the different
nature of the interaction. This, in turn, causes significant changes in the supramolecular structure
of the polymer matrix, and as a result, there are changes in the properties of polymer
compositions.

Given below the diagram demonstrate the influence of derivation conditions on
thermophysical properties of PA-6 modified polymer compositions Figure 3.
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Fig.3. Vick softening point in dependence on the derivation conditions of compositions.
1 — PA-6; 2 — PA-6+5% MPM(m.m.)"; 3 — PA-6+5% MPB (s.)"
(m. m.)" — composite which obtained by mechanical mixing;
(s.)" — composite which obtained from solution.
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Fig. 3 illustrates that the samples obtained by the method of precipitation from solution
also showed high values of Vick softening point in comparison with the initial polyamide. Thus,
the value of Vick softening point was influenced by the conditions of obtaining the studied
samples. Mechanically mixed composites possess the highest characteristics. It can be explained
by the ordering of the supramolecular structure (reducing the size of supramolecular formations)
of the polymer composite and increasing its crystallinity degree.

The obtained results can be applied to create new polyamide materials of improved
thermophysical features and a complex of valuable specific properties of the material or product.

Conclusions

It was found that increasing the concentration of modified filler in PA-6 composites leads
to significant change of the deformation of the samples within the temperature range of 303-343
K.

Has been studied that the nature of thermomechanical curves is determined both by the
method of obtaining nanocomposites based on PA-6 and the temperature at which it occurs.

It was determined that the thermophysical parameters of nanocomposites are significantly
influenced by the derivation conditions. PA-6 composites obtained by the mechanical mixing are
characterized by significantly higher values.

It was found that modification of MPM with polyamide can affect the structure and
properties of nanocomposites based on polyamide 6, regulate their technological and working
(thermomechanical) properties, as well as temperature intervals of physical transitions, largely
determined by the nature of polyamide 6 and the montmorillonite-pyrrolidone blend.
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Abstract — The current stage of energy development is characterized by the desire to increase energy
efficiency and reduce losses during energy transmission. In this regard, it is necessary to single out a
stable trend - the use of energy systems as close as possible to energy consumers. A promising topic is a
combined heat generation system based on the principle of rotary-pulse or vortex cavitation using the
Yutkin electrohydraulic effect.

Keywords — cavitation, Yutkin effect, heat, discharge, pressure, temperature.
Introduction

Historically, the first energy systems were centralized and typically consisted of a power
generating plant and an energy transmission system including transmission lines, distribution
substations, transformers and associated equipment.

The principles of centralized generation and distribution of thermal energy were also used
to create centralized heating and hot water systems.

The main disadvantage of centralized systems is significant losses in energy transmission,
as well as significant costs of maintenance, operation and repair of energy transmission and
distribution systems.

The current stage of energy development is characterized by the desire to improve energy
efficiency and reduce losses in energy transmission. In this regard, several sustainable trends can
be identified:

Active use of combined, cogeneration systems of simultaneous generation of electricity
and heat, along with the use of renewable energy sources and energy accumulators, contribute to
increasing the efficiency of energy equipment given the reduced losses in energy transmission.

Innovative solutions for systems of decentralized heat supply and power supply of
industrial and residential buildings, allow to satisfy a significant share of consumer demand.

The method of heat exchange intensification by rotation of the working medium,
contributing to the effect of flow cavitation, attracts close interest. This is explained by the fact
that the properties of vortex currents have a wide range of technical applications in heat power,
oil refining, chemical and other equipment.

Cavitation (from Latin «cavitas» - void) is a physical process of bubble formation (cavities
or voids) in liquid media with their subsequent collapse and release of a large amount of energy,
which is accompanied by noise and hydraulic shocks.

One of the first researchers of cavitation processes in liquids was an Irish engineer-
physicist Osborne Reynolds (1842-1912), who was engaged in scientific and technical
developments in the field of hydrodynamics and hydraulics. The phenomenon of cavitation has a
local character and occurs only where special conditions are created for it. Such conditions
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represent an abrupt transition of a liquid from a high-pressure state to a low-pressure state, for
example, passing through a Laval nozzle (Fig. 1).

Fig. 1. The process of cavitation occurrence.

Cavitation bubbles formed in the liquid during the passage of the Laval nozzle 3 from the
high-pressure region 1 to the low-pressure region 2 collapse, emit a shock wave and release a
large amount of thermal energy. When a bubble up to R = 1 mkm collapses, up to 12 kW of
energy is released at a point.

On the basis of analytical studies previously performed by the authors using mathematical
modeling methods, a rotary pulse heat generator (RPHG) was created, industrially tested, and
widely used in industry, which uses the effect of cavitation for decentralized heating of industrial
enterprises. The energy efficiency of the device operating in industrial conditions according to
the direct heat balance was 0.84.

On Fig. 2 shows a block diagram of a rotary pulse heat generator [1].

Fig. 2. Structure diagram of a rotary pulse heat generator:
1 —rotor housing; 2 — stator disks; 3 — working disk (rotor stage); 4 — rotor shaft;
5 —bearing; 6 — sealing.
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The rotary pulse heat generator includes a housing consisting of two half-housings 1 and a
stator made in the form of disks 2 fixed to the housing, working disks (rotor ladders) 3, rotor
seals 4, rotation bearings 5, and a rotor shaft 6.

The principle of operation of the rotary pulse heat generator is as follows: the liquid is
supplied under pressure through the inlet pipe into the rotor cavity 1, passing through the rotor
channels 2, stator channels 3, working chamber 4, and exits the device through the outlet pipe.
The rotor channels are periodically combined with the stator channels during rotation. When the
rotor channels are blocked by the stator wall, the pressure in the rotor cavity increases, and when
the rotor channel is combined with the stator channel, the pressure decreases, and a pressure
pulse is propagated into the stator channel.

The fluid flow rate in the stator channel is a variable quantity. When an overpressure pulse
propagates in the stator channel, a short-term underpressure pulse occurs behind it, as the rotor
and stator channels are not connected.

The volume of fluid that has entered the stator channel tends to exit the channel and the
inertial forces create tensile stresses in the fluid and cause cavitation.

The performance indicators of a heat generator with two stages of cavitation and a thermal
system with an integrated rotary-pulse heat generator (RPHG) for heating an industrial building
were experimentally obtained. These indicators are compared with the energy efficiency
indicators of a thermal system based on a rotary pulse apparatus (RPA), given in Table 1 [2].

Table 1

Comparative analysis of indicators of energy efficiency of operation of the thermal system
with RPA and thermal systems with RPHG

Value of parameters

RPHG RPHG

Name of | Dimension | Design with with Multi-stage
parameter ality ation modified | industrial | RPA by the
thermal thermal data [3]
system system
Weight of
heated heat kg M 400 400 250/340
carrier
Temperature
of heating a °C t° 60 59 50/45
heat carrier
Time of
heating up to .
. min T 92 75 25/150
assigned
temperature
Consumed
kW-h Nip 25 23 33/30
power
Efficiency of
thermal work - n 0.77 0.84 0.547/0.706

of the system
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The analysis of energy efficiency indicators suggests that the thermal system with an
integrated rotary pulse heat generator with a multi-stage cavitation chamber is superior in terms
of energy efficiency to its corresponding foreign counterparts.

The development is a continuation of research on vortex flows and cavitation effects using
more efficient technologies based on electrohydraulic shock. This will bring the efficiency of the
development apparatus up to 0.9-0.95 and reduce the cost of heat production by up to 30%.

On Fig. 3 shows an existing heat generator based on the principle of cavitation for
decentralized heat supply of a shopping center [1].

The heat generator is a working chamber with a variable geometry of disk channels and the
diameter of the working disk (rotor stage). The heat generator is installed in the decentralized
heat supply system of the shopping center (see Fig. 3). The heating medium heating temperature
is 70+90 °C. The installed power of the electric motor is 15 kW.

Fig. 3. Heat generator based on the principle of cavitation for decentralized heating of a shopping
center: 1 — electric motor; 2 — cavitation chamber of a disk pulse heat generator;
3, 4 — pumps; 5 — plate heat exchanger; 6 — storage tank.

To produce 10 kW of thermal energy in the device under development, 1 m® of natural gas
is required at a cost of 18.53 UAH, including GTS and VAT. To generate heat with the proposed
device, taking into account the Yutkin effect (short-term spark discharge in fractions of a second),
energy is required 30% less than when the coolant is heated by electricity.

Since the device operates on the combined effect of cavitation and electrohydraulic effect,
when a spark electric discharge occurs in the discharge chamber in the electrohydraulic
expansion chamber, the pressure instantly rises, a cumulative effect occurs, and the liquid is
ejected at high speed into the rotor's internal pipe system. At the same time, a rotational impulse
is transmitted to the rotor, as a result of which the liquid velocity increases, the pressure drops
sharply, which leads to a cavitation effect and, as a result, to heating of the liquid.

The cost of 10 kW of electricity is 26.4 UAH. In the proposed device, the energy
consumption during instantaneous switching on will be 30+35% lower than during stationary
switching on of the electric motor drive. Instead of 10 kW of electricity, the consumer device
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will need to consume 6+7 kW. Thus, in the proposed device, we get thermal generation without
the use of organic fuel - natural gas, without harmful emissions of pollutants into the atmosphere
and saving up to 30+35 % of electricity.

One of the most promising research topics is combined systems of generation and
accumulation of thermal and electric energy, built using the principles of kinetic energy storage,
rotor-pulse cavitation and the Yutkin effect.

The use of the electro-hydraulic Yutkin effect in combination with the generation of heat
based on rotary pulse or vortex cavitation causes a sharp transition of the liquid from a state of
high pressure to a state of low pressure and again to a state of high pressure, following the
example of a Laval nozzle.

The cavitation bubbles formed in the liquid during the passage of the Laval nozzle from
the area with low pressure to the area with high pressure collapse, form a shock wave, as a result,
a large amount of thermal energy is generated.

The difference between the present study and the studies of other authors is that the
authors of this work in their research achieve a synergistic effect of the hardware, design, and
mode-technological design of the heat generating apparatus and link the energy efficiency of the
apparatus with its design features.

In order to improve the conditions for the collapse of cavitation bubbles in the developed
rotary-pulse heat generator, the Yutkin electrohydraulic effect is used, which consists in the
formation of a short-term high-voltage electric spark discharge in a liquid medium, as a result, an
electrical breakdown occurs, a powerful hydraulic shock occurs with a large local pressure
(according to some sources, more than by 103+100-103 atm), which contributes to the collapse of
the cavit.

In this case, the duration of the leading edge of the discharge current pulse varies from
fractions of a microsecond to several microseconds.

An important aspect of the proposed technology is the generation of heat from
environmentally friendly sources with high energy efficiency.

On Fig. 4 shows the circuit diagram of the rotary pulse heat generator.

12 ¢

Fig. 4. Circuit diagram of the rotary pulse heat generator: 1 — main body (confuser);
2 — diffuser; 3 — brake chamber; 4 — stator body; 5 — system of internal pipes; 6 — stator nozzles;
7 —rotor; 8 — supply pipeline; 9 — rotor nozzles; 10 — inlet pipe; 11 — outlet pipe; 12 — motor
generator.

The cold coolant enters the system through the nozzle 10. After the voltage is applied to
the motor generator 12, the rotor number 7 starts to rotate. The coolant enters the system of
internal pipes of the rotor 8, where its speed increases. Through the rotor nozzles 9, the fluid
enters the stator internal pipe system 5 and then through the stator nozzles 6, the fluid flows to
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the rotor internal pipe system 8. Thus, the fluid cycles between the stator 5 and rotor 7. The
heated coolant is discharged through the nozzle 11.

