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ANNOTATION

Kovinchuk 1.V. Composites of manganese oxides and oxidehydroxides with
halloysite as degradation photocatalysts. — Qualification scientific work in the form of a
manuscript. Joint doctoral thesis for the degree of Doctor of Philosophy in specialty 161
“Chemical Technologies and Engineering”. — National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”, Ministry of Education and Science of Ukraine
and Doctor of Philosophy in “Physical and Chemical Sciences”. — University of Palermo
(Italy), Kyiv, 2025.

The dissertation is devoted to the study of the influence of synthesis conditions,
phase composition, and structure on the functionality of composites based on manganese
oxides and oxidehydroxides for the photocatalytic degradation of model organic
compounds: aqueous solutions of dyes and polyethene films under UV- and Vis. light
irradiation. The work considers the relationship between synthesis conditions and phase
composition, morphology, band gap width, and specific surface area of the products with
their efficiency as photocatalysts. In addition, the influence of halloysite aluminosilicate
nanotubes on the physicochemical properties and photocatalytic activity of composite
materials, as well as the behavior of manganese oxides and oxyhydroxides relative
towards their surface, was investigated.

The photocatalytic activity of standard materials MnO,, TiO, and their mechanical
mixture was studied at the photocatalytic degradation of polyethylene films under the
influence of UV- and visible light irradiation. This study included a comparison of the
mass loss of containing photocatalyst PE films with the pure film. The MnO2/TiO;
mixture demonstrated the highest efficiency with a film mass loss of 21.3% after 90 hours
of irradiation. The degradation mechanism was evaluated by the relative intensity of the
peaks of the FTIR spectra corresponding to the carbonyl, hydroxyl and ether indices. It
was established that the mechanical mixture of y-MnO; with TiO, causes synergy action
with a greater degree of degradation at all intermediate stages of PE oxidation since the
vibrations of functional groups of the intermediates are more intense compared with the
PE/TiO;, film. In addition, the carbonyl index shows a relatively more significant
accumulation of the corresponding groups. Therefore, the conversion occurs much faster
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than in other samples at all stages, which indicates the nonspecificity of the catalytic
action of the formed radicals towards PE oxidation intermediates on the y-MnO;
photocatalyst with TiO».

It was found that during chemical precipitation from MnSO, solution using
hydrogen peroxide as an oxidant composite material with different ratios of manganese
oxides and oxidehydroxides with valences from +2 to +4 are formed. The medium's
acidity and the presence of NH," dopants in the reaction medium play a decisive role. It
was shown that at pH = 10 the main phase formed are the low-valent manganese oxides
hausmannite Mn3O; in the presence of excess ammonium ions, and bixbyite Mn,Os in its
absence. While at lower pH values = 5-7 the main product is manganite y-MnOOH and
groutite a-MnOOH with traces of manganese oxide 4+ in excess NH4*. The nature of the
interaction of manganese oxides with the surface of halloysite nanotubes was studied by
the transmission electron microscopy. It was found that in TEM images of samples
synthesized in the presence of an excess of ammonium ions in the reaction mixture (CS-
2 and CS-6), a darkening of the lumen area of the nanotubes is observed, which may
indicate its filling, while in the absence of an excess of ammonium (CS-1 and CS-7),
particles of manganese oxides and oxidehydroxides decorate the outer surface of
halloysite. The measured specific surface area of the synthesized samples is by 3-3.5
times higher (55-66 m?/g) compared to the standard MnO, PCP sample. At the same time,
the presence of halloysite nanotubes did not significantly affect this parameter. The
diffuse reflection spectra were recorded and the band gap width using the Tauk plot was
calculated. The band gap values of Eg = 2.28-2.38 eV were established for samples CS-
5-CS-9. In turn, the values of 2.52 and 2.7 eV were measured for the lower-valence
samples CS-1 and CS-2, respectively. Thus, in accordance with semiconductor properties
of these composites, their potential photocatalytic activity belongs to the visible light
range. The dynamic light scattering method data on the average size of composite material
aggregates and the TEM image analysis data of sizes of individual nanoparticles were
evaluated. In both cases, the synthesized samples exhibit smaller sizes compared to the
standard MnO; PCP sample, ranging between 117-175 nm for aggregates and 7-12 nm

for nanoparticles.



A series of electrochemically deposited samples was synthesised to expand the range
of phase states of the materials studied. The influence of acidity and the presence of
dopant ions of NH4* and Cr¥*on the synthesised samples’ morphology, phase
composition, and physicochemical properties was investigated. X-ray diffraction analysis
confirmed the formation of composite oxide materials consisting of a-, y-, £- and §-phases
of MnO; in various proportions. It was established that NH4" ions in excess stabilise the
electrodeposition of hollandite, a-, and birnessite, §-, phases of MnO,, while their absence
favours the formation of the ramsdellite y- and -MnO, phases. The samples with a
predominant hollandite phase of MnO, demonstrated the highest specific surface area,
reaching a maximum of 215 mz2/g for sample ED-12, indicating the achievement of a
diffusion-controlled deposition regime. In comparison, samples with a predominant &-
MnO, phase exhibited smaller surface areas, specifically 65.65 m2/g for ED-13 and 82.88
m?/g for ED-2. The particle size distribution and morphology of MnO; were evaluated
using scanning electron microscopy images. For samples ED-2 and ED-6, which are
composites of y- and e-MnO,, plate-like formations with an average nanoparticle size of
70 £ 15 nm were observed. Samples with a predominant alpha-phase exhibited a needle-
like morphology.

The synthesized manganese dioxide electrodeposited (ED) samples are
semiconductors with a band gap width ranging from 2.16 to 2.36 eV. Doping with Cr3*
ions reduced the band gap by approximately 0.3-0.5 eV due to introducing new electron
donor levels. The Mulliken electronegativity and the positions of the valence and
conduction bands were calculated for the electro-synthesized samples. Sample ED-6
demonstrated a conduction band position at 0.12 eV (vs the standard hydrogen electrode,
SHE) and a valence band at 2.49 eV (SHE), with the broadest band gap of 3.36 eV,
indicating the potential of this sample for photocatalytic water splitting to produce
hydrogen.

Differential scanning calorimetry combined with mass spectrometry was performed
on selected electro-synthesized samples. This analysis enabled the identification of the
thermal decomposition products and temperature intervals of their release. These findings

provide insight into defect levels based on the Ruetschi cation vacancy model.



According to this model, the content of cation vacancies (o) in manganese dioxide
samples, predominantly of the ramsdellite modification, can be estimated. As
energetically non-equivalent positions, these crystal lattice defects being in the material’s
surface layers can significantly enhance its catalytic activity. The calculated formulas for

the electrodeposited samples are presented below.

Mngh, Mngts Ogo4 Ofgo OHg 3 ED-6

Mng.zs Mng}s Oo.04 012.55 OHg 45 ED-8

Both y-MnO; (ED-6) and a-MnO, (ED-8) Samples (see the names of Samples in the
text below) exhibit the same content of cation vacancies; however, ED-8 is distinguished
by two times higher Mn3* content.

It was established that the composite samples of low-valent manganese oxides, CS-
2 and CS-1, exhibit the highest photocatalytic activity toward the cationic dye Methylene
Blue. This is likely due to the presence of halloysite nanotubes in the composites, which
feature is a negatively charged outer surface. This provides a synergistic effect,
facilitating pollutant degradation by more efficient transport of the dye from the solution
bulk to the photocatalyst surface. For the anionic dye Congo Red, the highest efficiency
was demonstrated by sample CS-8, which consists of higher valent a-MnOOH and y-/j-
MnO,. This sample has the narrowest band gap (1.99 eV) among all chemically
synthesized samples. The further insight was made by analysis of the band gap potential
diagrams of CS-series of samples and MO-diagram with HOMO and LUMO of a dye. It
was revealed that CS-1,CS-2 samples have well aligned Ec edges of HNTs, Mn,Oy and
LUMO MB levels. It can be suggested that this feature is responsible for the positive
influence of HNT’s surface decoration by MnxOy on photocatalytic activity of MB
degradation due to new option of direct electron transfer of photoelectron from Ec of both
HNTs & Mn,Oy and following MB dye reduction. It is also evident from this diagram for
CR dye that only CS-8 Sample has favorably aligned Ey to HOMO level of CR dye and,
probably, this feature can be responsible for the faster direct oxidation of CR by holes

from the valence band of CS-8 as a photocatalyst. Thus, distinctly active behavioir of CS-
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1&CS-2 photocatalysts toward MB degradation as well as CS-8 Sample high activity
toward CR destruction can be explained by the semiconducting properties of these
photocatalysts.

According to the results obtained, it was proposed to apply the materials synthesized
in this work for photodegradable coatings on PE surface, compared to their incorporation
into the bulk of a film. A method of attaching nanomaterials onto polyethylene films
through the partial dissolution of their surface has been developed. The introduction of
2.59% by mass of halloysite nanotubes was achieved when immersing the PE film in a
suspension of HNTs in cyclohexane at 50°C for 120 s, and 2.51% at a suspension
temperature of 60°C for 60 s. The decrease in the contact angle in the first case is more
pronounced than in the second one. Considering the hydrophilic properties of halloysite,
it can be assumed that treatment at 50°C leaves a greater amount of HNTs onto the
surface, while at 60°C, the nanomaterial penetrates in-depth of the film. In addition, an
adhesive composition was developed for applying nanomaterials to PE films without the
need to dissolve polyethylene and heat. Polyvinylpyrrolidone was chosen as the base,
polyethylene glycol was added as a plasticizer in a ratio of 7:1 by weight. The optimal
ratios of solvent and polymer base for applying the composition to PE films using a spray
and a sponge were determined. For the spray, they were 1 to 18, for the sponge - 1 to 15.
Studies of decorated films using an optical microscope confirmed the uniform distribution
of nanomaterial over the entire surface of the film using the developed compositions.

A block diagram for the chemical synthesis of a composite material for further use
as a photocatalyst for the degradation of aqueous solutions of organic pollutants (dyes)
has been developed. The material balance for the synthesis of 1 kg of the sample was
calculated and the heat of its formation was estimated.

The practical significance is confirmed by the following. The developed methods
for introducing photocatalysts into and onto polyethylene films are intended for practical
use for the photodegradation of polymers. To achieve effective degradation, it is possible
to coat an already manufactured film with composite materials with halloysite nanotubes
and manganese oxides/oxydehydroxides. A promising candidate for such a coating,
which is considered in this study, is a mechanical mixture of TiO, and MnO.. Electrostatic
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interactions between metal ions and the HNT surface allow for controlled decoration of
HNTs with deposited particles of Mn oxides and oxydehydroxides. This effect is
especially relevant for the development of new functional materials in photocatalysis and
catalysis. The study showed that composites CS-2 and CS-1 exhibit high activity in the
photodegradation of methylene blue dye, while CS-8 and CS-9 effectively photodegrade
Congo red. This opens up promising opportunities for practical application. A technology
for the synthesis of manganese oxides and oxide-hydroxide photocatalytic material with
halloysite CS-2 is proposed.

Keywords: MANGANESE DIOXIDE, MANGANESE OXYDEHYDROXIDE,
HAYSMANNITE, ELECTRODEPOSITION, CHEMICAL SYNTHESIS,
PHOTOCATALYSIS, HALLOYSITE, DECORATION, CATIONIC DYES, ANIONIC
DYES, METHYLENE BLUE, CONGO RED, POLYETHYLENE FILM,
DEGRADATION.
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AHOTALIA

Kosinuyk I.B. Composites of manganese oxides and oxidehydroxides with halloysite
as degradation photocatalysts. — KsamigikariiiHa HaykoBa Ipalis Ha MpaBaxX PYKOITHCY.
JlucepTariis Ha 3100y TTsI HAYKOBOT'O CTyMeHs ToKTopa (inocodii 3a cnenianpHicTio 161
«XiMI4HI TEXHOJIOTIi Ta 1HXeHepis». — HalloHaabHUN TEXHIYHUN YHIBEPCUTET YKpaiHu
«KuiBcbkuit nomiTexHiyHui iHCTUTYT iMeH1 Iropst Cikopebkoro», MOH VYkpainu, Kuis,
2024 Ta HaykoBOro cTyrneHs AokTtopa ¢inocodii «Di3uyHi 1 XIMIYHI HAYKH». —
Vuisepcutet [lanepmo (Itanis), Kuis, 2025.

JucepTariiiina po6oTa MpucBsiYeHa J0CIIKEHHIO BIUTUBY YMOB CUHTE3Y, (ha30BOTO
CKJIaly, CTPYKTYpH Ha (YHKI[IOHAJIBHICTh KOMIIO3MTIB Ha OCHOBI OKCHJIB Ta
OKCH/JIT1IPOKCHUIIB MaHTaHy sl (POTOKATATITUYHOT JeTpajalii MOJACIbHIUX OpraHiqHUX
CIOJIYK: BOJIHUX PO3YMHIB OapBHUKIB Ta mnoiieTwieHoBux I1iBok (I1E) mix niero YO-
onpomiHeHHs. B poOOTI TakoX pO3IIISIHYTO B3a€EMO3B’ 30K YMOB CHHTE3Yy Ta (Ha3oBOro
ckianxy, MopdoJiorii, MUPUHA 3a00POHEHOI 30HM, MTUTOMOI MOBEPXHI MPOAYKTIB 3 iX
edexTuBHICTIO K (orokaTamizaropiB. KpiM 11p0ro Oysi0 BUBYEHO BIUIMB HAsIBHOCTI
ATIOMOCUJIIKATHUX ~HAHOTPYOOK Talya3uTy Ha (i3UKO-XiMi4HI BJIACTHBOCTI Ta
dboTOKaTATITUUHY aKTHBHICTh KOMITIO3UTHUX MaTepiajiB, a TAKOXK XapakTep B3aeMOil 13
MaHTaH OKCHIAMH Ta OKCUTIAPOKCUIAMH.