On Fig. 5 shows a structural diagram of the application of the Yutkin electrohydraulic
effect in the developed rotary-pulse heat generator [1, 4].

Fig. 5. Constructive diagram of the application of the electro-hydraulic effect of Yutkin in the
developed rotary-pulse heat generator: 1 — stator; 2 — rotor; 3 — system of internal cavities of the
stator; 4 — system of internal cavities of the rotor; 5 — arrester; 6 — working chamber.

When a spark electric discharge occurs in the arresters installed around the perimeter of the
stator 1 in the expanding cavities of the rotor 2, the pressure instantly rises, a cumulative effect
occurs, which significantly improves the conditions for the collapse of cavitation bubbles
generated during the operation of the rotary-pulse heat generator.

As a result, thermal energy is released, the liquid is heated and fed into the heat supply
system [5].

For a uniform supply of electro-hydraulic impulses, the distribution of electric arresters
into groups with serial connection is provided, in accordance with the system of spark
distribution of internal combustion engines (Fig. 6).

Fig. 6. Scheme of series connection of a spark discharge: group 1 — green; group 2 —red.

As an example in Fig. 6 shows the inclusion of a spark discharge in groups: group 1 (green)
and group 2 (red), which are switched on sequentially.

An important aspect of understanding the proposed technology is the fact that, as a result,
there is an environmentally friendly analogue of an internal combustion engine (ICE). Just as in
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an internal combustion engine, the source of useful work is excess pressure, which in the case of
an internal combustion engine is formed during the ignition of gasoline vapors (or analogues),
and in the described case is formed in a liquid during spark action.

The rotary pulse heat generator does not emit any harmful environmental pollutants: CO,
CO3, NOxy, SOx. It can be used in heating systems for heating liquids in residential and industrial
buildings, including kindergartens, schools, boarding houses, sanatoriums, shopping centers and
other public and industrial buildings.

Results

According to the results of the experiments performed in the real process, the average
temperature at the outlet of the cavitation chamber of the heat generator reaches 355+360 K,
n = 0.86+0.89.

The proposed technology and device has a wide range of applications: in the heat and
power industry, as well as in various industries and other engineering applications.
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Abstract — The composite fuel and its components are studied by TGA and DTA methods: the milled
peat residue after extraction of humus substances in an alkaline medium and the corn harvest residues.
The temperature range and the rate of dehydration, thermal decomposition of organic and mineral
substances, moisture and ash content are determined. Thermal effects of thermal decomposition of
organic substances in fuel and components are estimated.
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of thermal decomposition.

Introduction

High prices for fossil fuels and the course for decarbonization encourage the acceleration
of production of alternative fuels and peat extraction. In Ukraine, peat reserves are of industrial
importance. Geological reserves amount to 2.04 billion tons, which is equivalent to 660 billion
m? of natural gas [1].

In addition to energy use, peat is widely used as a fertilizer and can be a raw material for
the production of physiologically active substances based on humus substances (GS). They are
used in crop production, horticulture, animal husbandry and feed production [2, 3]. The need to
increase the productivity of agriculture and the use of peat as fuel raises the question of the
integrated use of peat.

However, the peat from which the humus substances were extracted has a much lower
calorific value and in some cases the tendency to form new phases at high temperatures, which is
undesirable during ash removal. Therefore, using it directly as fuel is energetically unprofitable.

The use of such depleted peat in the energy industry requires increasing the heat of its
combustion and reducing the risk of the formation of new phases during combustion, which can
be solved in different ways.

The IET of NAS of Ukraine proposed a technology according to which a certain part of the
peat extracted for energy needs is used for the production of GS extract. And the peat residue
after GS extraction is mixed with the original peat and directed to the production of fuel in the
technological line of the peat briquette plant [4].

Another, in our opinion, more effective way is the production of composite fuel with the
addition of components with a higher calorific value and low ash content to the peat residue. The
production of composite fuels using peat after extraction of GS from it requires the study of
thermal characteristics of both the components and the fuel itself

Materials and methods

Samples of milled peat residue (MPR) after extraction of humus substances, corn harvest
residues (CHR) and composite fuel from MPR and CHR in the ratio (1:1) by mass were
subjected to thermal analysis. The extraction was carried out at 70°C in an alkaline medium
using NaOH. Lowland milled peat from the Smolynsky deposit of the Chernihiv region was used.
CHR samples were obtained from the corn harvest residues in the village of Sosonka, Vinnytsia
region. The lower calorific value of milled peat is 9.7, MPR — 6.0, CHR — 14.0 MJ/kg.
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The TGA and DTA methods implemented in the modernized derivatograph "Q-1000"
("MOM" company, Hungary) in the range of 21...1003 °C at a heating rate of 7.4 K/min were
used in the work. The samples were placed in an open conical platinum crucible without
compression. Still air was used as the surrounding medium. Aluminium oxide was used as an
inert substance in the reference crucible. The collection and processing of information was
carried out using the applied computer program "Derivatograph".

The analysis of thermal decomposition processes was carried out according to the data of
sample mass change (TG) (Fig. 1), mass change rate (DTG) (Fig. 2) and differential thermal
analysis (DTA) (Fig. 3).

Results

The process of thermal decomposition of MPR, CHR and composite fuel, as can be seen
from Figures 1-3, can be conditionally divided into stages, which, according to the characteristic
signs of changes in the rate of decomposition, have temperature limits (range). At the first stage,
all the studied materials undergo dehydration (removal of free and bound water) [5]. At the
second stage, organic substances are thermally decomposed. The third high-temperature stage is
characteristic of materials containing thermally unstable mineral substances in their composition
(Tables 1 and 2).

Milled peat residue. Dehydration occurs during the heating stage to 184 °C. It leads to
noticeable destruction of the MPR. The maximum rate of dehydration is observed at 82 °C (Fig.
2). Dehydration is accompanied by heat absorption, represented by the endothermic peak in the
DTA curve (Fig. 3).
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Fig. 1. Combined TG curves: 1 — MPR; 2 — CHR; 3 — composite fuel.

Thermal decomposition of organic substances begins after the removal of water and occurs
with the formation of gaseous substances (DTG curve) with a maximum rate at 280 °C and heat
generation (DTA curve).
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As was shown in [4], treatment of peat with a NaOH solution leads not only to the
formation of water-soluble salts of humic acids, but also to qualitative changes in the organic
substances. Therefore, the thermal decomposition of organic substances of MPR, in contrast to
the organic substances of the original peat [6], occurs in three stages in a wider temperature
range. The first stage of decomposition ends at 324, the second at 580, and the third at 786 °C
(Fig. 2). The highest rate of decomposition and maximum heat release is achieved (Fig. 3) in the
third stage, when carbon oxidation occurs (Table 2).

Table 1
The results of determination of moisture, content of organic and mineral substances and ash
content
i Thermal decomposition Ash
. Dehydration Organic substances | Mineral substances | content
Material :
range, | moisture | range, | content, range, content, % DM
°C content, % °C % DM °C % DM
MPR 23-184 13,93 184-786 | 67,84 | 786-1002 2,91 29,25
CHR 21-122 8,23 122-505 | 95,76 | 505-1002 0,98 3,26
Composite fuel |21-145 12,55 145-752 | 82,75 | 752-1003 0,44 16,81
DM — dry matter

Thermal dissociation of calcium and magnesium carbonates in the composition of dolomite
is observed after the completion of decomposition of organic substances in the range of
786...871 °C. It is accompanied by the absorption of heat. The endothermic peak in the DTA
curve is not visible due to the scale change of the figure.
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The ash content in the studied sample of MPR turned out to be quite high (Table 1).

Table 2

Kinetics of decomposition of organic substances of composite fuel and its components
Ist stage 2nd stage 3rd stage

Material range, decomposition range, decomposition range, decomposition

oC rate, oC rate, oC rate,
% DM/min % DM/min % DM/min
MPR 184-324 0,97 324-580 0,51 580-786 1,18
CHR 122-355 2,37 355-505 1,21 — -

Composite fuel | 145-365 1,77 365498 1,10 498-752 0,34

Corn harvest residues. Destructive changes during the thermal decomposition of CHR
occur in two stages and have kinetics, which is characteristic of plant raw materials [7]. At the
first stage, dehydration of the material is observed, which ends at 122 °C. The maximum rate of
water removal is recorded at 67 °C (Fig. 2).

Decomposition of organic substances occurs in the range of 122...505 °C and has two
pronounced stages (Table 2). At the first stage, hemicellulose rapidly degrades up to 355 °C. A
sharp change in the mass of the sample occurs due to the powerful release of gaseous substances
(Fig. 1). A high average rate of decomposition of the material is noted (2.37% CM/min), the
maximum rate is recorded at 302 °C (Fig. 3). At the second stage (355...505°C), cellulose
mainly degrades, the average rate of decomposition of the material decreases to 1.21% CM/min.
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Fig. 3. Combined DTA curves: 1 — MPR; 2 — CHR; 3 — composite fuel.

At the second stage, the heat generation of thermal decomposition increases (Fig. 3) due
to the higher calorific value of cellulose compared to hemicellulose [8] despite the decrease in
the rate of decomposition of the material.
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Compared with the MPR sample, the CHR sample has a 2.2 times higher intensity of
thermal decomposition of organic substances and a 9 times lower ash content.

Composite fuel. Dehydration of the fuel is completed at 145 °C, which is 39 °C earlier
than that of the MPR sample and 23 °C higher than that of the CHR sample. The maximum rate
of dehydration is recorded at 76 °C (Fig. 2).

The addition of CHR to MPR leads to a narrowing of the decomposition temperature range
compared to MPR. Co-decomposition of organic substances of fuel components occurs, as in
MPR, in 3 stages (Table 2). However, the decomposition kinetics itself has a slightly different
intensity. Compared to MPR, in the first and second stages the average rate of fuel
decomposition is 1.8 and 2.1 times higher, respectively, than this one in MPR. However, in the
third stage of fuel decomposition, the rate is 3.5 times lower.

The intensive decomposition of CHR in the fuel at the first stage changes the conditions
for the decomposition of MPR. The heat generated during the decomposition of CHR intensifies
the decomposition of MPR. The factual specific power of heat release, which is equivalent to the
specific voltage (mV/mg), is higher than the one calculated based on the contributions of
individual fuel components (Fig. 3). Probably, high-temperature exothermic reactions between
the constituent components take place in the fuel.

According to the technique described in [9], the conditional specific thermal effect (CTE)
of the thermal decomposition of organic substances of the composite fuel and its components
was determined. CTE of thermal decomposition of organic substances is 918.0 for MPR, 970.0
for CHR, and 1116.0 mV-s/mg DM for composite fuel. As we can see, CTE of thermal
decomposition of CHR is 5.7 % higher than the CTE of thermal decomposition of MPR.
Unexpectedly, it turned out that CTE of thermal decomposition of composite fuel is 15.0 %
higher than the CTE of thermal decomposition of CHR.

This fact confirms the assumption of high-temperature exothermic reactions in the
composite fuel between the elementary constituents of the fuel components during simultaneous
heating of the MPR and CHR.

Conclusion

The TGA and DTA methods were used to study the composite fuel and its components:
milled peat residue after extraction of humic substances and corn residues.

The temperature range and the rate of dehydration, thermal decomposition of organic and
mineral substances, moisture and ash content are determined.

Completion of the thermal decomposition of organic substances of the composite fuel
occurs 34 °C lower than the corresponding temperature of the milled peat residue.

The overall average rate of decomposition of organic substances of composite fuel is 20%
higher than the rate of decomposition of milled peat residue.

Addition of 50% corn harvest residues to the residue of milled peat allows to obtain a
composite fuel with an ash content that is 1.7 times lower than the ash content of the milled peat
residue.

The conditional thermal effect of thermal decomposition of organic substances of
composite fuel and its components is estimated. It was found that the conditional specific
thermal effect of the thermal decomposition of organic substances of the composite fuel is higher
than the conditional specific heat effect of the fuel components. It is assumed that the reason for
the increase in the specific thermal effect of the thermal decomposition of the composite fuel is
the exothermic reactions between the fuel components.
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Abstract — The aim of our work was to investigate the possibility of obtaining precursors for chemical
synthesis from polyethylene bags and polyethylene terephthalate bottles by two-stage thermolysis. It
was established that the main products are gases. Based on laboratory studies, a technological scheme
for an industrial reactor is proposed.

Keywords — thermolysis, polyethylene bags, polyethylene terephthalate bottles, combustible gases,
hydrogen, carbon oxides, thermolysis mechanisms of polymer packaging.

Introduction

The last year forced a review of priorities regarding the sources of raw materials for the
chemical industry. Refusal to purchase russian oil, gas and chemicals poses challenges in finding
alternative markets and raw materials. At the same time, from June 1, 2021, the law of Ukraine
"On limiting the circulation of plastic bags in the territory of Ukraine" was signed, which limits
the use of low-density polyethylene bags (PE) to improve the ecological situation in the country
[1]. This is primarily because more than 13 million tons of municipal solid waste (MSW) are
generated in Ukraine [2]. The share of polymer waste is 9-13% (wt.). As if a small amount.
However, in Ukraine, no more than 10% of MSW can be recycled [2]. According to data [3], in
the 25 years since Ukraine became independent, there has been a 17% decrease in population
while the amount of municipal solid waste (MSW) has increased by 40%. Unfortunately, 90% of
this MSW s still taken to landfills and proving grounds [3], which are mostly buried. This
technology requires large areas of land for disposal and renders them unusable for a long time
while also causing pollution. Additionally, due to military operations, the number of lands in
Ukraine that will require remediation is increasing every day, making the issue of MSW
processing even more pressing. At the same time, in recent decades, the number of works on the
secondary processing of MSW into valuable substances and materials has been steadily growing
[4-7]. Therefore, our work aimed to investigate the possibility of obtaining precursors for
chemical synthesis from polyethylene bags (PE) and polyethylene terephthalate (PET) bottles.
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Materials and methods

Polyethylene bags and polyethylene terephthalate bottles were chosen as polymer
packaging. The last one was not chosen by chance because during its destruction, condensed
"resinous" substances are formed, which are difficult to remove. It is with their help that we will
control the effectiveness of the proposed laboratory installation. Fig. 1 shows that PET and PE
were totally degraded at approximately 550-600 °C. Thermogravimetric analysis (TGA) and
differential scanning calorimetric analysis (DSC) were performed with a PT1600 TG-DTA/DSC
(STA Simultaneous Thermal Analysis, LINSEIS Messgerite GmbH, Germany). The studied
samples were heated from room temperature to 800 °C at a rate of 5 °C/min. The weight of the
samples was equal to 15.0 £ 0.1 mg. The research was carried out with simultaneous heating of
two calorimetric cells (working and comparative) in a constant air flow. The speed of last one
was 40 ml/min. Samples of pure aluminum were used as reference objects. Powders of
aluminum and the studied samples were compacted in powder form and placed in platinum
crucibles, each of which was installed, respectively, in the working and comparative cells of the
calorimetric unit. In order to cover the selected temperature range of the research, the device was
calibrated with reference substances, and the results were measured and processed. The studied
sample was crushed, its components were thoroughly mixed and placed in a working, pre-
weighed crucible. This crucible with the sample was installed on the rod of the working
thermocouple connected to the analytical balance of the device, after which the temperature rise
began. The samples were analyzed three times.
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Fig. 1. Thermogravimetric analyses of polyethylene bags (PE) and polyethylene
terephthalate (PET) bottles.

A laboratory installation for the thermolysis of waste was created, which allows for
bypassing the stage of obtaining liquid products (Fig. 2) [8]. The installation consists of a reactor
unit (Fig. 2 a), an induction unit (Fig. 2 b), a control unit (Fig. 2 c), a gas cleaning unit (Fig. 2 d)
and an inductor cooling system. The reactor block (Fig. 2 a) contains a cylindrical pyrolysis
reactor divided into two parts, dosing hoppers, which are made of stainless steel of the 08X17T
brand (corrosion and heat-resistant analog of AISI 304), which are placed on the installation
frame. The upper part of the reactor is filled with charcoal. To reduce heat loss, the reactor is
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lined with alumino-silicon fiber and inserted into a quartz cylinder. Temperature measurement
and process control was ensured by informative temperature sensors connected to the control
unit (Fig. 2¢). The induction unit (Fig. 2 b) provides fast uniform heating and maintains the set
temperature of the reactor with high accuracy (£0.5 °C) in the range from 700 to 1000 °C.
According to the research results [9], it turns out that with an increase in the rate of temperature
rise, the heat (energy) consumption for breaking C-C bonds and energy for the transition of
molecules from the melt to the vapour phase decreases. It is for this reason that rapid heating of
the reactor is desirable. The process is two-stage. In the first stage, polymer waste gasification
was performed at a temperature of 750 °C for 90 seconds. The installation was blown with inert
gas. The formed gases were passed through a layer of charcoal to trap tar. The second stage of
the process consisted of the regeneration of the above-mentioned sorbent by heat treatment at
1000 °C under atmospheric pressure conditions. The gases formed at each stage were separately
sent to gas chromatographic analysis. The composition of gases, the amount and change in the
mass of raw materials and sorbent before and after each stage of the process were determined.

Fig. 2. Experimental pyrolysis installation manufactured by the German company Linn High
Them [8].

The qualitative and quantitative composition of the formed gases and liquid products was
determined by the gas chromatography method. Gas chromatographic analysis of inorganic gases
(H2, CO, CO7) and methane was carried out on a chromatograph Chrom-5 (Czech Republic) with
a detector for measuring the thermal conductivity of gases. For the analysis of light gases,
stainless steel 1.5 m long and 3 mm internal diameter, filled with a sorbent: activated charcoal of
the SKT brand with a fraction of 0.25-0.50 mm, impregnated with a 10% NiSOs solution. The
carrier gas is argon, the flow rate of which was 20 ml/min. The temperature of the columns
thermostat and the detector is 100 °C, the evaporator temperature — 120 °C, and the detector
current — 40 mA. Hydrogen analysis was carried out on a glass chromatographic column with a
length of 1.5 m and an internal diameter of 3 mm, filled with pre-fired CaA zeolite with a
fraction of 0.25-0.50 mm. The carrier gas is argon, the flow rate of which was 30 ml/min.
Analysis temperature — 60 °C, evaporator temperature — 120 °C, detector current — 80 mA. The
gas sample was introduced into the chromatographic column through a calibrated loop using a
dosing tap. The sample volume was 0.37 ml. Analysis of organic reaction products was carried
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out on a chromatograph “Agilent Technologies 7890A” (Agilent, USA) which was equipped
with a flame ionization detector and using a DB-624 Ul quartz capillary column with a length of 60
m and an internal diameter of 0.32 mm in a combined temperature regime (isothermal - 10
minutes at 40 °C, then programming the temperature from 40 to 250 °C at a speed of 5
degrees/min). Samples were introduced into the column with a microsyringe with a capacity of
1.0 pl. Processing of the analysis results was carried out according to the areas of
chromatographic peaks by the method of internal normalization using calibration coefficients.

Results

Fig. 3 presents the distribution of products depending on the original polymer packaging.
As can be seen from the diagrams shown in Fig. 3, these product ratios depend on the starting
polymer. However, gases are the main component (more than 60% (wt.)) during its thermolysis.
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Fig.3. Comparison of thermolysis products of different packaging containers.

The analysis of the gas phase showed that during the thermolysis of PE the main
combustible gases Ci-C3 and hydrogen are present, which indicates the perspective of such raw
materials in the direction of obtaining substances that can be used as raw materials for the
chemical industry, as well as as high-energy fuel (Fig. 4). At the same time, different gases are
predominant at each stage. Thus, during the thermolysis of PE, a little more than 40% (wt.) of Cz
hydrocarbons and ~15% (wt.) Ci and Cs are formed at the first stage. This composition of the gas
fraction can be explained by the nature of the polymer and the mechanism of its destruction (Fig.
5), which is in good agreement with known literature data [10-12]. Resinous substances formed
after the depolymerization of polyethylene are adsorbed on the carbon material and in the second
stage during thermolysis lead to an increase in the concentration of H>. A sharp increase of the
latter in the second stage can be explained according to the works [13] by the course of the
following processes:

thermal and catalytic cracking: CtHn  C + CiHy + Ho;

dry reforming: ChHm + nCO2  2nCO + (m/2)Ha,
where the C,Hm are the tar molecules or coke on active carbon and CiHy — represents
hydrocarbons with lower carbon numbers than those of CiHm. In favour of the proposed
mechanisms of thermolysis, the presence of CO in the amount of ~15% (wt.) against ~1% (wt.)
at the first stage testifies. At the same time, in the second stage, but in much smaller quantities,
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further thermal destruction of hydrocarbons is observed according to the mechanism shown in
Fig. 5.
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Fig. 4. Gases composition after polymer packaging’s thermolysis.

At the same time, during the thermolysis of PET, the predominant gases in both stages are
carbon oxides (Fig. 4), which is primarily due to the nature of the studied polymer packaging.
For a better understanding of the process of thermolysis of PET waste, in Fig. 4 presents the
mechanism of its depolymerization known from the literature [14], which is not desirable under
the conditions of a low-carbon economy. The formation of resinous substances (Fig. 3) may have
been facilitated by the structural characteristics of PET, which has an aromatic ring in the
repeating unit and is very difficult to decompose during gasification due to its high thermal
stability. The main products of PET decomposition are aromatic compounds such as benzoic
acid, terephthalic acid and monomethyl terephthalate [14]. Such aromatic compounds can further
decompose with the formation of benzene and toluene, which later condense to coke-like
compounds on a carbon sorbent (Fig. 6). The methylene group of PET ethylene glycol can
produce aliphatic hydrocarbons in the source gas, which explains their presence in the reaction
products in the gas phase at both stages of thermolysis (Fig.4).

The fact that at the second stage of gasification the content of carbon monoxide is
somewhat higher compared to dioxide in the gas phase (Fig. 4) attracts attention. According to
known literature data [14], this is caused not only by the cracking and reforming of resinous and
coke-like compounds sorbed on a carbon sorbent but also by the interaction between CO; and C
of these substances according to the following reaction:

C (coke) + CO2  2CO.

As can be seen from the figures shown in Fig. 5 data, the mixture of gases during the
thermolysis of PE is optimal for the carbon oxides hydrogenation processes into hydrocarbons,
alcohols, and ethers [15]. At the same time, during the thermolysis of PET, carbon oxides are the
main ones. The ratio of hydrogen to carbon oxides is not optimal for use in the carbon oxides
hydrogenation processes. It's necessary to additionally find a hydrogen source. Carbon oxides

can later be used for the hydrogenation reaction, as well as for PE when hydrogen is added to
them.
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Based on the analysis of laboratory studies on the thermolysis of polymer packaging, we
have proposed a technological scheme for an industrial installation of continuous action (as
shown in Figure 7). First, the raw materials are prepared by grinding to the required fraction and fed
into the hopper. They are then dosed through the rotor valve into the fast pyrolysis reactor. The solid
carbon residue from the reactor is continuously discharged through the sluice gate into a container
with water. The container is then sent to geocontainers for dehydration using a screw discharger [16].
The vapour phase from the reactor enters the elevator reactor with charcoal. Here, the sorbent
and gases are mixed in a suspended state. Separation takes place in a separator, and gradual
carbon addition occurs as the latter is gradually transferred from the solid phase to the gas phase.
The vapour phase from the reactor enters the refrigerator, and after cleaning, the gas is directed
to the consumer.
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Fig. 7. Technological scheme of the research and industrial installation: 1 — fast pyrolysis
ablation reactor; 2 — reactor rotor — helical gear; 3 — reactor inductor; 4 — rotor-valve loading
polymer crumb; 5 — reactor rotor drive pulley; 6 — retort with charcoal; 7 - electric heaters.