OrineHo (pOTOKATANITUYHY aKTHBHICTh CTaHIapTHUX MaTepianiB MnOg, TiO; Ta ix
MEXaHIYHOi cyMimi 11 (DOTOKATANITUYHOI Jerpajaiii MOJieTUICHOBUX IUTIBOK T
BILTUBOM Y ®-, Buaumoro ompomiHeHHs. OrmiHka mpoBoauiacs 3a BTpaToro macu [IE
TUTIBOK 13 BHECEHMM (DOTOKATAIi3aTOpPOM y MOPIBHSAHHI 13 YHCTOIO IUTiBKOIO. HalBuiry
eeKTUBHICTh MpoJeMoHcTpyBania cymim MnO2/TiO; i3 Brparoro mMacu ik 21.3%
micns 90 roamH omnpomiHeHHS. MexaHi3M Jerpajaiiii OIiHIOBIA 3a BiJTHOCHOIO
inTencuBHicTI0O  mikiB  FTIR  cmekTpiB, 1m0 BiAmoBigaoTh  KapOOHUIBHOMY,
T1IPOKCUIIFHOMY Ta €TepHOMY iHJeKcaM. BusBuiocs, mo mexaniuyHa cymim y-MnO; 3
Ti0; cipuarHsIe OUTBITY CTYIIHB Ierpajallii Ha yCiX MPOMIKHUX CTaisx okucHeHHs [1E,
00 QyHKIIOHANBHI IPYNH IHTEPMEAIATIB € OLIbII IHTEHCUBHUMHU MOPIBHSIHO 3 IJIIBKOIO
ITE/Ti02. OxkpiM TOrOo, KapOOHUIBHHUN I1HAEKC II0Ka3y€ BIIHOCHO HaMOUIbIIe
HaKOMHUYEHHS BIIMOBIAHUX Irpyi. OTKe, NepeTBOPEHHS B110yBAa€ThCS HAOAraTo MIBUIIIE
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HDK y THIIUX 3pa3Kax Ha BCIX CTalisX, 110 CBIIYUTH MPO HeCcnenupIuyHICTh KaTadlTUYHOI
Iii yTBOPEHUX pajuKaiiB 1moa0 iHTepmeniariB okucHeHHs [IE Ha ¢orokaramizaTopi y-
MnO, 3 T10..

Byno BctaHoBieHO, 10 MpPU XIMIYHOMY OCAKEHH1 OKCHIB/OKCUATIAPOKCHUIIB
MaHrany i3 po3uuHy MnSQOs 3a BUKOPUCTaHHSI SIK OKHMCHHMKA T1APOT€H MEPOKCUIY
YTBOPIOKOTHCS KOMITO3UTHI MaTepiaiu 13 PI3HUM CIiBBIIHOIIEHHSAM
OKCHU1B/OKCUITIAPOKCU/IIB MAaHTaHy BaJEeHTHOCTI Bif +2 10 +4. BupimanbHy poJib
Bilirpae KHCJIOTHICTH CEPEJOBHUINA Ta HasBHICTh AomaHT ioHiB NHa" y peakuiiiHoMy
cepenoBuli. [lokazano, mo npu pH = 10 0ocHOBHOIO YTBOPIOBaHOIO (Pa30i0 SBISIOTHCS
HU3bKOBAJICHTHI OKCUAM MaHTraHy raycmaHiT MnzOs 3a mpuCyTHOCTI HAJJIUIIKY HOHIB
aMoHito, Ta 61kcO1iT Mn»O3 3a Hioro BijcyTHOCTI. B TOii yac, Ik IpHU HIKYUX 3HAYCHHSX
pH = 5-7 ocHOBHUM NPOAYKTOM OCA/>KEHHS SBIsA€ThCA MaHTraHIT Y-MnOOH Ta rpytur
a-MnOOH i3 momimkaMu OKCHAy MaHrany 4+ 3a HasBHOCTI HauMmKy NH4". Metogom
TPaHCMICIMTHOT MIKPOCKOMIi BHBYEHO XapakTep B3aeMOJli OKCHIIB MaHTaHy 13
MOBEPXHEIO TAlya3UTHUX HAHOTPYOOK. BeTtanosneHo, mo Ha TEM 300pakeHHsIX 3pa3KiB
CHHTE30BaHUX IPHU HASBHOCTI HAIMIIKY 10HIB aMOHII0 B peakuiiHii cymimi (CS-2 ta
CS-6) cnocTepiraerbcsi 3aTeMHEHHS 00J1acTi JTIOMEHY HaHOTPYOOK, IO MOXE CBITUYUTH
po HOro 3aMoBHEHHS, B TOM Yac sIK 3a BifcyTHOCTI Haumiiky amoHiro (CS-1 Ta CS-7)
YAaCTUHKU OKCHJIIB/OKCHATIIPOKCHIIB MaHTaHy JEKOPYIOTh 30BHIIIHIO TIOBEPXHIO
raiyasuty. BumipsiHa muToMa mOBEpXHsI CHHTE30BaHUX 3paskKiB € B 3-3.5 pasiB BUIA B
NOpIBHAHHI 13 cTaHmapTHUM 3pa3koM MnO; PCP i ckmama 55-66 m%r, mpu domy
BHECCHHS Tallya3UTHUX HAHOTPYOOK HE Majo 3HAYHOTO BIUIMBY Ha II€H TMOKAa3HHK.
Metonom DRS Oyno 3HsATO cniekTpu Audy3HOTO BIAOUTTA Ta PO3PaXOBAHO IIUPUHY
3aboponeHoi 30uu 3a Taykom. BecranoBneno Eg = 2.28-2.38 eB mnst 3paskis CS-5-CS-9,
Ta 2.52 ta 2.7 eB mns HmwkdeBaneHTHUX 3pa3kiB CS-1 Ta CS-2 BignmosigHo. Illo cBigunuTh
PO HAMIBIPOBITHUKOBI BIACTUBOCTI KOMITIO3UTIB Ta iX MOTEHINHY (OTOKATAIITHYHY
aKTUBHICTh Yy J1ala30H1 BUAUMOIO CBITIA. ByJo mpoBeAEHO MOPIBHAHHS TaHUX IPO
cepedHid po3Mip arperatiB  KOMIIO3UTHUX MareplajiB OTPUMAHUX METOJIOM
JTMCTIEPCIAHOTO PO3CIIOBAHHS CBITIA Ta OKPEMHUX HAHOYACTHMHOK METOJOM OIIHKH 3a
300paxenHsmu TEM. BceraHoBieHo, 110 y 000X BUAaJKaX CUHTE30aBaH1 3pa3Ku MarOTh
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MEHIIIUA Po3Mip B MOPIBHSIHHI 13 cTaHAapTHUM 3pa3zkoM MnO; PCP 1 xonuBaroThesi B
Mexax 117-175 um and arperatis Ta 7-12 HM JU1s1 HAHOYaCTHHOK.

Jnis po3mupeHHs fAiana3oHy (a3oBHX CTaHIB JIOCHIIKYBAaHUX 3pa3kiB OyIiio
CHUHTE30BaHO CEpIl0 EJEKTPOXIMIYHO OCAHKEHUX 3pas3kiB. JlOCHIPKEHO BIUIUB
KHCJIOTHOCTI Ta HasgBHOCTI nonaHt ioniB NH4" ta Cr** B enexrpomniti Ha Mopdonorio,
dazoBuit ckiang Ta (Pi3UKO-XIMIYHI BJIACTUBOCTI CHUHTE30BaHMX 3pa3KiB. MeToroMm
PEHTTEHIBChKOI mudpakilii MiATBEPIKEHO OTPUMAaHHS KOMIIO3MUTHHX OKCHJIHHX
MarepiajiB, M0 CKIAJalThCs 13 d-, Y-, £- Ta §-ha3 MnO; y pi3HUX CHIBBIIHOIICHHSIX.
BcranoBneHo, 1110 Ha ok ioHiB NHs" cTabini3yoTh eIeKTPOOCaHKEHHS TOJaHIUTHOT
a- Ta OipHecutHoi §-pasu MnO,, a 3a iX BIACYTHOCTI — paMmcaeniTHoi y- Ta €-MnO..
HaiiGinpi po3BUHEHY IUJIONLY IOBEPXHI MPOJEMOHCTPYBAJIM 3pa3Kd 13 OCHOBHOIO
rojlanuTHO (pazoro MnQO; sika pocsria Makcumym 215 M2/T s 3paszka ED-12, mo
CBITYHMTH MPO JOCATHEHHS TUPY3IHHOTO PSKUMY OCaPKCHHSI, IIOPIBHSIHO MEHIITY ILIOILY
MalOTh 3pa3KH i3 0cHOBHOIO &-MnO> daszoro, a came 65.65 m%/r ED-13 Ta 82.88 Mm%/ ED-
2. Posmomin wactmHOK MnQOz 3a po3mipoM Ta MopdoJoris OIliHIOBAIHCS 34
300paKEHHAMH OTPUMAHUMU 32 JOTIOMOTOI0 CKaHYI04Oi eJIeKTPOHHOT MiKpocKorii. J{is
3paszkiB ED-2 ED-6, ski € kommo3utamu o- ta - MNO,, crioctepiratoTbCs MIaCTUHYACTI
YTBOPEHHS 13 C€peIHIM po3MipoM HaHOoYacTUHOK 70 + 15 HM. 3pa3ku 3 OCHOBHOIO ab(a-
¢$a30r0 AEMOHCTPYIOTH TOYACTy MOP(OJIOTIIO.

CuHTe30BaH1 OKCH/IHI 3pa3KH € HAIIBIPOBITHUKAMH 13 IIUPUHOIO 3a00POHEHOT 30HU
B Mexax 2.16-2.36 eB. Jlonypanus ionamu Cr* 3By3uno Eg npu6musno Ha 0,3 — 0,5 eB
3aBISIKU BBEJCHHIO HOBHX CJICKTPOHOJIOHOPHUX  PIBHIB. PozpaxoBani
eNeKTpoHeraTuBHicT MnO» mo MastikeHy Ta MoJIOKEHHS BaJIGHTHOT 1 30HH TTPOBITHOCTI
JUTSL eTIEKTPOCHHTE30BaHUX 3pasiB. 3pazok ED-6 mpomeMoHCTpyBaB 30HY MPOBITHOCTI HA
piBHi 0.12 eB (BigzHOCHO HOpMaTbHOTO BOAHEBOTO enekTpoay, CBE) ta Banentny — 2.49
eB (CBE) 3 mHaiimmpmiorw 3a00poHeHOK 30HOK 3.36 ¢B, mo CcBiguuTh mpo
MEPCIEeKTUBHICTh JAHOTO 3pa3ka s (OTOKATAJITUYHOTO PO3IICIUICHHS BOJIU 13
yTBOpeHHsIM BOJHIO. [IpoBeneHo aHamiz MeTogoM Iu(EpeHIiaIbHOI CKaHYIUOi
KaJOpUMETpli y TO€IHAHHI 13 MacC-CHEKTPOCKOINEI ACAKUX EJIEKTPOCUHTE30BAHUX

3pa3KiB, 110 JO3BOJWJIO 1A€HTU(DIKYBATH MPOIYKTA TEPMIUHOTO PO3KIaAy, BCTAHOBUTHU
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TEMIIepaTypH1 IHTEPBAIU X BUJILICHHS JIJIsl TOJAJIBINOT OLIIHKU Je()EKTHOCTI, KEPYIOUUCH
MOJIEJIJTIO KaTIOHHUX BakaHCiil Pytmii.