In the installation proposed in Figure 7, it is possible to carry out thermolysis of not only
PE and PET but also solid waste after removing metal, glass, and ceramics. These raw materials
can be supplied to the installation separately or as a mixture.

Conclusions

Thus, we have proposed a two-stage disposal method of PE bags and PET bottles. The
formed products composition of polymer packaging thermolysis was analyzed. The influence of
the raw materials chemical composition on the reaction products was clarified, and the chemistry
of the processes occurring during their thermolysis was also considered.
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Abstract — The article presents case studies and applications of surfactant removal through adsorption.
The potential innovations in surfactant removal technology and the limitations of this method were
presented. The results of adsorption in surfactant removal were discussed. The insights into the
ongoing efforts to address surfactant-related pollution were provided.

Keywords — adsorption, interphase surphase, wastewaters, surphactant.
Introduction

Surfactants, a ubiquitous component in wastewater, pose a significant environmental
challenge due to their adverse effects on aquatic ecosystems. This article comprehensively
reviews the adsorption removal of surfactants from wastewater, focusing on adsorbents and the
underlying mechanisms. As an efficient and versatile method, adsorption is examined deeply,
highlighting its vital role in mitigating surfactant pollution. The types of adsorbents, including
activated carbon, zeolites, and clays, are explored along with their distinct properties and
advantages. Mechanisms underlying surfactant adsorption are elucidated, encompassing physical
and chemical interactions. Factors affecting adsorption efficiency, such as pH, temperature,
initial surfactant concentration, and contact time, are discussed, emphasizing the need for
optimizing these parameters in wastewater treatment. Adsorption isotherms and kinetics models
are employed to comprehend adsorption behaviour and rate better.

Literature review

The importance of surfactant removal from wastewater cannot be overstated, as surfactants
can have significant and detrimental effects on both the environment and public health.
Surfactants can have severe environmental consequences when discharged into natural water
bodies. They can disrupt the surface tension of water, affecting aquatic organisms such as fish,
insects, and amphibians. This disruption can impair their ability to breathe, move, and feed,
reducing biodiversity and ecological imbalances. Surfactants can impair water quality by causing
foaming and turbidity [1]. This can hinder water use for various purposes, including drinking,
industrial processes, and agriculture. Poor water quality can also lead to the growth of harmful
algae and pathogens, affecting human health and ecosystems. Some surfactants are associated
with health risks. For example, certain anionic surfactants can degrade into harmful byproducts,
like carcinogenic nitrosamines. Thus, the presence of surfactants in drinking water sources is a
public health concern [2].

Surfactants, or surface-active agents, play a crucial role in various industrial and household
applications, including detergents, cleaners, and personal care products. While they serve
essential purposes in these products, they can also find their way into wastewater, posing
environmental challenges. Here are some of the most popular surfactants and their familiar
sources in wastewater [3]:
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Anionic Surfactants:

Common Sources: Anionic surfactants are among the most widely used in detergents and
cleaners. Sodium lauryl sulfate (SLS) and sodium dodecylbenzenesulfonate (SDBS) are common
examples. These surfactants are prevalent in domestic wastewater due to their presence in
dishwashing detergents, laundry detergents, and shampoos.

Cationic Surfactants:

Common Sources: Cationic surfactants, such as benzalkonium chloride and
cetyltrimethylammonium bromide (CTAB), are commonly found in fabric softeners,
disinfectants, and personal care products like conditioners and antiseptic mouthwashes. These
products can introduce cationic surfactants into wastewater.

Nonionic Surfactants:

Common Sources: Nonionic surfactants are frequently used in various applications due to
their mild and versatile nature. They are found in laundry detergents, dishwashing detergents,
cosmetics, and some pharmaceuticals. Common examples include alcohol ethoxylates and
alkylphenol ethoxylates. Nonionic surfactants are often detected in domestic and industrial
wastewater.

Amphoteric Surfactants:

Common Sources: Amphoteric surfactants, like betaines and amphoterics, are used in
personal care products, shampoos, and conditioners, providing a combination of cleaning and
conditioning properties. These products can introduce amphoteric surfactants into wastewater.

Fluorinated Surfactants:

Common Sources: Fluorinated surfactants, including perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS), have been used in various industrial processes and
consumer products. These compounds can enter wastewater from industrial discharges, as well
as the use of products with stain and water-resistant coatings.

Biosurfactants:

Common Sources: Biosurfactants are produced by microorganisms and can enter
wastewater through various routes. While they are considered more environmentally friendly
than synthetic surfactants, they can still contribute to surfactant content in wastewater,
particularly in certain industrial processes.

Agricultural Surfactants:

Common Sources: Surfactants are used in agriculture as adjuvants to enhance the
effectiveness of pesticides and herbicides. These agricultural surfactants can end up in surface
water and groundwater through runoff and leaching, especially after rainfall or irrigation.

Industrial Discharges: Besides the sources mentioned above, various industries, including
textiles, pulp and paper, and petrochemicals, use surfactants in their processes [4]. Effluents from
these industries can contain a wide range of surfactants that eventually enter wastewater.

Efforts to manage and reduce surfactant pollution in wastewater often involve the
implementation of effective treatment technologies, including adsorption, coagulation,
flocculation, and advanced oxidation processes. Proper wastewater treatment is essential to
mitigate the environmental impact of surfactants and ensure the protection of aquatic ecosystems
and water quality [5].

Surfactants can disrupt the performance of wastewater treatment plants by interfering with
biological processes, such as activated sludge systems. This disruption may lead to increased
treatment costs and the release of inadequately treated effluent into the environment. Surfactants
that remain in treated wastewater can be discharged into rivers, lakes, and oceans, causing
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contamination in the receiving waters [6]. This contamination may accumulate over time,
leading to long-term environmental damage. Many countries have stringent regulations
governing the discharge of surfactants into water bodies. Failure to comply with these
regulations can result in fines, penalties, and legal actions against industries and municipalities
[7]. Removing surfactants from wastewater is essential for maintaining the sustainability and
health of aquatic ecosystems. By reducing the environmental burden of surfactants, we
contribute to the conservation of natural resources and the protection of aquatic life. In some
cases, surfactants can be recovered and recycled, particularly in industrial processes. Effective
removal of surfactants can facilitate resource recovery and promote sustainability [8].

Surfactant removal from wastewater is critical for preserving the environment,
safeguarding water quality, protecting public health, ensuring the proper operation of wastewater
treatment facilities, and complying with regulatory requirements. Efforts to mitigate surfactant
pollution play a crucial role in sustainable water management and environmental protection [9,
10]. Adsorption is a versatile, efficient, and cost-effective method for surfactant removal from
wastewater. Its ability to selectively remove surfactants, its compatibility with various adsorbents,
and its minimal environmental impact make it a preferred choice for mitigating surfactant
pollution in water treatment processes.

Methodology

To assess the adsorption capacity of zeolite concerning surfactants, we initiated a
controlled experiment. Specifically, 200 cm? of sodium dodecyl sulfate solutions, meticulously
prepared using distilled water and spanning a range of initial concentrations (C = 0.025 — 3.5
mg/dm?), were introduced into glass flasks. These concentrations mirrored the levels of
surfactants typically encountered in both municipal and industrial wastewater systems.

Subsequently, approximately 1 gram of the zeolite sorbent was added to each flask,
ensuring uniformity in the experimental setup. The flasks were securely sealed and placed in a
controlled environment, where they were subjected to periodic agitation over a two-day duration
at a constant temperature of +20°C. This allowed for ample time for the adsorption process to
occur.

Following this incubation period, the sorbent was meticulously separated from the solution.
The remaining liquid was subjected to a thorough analysis of its surfactant content, employing a
photometric method by established protocols [4,6]. The outcomes of this experiment are
presented in subsequent sections, shedding light on the efficiency of zeolite as an adsorbent for
surfactants.

Experimental

The research focused on employing the adsorption method for surfactant removal,
particularly for the elimination of trace concentrations of pollutants. As sorbents in this study,
activated carbon, known for its capability to adsorb carbon radicals, and zeolites were selected.
Sodium dodecyl sulfate, being an anionic surfactant, possesses inherent surface-active properties.

The interaction of surfactant molecules with surfaces is a complex and fundamental
phenomenon with significant implications in various fields, including chemistry, physics, and
materials science. Surfactants, or surface-active agents, are molecules that possess both
hydrophilic (water-attracting) and hydrophobic (water-repelling) components. This unique
structure enables surfactants to interact with surfaces in distinctive ways, allowing them to alter
interfacial properties and stabilize emulsions, foams, and micelles.
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The understanding of surfactant-surface interactions is crucial in various industrial
processes, including cleaning, detergency, cosmetics, and pharmaceuticals. Tailoring surfactant
molecules to interact optimally with specific surfaces can enhance the performance of these
products. The interaction of surfactant molecules with surfaces is a multifaceted and dynamic
process underlies numerous natural and industrial phenomena. This behaviour is rooted in the
dual nature of surfactants, allowing them to modify interfacial properties and influence the
stability and behaviour of systems involving different phases. Understanding these interactions is
essential for optimizing processes, improving product formulations, and advancing scientific
knowledge.

Experimental investigations into alterations in surface tension during the adsorption of
surfactants were exclusively conducted on activated carbon.

The adsorption isotherm is accurately represented by the Shishkovsky equation:

c=00-B *In(l + A *¢), (1)

where A and B are constants, and c¢ represents the surfactant concentration. This equation
effectively describes Type 3 isotherms, which are typically observed in solutions containing
surfactants that form micelles.

Numerous methods can be employed to experimentally determine the surface tension of
liquids, with the stalagmometric method, the ring separation method, and the plate separation
method being among the most widely used.

In the context of this study, the method of maximum gas bubble pressure was chosen to
determine the surface tension (o). The experimental results, depicting the relationship between
surface tension and the concentration of sodium dodecyl sulfate, are illustrated in Figure 1.

s HM y = -0,0118x+ 0,0643

0,08 1

Ci g

Fig. 1 Correlation between the surface tension and concentration of the surfactant solution:
¢ surface tension before the adsorption process, while A surface tension after adsorption.

Figure 1 clearly depicts the relationship between alterations in surface tension and
concentration within the typical ranges observed in municipal wastewater. The volume of
sodium dodecyl sulfate absorbed was determined by analyzing the change in surface tension
following the adsorption process.
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Fig. 2 Adsorption isotherm of sodium dodecyl sulfate on three distinct adsorbents: ¢ -
Activated carbon; m - Synthetic zeolite derived from fly ash originating from the Dobrotvir
Power Plant; A - Clinoptilolites sourced from the Sokyrnytsky deposit.

Upon scrutinizing Figure 1, a noticeable trend emerges: activated carbon exhibits a
superior capacity for adsorbing sodium dodecyl sulfate. This behaviour can be elucidated by the
presence of carbon radicals in lactic acid molecules, affording them a pronounced affinity for
non-polar sorbents, notably activated carbon [1,2].