3rigHO 1€l MOJeNi, MOXKHA OIIHUTH BMICT KaTIOHHUX BakaHcii (O0) y 3pa3kax
JTIOKCUAY MaHTaHy MEepeBaKHO paMcIeniTHOI monudikauii. Y cBoro uepry, nedextu
KPUCTAIIYHOI IPATKU SIK €HEPreTUYHO HEPIBHOLIIHHI MO3ULIi MPUIOBEPXHEBUX IIAPIB
Marepially 3/1aTHI CyTTEBO MIACWIIOBATH HMOro KaTaJiTUYHY aKTHBHICTh. Po3paxoBaHi

(GopMyu 1515 €NEKTPOOCAI)KEHUX 3Pa3KIB MIPEICTABICH] HUXKYE:

Mngh, Mn3ts Ogo4 Ofge OHg 3 ED-6

Mng.zs Mn%.Eg Oo.04 Of.gs OHg 45 ED-8

v-MnO, ED-6 ta a-MnO; ED-8 maioTh 0HaKOBUI BMICT KaTIOHHUX BaKaHCIH, B
Tol yac gk ED-8 BupizHaeTbCA BABiui BUIKMM BMicToM Mn®*,

Bcranosneno, mo HaiBumly (OTOKaTaNITHYHY aKTHUBHICTH IO BITHOIICHHIO 10
KaTioHHOTrO OapBHUKA MeTtmieHoBoro CHHBOTO MPOSBISIIOTh KOMIO3WUTHI 3pa3Ku
HU3BKOBAJICHTHX OKcuiB MaHTrany CS-2 ta CS-1, #iMOBIpHO, 3aBASKH MPUCYTHOCTI Y
CKJIaJll KOMITO3UTIB Talya3sUTHUX HAHOTPYOOK i3 HEraTHMBHO 3apsKCHOIO 30BHINTHBOIO
MOBEPXHEIO, 1110 3a0e3Meuye CHHEPTeTUUHUMN e(DEeKT 1 cripusie nerpaaalii 3a0pyaHuKa 3a
pPaxyHOK e(EeKTHBHINIOTO TPaHCHOPTY OapBHHKA 13 00'€eMy pO3UMHY JO TOBEPXHI
dotokaranizatopa. [lo BigHOmEHHIO 10 aHioHHOTO OapBHUKAa KoHro UepBoHMit HallBUIILY
edeKTHBHICTh MOKa3aB 3pa3ok CS-8, mo ckmagaerbes 3 a-MnOOH Tta y-/B-MnO; i3
HaWBYXYOIO 13 BCIX XIMIYHO CHHTE30BAaHUX 3pa3KiB MIUPHHOIO 3a00poHEHO0T 30HU 1.99
eVv.

[Momanpmuit aHai3 miarpam MoTEHIaTy 3a00pOHEHOI 30HU Ta JiarpaM 3 piBHIMU
HOMO Tta LUMO 6apBHuKa 103BOJIUB BUSIBUTH, 1110 3pa3ku CS-1 ta CS-2 maroth 100pe
y3ro/DKEeH1 KpaiHi piBHI E. ramyasutHux HaHOTpyOOK, MnyOy Ta piBenp LUMO
OapBHHKAa METHJICHOBOTO CHHBHOTO. MOKHA TPHUITYCTUTH, IO came ISl BIACTUBICTH
00yMOBITIO€ TO3UTUBHMUM BIUIMB JekopyBaHHs moBepxHi HNTSs oxcupnamu maHrany
Mn,Oy Ha ¢QoTokaTamiTHUHy aKTHUBHICTh IIOAO JAerpagamii MB, 3aBasku HOBIi

MOJKJIMBOCTI IPAMOI mepeaadi enekTpoHiB Bif 30HM npoBigHocTi HNTs ta MnyOy 1o
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piBast LUMO MB 3 nonaneiiiyM BiIHOBJICHHSIM OapBHUKA. 3 JlarpamMu TaKOX BUHO, 11O
st Konro YepBonoro nwuiie 3pazok CS-8 mae cnpuaTIuMBO y3rojakeHui piBeHb Ev 3
piBaeM HOMO 06apBHuKa, 1, HMOBIPHO, 115l BIACTUBICTh MOK€ OyTH BiANOBIIaJbHOIO 32
mBuAlIe npsime okuciaeHHss CR nipkamu 13 BasieHTHOT 30HU CS-8 dx (poTokaTanizaropa.
TakuM 4ynHOM, BHUpakeHa aKTHBHICTH (oTokaTtamizaTopiB CS-1 ta CS-2 y nerpananii
MB, a Takox BUCOKa aKTUBHICTb 3pazka CS-8 y pyiinyBanHi CR Moxxe OyTH nosicHeHa
HaIIBIPOBIAHUKOBUMU BJIACTUBOCTSMHU X (POTOKATATI3ATOPIB.

3a pe3ynbTaTamM MPOBEACHHUX JAOCTIIKEHb, OJEp>KaHI B poOOTI Marepiaiu
3aMpOIIOHOBAHO HAHOCHUTH JJIsI CTBOPEHHS (DOTOErpaaytounuX MOKPUTTIB Ha MOBEPXHIO
[IE nopiBHSHO 13 iX BBEJEHHSM Yy CKJaja IUIBKU. Po3po0ieHo MeTo[ HaHEeCeHHS
HaHOMATepiajiB Ha MOJIETHUICHOBI TUTIBKH YEPe3 YaCTKOBE PO3UMHEHHS IXHBOT ITOBEPXHI.
HocsrayTo BHeceHHs 2.59% 3a Macoro rajya3uTHUX HAHOTPYOOK mpu 3anypenHi [1E
rtiBky B cycnien3ito HT B muknorekcani npu 50°C va 120 c., ta 2.51% npu remnepatypi
cycnensii 60°C Brpoaosxk 60 c. 3MEHIIEHHS KyTa 3MOYyBaHHS MIPU I[bOMY Y TEPIIOMY
BUIIAJIKy BUPaK€HE CUJIBHIIIE, HDK Yy Apyromy. BpaxoByroun riipodigbHi BIAaCTUBOCTI
rajgyasuTy MO)KHa MPHUITYCTUTH, 10 00poOka npu S0°C 3anmuiae Ha MOBEPXHI OUIBIITY
kitbkicTh IHT, B Toit wac sk npu 60°C HaHOMaTepial MpoHUKae Briaud IuIiBKU. Kpim
IILOTO PO3POOJICHO aIre3MBHUM CKJIA T ISl HAaHeCceHHs HaHoMarepiaiiB Ha [1E miBku 6e3
HEOOX1THOCTI PO3YMHEHHs MOJIICTUIICHY Ta HarpiBaHHsA. B sikocTi ocHOBHU Oyii0 oOpaHO
MOJIIBIHUIMIPOTIAOH, B SKOCTI TUacTU(ikaTopa BHOCWIM TMONIETHJICHIIKONb Y
criBBigHOIICHH] 7:1 3a Macoro. BusHaueHO onTUMAaJIbHI CIIBBITHOIICHHS PO3YMHHHUKA 1
MOJIIMEPHOT OCHOBH 17151 HaHeceHHsT KoMro3ulii Ha [1E mmiBku 13 BUKOpUCTaHHSM cIipes
ta TyOku. Jlns crnpes Borm ckinamu 1 mo 18, mms ryOokm - 1 mo 15. JocmimkeHHS
JIEKOPOBAaHUX TUTIBOK 3a JIOTIOMOTOI0 ONTHYHOTO MIKPOCKOIMA MiATBEPAWIN PIBHOMIPHE
PO3MOIUICHHSI HAHOMATEPialy 1O BCii MOBEPXHI TUTIBKY 32 BUKOPUCTAHHS PO3POOICHUX
CKJIQIIB.

Po3po6iieHO  NPUHUMOOBY  TEXHOJIOTIYHOTO  CXEMY  XIMIYHOTO  CHUHTE3Y
KOMIIO3UTHOTO Martepiainy [Jsi NOJAJIbIIOr0 BUKOPUCTAaHHS fAK (¢oToKaTaiizaTopa
Jerpajaaiii BOJHMX PO3YMHIB OpraHiuHMX 3a0pyaHUKIB (OapBHHKIB). Po3paxoBaHo
MartepialibHUM OallaHc g CUHTE3y | KT 3pa3ka Ta OI[IHEHO TEIJIOTY MOro YTBOPEHHS.
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[IpakTiyHa 3HAYUMICTh MIATBEPIKYETbCS HACTYNMHMM. Po3poOrieHi cnocobu
BHECEHHsS (DOTOKATaNI3aTOPIB y Ta Ha TMOJIETWICHOBI IUIIBKM NpPU3HAYEH1 IS
MPaKTUYHOTO BUKOPUCTaHHSA s Qoroaerpagamii mnomiMmepiB. s JOCATHEHHS
edeKTUBHOI Jerpajaiii MOKHAa MOKPUTH B)KE€ BUTOTOBJIEHY IUIBKY KOMIO3UTHUMU
MarepialaMi 3 Talya3UTHUMU HAHOTPYOKaMU Ta OKCHAAMHU/OKCUATIIPOKCUAAMU
MaHrany. llepcrieKTUBHUM KaHAMAATOM HA Take MOKPUTTS, SIKE PO3IIIAIAETHCSA B IBOMY
JOCJIIIKeHH], € MexaHlyHa cyMimn TiOz 1 MnO». EnextpoctaTudHi B3aeMOo/1ii Mi>K 10HAMH
metaniB 1 noBepxHero HNT no3BosstoTe kepoBaHo nekopyBatd HNT ocamxenumu
YaCTMHKaMHU OKCHJIB 1 okcuAriapokcuaiB Mn. Lleit epext ocoOnuBo akTyaabHUM IS
Ppo3poOKK HOBUX (PYHKIIIOHAJIBHUX MaTepialiB y poTokaTamizi Ta karaiisi. JlocaiKeHHs
noka3zaino, 1o kommno3utu CS-2 1 CS-1 BUsBISAIOTH BUCOKY aKTUBHICTh Y (POTOAECTPYKIIIT
OapBHHMKA METUJIEHOBOTO CHUHBOrO, ToAl ik CS-8 1 CS-9 edextuBHO PoTOAeTrpasyroTh
KoHro d4epBoHui. lle BiakpuBae 0aratooOiIsMtOUl MOXIMBOCTI JJIsi MPAKTUIHOTO
3aCTOCYBaHHS. 3allpONIOHOBAHO TEXHOJOIII0 CHUHTE3y OKCHJAIB MAaHraHy Ta OKCUIHO-
T1APOKCUIHOTO (POTOKATAIITHYHOTO MaTepiany 3 rayasutom CS-2.

Kniouosi cnosa: JAIOKCUIA MAHI'AHY, OKCUIAI'TAPOKCHUI MAHTAHY,
T'AYCMAHIT, EJJEKTPOOCAJXXEHHS, XIMIYHUI CUHTE3, ®OTOKATAJII3,
I'AJIVA3UT, JEKOPYBAHH/, KATIOHHI BAPBHUKHW, AHIOHHI BAPBHUKWU,
METWIEHOBUIN CHUHIN, KOHI'O YEPBOHUH, MOJIETUIEHOBA IIIBKA,
JET'PAJTALIIA.
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INTRODUCTION

Justification for choosing the research topic, the purpose and objectives of the
research. The aim is to study the interrelationship between phase compositions, structure,
and functionality of manganese oxides and oxidehydroxides with aluminosilicate
nanotubes of halloysite in photocatalytic polyethene and aqueous dyes degradation.

To achieve the given goal, the following tasks were set:

1. Investigate the influence of acidity, the presence of halloysite nanotubes and the
synthesis method on the physicochemical properties (phase and chemical composition,
crystallite size, etc.) of manganese oxides and oxidehydroxides with halloysite as
degradation photocatalysts.

2. To study the chemical and phase composition, size and morphology of particles,
optical band gap, thermal behavior of synthesized samples.

3. To investigate the photocatalytic activity of materials towards polyethylene films
and organic dyes of anionic and cationic types under the influence of UV irradiation and
in the dark.

4. To develop methods for applying nanomaterials to the surface of films.

5. To develop a schematic diagram of the synthesis of a composite photocatalyst.

Object of the research includes chemically synthesized composite materials of
manganese oxides and oxidehydroxides with halloysite nanotubes and electrodeposited
manganese dioxide materials.

The subjects are photocatalytic and other physico-chemical properties of composite
materials based on manganese oxides and oxidehydroxides with aluminosilicate
nanotubes synthesized by the method of chemical codeposition and on electrodeposited
manganese dioxide materials

Research methods. The phase composition and structural-crystalline parameters of
the synthesized samples were studied by powder diffraction on a Rigaku, MiniFlex600
(Japan) X-ray diffractometer with Cu Ka radiation (the tube voltage 40 kV, tube current
15 mA) and Bruker AXS D4 Endeavo (the tube voltage 40 kV, tube current 30 mA). The
elemental composition was studied by Energy dispersive spectroscopy using a Quanta
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650 Therma Scientific SEM Oxford equipped Ultim Max 40 detector. The optical
properties of photocatalyst suspensions, as well as dye solutions, were studied by
absorption spectra using a Specord S600 spectrophotometer (Analytik, Jena, Germany).
Differential reflectance spectra were recorded on a Shimadzu UV-3600 UV-VIS-NIR
spectrophotometer (200 — 2000 nm). Fourier transform infrared spectra were recorded on
a Frontier FTIR spectrometer PerkinElmer (400 — 4000 nm). The morphology and particle
size of the synthesized photocatalysts were studied on a Scanning Electron Microscope
of Thermo Scientific, Verios G4HP. Dynamic light scattering to determine particle size
and zeta potential was studied using a Malvern Zetasizer Nano device. The temperature
stability of the materials was determined by thermogravimetric analysis on a
Thermogravimetric Analyzer Discovery TGA550 with TRIOS Software and
Derivatograph Q1000 (MOM, Hungary). The specific surface area was measured using
the BET method on a Gemini Il 2370 Micromertics analyzer. The research results were
processed using Microsoft Excel, QtiPlot, ImageJ, Fityk software.

Scientific novelty of the results obtained

Photocatalytic behaviour of individual compounds of ramsdellite structure type
MnO, and anatase TiO, was studied for PE-films degradation. The coupling effect of
mechanically mixed MnO; and TiO; in the PE film with 1% by mass of a photocatalyst
content was established. This mixed photocatalyst achieved 21.3% loss by mass versus
pure MnO; (6.5%) and TiO, (14.6%) after 90 h of degradation under UV-light at
A =250 nm as evidenced by the 1% type of TiO,@MnO, heterojunction with faster
accumulation of intermediates of PE oxidation as shown by FTIR data of Carbonyl,

Hydroxyl, and C-O stretching vibration indexes.

Composites of oxides and oxidehydroxides of manganese with halloysite nanotubes
were synthesised for the first time from solutions containing NH4*-ions and at different
pH (5-7 and 10). They possess the advantages of narrow band gap, good stability, and
high photocatalytic activity of degradation of organics under the visible light range
irradiation. Composites with aluminosilicate nanotubes of halloysite are shown to display

the decoration and incorporation effects of manganese compound toward a nanotube,
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improving functionality due to the role of HNTSs as photocatalyst's support and enhanced

reactant support to the photocatalyst interface.

It was revealed that chemically deposited oxides and oxidehydroxides of manganese
actively decorate HNTSs’ interface in case of the presence of cationic species of Mn?* in a
reaction medium, and incorporation into HNT’s lumen is observed for crystallisation of

negatively charged Mn species of acid residues of the Tutton salts.

As demonstrated by energy band diagrams, the positive influence of HNT s surface
decoration by Mn,Oy on photocatalytic activity of MB degradation is explained by the
new option of direct electron transfer of photoelectron from Ec of both HNTs & Mn,Oy
and following MB dye reduction. It is also evident from this diagram for CR dye that only
CS-8 Sample has favorably aligned Eyv to HOMO level of CR dye and, probably, this
feature can be responsible for the faster direct oxidation of CR by holes from the valence
band of CS-8 as a photocatalyst.

Electrodeposition of manganese dioxide under diffusion control has been provided
at low Mn?* concentrations (0.05 and 0.1 mol/L) from sulfate electrolytes that was
confirmed by studied TEM deposits morphology revealed the close to maximal fraction
of nanoparticles. The role of dopant-ions of NH,* and Cr3* was studied for the first time
at these conditions. When moderate concentration of sulfuric acid (0.031 mol/L) is
introduced into the reaction mixture and in the presence of dopant NH4* ions, the main
product consists of 6 and a-MnQO2, while when concentrated acid solutions (2 mol/L), a
pure hollandite phase of needle-like morphology with a maximum surface area of 215
m?/g is precipitated. Unlike fluoride-containing electrolytes, Cr®* had no detectable
influence on phase composition of products of electrodeposition in fluoride electrolytes.

Practical significance of the results obtained

The developed methods of incorporating photocatalysts into and onto polyethylene
films are designated for practical use in photodegraded polymers. To achieve efficient
degradation, it is possible to coat the already produced film with halloysite nanotubes
with Mn oxides/oxidehydroxides. The promising candidate for such a coating considered

in this study is a mechanical mixture of TiO, and MnO..

24



The use of electrostatic interactions between species of metal ions and HNTs'
surfaces allows controlling the decoration of HNTs by deposited particles of oxides and
oxide hydroxides of Mn in this study and of other metals generally. This effect has
practical significance for developing new functional materials in photocatalysis and
catalysis, in particular.

It has been shown that the composites CS-2 and CS-1 are highly active in
photodestructing Methylene Blue dye, while CS-8 and CS-9 are active in Congo Red
photocatalytic degradation. This opens up prospects for their practical use.

A technology for the synthesis of manganese oxides/oxidehydroxide photocatalytic
material with halloysite was proposed.

Personal contribution of the applicant

The determination of the direction of scientific research, the formulation of the task,
goals and ways of their implementation, the planning of the main stages of work, the
generalization and discussion of the results were carried out with the scientific supervisors
H.V. Sokolskyi (Igor Sikorsky Kyiv Polytechnic Institute) and G. Lazzara (University of
Palermo).

The author carried out: 1) a literature search and analysis of the literature on the topic
of the dissertation; 2) established the conditions for the synthesis of composite
photocatalysts based on manganese oxides and oxidehydroxides with and witout
Halloysite; 3) chemical and electrochemical synthesis of composite materials; 4) dynamic
light scattering, thermal, dynamic mechanical analyses and water contact angle
measurements of films; 5) UV-Vis, X-ray diffraction, differential reflectance, fourier
transform infrared spectroscopies of composite samples; 6) experiment on the
photocatalytic degradation of PE films; 7) selected model organic pollutants and the

parameters for studying the photocatalytic activity of composites in static condition.

The work uses scientific developments by Zudina L. [1] for the design of an

experiment on the electrochemical synthesis of manganese oxide materials.
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Part of the work on the synthesis and study of photocatalytic degradation of
polyethylene films was carried out jointly with Haiuk, N. [2]. Personal contribution of the
doctoral candidate: participation in preparation of films, conducting an experiment to
study degradation, data processing, writing abstracts for the conference.

TEM investigations were done at the Collective Use Center of Electron Microscopy
of National Academy of Sciences of Ukraine in M.G. Kholodny Institute of Botany with
Dr. Klymchuk Dmytro. Characterisation of ED samples was partially done at Jozef Stefan
Institute (Ljubljana, Slovenia) in collaboration with: Silvo Zupancic¢ (BET analysis), Tina
Radosevi¢ and Dr. Uro$ Hribar (EDS analysis), Dr. Marjeta Macek Krzmanc (TGA&MS
and XRD analysis). XRD patterns modelling and phase composition discussion was made
together with supervisor G. Sokolsky.

Research papers published in co-authorship with G. Sokolsky, G. Lazzara, N. Haiuk,
G. Cavallaro and others. Co-authors of scientific works are the scientific supervisor and
scientists with whom the research was conducted.

Connection of work with scientific programs, plans, topics

The research was carried out at the Department of Physical Chemistry, Faculty of
Chemical Technology, National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute” (Ukraine), and at the Faculty of Physics and Chemistry of the
University of Palermo (Italy) in accordance with the agreement on dual supervision of the
PhD thesis No. 0220/3 dated 02.28.2022.

As an executor, doctoral candidate was included in the research project “Physico-
chemical foundations of the production, functionality and use of multicomponent
nanodisperse systems and the use of additives in food and cosmetic products” with state
registration number 0117U007592, 2018-2023, and “Physical Chemistry of
Nanocomposite and Dispersed Systems of Functional Destination” of the Department of
Physical Chemistry of Igor Sikorsky Kyiv Polytechnic Institute with state registration
number 0124U001965, 2024-2026.

Mobility was completed at the University of Palermo (Italy) under the Erasmus +
Programme, Key Action 1-Learning Mobility of Individuals, KA107 — Higher education,
Grant Agreement No.2019-1-1T02-KA107-062108 during 28.02.2022-26.02.2023.
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The part of the experiment was carried out in Advanced Materials Department, Jozef
Stefan Institute, Ljubljana (Slovenia) according to Work Package 1 of the Marie
Sktodowska-Curie Research and Innovation Staff Exchange action “Innovative
Functional Oxide Materials for Green Hydrogen Energy Production — H-GREEN”.

Approbation of dissertation results

The results of the dissertation have been presented and discussed at 8 international
conferences, including: 11th, 12th IEEE International Conference ‘“Nanomaterials:
Applications & Properties” (NAP-2021, NAP-2022); 13 European Symposium on
Thermal Analysis and Calorimetry (ESTAC 2022); 12th International Conference
"Nanotechnologies and Nanomaterials™ NANO-2024; 2024 XXVIII National Congress
of the Italian Chemical Society etc. The results of the work were also presented at three
schools: School conference for young scientists “Modern materials science: physics,
chemistry, technologies”, 4-8 October 2021, Uzhhorod, Ukraine; Summer School and
Workshop in Calorimetry and Thermal Analysis 2022 - Calorimetry and thermal methods
in material science, 19-24 June 2022, CNRS, Institut de Recherches sur la Catalyse et
I'Environnement de Lyon, Université Lyon, Lyon, France; NATO ASI Summer school
“Nanomaterials and Nanoarchitectures II. Composite Materials &Their Applications”, 28
June — 5 July 2024, Smolenice, Slovak Republic.

Publications

19 publications have been published on the topic of the dissertation, including: 3
papers (1 of which is cited by the SCOPUS scientometric database and belongs to the
Scopus quartile Q1 journal and 2 were issued in journals adopted by the Ministry of
Education & Science of Ukraine as professional ones in specialty 161 Chemical
technology and engineering), 4 materials of international conferences, as well as 12
reports at conferences.

Structure and scope of the dissertation

The dissertation is presented on 198 pages of typewritten text, consists of an
introduction, 7 chapters, general conclusions, a list of sources used and 5 appendices. The
volume of the main text of the dissertation is 149 pages of printed text. The work is
illustrated with 32 tables and 52 figures. The reference list contains 151 entries.
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SECTION 1. ORGANIC POLLUTANTS OF ENVIRONMENT AND METHODS
OF THEIR REMOVAL

1.1 Dyes as water pollutants

Water is a vital resource for human survival and development. Human development
and industrialisation have given rise to rapid growth in industries whose waste products
include antibiotics, hormones, pathogens, pesticides, heavy metals, oils, microplastics,
and toxic dyes [3]. Dye contamination is mainly caused by such industries as textile and
paper production, as well as printing products, food processing, and cosmetics. Getting
into natural water flows - above ground, underground, they can reach the food chain of
humans, causing irreparable damage to health, the full consequences of which are difficult
to assess [4], [5].

The European Union has taken legislative steps to address the pressing issue of water
pollution. Several documents, directives, and regulations have been put in place, with
water reuse emerging as a promising solution. The Water Framework Directive (WFD),
introduced in 2000, mandates European countries to enhance the performance of all
surface and groundwater bodies by 2027. This includes reducing wastewater production
and discharges of pollutants [6], [7]. The Circular Economy (CE) plan also underscores
the importance of preserving and restoring water resources, offering hope for a
sustainable future.

Among the chemical pollutants, organic dyes are one of the major contaminants of
industrial wastewater due to toxic nature [8]. More than 1.6 million tons of synthetic dyes
are produced annually for industrial purposes [9]. For example, the textile industry
accounts for 20% of global wastewater pollution and is one of the most influential in
terms of both water consumption and pollution. Dyeing one ton of textiles requires about
15 tons of water [9], of which more than 80% is wasted. Each type of dye has certain
features that are used for dyeing certain types of materials.

There are several classifications of dyes based on various criteria, such as chemical

structure, method of application, or properties. By origin, dyes are divided into organic
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and inorganic. In turn, organic are divided into the following groups according to their
chemical structure [10]:

e Azo Dyes. The most widely represented group of synthetic dyes in the industry.
They differ from the others by the presence of one or more azo groups (-N=N-) in
their structure. Azo dyes are known for their wide range of colours, which is why
they are so actively used in industry. Examples are Congo red, Direct Black,
Ponceau S, Sunset Yellow FCF, Methyl orange.

e Anthraquinone Dyes. This class of dyes are derivatives of anthraquinone and are
widely used to obtain bright blue and red shades. They have a complex structure
with aromatic rings attached to anthraquinone and are often used in textiles,
artistic paints, hair dyes and for dyeing leather goods. The main advantage of the
representatives of this group is their durability, especially under the influence of
sunlight. Examples of this group are alizarin, anthrapyrimidine yellow (Pigment
Yellow 108), anthraquinone red (Pigment Red 177), and Indanthrone blue
(Pigment Blue 60).

e Triarylmethane dyes are synthetic organic dyes characterised by the presence of
triarylmethane backbones. Typical representatives of this class are malachite
green, methyl violet, and phenol dyes.

e Indigoid Dyes. The dye was first obtained from natural raw materials, but now it
Is synthesised by chemical means. It includes dyes like indigo, commonly used
for dyeing denim due to their rich blue colour.

If consider the method of use as the main indicator, then the classification will be [11]:

e Acid Dyes dissociate in water to form negatively charged ions, which are
responsible for dying fibres such as wool, silk, and nylon. They are resistant to
biodegradation and have a wide range of bright colours.

e (Cationic or Basic Dyes. Positively charged water soluble dyes bond with
negatively charged synthetic fibres and are used for silk, acrylic, as well as non
acrylic fibre dyeing. The dyeing process takes place effectively in a neutral

environment with heating.
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e Nonionic or Disperse Dyes are insoluble in water and suitable for hydrophobic
fibres like polyester and acetate. For best results, fine dispersions require heating
to fairly high temperatures of around 130-210°C at a pH of 5.5.

e Direct Dyes. Water-soluble dyes that have a high affinity to cellulosic fibres.
They provide a wide colour range but have lower resistance to washing.
Moreover, they are also used as organic pigments and pH indicators.

e Reactive Dyes. This class of dyes' colouring properties are due to the unique
reactive groups that can form covalent bonds with cellulose fibres. The dyeing
process takes place in a weakly alkaline dye bath. The dyed fibres have a stable
colour and improved strength characteristics. They are commonly used for
cellulosic fibres like cotton, wool, and nylon.

e Vat Dyes. These water-insoluble complex dyes are important in cellulose or
cotton fibres' printing and dyeing industry. They are characterised by unique
colour fastness.

e Sulfur Dyes. Sulfur dyes are obtained by sulfurisation or thionation of amino or
nitro groups. Insoluble in water and typically used for staple, viscous, and yarn
fibers, different types of leather,especially for dark shades like blacks and
browns. They offer cost-effectiveness but have moderate wash fastness.