In contrast, mineral sorbents, particularly the clinoptilolite from the Sokyrnytsky deposit,
undergo adsorption with the involvement of hydrophilic groups like -OH and -COOH. This
phenomenon is corroborated by an observable increase in the pH levels of the solutions under
examination. However, due to the significantly higher mass fraction of hydrophobic radicals
compared to functional groups, activated carbon emerges as the more favourable adsorbent.

Furthermore, the experimental data closely aligns with theoretical calculations,
establishing a robust consistency between the two.

Conclusions

The adsorption removal of surfactants from wastewater has emerged as a crucial and
effective method with significant implications for environmental protection and water quality
improvement. This comprehensive review has shed light on the pivotal role of adsorption in
mitigating surfactant pollution. The versatility and efficiency of adsorption make it a versatile
tool in addressing the challenges posed by surfactants in various wastewater treatment scenarios.
We explored the diverse adsorbents, including activated carbon, zeolites, and clays, which have
proven their efficacy in surfactant removal. These adsorbents have unique properties and
advantages, enabling them to be tailored to specific wastewater treatment needs.

Moreover, we delved into the underlying mechanisms of surfactant adsorption, revealing
the complex interplay between physical and chemical interactions. Factors influencing
adsorption efficiency were discussed, highlighting the importance of optimizing parameters such
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as pH, temperature, initial surfactant concentration, and contact time. Case studies showcased
successful real-world adsorption applications for surfactant removal, underlining the method's
practicality and effectiveness. Furthermore, the challenges and limitations associated with
surfactant removal through adsorption were identified, setting the stage for future research and
innovation in this field. As we look ahead, it is evident that adsorption will continue to play a
vital role in advancing the sustainability and efficiency of wastewater treatment processes. By
focusing on surfactant removal and the optimization of adsorption methods, we contribute to
preserving aquatic ecosystems and safeguarding water quality. This review reinforces the
importance of continued research and application of adsorption in the quest for cleaner, more
sustainable water treatment solutions.
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Anomayia — Yxkpaina cmukaemscsa 3 npodaemamu 3a0pyOHeHHA RIO3EMHUX 0XHcePer 6000NOCMAYAHHA
uepe3 HU3bKUIL PiGeHb OXOPOHU HABKOIUUIHLO2O CEPedosuuya ma HeOOCMAamnio yeazy 00 npooiem
numnozo eodonocmauanusn. OnepamueHe ma NIAHOBe GIOHOGNEHHA CUCHEM MA CHOPYO
6000NOCMAYAHHA MA 60006i08€0CHHA € AKMYATNbHUM 3A60AHHAM 0Y0b-1K020 CYUACHO20 Micma 4u
HACeNeH020 NYHKMY.

KirouoBi ciioBa — peKOHCTPYKIIisi BOA03a00py, SKICTh BOJM, BILUIMB Ha JOBKIUIS, €KOJOTiUHA Oe3reka,
OLIiHKa BIUTMBY Ha JOBKIJIIS.

Beryn

3a nanumu OOH npo ctan BonHUX pecypciB y cBiti [ 1] Ykpaina no sikocTi Boau 3aiiMae 95
MicTo i3 122 moxuBux. Cepes OCHOBHMX NMPHYUH HE3aJ0BITLHOI SKOCTI BOAM, IO HAJAXOIUTH
0 CIIOXKHMBAdYiB, MOXHA BUIUIMTA HACTYIHI: YKpaiHa BIJHOCUTBCS JO KpaiH, IO
Manio3zale3neyeHi IpicHO BOJO0 [2]; yci Jkepena Boao3adopiB YKpaiHi BiAMOBIIal0Th JTuIie 3
Ta 4 KareropisM SKOCTi; HE3aJOBUIbHUN CTaH OONAJHAHHA Ta BUKOPHUCTAHHS 3acTapiIMX
TEXHOJOTIH BOJOMIATOTOBKH; XJIOPYBaHHS BOAM NPU3BOJUTH 1O YTBOPEHHS HH3KHU
XJIOPOPraHIYHUX CIIONIYK; TepMiH ekcruryatanii 60-70% BomOroHiB KpaiHH Bke BUUEpIaBcs, abo
K BOHU 3HAXOIATbCA B aBapiiiHOMy cTaHi. 3 OISy HA BHKIAJEHE BHUIIE, AKTyallbHUM €
MPOBEJCHHS PEKOHCTPYKII BOJ03a00pIB HEBENUMKHUX MICT 3auid 3a0e3[eUYeHHs] CTaloro
PO3BHUTKY perioHiB YKpaiHu.

Ha Tepuropii nirouoro Bogo3adbopy KomyHnansHoro mianpuemctTa « TepHOMIBBOIOKAHAIDY,
e 3MIMCHIOETbCS BHUIOOYBaHHS IMJ3EMHHX TIPICHUX BOJ JUIS TOCIOAAPCHKO-TTUTHOTO
BOJIONIOCTaYaHHS M. TepHormins, nependavaeTsCs PEKOHCTPYKITist B0/103a00py
«TepHoninschkuity. Bomo3abip posramoBaHuii Ha MIBHIYHUMA 3aXiJl BiJl IEHTPAIbHOI YaCTUHU
Mmicta, Ha Oepe3i TepHONIBCHKOTO CTaBy, eKcIulyatyeTbcsi 3 1949 poky, Bkimouae 14
apTe3iaHChbKUX CBEPAIOBUH. BOJJOHOCHUI TOPU30HT € 3aXUIICHUM BiJl 3a0pyIHEHHS.

PexoHcTpykiist BoJ03ab0py HaJIEKUTH 10 IPYroi Kareropii BUIIB MJIaHOBAHOI JisSIbHOCTI
Ta 00'€KTIB, SIKI MOXYTh MaTH BIUIMB Ha JOBKUUIA Ta MiJIATAIOTH OIIHII BILUIMBY Ha JOBKIJUIS
3rigHo i3 myHKToM 13 wactunm 3 crarti 3 3akoHy Ykpainu «IIpo OIiHKY BIUIMBY Ha JTOBKIJUISD)
Ne 2059-VIII Bix 23 tpaBHs 2017 poky, a caMe rocrnoaapchka JMisIbHICTh, IO MPU3BOIUTE 0
CKHJIaHHS 3a0pyAHIOIOYUX PEUYOBHH y BOJHI 00’ €KTH, Ta 3a0ip BOM 3 BOAHUX 00’ €KTIB 32 YMOBH,
110 Bo03abip migzeMHux Boj nepesuinye 300 kyOiuHux MeTpiB Ha 100y. Ta 3rigHo 13 MyHKTOM
14 yactunu 3 crarti 3 3akony Ykpainu «IIpo oninky BBy Ha qoBKiuisy Ne 2059-VIII Big 23
TpaBHs 2017 poky, a came pO3MIMPEHHS Ta 3MiHH, BKIIIOUAIOYH Meperiisig ado OHOBJICHHS YMOB
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MPOBA/DKCHHS TUTAHOBAHOI  JISUTBHOCTI, BCTAHOBJICHHUX (3aTBEP/DKEHUX) PIMICHHSIM TIPO
NPOBA/DKCHHS  IUIAHOBAHOI  JisUTbHOCTI a00 TIOJOBXKEHHS CTPOKIB 11  IPOBa/KEHHS,
PEKOHCTPYKIIiIO, TEXHIYHE TIePEOCHAIEHHs, KaIiTaTbHUM pPEMOHT, MepenpoiTroBaHHS
TisUTbHOCTI Ta 00’€KTiB, 3a3HaueHWX y NyHKTax 1-13 miei wactunm [3], kpiM THX, AKi He
CHPaBJISIFOTh 3HAYHOTO BIUIMBY Ha JOBKULIA BiIIOBITHO 70 KPUTEPIiiB, 3aTBepmKkeHnx KabineTom
MiwnictpiB Ykpainu [4].

Opranizanis npouecy omiHku BIumBy Ha JoBkiuig (OBJl) oOymoBineHa 00'€KTUBHUMH
OpPUYMHAMHU 3alliKaBICHOCTI JOJeld y TakoMy (OpMyBaHHI TOCHOJAPCHKOi AisNIBHOCTI Ha
TEepUTOPii, ika O J03BOIMIA 30€perTH Miclle iICHyBaHHS 1 HE MOPYIIyBaTH OCHOBY ICHYBaHHS
JIOAUHY K O10JIOTIYHOTO OpraHi3My, COLIadbHOrO iHAMBIAA Ta JYyXOBHOI ocobucrocti. OTKe,
i ta 3aBgaHHs OBJl momsiratoTh y MiATOTOBIN €KOJOTIYHO O€3MEeYEeHUX TOCIOAAPChKHUX
pilIeHs.

Hini OBA:

1. 3abe3neueHHsT HAYKOBO OOIPYHTOBAHOI BIAIMOBITHOCTI MPOEKTIB CYYaCHUM SKOJIOTIYHUM
BHMOTaM Tepe]T X 3aTBepPKEHHAM KOMIIETEHTHUMH JIEP>KaBHUMHU OpraHaAMHU.

2. TlonepemkeHHsI MOXJIMBUX HETaTUBHUX HACIIiIKIB BIUIUBY pealli30BaHUX IPOEKTIB Ha
SKICTh HaBKOJIUIIHHOT'O MIPUPOJIHOTO CEPEAOBHUIIA Ta CTaH CKJIAJOBHUX ii KOMIIOHEHTIB, a TaKOX
HAa 37I0POB'S 1 )KUTTS HACETICHHS.

3. IlintpuMka auHamMivyHOI Ta 30aJlaHCOBAHOI MPHUPOJIHOI PIBHOBArd Ta CIPUATINBOI
€KOJIOT1YHOT 00CTaHOBKH IPH BIIPOBAKEHHI TOCIIOIAPCHKOT TisTTBHOCTI.

4. 3a0esreyeHHS IOTPUMAHHS HOPM Ta BHMOT EKOJIOTIYHOT O€3MeKH MPOEKTOBAHHUX
00'€KTIB, 3HIKEHHS €KOJIOTIYHOTO PU3HUKY.

3aBnanns OB/I:

1. Orpumannsa iHdopmaiii Mpo BUIM, XapaKTep Ta MaclTadu BIUIMBY Ha JOBKULISA
HaMI4eHOI AisJIBHOCTI.

2. OmiHKa NpSAMHX, HEMPSMHUX Ta 1HIIMX CEKOJIOTIYHUX HACHTiJIKIB BIUIMBIB Ha JIOBKiJUIA
[UIAHOBAHOI IisUIBHOCTI.

3. BusBieHHs Ta BpaXxyBaHHS TPOMAJCHKOI JIyMKH, CYCITUIbHHUX IepeBar Ta OOMEKCHb
1010 TJIAHOBAHOI JisUTBHOCTI.

4. OOrpyHTyBaHHS TPHHIMIIOBOI JIOMYCTUMOCTI Ta YMOB peami3amii IJIaHOBAHOI
ISUTBHOCTI.

5. O6rpynTyBaHHs Ta BUOiIp aJbTepHATUBHUX BapiaHTIB peasizallii JIaHOBAaHO1 AisNTbHOCTI.

OaHuM 3 OCHOBHUX MPHUHIMIIB, SIKUM CIiJI KepyBatucs min 4ac nposeneHHs OB/l e
MPUHIIUI aTbTEPHATUBHOCTI (BaplaHTHOCTI PIillIEeHHS) — OIIHKA BIUIUBY HE MOXKE MPOBOJUTHUCS
JIUIIE TIO OJHOMY BapiaHTy MPOEKTY, HOBUHHI OyTH PO3TISHYTI ajJbTepHATUBHI BapiaHTH Ta Pi3HI
NUISXH TOCSITHEHHS METH.