It is worth noting that azo dyes are the main class used in industry. According to
[12], they are up to 60-70% of all dyes. Such high popularity is due to the excellent
solubility in water, durability of colour, chemical stability and variety of colours. One of
the representatives of the azo dyes is Congo red (Fig. 1.1). It is an anionic diazo dye
(containing two -N=N- groups) consisting of sodium salt of benzidinediazo-bis-1-

naphthylamine-4-sulfonic acid with a molecular weight of 696.68 g mol ™.
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Figure 1.1. Congo Red chemical structure.

This dye is also known as CR 4B, Cotton Red B, Cotton Red C, Direct Red 28,
Cosmos Red, Direct Red Y and Direct Red R [13]. It is soluble in acetone, ethanol, water
(11.6 g/100ml) and is practically insoluble in ether. 1 mass% water solution has pH 6.7.
[14] and has bright red colour in alkaline solution and blue in acid solution. Commonly
used as an indicator, a biological stain, as a fabric and paper dye. A study of the dye's
toxicity to animals and humans showed a high probability of allergic reactions, in
addition, the dye can be metabolised to 0-benzidine, a carcinogenic product [15]. From
the point of view of photocatalytic degradation, it is important to consider the position of
HOMO and LUMO. According to literature data [16] HOMO energy is -1.21 eV and
LUMO 0.97 eV. However, at least 15% of the total volume of Congo Red used is
untreated wastewater [17]. Considering all of the above, high toxicity, and poor

biodegradability, eliminating dye from wastewater is an important topic for research.

Methylene Blue (tetramethylthionine chloride), a cationic thiazin dye from the
phenothiazine family whose structure is shown in Figure 1.2. It has found wide
application as an optical probe of biophysical systems, an indicator of oxidation-reduction
reactions due to the bright colour change during reduction, and as a test material in
photocatalysis. It is also used for therapeutic and diagnostic purposes in the clinic for the
treatment of methemoglobinemia [18]. It is a solid, odourless, dark blue powder at room

temperature. According to [14], solubility in water is 4.36 g per 100 g of water and is also
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soluble in ethanol, ethylene glycol. Water solution exhibits maximum absorption at 664
nm. The positions of the LUMO and HOMO of MB were reported as —0.88 and 1.55 eV,
respectively, while the bandgap is 2.43 eV [19].
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Figure 1.2. Resonance structures of MB derivatives [20].

The lethal dose for oral consumption for rats is set at LD50 1180 mg/kg. Poisonous
when taken orally, intraperitoneally, intravenously and subcutaneously. When
systemically ingested by the human body, it causes changes in the blood and has a toxic
effect on the central nervous system. M. Albert et al. [21] report high toxicity of MB in

premature infants resulting in hemolytic anaemia.

The most common methods of removal of organic contaminants are chemical,
physical, and biological methods. Physical methods have the advantage of low levels of
toxic additives used in the separation process. Such methods include filtration,
sedimentation, adsorption, and coagulation-flocculation. The addition of coagulants
promotes the enlargement of pollutant particles, allowing them to be subsequently
separated by filtration or sedimentation. Solid particles are removed through filtration
using membrane or carbon filters. Adsorption, which occurs on the surface of sorbent
materials such as activated carbon and ion exchange resins, is particularly notable for its
dye removal efficiency and cost-effectiveness. The efficiency of the adsorbent directly

depends on the surface area and porosity of the material. The disadvantages of the method
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is the need to manage or disposal water treatment residuals [22] as well as the path for
effective reuse and recycle options of adsorbents, high dependence on the pH of the
environment, time consuming, and the fact that the adsorbent is not capable of degrade
dyes.

In chemical methods of water purification, reagents play a crucial role. These
methods, which include oxidation, precipitation, electrochemical methods,
photocatalysis, and photo electrocatalysis, use reagents to help decompose the pollutant
in the aquatic environment. This decomposition process is essential for effectively
removing organic contaminants from water.

Advanced oxidation processes (AOPs) photocatalysis, Fenton reactions effectively
decompose organic pollutants using highly reactive species such as hydroxyl radicals.
AOPs achieve decomposition efficiencies of pollutants up to trace levels, outperforming
traditional chemical oxidation methods [4].

Another chemical method is electrochemical remediation. It is based on using
electric current to initiate chemical reactions of decomposition. The limitations of these
methods are the use of toxic substances and the formation of toxic secondary decay
products.

Biological methods include using microbial and enzymatic treatments before the
discharge of aqueous waste. These methods are non-toxic, but their efficiency is lower
than alternatives, they are difficult to scale up, and they are often expensive.

Considering the potential for combined methods to enhance efficiency, there is a
promising future for water purification. By carefully weighing the advantages and
disadvantages of each method, it is possible to create a comprehensive approach that

maximizes the benefits of each.

1.2 Plastic pollution

Plastics, including polyethene (PE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC), polyurethane (PU), and polyethene terephthalate (PET), are widely used

and essential in every aspect of daily life due to their durability and low cost [23].
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According to the UN Foundation, more than 430 million tons of plastic are produced
annually (data for 2023), with a continuing trend of increasing from year to year. The
increasing production, coupled with the lack of effective processing methods applied
universally and uniformly, has made the problem of plastic pollution increasingly acute
over the past decade. Laurent Lebreton et al. [24] estimated that 2060 global plastic waste
volumes are expected to reach 270 million tons. According to the authors [23], about 8
million tons of plastic waste ends up in the world's oceans every year, while the authors
[25] forecast suggests that about 1.2 billion tons of plastic waste will remain in landfills
in 2050. Recognising this, the European Commission has adopted an EU Plan to make all
plastic packaging recyclable by 2030. [26]. Being global, multidimensional, and affecting
all spheres of human life, multidisciplinary collaboration is required to advance
remediation technologies. When plastics are exposed to the open air, for example, in
landfills, they release toxic substances into the air; when they get into rivers and oceans
or soil, getting into food, they cause irreparable damage to the health of all living beings.
It calls for a more careful attitude to resources.

The different methods of recycling plastic are often called "primary", "secondary",
"tertiary"”, or "energy recovery", and "quaternary"” [27]. Primary recycling involves using
uncontaminated, identical plastic as raw material. This means that the quality of the
product is not reduced, and it can be used for the same purposes as the original plastic.
Secondary recycling is the transformation of material by mechanical means for less
demanding products. Primary and secondary recycling involves mechanical processes
such as sorting, shredding, washing and extrusion. These processes can result in varying
levels of polymer degradation. Thus, recycled material costs are often higher than pristine
plastic, and the quality of the processed material decreases with each cycle [28].

Polymers are known to be petroleum-based products [29]. Following the principles
of energy sustainability, tertiary recycling allows for the recovery of petrochemical
components from which the polymers were made. The main idea is to split the polymer
into individual monomers through the depolymerisation process to produce a high-quality
secondary product. Tertiary processing includes:

Tertiary processing includes:
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o Chemical
m Chemical recovery
m Energy recovery
o Thermolysis
m Pyrolysis
m Gasification
m Hydrogenation

While chemical methods speed up the process of plastic degradation to days
compared to traditional hundreds of years, moreover the processed products can become
valuable resources, they have a relatively high cost and are difficult to scale. Separately,
it is worth mentioning photodegradation, photocatalytic oxidation and electrochemical
oxidation methods of decomposing plastic into safe products such as water and carbon
dioxide. Following multiple recycling cycles, once the plastic experiences a critical
decline in quality, it may be directed to a landfill or utilised in quaternary recycling
processes, such as incineration. Quaternary recycling is used for highly contaminated
mixed waste for energy recovery [30].

However, the mentioned methods only meet some of the needs of processing. Each
of them has critical shortcomings that lead to the emergence of no less important
problems. For example, incineration releases volatile organic compounds and harmful
chemical compounds [31] such as CO, NOx and SOy, furans, and dioxins into the
atmosphere [32]. The most environmentally friendly method is the biological way of
waste disposal — depolymerisation using enzymes, bacteria and fungi [33]. The

disadvantage of bio recycling is its extremely long duration of process.

1.3 AOPs for the removal of organic pollutants: photocatalysis and

photocatalysts

The advantages of degradation processes under the influence of ultraviolet radiation,
sunlight and catalysts are undeniable and attract increased interest from researchers. The

advanced oxidation process, namely heterogeneous photocatalysis, has attracted much

35



attention for environmental remediation because it can be applied without additional
energy sources using only sustainable resources of solar energy to remove various
pollutants. Moreover, they do not transfer pollutants from one phase to another (as in
chemical precipitation and adsorption) and do not create a massive amount of dangerous
sediment. AOPs are able to convert organic pollutants into harmless products. The result
of such an intensive study of photocatalysis was using numerous metal oxide
semiconductors, polymer semiconductors, and metalorganic substances. To improve their
efficiency, various strategies are used. For example, the number of active sites can be
influenced by changing the precursor for synthesis or by using extensive thermal etching.
Changing the band gap or band-edge positions affects the efficiency of photocarrier
transport and the efficiency of solar energy absorption. The design of heterojunctions,
defects, cocatalyst loading, element doping, crystallinity, surface area, and interfacial
interactions are also important parameters that affect the overall efficiency.

One of the important factors affecting the activity is the size of the nanoparticles. It
is known that 0D-based quantum dots are useful as electron receiving/capturing centres,
thereby increasing the separation efficiency of photogenerated electron-hole pairs. 1D
nanomaterials (nanorods, nanotubes and nanowires) have a large surface area and
numerous active centres, which increases the efficiency of adsorption and rapid charge
separation and increases the intensity of interaction at the phase interface. [34]. One
interesting property of 1D materials is their ability to direct charge transfer through
channels, thereby facilitating electron (e) - hole (h*) pairs transfer. [35]. (2D) tends to
restack, which leads to weakening, so their ability to absorb light is lower compared to
1D. Moreover, although the layered structure of 2D nanomaterials can reduce carrier
recombination in the bulk, the recombination on the surface will still be high. 3D
nanostructures often have complex morphologies, resulting in several different reaction
pathways.

The mechanism of classical heterogeneous photocatalysis involves a series of
oxidation and reduction reactions on the surface of a semiconductor. Almost all reactions
are based on the generation of reactive hydroxyl radicals (*OH) with a redox potential of
2.8 eV. They attack organic pollutant molecules with rate constants on the order of 106
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to 109 M~* s and initiate a series of oxidation reactions to AOP: ozonation, sonolysis,
photocatalysis and humid air oxidation. Fenton and photo-Fenton oxidation generate *OH
radicals by reacting ferrous ions (Fe?*) and hydrogen peroxide with UV light or other
activators. Unlike the Fenton reaction, ozone-based oxidation uses ozone to generate
hydroxyl radicals by decomposing ozone in water, which subsequently decomposes
pollutants [4].

In general, photocatalytic degradation of pollutants can be described in 5 stages [34]:
The first stage is the adsorption of the target pollutant on the surface of the photocatalyst.
This is followed by the absorption of a photon (hv) of sunlight by the photocatalyst,
forming e - h* pair. A necessary condition for this is that the energy of a photon of light
exceeds the width of the forbidden zone. Only in this case, electrons can migrate from the
valence band to the conduction band. To participate in the oxidation-reduction process,
the electron and hole migrate to the surface of the material, this process is accompanied
by the recombination of electrons and holes on the surface and inside the photocatalyst.

This process is shown schematically in Figure 1.4.
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Figure 1.4. Schematic representation of the photochemical activation of material under

UV light.

Due to the recombination, potential energy is released through heat or light. Under

the influence of photogenerated carriers, oxidation and reduction of water and oxygen
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molecules to hydroxyl (*OH) and superoxide radicals (¢O2) occur on the surface. At the
same time, pollutant molecules can be broken down into simplest molecules up to H20
and CO; (as a result of complete mineralisation of organics) that are later desorbed into
the bulk of the solution [36]. The sequence of equations of chemical reactions is shown
below (1.1-1.11):

Photocatalyst + hv — hwn" + )~ (1.1)
O2+ece — 02"~ (1.2)
H,O + hypy" — *OH + H* (1.3
O +2H" +ece — H202 (1.4)
H20; + O~ — «OH + OH™ +0; (1.5)
H20; + ecey” — *OH + OH- (1.6)
*OH or Oy~ + pollutant — intermediates — mineralisation products .7)

Or in inert atmosphere

Photocatalyst + hv — hup)™ + ece) ™ (1.8)
H,O + hyp)™ — *OH + H* (1.9)
H* + ecs  — Ha (1.10)
hwoy™ or *OH + pollutant — intermediates — mineralisation products (1.11)

In addition, the oxidation-reduction potential of the pollutant must be lower than the
conduction band potential and higher than the valence band of the photocatalyst [31]. For
example, in the case of dyes, it is necessary to take into account the positions of HOMO
and LUMO.

A disadvantage characteristic of many single-component photocatalysts is high
charge carrier recombination and a compromise between the band gap and redox strength.
To overcome these factors, it has been proposed that composite materials from two or
more semiconductors can be created. A heterojunction is a surface between
semiconductors through which charge carriers can pass. This way, electrons and holes
will be separated and located in different catalyst bands. Heterojunction materials may be
designed as a composite of different materials (multicomponent) or with the various
phases of one material (multiphase). Based on the different alignments of the
heterojunction bands, a distinction is made between type | heterojunctions, type I
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heterojunctions, p—n-type heterojunctions, Schottky junctions, Z-type heterojunctions,
and S-type heterojunctions [36]. Common types include Type I, Type Il, and Type Z
heterojunctions. They are shown schematically in Fig. 1.5, focusing on their energy levels

and charge carriers following the photoexcitation process.
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Figure 1.5. Schematic energy diagrams for type | heterostructure (a), type Il

heterostructure (b) and type Z-scheme system (c).

In composite semiconductors with heterojunction type I, the CB of semiconductor
A is higher than the CB of semiconductor B, while the VB of semiconductor B is lower
than that of semiconductor A, as depicted in Fig. 1.5a. When such materials are in
sufficient contact, photoexcited electrons can move downwards from CB(A) to CB(B),
gaining energy. At the same time, for holes, it is more energetically favourable to move
upwards from VB (A) to VB (B). Since the charge carriers accumulate at the energy levels
of one of the materials, charge separation does not occur, and thus, photocatalytic
efficiency is not improved.

Type 11, on the contrary, promotes charge separation and reduces the probability of
recombination. This is achieved by creating materials whose energy levels are arranged
in such a way that electrons move downwards to the CB of material B (Fig. 1.5b).
Meanwhile, holes move upwards to the VB of material A. This type of heterojunction is
most often found in literature [37] TiO,/CdS [38], CdS/ZnO [39], TiO2/SnO, [40].

In Z-type photocatalytic systems (Fig. 1.5c), electrons of material B (n-type

semiconductor) recombine with holes of material A (p-type semiconductor), thus
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increasing the distance between photogenerated electrons on CB (A) and holes on VB
(B), giving both the high charge-separation and strong redox ability. This type of
photocatalyst is usually composed of n-type and p-type semiconductors [41], [42].

Some of the first photocatalysts that found application in environmental pollutant
degradation were TiO;, ZnO, SnO,, etc. [43] due to their chemical stability, strong
oxidative properties, recyclability, and wide availability. However, the limitations
associated with their use are worth mentioning: fast recombination, wide forbidden zones,

and activity exclusively under UV irradiation [36].

1.3.1 Titanium dioxide

TiO,, being chemically and physically stable, relatively inexpensive, and widely
available, is one of the most frequently used and promising semiconductor photocatalysts.
In 1972, the photocatalytic process of water splitting in a photoelectrochemical cell using
titanium dioxide as a single-crystal electrode was first described by A. Fujishima [44].
Titanium dioxide is a wide-gap n-type semiconductor with a band gap of 3.2 eV for
anatase, 3.0 eV for rutile, 3.3 eV for brookite, 3.34 eV for metastable TiO, Ramsdellite
modification, 3.6 eV — for the metastable hollandite form. The VB of TiO; is formed by
the outer p-electrons of oxygen, and the bottom of the CB is mainly formed by excited
titanium ions. The presence of partially reduced titanium (Ti®"), the level of which is ~
0.2-0.8 eV below the conduction band and which acts as an electron donor, is of particular
importance for the manifestation of the electronic properties of titanium dioxide. The

presence of Ti** determines the conductivity of TiO in many cases [45], [46].

Conventional photocatalysts, e.g., TiO, and ZnO recently attained limited
application owing to their weak visible light adsorption assigned to their wide bandgaps

that encouraged research design of new and narrow bandgap semiconductors [47].

1.3.2 Manganese oxides and oxidehydroxides

Manganese oxides, encompassing various forms such as MnO, MnO;, Mn,Os,

MnsO4, MnsOg, among others, are of significant technological relevance owing to their
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diverse crystalline structures. This structural variety directly results from the wide range
of oxidation states from 2+ up to 7+ that manganese can have. Such variability gives these
materials critical functionalities, making them essential in various applications, including
energy storage devices, components of fuel cells, enhancement of supercapacitors and
application for catalysis.

MnO; is an n-type semiconductor and exists in several crystallographic forms, i.e.,
a-, B-, v-, 6-, A - and &- [48]. The ways in which MnOg octahedral interlinks in the MnO;
nanostructures cause variation in crystallographic forms. Each crystallographic form
possesses its unique tunnel structure or interlayers. The vertices and edges in MnOs
octahedral sharing in several directions lead to tunnel structures forming with different
dimensions.

1D tunnel structure can be found in a- (2 x 2), B- (1 x 1), and y-MnO-, (is regarded
as the intergrowth of ramsdellite 1x2 and pyrolusite 1x1) while the 6-MnO; possess 2D

layered in its structure and the A-MnQO; is a 3D spinel structure as depicted in Fig. 1.6.
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Figure 1.6. Overview of structural fragments in polymorphic modifications of MnO; [48].
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They are characterised by the tunnel’s size with the octahedral subunits’ number (n
x m) [48]. y-MnO, structure is characterised by an arrangement of [MnQOs] octahedra
connected via edges and corners, forming tunnels that extend along the c-axis of the
structure. Within this framework exists a random microscopic intergrowth of tunnel
structures, specifically the tunnels of pyrolusite and the tunnels of ramsdellite. This
complicated network of tunnels is a defining feature of the y-MnO- structure, illustrating
the complex of different tunnel types within a single crystalline framework. Synthesis
conditions such as the reaction temperature, precursor concentration, impurities and
dopants, or coupling can easily alter the crystal structure. The most common methods for
synthesis of manganese oxides are permanganate reduction, pyrolytic decomposition of
manganese nitrate, electrochemical method, hydrothermal synthesis in a magnetic field
or chemical precipitation. At temperatures above 460°C, manganese dioxide loses oxygen
and transforms into a-Mn;03 [49], and the crystal structure transforms from a tetragonal
syngony to a cubic lattice, reaching a temperature of 970-1050 Mn,O3 loses oxygen to
form Mn3O.. For this reason, thermogravimetric analysis of manganese oxide compounds
is a valuable tool for detecting the content of lower-valence Mn in the form of defects
(Mn3* ions), structural water and OH groups, cation vacancies, etc. [50].

Mn,Oj3 exhibits p-type semiconductor of direct bandgap. It exists in the form of two
polymorphs known as minerals o-kurnakite and B-bixbyite [51]. Like other manganese
oxides, it has found wide application as electrochemical sensor, photocatalyst for
purification of wastewater contaminated with dyes [52] or hormons in medical
wastewater [53], electrochemical supercapacitor [54], in lithium-ion batteries and in solar
thermochemical water splitting [55]. As a component in composite materials it is used for
photocatalytic H, evolution [56], the oxygen evolution reaction [57], as well as CO»
reduction to CH, [58].

MnOOH is an oxyhydroxide of Mn®'. It exists in 3 crystalline modifications: a-
groutite, pB-feitknechtite and y- manganite. It found wide use as chemical catalysts,
molecular sieves, and cathode materials in primary and rechargeable batteries [59].
According to authors [60] y-MnOOH was considered the most stable trivalent manganese
hydroxide. It is crucial to highlight that y-MnOOH is structurally related to f-MnO;
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modification named pyrolusite, while a-MnOOH - to y-MnO,. y-MnOOH is considered
one of the simple and practical precursors for obtaining manganese oxides by thermal
decomposition [61].

Mn30O4, known as hausmannite, is a p-type metal oxide that features a spinel-like
crystal structure that comprises a unit cell with 32 oxygen atoms and 24 manganese atoms.
In this structure, manganese exists in both divalent and trivalent cationic states, with Mn?*
ions occupying tetrahedral sites and Mn3* ions residing in octahedral sites. Numerous
studies have explored the effectiveness of hausmannite in the photodegradation of various
dyes, including Alizarin Yellow, Methylene Blue, and Methyl Orange. It is reported as
an excellent sensor material for identifying volatile organic compounds [62].
Furthermore, it is a significant energy storage medium, particularly as an anode material
for lithium-ion batteries [63]. Additionally, its role as an efficient catalyst [64] in a wide
range of oxidation and reduction reactions underscores its importance in catalysis.

MnsOg, a particular manganese oxide composition, showcases Mn cations in Mn?*
and Mn*" oxidation states. As a metastable oxide, its application, especially as a catalyst
in denitration processes, has only gained attention recently. The unique combination of
valence states and their antiferromagnetic nature enables the use of MnsOs in applications
such as sensors for hard disks and devices utilising magnetic thin films. Coupled with
MnO,, it was usefully used for gaseous benzene photocatalytic degradation [65].

The crystalline nature of manganese oxides, in particular MnO; nanostructures has
demonstrated an impact on the photocatalytic reaction. It was observed by S.-L.Chiam
[66] that amorphous MnO, nanorods exhibit superior performance compared to their
crystalline counterparts in photocatalytic reactions. This discrepancy may arise from
defects, such as oxygen vacancies or surface irregularities facilitating the capture of
excited electrons. Consequently, this prolongs the separation of charge carriers, thereby
enabling more holes to migrate to the particle surface, subsequently enhancing the
degradation of organic compounds

The combination of manganese dioxide with titanium dioxide has been extensively
investigated for its potential in photocatalysis, with TiO; being a widely recognized
semiconductor due to its exceptional photocatalytic properties. Coupling TiO; with MnO;
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may yield mutually beneficial outcomes. It addresses the challenges posed by MnO, such
as slow charge transfer rate and fast recombination of photogenerated electron-hole pairs.
At the same time, it can help to expand the TiO; activity zone into the visible light region.
Thus, coupling presents a synergistic approach to improving overall photocatalytic
efficiency [67]. As shown by Xue et al [66], the synergy between MnO, and TiO; results
in the formation of a photocatalytic system characterized by a larger surface area and
larger pore size than the individual elements. Furthermore, when exposed to visible light

irradiation, the MnO,/TiO, composite exhibited outstanding performance.

1.3.3 Clays and Halloysite nanotubes

Clays are fine-grained natural minerals available in a wide variety of morphologies
and physical properties. Typically, clays become plastic when mixed with water and hard
when fired. Chemically, clays are aluminium phyllosilicates with variable amounts of
iron, magnesium, alkali metals, alkaline earth metals and other cations. Due to its
exceptional properties, such as high surface area and ion exchange capacity, clays have
been widely used as adsorbents and catalysts [68], [69]. Clay-based nanocomposite
materials are used as fillers in polymer composites to improve their mechanical
properties, such as stiffness and strength. This is explained by the high surface area and
the ability of clays to form strong interactions with polymers. In addition, clays can be
used as carriers for drug delivery due to their high surface area and biocompatibility. The
interlayer spaces of clays can be used to encapsulate drugs that can be released slowly
over time. The most common types of clay minerals are zeolites, micas, spars, scapolites,

and permultites.

One of the types of clays is halloysite with a tubular structure that distinguishes it
from others. It was first described by the French geologist Pierre Berthier in 1826 and
named after the Belgian geologist Omalius d'Allois (1707-1789), who discovered it in the
Angler lead-zinc deposits in Belgium [70]. It is fairly common mineral that occurs in
various geological environments and is low-cost. It is found in weathered volcanic rocks

and sedimentary rocks such as shales and sandstones. Halloysite is also found in soils,
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where it forms as a result of the weathering of feldspar minerals. The largest deposits are

located in the USA, Australia, China, Mexico, Turkey, and New Zealand.

Halloysite is a natural aluminosilicate of the kaolin group with Al : Si in a ratio of
1:1, having the chemical formula Al;Si,Os(OH)s-nH,0, where n can vary from 0 to 4. In
the case of n = 2, the mineral is called halloysite — 10A. When heated to 120°C an
irreversible process of dehydration occurs until n = 0, such a mineral is called halloysite
— 7A, and the two varieties have different physical and chemical properties that affect
their use in different industries [71]. The Sigma Aldrich halloysite used in this work
contains two water molecules, according to the certificate of analysis provided by the

supplier, the molecular weight is 294.19 g/mol. In general, halloysite consists of 10 —

15 bilayers spaced approximately 0.72 nm apart and has a density of 2,53 g-cm_3. Due to

its layered structure, it has a large specific surface area in the range of 50 — 150 mZ/g. The

cavity volume is 10-20% of the total tube volume, which can be increased to 30-40% by

treatment with sulfuric acid [72].