Po3pobnuk pimeHs mo 00'eKTy — oprasizamis, sKa 31iCHIOE pO3pOOKy pillieHb 1O 00'€KTYy
Ta MiIrOTOBKY JOKYMEHTAIII] Ha peai3alliio MIaHOBaHOI JisUTbHOCTI Ma€ PO3pOOUTH MPUHIIUIIOBI
pimieHHsT MO 00'€KTy, BH3HAYMTH 3arajbHi XapakTEPUCTHKH Ta IependadyBaHi BIUIMBA Ha
HABKOJIMIIIHE CEpPEOBUIIE a TaKoXX c(OpMyBaTH Ta MPOAHAI3yBaTH AJbTEPHATHBHI BapiaHTU
JIOCSATHEHHS ITiJIeH 1HiIiaTopa.

@opmyBaHHS Ta OI[iHKAa aJbTEPHATUBHUX pIllIEHb OJHE 3 KIIOYOBHUX 3aBJaHb BCHOTO
npouecy OBJI. be3 peanpHux anbTepHaTUB He3abapoM MOXKE CTaTH  OYEBHIHOIO
HEONTUMAJIBHICTh 1 MOMIJIKOBICTh €IMHOTO PIllICHHS.

JlocuTh Baxkko cCOpMyBaTH pealibHI abTEPHATHUBH, Y 3B'S3Ky 3 THM, III0 BOHU IOBHUHHI
OyTH mepeayciM 3JaTHAMH JI0 peajizallii, a He BUTaIaHUMU JIJIS «MacoBOCTI». Tak y KOHTEKCTI
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OB/] npvHLIUIIOBO BaKJIMBUMH € OLIHKH «PO3YMHHUX» aJbTEPHATUBHUX PILICHb 1100 00'€KTa,
10 BKJIIOYAIOTH JPKEpelia, BUAM Ta O0'€KTH BIUIMBY Ha JOBKULIS, 32 SIKUMHU IEBHOI MipOIO
MOJKHA CYJHMTH TIPO MOKJIMBI €KOJIOTIYHI Ta IMOB'S3aHI 3 HUMH COIlialbHi, EKOHOMIYHI Ta 1HIII
HACJIIJIKH iX peaizarii.

Hes3Baxaroun Ha 3maBanocst 0, a HEpiIKO 1 HACMpaBIi HasBHI TPyAHOII y (GopMyBaHHI
TBTEPHATHB, 11 3aBJJaHHS MOMIJIMBO PO3B'SI3aTH 3 OJHIET MPOCTOT MPUINHH: Oy/b-SKE PIIICHHS
BXKE Ma€ MPUHAWMHI OJIHY aJbTEPHATHUBY — TaK 3BaHUU «HYJIbOBUH BapiaHT». BiH moisrae y
BCTAaHOBIIEHHI MTOKA3HUKIB CTaHy JOBKULISA HAa JaHUH MOMEHT 0e3 Oylb-SKHX 3MiH, SKi MOXYTh
OyTH BHKJIMKaHI 3aIUTAHOBAHUM MTPOEKTOM YH JisUTbHICTIO. [le 03Havae, Mo «HyJIbOBUI BapiaHT»
JI03BOJISIE TIOPIBHATH TMOKA3HUKU CTAaHy JOBKUUIA J0O Ta MICs 3alpOBAKCHHS MPOCKTY YH
JUSAIIBHOCTI.

Kpim «HYTH0BO1», ICHYIOTH TaKOX aJIbTEPHATHBH, SIKI BU3HAYAIOTHCS 32 TAKUMH O3HAKaMH,
SK PO3MIICHHSA, I1H)KEHEPHI, TEXHOJIOTIYHI, apXIiTeKTYpHO-IUIaHyBaJbHI Ta iHII. BoHH
(bOpMYIOTBCS B pe3yiIbTaTi OOTPYHTYBAaHHS IHBECTHUIIIA a0 OMPAIIOBAHHS MMPOEKTHOTO 33aTyMy.
Po3risi Ta oniHka anbTepHATUBHUX PillleHb MPOBOJAUTHLCS HA MiCTaBI HACTYITHUX KPUTEPIiB:

- BIATIOBIHICTH MiCIIEBUM (IIPUPOAHHUM, COLIIaIbHUM, EKOHOMIYHHUM Ta iH) YMOBaM;

- BUJIY TTIOTCHIIIHHOTO BIUIMBY Ha HABKOJUIIHE CEPEOBHUIIIC;

- notpeda y J0JaTKOBii iHOPACTPYKTYPi;

- KamiTallbHI Ta eKCIUTyaTalliiiHi BUTPATH 110 MPOEKTY.

Omnuc 1 OIiHKAa IIOTEHIIMHUX €KOJIOTIYHMX HACHIAKIB HaMideHOl JisVIBHOCTI IIO
BiJTHOIIICHHIO JI0 aJbTCPHATUBHUX BapIaHTIB 3IMCHIOETHCS HA €Taml MiATOTOBKH PIMICHHS IO
00'eKTy.

[ToBHOTa 1 JOCTOBIpHICTH TOJAHMX JaHUX, y CBOK 4epry, Oyjae BH3HAYaTH IOBHY
JIOCTOBIPHICTH 1H(GOpMAIIii TPO MOXKIIMBI HACITIIKK peati3allii MPOEKTHOTO PIllICHHS.

s omiHKM BIUIMBY 00'€KTa IJIAHOBAHO! AISUIBHOCTI Ha JOBKLUIA BPaxOBYIOTHCS Taki
XapaKTEPUCTHKH JDKEpesa BIUIMBY, SK BUKUJ HIKIIJTMBUX PEUYOBHH y MOBITPS, BOIY Ta IPYHT,
BiOpamii, ImIym, CBITJIOBE Ta €JIEKTPOMAarHiTHE BHUIIPOMIHIOBAHHS, 3MiHAa cTaHy O10TH Ta
3a0pyqHEHHS IPYHTY Ta BOJOWM. BIUTUB Ha TOBKULIS MOXKe OyTH JIOKATBHUM PETiOHAIBHUM 200
TPAHCKOPJAOHHUM.

KnacudikamiifHi 03HaKM BIUIMBY Ha JOBKULIAL MOXYTh OyTH TIPUBHECEHHS [0
HABKOJIMIIHBOTO CEPEIOBHUIIA, 30KpeMa:

- 3a0pyIHIOIOUUX PEUOBHH;

- IyMy Ta BiOpari;

- TEIIa;

- pallioaKTHBHUX PEUYOBHH Ta BUIIPOMIHIOBAHb;

- €JICKTPOMAarHITHUX BUIIPOMIHIOBaHb Ta Bi3yaJbHHUX JOMIHAHT,

a TaKOXK BUJTYYCHHS 3 JIOBKULJIS:

- 3eMEJIbHHUX Ta BOJHUX PECYPCIB;

- pecypciB haopu Ta payHu;

- KOPHCHUX KOTIAJINH;

- arpOKYJIbTYPHHUX PECYPCIB;

- MiclIsl TPOKMBAHHS MOMYJISIIHN IIHHUX BUIB POCIMHHOTO Ta TBAPUHHOTO CBITY;

- KYJIbTYpHUX, ICTOPUYHHX Ta TPUPOIHUX MaM'ITOK Ta Bi3yalIbHUX IOMiHAHT.

[TapameTpu BIJIMBY BKIIIOYAIOTh XapaKTep BIUIMBY, iHTCHCHUBHICTb, PiBEHb, TPUBAIICTH,
TUMYACOBY JIMHAMIKY, IPOCTOPOBE OXOIUICHHS Ta CTYIiHb HeOe3nekn 00'eKTa.

CHEMICAL TECHNOLOGY AND ENGINEERING - 2023: MONOGRAPH, LVIV, UKRAINE

143



ECOLOGY AND SUSTAINABLE DEVELOPMENT. ENVIRONMENTAL PROTECTION

Otxe, (hopMyBaHHSI albTEPHATHBHHUX PIllleHb 3IHCHIOIOTH CamMe€ 3 METOI 3MEHIICHHS
HEraTHBHOTO BIUIMBY IUJIAHOBAHOI MisNIBHOCTI Ha AOBKULIA. Lle mMoxke OyTu 3MiHa TEXHOJOrII,
BUKOPHCTAHHS OUTBIII €KOJIOTIYHO YUCTUX MaTepialiB Ta iHIIE.

[TnanoBana piseHicTh KII «TepHOMiIBBOJOKAHAT) TIONATAE Y PEKOHCTPYKIIT KOMIUIEKCY
OyxiBenb Ta cropyl Bono3abopy «TepHominbchkuii». B mporeci pekoHCTpyKii nependaueHo
BUKOHAHHS KOMIUIEKCY MMPOEKTHHUX 3aXO/I1B: PEKOHCTPYKIisS BOJ03a0ipHUX CBEPIJIOBUH, 301pHHUX
TpyOoOIpoBoiB, Boao3abipHoi HacocHoi ctanmii II mimitomy (BHC Nel), pesepByapiB uuctoi
Bonu (PUC), cranmii 3He3ay1i3HEHHS, BIPOBA/DKEHHS CHCTEM IOM'SIKIIEHHS 1 JO(TOpyBaHHS
BOJIM Ta TEXHOJIOTI1 3HE3apaKeHHsI MUTHOI BOAM HU3bKOKOHIIEHTPOBAHHUM TiIIOXJIOPUTOM HATPIIO,
PEKOHCTPYKIIiSl  €NEKTPOINOCTaYaHHsl, BIPOBA/DKCHHS aBTOMATHYHOI CHCTEMH YIPaBIiHHA
TEXHOJIOTIYHAM TPOIIECOM, PEKOHCTPYKIIiSi CHCTEMH BiJBeIEHHS MPOMUBHUX BOJ, OJlaroycrpii
teputopii. [Ipu mpoBeneHHI PEKOHCTPYKIIi BPaXOBYEThCS HASBHICTH OyJiBeNlb 1 CIOpPYHI Ha
TEPUTOPii BOJ03200DYy.

Bopa, sixa B momanbmioMy HaJXOJUTh Y€pe3 CUCTEMY LIEHTPaTi30BaHOTO BOJOIOCTAYaHHS
KHUTJIOBUX TEPHUTOPIH, IMiJl Yac OYMINEHHS MICBKHX BOJ OYHILYETHCS BIAMOBIIHO 10 BHMOT
CTaHJAPTIB SIKOCTI Ta TT1€HIYHUX HOPMATHBIB.

3He3apakeHHs — OCTaHHIN eranm OYMWIIEeHHS BOAW. B mporeci mporo eramy y BOji
MPUTHIYYETHCS JKUTTEAISUIBHICTD XBOPOOOTBOPHUX OpraHi3MiB. 3HE3apa)KeHHS MHTHOI BOJHU
CIIY’)KUTh JUISI CTBOPECHHS HAJIHOTO Oap’epa Ha NUIAXY Tepenavi 4epe3 BOIHE CEpEeIOBHIIE
30yIHUKIB iH(GEKIIHHUX XBOPOO.

Metoau 3He3apaXCHHsT BOJHM CIPSMOBAaHI Ha 3HUINEHHS NATOIeHHUX 1 YMOBHO-
NaTOreHHUX MIKpOOpraHi3MiB, 4YWM 3a0e3meuyeThcs emigemiuHa Oe3neka Boau. Boxay
3HE3aPAKYIOTh Ha KIHIEBOMY €Talli OYMIICHHS IIICIs OCBITICHHS W 3HEOApBJICHHS Nepes
HAJIXO/DKEHHSIM Y pe3epByapH YHCTOI BOJIM, SIKi OJHOYACHO BHUKOHYIOTh (DYHKIIT KOHTAaKTHUX
Kamep.