The outer surface mainly consists of groups O—Si—O, and the inner with AI-OH,
on the edges of the tubes, there are both groups AI-OH and Si-OH (Fig. 1.7.). Both
surfaces are polar, providing good hydrophilicity (the water contact angle on halloysite
nanotubes is below 5°). The layers are interconnected by hydrogen bonds formed between
the oxygen atoms of the tetrahedral layer and the OH groups on the inner surface of the
octahedral layer. Rolled into a tube, these layers cause the presence of a negative charge
on the outer surface of the tubes and a positive charge in the inner cavity [73] in the pH
range from 3 to 8. Within the indicated pH, the electrical zeta potential of nanotubes is -

30 mV. The isoelectric point of the halloysite is at pH 2.5.
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Figure 1.7. Schematic representation of halloysite structure [74].

The average dimensions depend on the deposit and ranges within such values:
external diameter of 50-80 nm, lumen of 10-15 nm and length of about 1000 nm [75],
[76].

Halloysite is white, light grey, or light yellow in colour and has a pearly lustre. Its
colouring is due to impurities with Fe*3, Cr*3, and Ti** ions. Halloysite does not show

toxic properties in relation to living organisms and plants [77].

At the same time, it is worth noting that the human body lacks mechanisms for the
decomposition of aluminosilicate tubes, and intravenous injections cause thrombosis, so
HNTSs can be used mainly for oral administration or for the development of creams and
composites for external use. The effect of oral halloysite was studied in mice [78]. HNT
exhibits toxicity due to the accumulation of aluminium and, as a result, liver dysfunction.
Therefore, it is important to control the intake of halloysite at the level of 20 mg/kg™ of
body mass. From the point of view of biocompatibility, short nanotubes are the most
attractive. Halloysite is considered as a green alternative in various applications, including
as nanoadditives, catalyst supports, and nanocarriers for the controlled release of agents,

drugs, and proteins, owing to their natural, non-toxic, and biocompatible properties [79].

The distinct chemical compositions and the opposite charges of the inner and outer
surfaces of halloysite nanotubes provide a wide range of possibilities for the development

of HNT-based composite materials. This unique structure enables the functionalization
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of the outer surface of the nanotubes with positively charged molecules, while the inner
cavity can be loaded with negatively charged molecules. Consequently, the internal cavity
of HNTs benefits as a reservoir for encapsulating various active substances, such as
pharmaceuticals, proteins, surfactants, corrosion inhibitors, and catalysts. This facilitates
the controlled release of these substances, offering potential applications in a wide array
of fields, from drug delivery systems to materials science, highlighting the adaptability
and utility of HNTs in creating sophisticated composite materials with targeted
functionalities. Chemical agents release time may vary from 1-10 hours to days [80]. The
combination of biomolecules with halloysite nanotubes offers a path toward the
development of innovative materials with unique properties. This approach is particularly
attractive due to its reliance on natural resources, fostering environmental sustainability
and cost-efficiency. Beyond biomolecules, the potential for loading various inorganic
salts [81], such as ammonium molybdate (NH4 -6M070,4), potassium permanganate
(KMnQy,), sodium silicate (Na2SiO3) and sodium chromate (Na2CrOa) can be loaded into
HNTSs from their saturated solution in water by vacuum cycling. The release of these salts

Is achieved within 1-2 hours.

Surface modification of nanotubes plays a crucial role in enhancing the performance
of materials by influencing the stability of colloidal solutions, optimizing filler dispersion
within polymer matrices, and expanding the effective surface area of catalysts [82].
Combining different methods of HNT modification allows to immobilize multiple
functional groups on both the interior and exterior surfaces of the nanotube. Such dual-
functionalization not only extends the range of potential applications for HNTs but also
introduces a level of customization and effectiveness in materials design that harnesses

the unique structural features of halloysite nanotubes.

Conclusions to Section 1

Thus, the demands of sustainable development regarding environmental pollution
include the usage of green technologies. Various methods have been applied against
pollution, and not all meet modern requirements. It can be seen that organic dyes and

plastics can be considered as a simple model of liquid and solid waste material
4/



degradation. It was shown that photocatalytic methods, despite their limitations of low
substrate concentration, are prospective advanced oxidation approaches that answer
sustainability goals. Conventional TiO, based photocatalysts are also limited with UV-
irradiation wavelengths. The composites with manganese oxides and manganese
oxidehydroxides have the advantages of photocatalytic activity in the visible range of
light together with abundance in nature, stability, low price, etc. Their composites with
other components like alumosilicate nanotubes of halloysite could expand opportunities
of a photocatalyst on its base due to the heterojunctions, decoration effects, lumen loading
by active components, as well as photocatalyst support function. On the other hand,
catalytic applications of alumosilicate materials toward organic compound cracking and
other degradation processes are well-known. Therefore, it is of scientific interest to study
the photocatalytic activity of composites of manganese oxide - manganese

oxidehydroxide-HNT system in organic compounds degradation.

Based on the analysis of scientific literature, the main directions of research were

identified and scientific tasks were formulated to achieve the set aim of this study.

The results of the analysis of scientific literature conducted in the preparation of this

section are presented in the following publications:
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photocatalytic degradation of PE film by anatase/y-MnQO;’, Polym. Degrad. Stab., vol.
210, p. 110295, Apr. 2023, doi: 10.1016/j.polymdegradstab.2023.110295. The journal is
cited by the scientometric databases SCOPUS and Web of Science (Q1). Personal
contribution is analysis of literary sources, conducting experimental research, processing
and formatting results, writing the article.

2. 1. Kovinchuk, G. Sokolsky, and G. Lazzara, ‘Single-stage and simple fabrication of
PE films decorated with halloysite nanotubes’, KPI Sci. News, vol. 136, no. 1-4, Apr.
2024, doi: 10.20535/kpisn.2023.1-4.297046. Journal adopted by the Ministry
ofEducation & Science of Ukraine as professional ones in specialty 161 Chemical

technology and engineering. Personal contribution is analysis of literary sources,
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environments].  Materialy  shkoly-konferentsii  molodykh  vchenykh  suchasne
50



materialoznavstvo: fizyka, khimiia, tekhnolohii. m. Uzhhorod, (Ukraina). P. 245-246.
Personal contribution is analysis of literary sources, conducting experimental research,
processing and formatting results, writing and submitting the abstract.
12. Kovinchuk 1., Haiuk N., Cavallaro G., Lazzara G., Sokolsky G. (2022)
Thermogravimetric study of PE films containing TiO,, MnO, photocatalysts, and their
composites. Book of abstracts of the 13 European Symposium on Thermal Analysis and
Calorimetry. Palermo, (ltaly). P. 214. Personal contribution is analysis of literary
sources, conducting experimental research, processing and formatting results, writing
and submitting the abstract.
13. Svintsova A.V., Sokolsky G.V., Hlukhova P.l., Kovinchuk 1.V., Lazzara G.,
Sokolsky G. (2022) Encapsulated by Ascorbic Acid Halloysite Nanotubes combined with
Rutile Nanoparticles for Cosmetic Applications. Book of abstracts of the Ukrainian
conference with international participation “Chemistry, physics and technology of
surface”. Kyiv, (Ukraine). P. 78. Personal contribution is analysis of literary sources,
conducting experimental research, data curation.
14. Kovinchuk 1., Hlukhova P., Sokolskyi H. (2023) Otsinka mozhlyvosti vykorystannia
oksydnykh fotokatalitychnykh system dlia pisliavoiennoho vidnovlennia terytoriii
[Assessment of the possibility of using oxide photocatalytic systems for post-war
restoration of territories]. Materialy konferentsii Synerhiia nauky i biznesu y povoiennomu
vidnovlenni Khersonshchyny. m. Odesa, (Ukraina). P. 391-395. Personal contribution is
analysis of literary sources, processing and formatting results, writing and submitting the
abstract.
15. Kovinchuk 1., Sokolsky G., Lazzara G. (2023) Single stage and simple fabrication of
PE films Impregnated with halloysite nanotubes. Book of abstracts. International
Conference on Chemistry, Chemical Technology and Ecology. Kyiv, (Ukraine). P. 60—
61. Personal contribution is analysis of literary sources, conducting experimental
research, processing and formatting results, writing and submitting the abstract.
16. P. Hlukhova, L.V. Kovinchuk, Dzh. Lazzara, i H. V. Sokolskyi (2023)
Fotokatalitychni vlastyvosti kompozytiv oksydiv-hidroksydiv manhanu z haluazytom,
syntezovanykh hidrokhimichnym metodom [Photocatalytic properties of manganese
51



oxide-hydroxide composites with halloysite synthesized by the hydrochemical method].
Zbirka tez dopovidei. Mizhnarodna konferentsiia z khimii, khimichnoi tekhnolohii ta
ekolohii, prysviachenii 125-richchiu KPI im. Ihoria Sikorskoho. m. Kyiv, (Ukraina). P.
14-16. Personal contribution is analysis of literary sources, conducting experimental
research, data curation.

17. Sokolsky G., Kovinchuk 1., Lazzara G., ZudinaL., Hluhova P., Andriiko O. (2023)
Comparison of chemical and electrodeposition pathways of manganese dioxide from
NH**-containing electrolytes. Book of abstracts. International Conference on Chemistry,
Chemical Technology and Ecology. Kyiv, (Ukraine). P. 87-88. Personal contribution is
analysis of literary sources, conducting experimental research, processing and
formatting results.

18. Kovinchuk 1.V., Hluhova P.1., Telina M.M., Khrebtan D.R., Vechirko E.R., Lazzara
G., Sokolsky G.V. (2024) Halloysite nanotubes as components of nanocomposites with
mn  oxides/hydroxides. Book of abstracts. 12th International Conference
"Nanotechnologies and Nanomaterials” NANO-2024. Uzhgorod, (Ukraine). P. 77.
Personal contribution is analysis of literary sources, conducting experimental research,
processing and formatting results, writing and submitting the abstract.

19. Kovinchuk 1., Hluhova P., Lazzara G., Sokolsky G. (2024) Enhanced Photocatalytic
Methylene Blue Degradation by Mn3;O4/HNT-based composite material. Book of
abstracts. XXVIII Congresso Nazionale della Societa Chimica Italiana. Milan, (Italy). P.
FIS-PO-005. Personal contribution is analysis of literary sources, conducting
experimental research, processing and formatting results, writing and submitting the

abstract.

52



SECTION 2. OBJECTS, SYNTHETIC, AND RESEARCH METHODS

2.1 Materials and reagents

The following reagents were used in this work: granules of pure low-density
polyethylene (LDPE) 15803-020, P-xylene, Cyclohexane (Sigma Aldrich), MnO, of
industrial production (Prydniprovsky Chemical Plant, Kamyanske, Ukraine); TiO;
(anatase) produced by Institute for Problem of Material Science of NASU [46];
Polyvinylpyrrolidone K 90, Polyethylene glycol 300 from Sigma Aldrich, Halloysite
Al;Si;05(0OH)4-2H,0  nanotubes  (I-Minerals Inc, USA and Sigma Aldrich),
MnSO.4-5 H,0, (NH.)2SO.. All reagents were at least of chemically pure grade. These
reagents were used as auxiliary: KCI; BaSOg4; BaCl,; KOH; NaOH; NH4,OH; H,SOy;

H20,. Distilled water was used to prepare the solutions.

2.2. Synthesis methods of photocatalysts studied

2.2.1 Chemical synthesis of manganese oxides and oxidehydroxides with

halloysite composite materials

To expand the possibilities of electrodeposition well known for manganese oxide
synthesis and the spectrum of the studied samples, a method of chemical synthesis was
used from electrolyte solutions similar to those used in previous works, which differed in
the acidity of the medium pH = 5-6 and higher. A typical synthesis of oxide materials was
as follows: dissolution of 13.85 g of MnSO, - 5H20 in 100 ml of water, adding (NH4)2SO4
to achieve a ratio of ions Mn?":NH,4* equal 1:2 for samples CS-2, 3, 4, 6, 8, 9. Halloysite
nanotubes of 1 g for samples CS-1, 2, 6, and 7 were also added. For samples with HNT,
1 hour of vacuuming was applied to achieve complete removing of air and fill the lumen
with a solution. The addition of ammonium hydroxide was done dropwise alternately with
hydrogen peroxide to maintain the required acidity level until the stoichiometric amount
of ammonium hydroxide was added. Thus, it was determined that the required amount of
hydrogen peroxide exceeds the stoichiometric amount by 4 times, considering the

occurrence of a side reaction of catalytic decomposition of hydrogen peroxide on the
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surface of manganese oxides. Only for sample CS-3 the air was used as an oxidant instead
of H,0O,. The product was centrifuged, washed with distilled water and dried at 160°C
until constant mass. Table 2.1 shows the composition of the reaction mixture and

conditions of synthesis for each sample.

Table 2.1. Composition of reaction mixture and conditions of synthesis of CS

series of samples

Sample Sample description HNTs [NHs ] 1.5 pH
name content,g mol-L?