Jlns 3He3apa)keHHS BOJM 3aCTOCOBYIOTh peareHTHI (XimiuHi) 1 Oe3peareHTHi ((hi3u4Hi)
metonu. PeareHTHI METOIM 3aCHOBaHI Ha BBEACHHI y BOJAY CHJIBHHX OKHCHIOBAYiB (XJIOpY,
TIOKCHIY XJIOpY, O30HY Ta iH.), 10HIB BaXKHUX MeTaliB. be3peareHTHi BKIIOYAIOTH TEPMIUHY
00poOKy, ynbTpadioseToBe ONMPOMIHEHHS, OOPOOKY YJIbTPa3BYKOM, Y-ONpPOMIHEHHS, 00pOOKYy
CTPYMOM HAaJBUCOKOI 4acTOTU. MeToJ OoOMparoTh 3aJIeKHO BiJ KUIBKOCTI Ta SKOCTI BUXIIHOT
BOJIM, METOMIB 11 TMONEPEIHHOTO OYHINCHHS, BUMOT JI0 HAQJIMHOCTI 3HE3apaKCHHS, 3
ypaxyBaHHSIM TEXHIKO-€KOHOMIYHHMX IIOKAa3HUKIB, YMOB IIOCTaBKH PEarcHTIB, HAasSBHOCTI
TPAHCIOPTY, MOKJIMBOCTI aBTOMATHU3aIlii TIPOIIECY.

B mporeci omiHkM BIUIMBY Ha JOBKULIS PO3TJISJAINCH JIBI TEXHIYHI aJbTePHATHUBU
3HE3apaKEHHS BOJM — 3HE3aPAKCHHSI BOJM HU3bKOKOHIIEHTPOBAHUM TiNOXJIOPUTOM HATPIiIO Ta
3HE3apaKECHHSI BOJIH, SIKE BiJIOYBA€ETHCS 13 3aCTOCYBAHHIM CKPAILICHOTO XJIOPY

3a mexHniyHow anemepramueoro I TEXHOIOTIYHUI MPOIIEC MIATOTOBKU BOJIU BKIIIOYAE:

- 3HE3aJII3HEHHSI BOJIH;

- IOM’IKIIIEHHS BOJIH;

- TopTOpPYBaHHS BOJIH;

- 3HEe3apakeHHS BOJHM HU3bKOKOHIICHTPOBAHHUM TiOXJIOPUTOM HATPIIO.

3 Bom03a0ipHUX CBEP/UIOBHH BOJA IOJAETHCS JIO CTaHIli 3HE3aNI3HCHHS Ta, ITICIs
BOJIOIIITOTOBKK, TIOJA€ThCSI B pE3epPByapd YMCTOI BOJHM. 3HE3apPAKCHHS IHUTHOI BOJIHU
nepe0aveHo J03yBaHHIM HU3bKOKOHIICHTPOBAHOTO TIIIOXJIOPUTY HATPIIO.

3a mexuiunow anbmepHamueolo 2 TEXHOJOTIYHUI TpOIeC AaHAIOTIYHMNA TEXHIYHIH
anbTepHaTHBl 1, KpiM 3HE3apakeHHS BOJM, SIKE BiIOYBAETHCA i3 3aCTOCYBAHHSM CKPAIUIEHOTO
XJIOpY.
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Jes3indexiiiina aist rinoxJopuTy HATPIIO (MexHiuHa arbmepHamuga 1) 3acCHOBaHa Ha TOMY,
IO NPH PO3YMHEHHI y BOJI BiH TaKk caMo, SK 1 XJIOp, YTBOPIOE XJIOPHOBATUCTY KHUCIOTY Ta
TIMOXJIOPUT-10HHU, SIKI MAlOTh OKHCITIOBAJIBHY 1 Ne3iH(pekuiiHy airo. 30epiraroun BCi MepeBaru
IpoIeCcy XJIOPYBaHHS, METOJ 3HE3apaKCHHS 3a JONOMOTOI0 TIOXJIOPHTY HATPIIO A€ 3MOTY
YHUKHYTH OCHOBHHUX TpPYJIHOIIIB, MOB'SI3aHUX 3 POOOTOIO 3 BHCOKOTOKCHYHUM PiAKHM XJIOPOM
[5]. 3acTocyBaHHs TINOXJOPUTY HATPil0 Ja€ 3MOTY YHUKHYTH OCHOBHHMX CKJIaJ{HOLIIB,
IIOB’SI3aHUX 3 TPAHCIOPTYBAHHSM 1 30epiraHHsM TOKCHYHOTO rasy. Kpim Toro, 3acTtocyBaHHS
BOTO PEarcHTy Ja€ 3MOTYy YCYHYTH IIOCTiIHHY 3aJIeKHICTh KOPHUCTyBada BiJl 3aBOJIIB-
MOCTAYaIBHUKIB PIIKOTO XJIOPY UM 1HIITUX XJIOP-MPOAYKTIB, IO BHITYCKAIOTHCS IIEHTPai30BaHO
XIMIYHOIO TPOMUCIIOBICTIO, @ TAKOXK BiJl BAKOPHCTAHHSI CIIEIialli30BaHUX TPAHCIIOPTHHUX 3aCO0iB.

TexHOJOTIUHUI MPOLIEC 3a MexXHIuHOI arbmepHamusoio 1.

CBepdnobunu (14 wm.)

lMpomuBka pinempid
Q Cmanyis
3He3ani 3HeHHA
v Vi
BHC Nei, .
Cmanyis F——> Il-20 niddomy do cnoxubasi>>
nidzomoBku PYB 1
Bodu
| P48 2
PYB 3
KHC
|
|
|
A

\V4 NS Pa3epByapu
D ycepedHioBayi

Puc. 1. Cxema TeXHOJOTIYHOTO MPOLECY 32 TEXHIYHOIO AIbTEPHATHBOIO 1.

Bopa 3 cBep/UIOBMH TIOJAETHCS JI0 CTAHIIIT 3HE3aITi3HEHHS.

Ilepen craHmiero 3HE3ali3HEHHS B TPyOONpPOBOAM  TependadyeHo  JA03yBaHHS
HU3bKOKOHIIEHTPOBAHOTO TIIOXJIOPUTY HATPIO BiJl CTAHINT MiATOTOBKH BOH.

B cranmii 3He3aNmi3HEHHS BOAA IMPOXOJUTH uepe3 IBHIKI (GUIBTpH Ta 30UpaeThCS B
TpyOONPOBi/T 3HE3aTI3HEHOT BOJIH.

[IpomuBKka mBHIKKAX (IIBTPIB MPOBOAUTHCS BOJOI0 3 CBEPIJIOBHH, BigOip BOIM Ha
MPOMUBKY TiependaueHuii B OyAiBIIi CTaHIlli 3HE3aI13HEHHS.

Bin cranmii 3He3ai3HEHHS OYMILEHA BOJIA CAMOILIMBOM IO TPYOOIPOBOIY MOCTYMAE JI0
PYB uepe3 posranyxeHHs:

YactuHa 3HE3aMi3HEHOI BOIM Big TpyOONpPOBOAY BIIOMPAETHCS 1O  BiIIUICHHS
MOM SIKIIICHHST BOJM CTaHIi MiArOTOBKM Hacocamu. [loM’siKileHa BOJa TIOBEPTAETHCA B
TPYOOIIPOBII.

JodropyBaHHs BOAM 3M1HCHIOETHCSA POZUMHOM HATPIO (TOPUCTOTO MO TPYOOIIPOBOTY.

3He3apaXeHHSI BOAM 3JIACHIOETHCS HHU3BKOKOHIICHTPOBAHMM TIMOXJIOPUTOM HATPIIO
(3aexHO BijJ BUTpAT YUCTOI BoAM). Jl03yBaHHS 3M1HCHIOETHCS Bl CTAHIIIT M1ATOTOBKU BOJIH.

3 pe3epByapiB YUCTOI BOJIM BOJA MATHOI KOCTI HacocHO ctaHiiero BHC Nel monmaeTscst
CIIO’KUBaYaM.
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[IpomMuBHI BOAM Bix MBHAKUX (GUIBTPIB CTaHIl 3HE3aJi3HCHHS KaHATI3aliiHUM
KOJICKTOPOM CKHUJAIOTHCS B pe3epPBYapH-yCePEIHIOBAYI.

[IpomuBHI Bomu pereHepamii i0HOOOMIHHHMX (UIBTPIB BiJ CTaHLIi MiATOTOBKH BOIH
KaHaIi3aliiHAM KOJEKTOPOM CKHUIAIOTHCA J0 pe3epByapiB-ycepeIHIOBAYIB.

[IpomusHi Boau Bin PUB ckupatotses 1o KHC. Bin KHC npoMuBHI Boau nepekadyroThCs
JI0 pe3epByapiB-ycepeIHIOBAYIB.

3 pe3epByapiB-ycepeIHIOBaYiB CAMOHAIIIPHUM KOJIGKTOPOM TIPOMHUBHI BOJHM CKUJIAIOTHCS B
kanamizaniny mepexy KII «TepHominsBog0KaHAY.

BinMiHHICTIO TEXHOJOTIYHOTO TIPOIECY 3a MEXHIYHOW AlbMEepHAmuo 2 € 3IIMCHEHHS
IPOMHBKH IIBUAKHUX (QLIBTPIB 3HE3aTi3HEHOO BO10T0 3 PUB-1.

(Bepdnobunu (14 wm.)

A Npomubra ¢inmpid
s Cmanyin
. M~ 3He3anl 3HeHHS
HC
npomubHux i :
Bod ‘ 1
v PYB 1 PYB 2 e
Cmanyis ! PYB 3 ) 1-20 nidaomy
] nidzomoBxu 3 -
Bodu : Q
A
I |
besessnansmc B 1

N7 \/ ~| PesepByapu
~|ycepednioBayi [ﬂ>

Puc. 2. Cxema TeXHOJIOTIYHOTO TIPOIECY 32 TEXHIYHOIO AIbTEPHATHBOIO 2.

3 PUB-1 Bogaa 3abupaetbcss HC mpoMHBHUX BOJ Ta MOJAETHCSA A0 CTaHINI 3HE3aTI3HEHHS
Ha MPOMUBKY (QLIBTPIB.

Bin cranmii 3He3aNli3HEHHsS OYMILEHA BOJAa CaMOIUIMBOM IIO CHUCTEMi TpyOOIpOBOAIB
noctynae B PUB-1, o Tpy6omnpoBoay nocrynae 1o PUB-2,3 uepes posrainykeHHS.

3ue3aniznena Boja 3 PUB-1 HC mpomuBHHX BOA MO TpPyOONpPOBOMY IOAAETHCS O
BIJUTIEHHS ITOM SIKIIIEHHS BOIU CTAHIIT ITITOTOBKH HACOCAMH.

3He3apakeHHs 3/1IHCHIOETHCS 13 3aCTOCYBAHHSAM CKPAILJICHOTO XJIOPY.

Texniuna anomepnamusa I Mae Taki nepeBaru:

- MEHIIIA BapTiCTh OYAIBHUIITBA MOPIBHSHO 3 TEXHIYHOIO aTbTEPHATHUBOIO 2;

- MEHIIIa COOIBapTICTh MiATOTOBICHOI BOJIH.

Henonikamu Texwniunoi aremepnamueu 1 €:

- mpu npomuBLi | MWBHAKOTO (GUIBTPY HEOOXIAHO PETyIIOBAaTH IMOJA4y BOAM Ha iHII
npaiodi GireTpu.

IlepeBaru Texuiunoi aromepramueu 2:

- JUTsl IPOMUBKY MIBUAKUX (1IBTPIB BUKOPUCTOBYETHCS 3HE3aIi3HEHA BOJIA;

- mpoMuBKa (iJIBTPIB MPOCTIIIE PETYIIOETHCS Ta HE BIUIMBAE HA pOOOTY 1HIIUX (PIITBTPIB.

Henonixku Texwniunoi aromepnamueu 2:

- OibIa BapTicTh OyNiBHULITBA MOPIBHSHO 3 TEXHIYHOIO ABTEPHATUBOIO 1;
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- Oubma co0iBapTICTh MATOTOBIICHOT BOIH.
BucHoBku

@opMmyBaHHsS Ta OI[iHKA TEXHIYHHX AJIbTEPHATHB MPOBAKCHHS IJIAHOBAHOI JiSUTBHOCTI
OJIHE 3 KJIFOYOBHX 3aBJaHb Bchoro npormecy OB/l Lle 3aBmaHHs mossirae B TOMY, 00 3HAWTH
pi3HI BapiaHTH PIllICHb NMPOBAIHKCHHS IJIAHOBAHOI JIsUIBHOCTI, a MOTIM OLIIHUTH KOXKEH 3 HUX 3a
neBHUMHU Kkputepisimu. Lleil mporec no3Bossie 3HaWTH HaOLIbII e(dEeKTUBHE Ta ONTHUMAallbHE
pileHHS.

[licns ouiHKKM adbTEPHATUBHUX pIIIEHh MOKHAa BH3HAYUTH HAWOUIBII ONTUMAabHUM
BapiaHT Ta PO3pOOHTH TUIAH JiH UTsl HOTO peai3aliii.

KokHa 3 TeXHIYHHMX abTEPHATHB 3HE3apPAKEHHS BOIH, IO PO3MIIAJAIUCH B IPOIECI
OLIHKM BIUIMBY Ha JOBKULIA TutaHoBaHOi misutbHOCTI KII «TepHominpBOMOKaHAM», Ma€ CBOI
nepeBaru i Hefoiku. OCHOBHUM HEJOJIKOM BUKOPUCTAHHSI 3P1XKEHOT0 XJIOPY JAJISl XJIOPYBaHHS
BOJIU € TiJBUIIEHA HeOe3eKa OTPY€EHHS 00CIyTrOBYIOUOT0 MEPCOHANTY BOJOOYHCHUX CTaHIII, a B
pasi aBapii — i MENIKaHIiB MPWIErTUX A0 CTaHMii (imbTparii HaceleHUX MYHKTIB (MexHiuHa
anbmepHamusa 2).

3a mexuiunoio arbmepuamusoio I 3He3apaXCHHS MUTHOI BOAM TUIAHYETHCS 31HCHIOBATH
HU3BbKOKOHIIEHTPOBAHUM TiIIOXJIOPUTOM HATPIIO.

OuuiiieHHsT BOAM TIMOXJIOPUTOM HATPIiIO 3aMIiCTh 3pIIPKEHOTO XJIOPY Mae Taki MepeBaru:
Oe3neuHe 30epiraHHs 1 TPaHCHOPTYBAHHS, MPOCTOTA J03yBaHHS, TpUBATUN e(deKT ne3iH(eKii,
MaJIOWMOBIPHICTh BUHMKHEHHS 3arpo3M TEXHOTEHHOT aBapii Ta YHUKHEHHS HETaTUBHOTO BIUIMBY
Ha 37I0POB’sI HACEJICHHS MEIIKAHI[IB MICTa.

Besneka 1 3axucT HaceneHHS Ta Oe3leYHA EKCIUTyaTallil0 CTaHII MiJrOTOBKHA BOJH IPH
BUKOPHUCTAHHS HU3bKOKOHIIEHTPOBAHOTO TIMOXJIOPUTY HATPIIO € OCHOBHOKO MPUUYMHOI OOpaHHs
mexHiyHoi arbmeprHamueu 1.

Pexonctpykuist Bogozabopy «TepHONUIbCHKUID CHOpUATHME MOJIMIICHHIO SKOCTI MUTHOT
BOJIM Ta YMOB €KCIUTyaTallii 00’€KTa, IKICHOro BOJAOMOCTaYaHHs AJi1 KOM(QOPTHOTO MPOKUBAHHS
HaceneHHs. O4UiKyBaHHI TTO3UTHBHUM €KOJIOTTYHUN €EeKT Bij pealizaiii MpoeKTy — mepexia 10
Oimpin  Oe3mevyHol  TEeXHOJOTil 3HE3apaXeHHs MHUTHOI BOAUM  HU3BKOKOHIIEHTPOBAHUM
TiMOXJIOPUTOM HATPIFO.

Jlireparypa

[1] Water Quality and Wastewater URL: https://www.unwater.org/water-facts/water-quality-
and-wastewater.

[2] IleBuenko, A.M., Brmacosa, O.B., Psoues, M.I1., & boxenko, P.I1. (2020) MeTtoaununi
pexoMeHpanii 3 OLIHIOBaHHS EKOJOTIYHOTO CTaHy BOJHHMX OO0’€KTIB Ta MENIOPOBAHHUX
3eMellb 32 TPOCTOPOBO PO3TOAUICHUMH CYITyTHUKOBUMH JTAHUMHU.
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[4] TIlocranoBa KabGinery MinictpiB Ykpainu Big 13 rpyaus 2017 p. Ne 1010 «IIpo
3aTBEP/KCHHSI KPHUTEpIiB BH3HAYEHHS ILJIAHOBAHOI JISNIBHOCTI, KA HE TiJIArae OIIHII
BIUTMBY Ha JOBKUUIS, Ta KPUTEPiiB BU3HAYCHHS PO3IIMPEHB 1 3MiH AISUTLHOCTI Ta 00’ €KTIB,
SIK1 HE TIJUISITal0Th OIIIHII BIUIMBY HA JTOBKIJUISD».

[5] Hakaz MinicTepcTBa 3 MUTaHb >KUTIOBO-KOMYHAJIBHOTO TOCHOJApCTBA YKpaiHH Bij
18.05.2007 p. Ne 18 Tlpo 3arBepmkeHHs [HCTPYKIIT i3 3aCTOCYBaHHS TiOXJIOPUTY HATPIIO
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BozoBinBeneHHs. URL: https://zakon.rada.gov.ua/laws/show/z0853-07#Text/.
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KAPIAT
HADPTOXIM

KARPATNAFTOCHIM Ltd.

77306, Ukraine, Kalush, Ivano-Frankivsk region, Promyslova str. 4
Phone/Fax: +38 034 726 64 60, +38 034 726 04 25
E-mail: mail@knh.com.ua

knh.com.ua

KARPATNAFTOCHIM Ltd. was founded in October 2004. Legal address ID code:
33129683.

The only participant of the Company is KARPATY CHEMICAL B.V., legal entity under
the laws of the Kingdom of the Netherlands, whose seat is: Helsinkilaan, 4, 3446 AH Woerden,
the Netherlands.

KARPATNAFTOCHIM Ltd. is highly developed economic complex for the production of
petrochemical and chemical products. The only producer in Ukraine of ethylene, propylene,
benzene, C9-cut, polyethylene, as well as caustic soda and suspension polyvinylchloride. The
latter are the new products of the company.

The multi-branched network of automobile roads and railways, close distance to boarders
with Poland, Romania, Hungary, Slovakia, availability of ethylene pipe line between
KARPATNAFTOCHIM Ltd. and Tiszai chemical works in Hungary creates favourable
preconditions for the integration of the enterprise to the European industrial and trade activity.

High quality of products is provided by highly qualified staff of petrochemists as per
international integrated management standards ISO 9001, ISO 14001, OHSAS 18001.
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Limited Liability Company

POLIKOM

Polikom LLC

77611, Ukraine, Ivano-Frankivsk region, Rozhniativ district, Broshniv-Osada,
Shkilna str. 2a

Phone: +38 03474 47 686, +38 03474 47 625
E-mail: office@polikom.net.ua

polikom.group

Limited liability company “Polikom.” is innovative, client-oriented production company
which develops dynamically. It was founded in 1997 due to the initiative of a group of experts
who had more than 30-year scientific and production experience in the sphere of polymer
synthesis and processing. Nowadays Polikom is the leader in CIS in development of PVC-based
compositions; production of the wide range of commodity PVC-plastisols and PVC-granulates
for wallpaper industry, linoleum, artificial leather, sealing gaskets for food and technical
designation; as well as production of roll technical materials (awnings, banners, geomembranes),
protector working gloves, souvenir products etc. Polikom operates its great experience, which is
strengthened by its own researches and following of new tendencies, and constantly improves its
products and expands its stock.

As for today our company produces also organic pigment pastes for colouring of PVC-
plastisols, water-based systems for wallpaper production, pigment pastes for their
colouring, undusted effect-pigments and other multifunctional additives for different usage
spheres according to their individual properties.
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Inter Syntez

@ The best chemical solutiohs

Inter Syntez LL.C

82300, Ukraine, Boryslav Truskavetska str.
Phone: +380 67 789 04 64

insyntez.com.ua

Inter Syntez is a leading supplier of food additives for meat, confectionery, bakery, dairy
and other food industries. The company is a developer and manufacturer of «GELEX»
stabilizing system.

Our company offers tara gum and locust bean gum as an effective substitution for guar
gum.

Inter Syntez is well known for its reasearch in desinfectants production sphere. Trademarks

«Crystal 700», «Crystal 900» and «Crystal 1000» successfully compete with imported analogues
in Ukraine and abroad.

One of our company’s main activities is selling various brands of hydrogen peroxide. We
use our own methods for stabilizing hydrogen peroxide, particularly for industries using
«TetraPak» and «KombBlok».
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SOFfFtICO

SOFTICO LLC

03150, Ukraine, Kyiv, Malevycha (Bozhenka) str. 86-L, entrance 3, floor 1
Phone: +38 044 383 44 10
E-mail: info@softico.ua
softico.ua
SOFTICO is a company with years of successful experience in the field of IT distribution.

The company offers solutions for information security, supply and licensing of software from the
world leaders, CAD solutions, IT services for integration and service.

SOFTICO LLC is the world-famous IT solutions, favorable conditions for partners, free
and prompt delivery throughout Ukraine, technical support for customers.
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" /Ansys
CERTIFIED CHANNEL PARTNER

CADFEM UKraine

61085, Ukraine, Kharkiv, 5A Academic Proskury, ap. 48
Phone: +380 50 454 3754

E-mail: info@cadfem.com.ua

www.cadfem.com.ua

www.ansys.com/partner-ecosystem/channel-partners/cadfem-ukraine

Company CADFEM UA LLC has a foreign participation. CADFEM UA is the leading
partner of the American company ANSYS, Inc. NASDAQ: ANSS in Ukraine, authorized
distributor, engineering consulting and training center.

Head office of the CADFEM UA LLC located in Kharkiv, Ukraine. The company employs
highly competent professionals and managers.

CADFEM UA LLC is an official partner and authorized distributor of Ansys software in
Ukraine. CADFEM UA provide engineering consulting services as well as training to customers.
CADFEM UA employees are highly competent specialists and managers with academic degrees.

CADFEM UA LLC specializes in the selling and high-quality technical support of science-
intensive, engineering simulation software from Ansys. CADFEM UA LLC offer a wide range
of consulting services including development of engineering methods and calculations on order,
adaptation and software development, installation and configuration of high-performance
computing clusters, creation of engineering data centers and cloud technologies for solving
engineering problems.

Customers include more than 20 organizations from large holdings to small enterprises,
research institutes, universities, SE «Ivchenko-Progress», JSC «Motor Sich», HPNPKH
«DAWN» — «Mashproekt» SE «Giprokoks», Lviv Polytechnic National University,
Institute of Engineering Thermophysics NAS UKRAINE, IEE-AES and other
organizations.
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