CS-1 Mn-HNT-pH10-H;0; 1 10
CS-2 Mn-NH;*-HNT-pH10-H,0, 1 + 10
CS-3 Mn-NH4*-pH10 + 10
CS-4 Mn-NH4"-pH5-6-H,0; + 5-6
CS-5 Mn-pH5-6-H,0; 5-6
CS-6 Mn-NH4"-HNT-pH5-7.5-H,0; 1 + 5-7.5
CS-7 Mn-HNT-pH5-6-H202 1 5-6
CS-8 Mn-NH4+-HNT-pH5-7.5-H202slow (72h) + 5-7.5
CS-9 Mn-NH4+-HNT-pH5-8-H202express (2h) + 5-8

Possible synthesis route:
MnSO,4 + H,O, + 2 NH,OH = MnO, + (NH4)2504 + 2 H,O (2.1)

2.2.2 Electrodeposition of manganese dioxide materials

Electrodeposition of manganese dioxide samples was performed using Platinum
electrodes, with the cathode area being approximately 3 to 5 times larger than that of the
anode. The current was set at 10 A-dm?2. Samples were synthesized from the MnSO,
solution with the addition of dopant NH;* and Cr3* ions following the procedure we used

before with fluoride electrolytes [83]. Subsequently, the methodology was created taking
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into account the purpose of the work and literature data on the creation of nanomaterials
of a given dispersion and with optimal heterojunctions.

The total volume of electrolyte was 1 L. To study the influence of acidity on the
structure of samples, some electrolytes contained H,SO, in different concentrations. The
duration of the deposition process was 30 minutes. All samples were obtained at room

temperature. Table 2.2 shows the general conditions of the synthesis procedure.

Table 2.2. Composition of electrolyte of ED series of samples

Sample MnSO45H0/  (NH4)2SO04/ H2SO4 / Cr2(SO4)s/
mol-L*! mol-L*! mol-L*! mol-L*!

ED-1 0.05 15 0.03

ED-2 0.05 0 0.03

ED-3 0.1 15 0.03

ED-4 0.1 15 0

ED-5 0.05 15 0

ED-6 0.1 0 0.03

ED-7 0.1 15 2

ED-8 0.05 15 2

ED-9 0.1 0 2

ED-10 0.05 0 2 0.01

ED-11 0.1 0 2 0.01

ED-12 0.1 15 2 0.01

ED-13 0.1 0 0.03 0.01

After electrodeposition, samples were left in the electrolyte solution overnight for
complete precipitation. Then the sediments were thoroughly washed with distilled water
until a negative reaction to sulfate ions with subsequent drying at a temperature of 150 °C

to a constant mass.
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2.2.3 Preparation of PE/TiO; and PE/Ti02&MnNO; films

The film preparation process was adapted from [84] and schematically illustrated in
Fig. 2.2. First, 0.5 g of PE granules were added to 25 ml of p-xylene, followed by heating
in an oven at 110°C for 40-45 minutes. Once the PE melted, inorganic components —
pure TiO; and TiO2/MnO; mixture in ratio 1:1 were introduced at a concentration of 1%
by mass. Sonication was performed for 60 minutes at a power of 50 W. The dispersions
were then poured into a 9 cm diameter glass Petri dish. Finally, the solvent casting method
was employed at 110°C to produce a film. The same procedure was used to prepare a film
of pure PE dissolved in p-xylene. The resulting PE composite film had an average
thickness of 50—70 um. A schematic representation of the film synthesis sequence is

shown in Figure 2.1.

PE granules Paraxylene photocatalyst 1% wt
T o, @b
\ . Mortar
\ TiO,

N— 45 min at 110°C / \ \\

PE+TiO, PE PE+TiO,&MnO,

S 4 S 4 e ) drying at 110°C
t?:”,...J h_/) &\“—"«/)

Pure PE PE+TiO2 PE+TiO2& MnOz2
film film film

S,

60 min at 50W

Figure 2.1. Schematic representation of the stages of film preparation.
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2.2.4 Preparation of PE films decorated with HNTs

According to the literature data [85], cyclohexane was chosen as the solvent as the
most suitable for PE treatment at relatively low temperatures. To achieve a uniform
distribution of nanotubes in the solvent, mechanical stirring for 30 minutes, followed by
ultrasonic stirring for 15 minutes, was applied before heating. Rectangular PE film
samples of 12 cm? were immersed in suspension for various time intervals (60 sec. and
120 sec.) at 50 and 60 °C. The HNTs' mass content in the solvent was 3% by mass.
Specific conditions of the preparation process are detailed in Table 2.3. Sample 0 was

prepared under the same conditions without the addition of HNTSs to compare properties.

Table 2.3. Preparation of PE film decorated with HNTs

Sample name  HNT / mass % Temperature / °C  Immersion time / sec
0 0 50 60
1 3 50 60
2 3 50 120
3 3 60 60

2.2.5 Preparation of adhesive composition and its application for the decoration

of PE films with photocatalyst

The adhesive composite was prepared by dissolving specific amount of
Polyvinylpyrrolidone K90 (PVP K90) in ethanol. Following this, polyethylene glycol 300
(PEG 300) was added as a plasticizer in varying mass ratios relative to the PVP. The
catalyst was incorporated in an amount equal to 1% by mass of the PE film to which the
composite was applied. The optimal PVP to PEG ratio was found to be 1 to 7, while the
amount of solvent varied depending on the application method. The preparation
procedure included adding PVP to alcohol, after its complete dissolution the required

amount of PEG and catalyst was added with constant mechanical stirring. The amount of
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ethanol corresponded to 18 parts relative to the total mass of polymers. While for
application with a sponge the amount of added ethanol was 15 parts. 1 g of adhesive
composite, along with the corresponding quantity of catalysts, was applied to the surface
of industrially produced PE films (10 cm by 10 cm in size, with an average thickness of

0.024 mm) using either the spray drying method or a sponge.

2.3 Physico-chemical research methods

2.3.1 Thermogravimetric Analysis

Thermogravimetric Analyzer Discovery TGA550 with TRIOS Software was applied
for analysis of powder chemically synthesized samples. Measurements were carried out
under the nitrogen and air flow of 60 cm®-min for the sample and 40 cm3®min for the
balance. The temperature range was between 25 and 800°C. Each sample was placed in
a platinum pan and heated with a heating ramp of 20°C min-* up to 800 °C.

Analysis of PE film samples was performed with the same instrument under the
nitrogen flow of 60 cm3-min* for the sample and 40 cm3min? for the balance. The
temperature range was between 25 and 600 °C. Each sample was placed in a platinum
pan and heated under the modulate temperature of 5°C min-* for 200 s. Then, a heating
ramp of 2°C min 1 was applied up to 600°C. The processed experimental data allowed us
to determine the decomposition temperature (Tq4) taken at the differential
thermogravimetric curves and activation energy peak. The QtiPlot software was used to
treat the TG data.

TG analysis combined with Differential Thermal Analysis of electrodeposited
samples was performed using a Derivatograph Q1000 (MOM, Hungary) in airflow with
a heating rate of 5 °C min! up to 1005 °C. The average mass of the sample analysed was
~100 mg. After completing the experiment, the sample was maintained for an additional
5 min at 1005 °C to ensure that the decomposition reaction was complete.

For composite PE/catalytic material, the impact of nanoparticles (TiO, and

Ti02&MnOy) on the thermal degradation kinetics of PE was investigated. In this context,
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the findings from the e International Confederation for Thermal Analysis and Calorimetry
(ICTAC) Kinetics Committee underscored the appropriateness of thermogravimetry as a
method for assessing kinetic parameters, such as activation energy and pre-exponential
factor, associated with the thermal degradation of both polymer and polymer/filler
composites [86]. To calculate the time (t,) required to achieve a certain conversion

degree («) of degradation at a fixed temperature (T,) by using the following equation:

P CO N (2.2)

a - A-exp(I;—Ti)’
where g(a) — integral form of the reaction model, as concerns the A3 model, g(a) is
expressed as [-In(1-a)]*3.

Based on Equation (2.2), it is possible to calculate the t; vs a functions under
isothermal conditions at various temperatures. These patterns simulate the conversion
degree of polyethylene films over time, enabling an examination of how the incorporation
of nanofillers influences the polymer's thermal degradation. In this context, it is noted in
the literature that the lifespan of polymeric materials can be predicted once a conversion
degree of 0.05 is achieved [86], [87], [88]. Namely, ICTAC recommendations report that
the limiting extent of decay beyond which the material becomes unusable can be defined
when 5% mass loss is reached [89]. A more accurate estimation of the polymer lifetime
needs to establish the correlation between degradation chemistry and materials
performance, which is generally associated with mechanical properties (elasticity,
toughness, adhesion, impact fracture resistance). Furthermore, changes in molecular mass
and other attributes, such as transmissivity and discolouration, can be appropriate to
predict the progressive material degradation of polymers.

The Ruetschi model was first proposed in 1984 for electrodeposited or chemically
synthesized MnO.. It assumes the presence of two types of defects: substitution of Mn**
with Mn®**producing so-called Coleman protons and cation vacancies (Ruetschi protons).
Ruetschi protons are located near Mn** vacancies, while Coleman protons — near Mn®" in

the tunnels.
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This model proposes to accept that vacancies appears only on the manganese
sublattice and all the oxygen sublattice is complete but some oxygens are replaced with
OH- ions for charge compensation [90], [91].

(Mn**)_x—y (M1®F), (@)x(0%7) 20— 45—y (OH ) sty (2.3)
where O represents cation vacancies. Typically, the parameter x fluctuates between 0.06
and 0.08, while y ranges from 0.04 to 0.12 and represents missing Mn** ions. Each
vacancy is coordinated with four protons (OH") for charge compensation. Some protons
are replaced with O? ions. Since O% has approximately same diameter, lattice parameters
are not influenced [92].Ruetschi defects may contribute to the structural complexity of y-

MnO- by stabilising ramsdellite structures and introducing disorder into the material.

2.3.2 Thermogravimetric Analysis combined with Mass Spectrometry

The thermogravimetric analysis was performed on a NETZSCH STA 449C
instrument in Al pan. The measurements were conducted from 30 to 1005°C with
10 K-min'! gradient, after which the samples were cooled down to room temperature. The
mass of initial samples was about 3.0 — 7.0 mg, and the pyrolysis process was conducted

under an argon gas flow of 30 mL-min™.

2.3.3 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra of synthesized samples were determined
using a Frontier FTIR spectrometer (PerkinElmer) at 25°C in the wavenumber range
between 400 and 4000 cm™. KBr pellets were employed for FTIR analyses. An average
of 15 scans per sample using a nominal resolution of 4 cm™ was registered.

For composite PE/catalysts samples the carbonyl index (CI) is a widely utilized
metric for quantifying the extent of photooxidation in polyethylene, as referenced in [93].
This methodology is equally applicable to other functional groups formed as
intermediates during degradation, such as hydroxyl groups (denoted as HI) or to the
characteristic absorption bands of newly formed degradation products, such as the one at
1177 cm™ (denoted as NI), which is indicative of C — O stretching vibrations. The

calculation of CI and HI for various PE films involves normalizing the intensity of the
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specific absorption bands—namely, the C = O stretching vibration band at 1720 cm™ and
the OH stretching vibration band at 3430 cm™* with respect to the intensity of the isolated
PE band at 720 cm, as detailed in literature sources [94], [95], [96], [97]. The NI was

determined using a procedure similar to those used for calculating CI and HI.

2.3.4 X-ray diffraction and X-ray Fluorescence analyses

The phase composition of chemically synthesised samples was analyzed with X-ray
diffractometer (Rigaku, MiniFlex600) with a CuKa radiation source. The wavelength of
the X-ray beam was 0.15406 nm, the tube voltage 40 kV, tube current 15 mA. The
diffractograms were recorded at a scanning angle between 7 to 70° using a scanning rate
of 10 °/min and a step size of 0.02°. The instrument accuracy was +0.02° (Palermo, Italy).

For qualitative and quantitative phase analysis and crystal structure determination of
electrodeposited samples X-ray diffractometer (BRUKER AXS D4 ENDEAVOR) with
a CuKa radiation source (A=0.15406 nm) were used with the tube voltage 40 KV, tube
current 30 mA. The diffractograms were recorded at a scanning angle between 5 to 60°
using a step size of 0.04° (Ljubljana, Slovenia).

The calculation of the average crystallite size (D, nm) of the phases was carried out

automatically according to the analysis data using Scherrer's formula:

K-
D = :
B -cosB

(2.4)
where K is the Scherrer's constant (0.89), A is the wavelength of X-ray radiation, nm, 3
the width at half height of maximum peaks, rad, 0 is a diffraction angle.

X-ray Fluorescence (XRF) Spectrometry was carried out by an Olympus Innov-X

DS-2000 Delta (Palermo, Italy).

2.3.5 L-potential and Dynamic light scattering analysis (DLYS)

C-potential and dynamic light scattering measurements were performed in 0.001
mass % aqueous dispersions by a Zetasizer NANO-ZS (Malvern Instruments) at
25 £ 0.1°C. For (-Potential experiments, a disposable folded capillary cell was used.

Analysis of the intensity of scattered light made it possible to obtain data on the
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hydrodynamic diameter of the particles and their {-potential. These results provided a

description of the particle sizes and surface charge properties.

2.3.6 UV-Vis spectroscopy

Absorption spectra of dye solutions were recorded using a Specord S600
spectrophotometer (Analytik, Jena, Germany) to investigate the degradation level.
Distilled water served as both the solvent and the reference solution. Quartz cuvettes were
used for the measurements. The spectra were recorded in the range of 200 — 800 nm with
a step of 1 nm at ambient temperature. Photometric accuracy of the instrument is 0.001
atA=1.

2.3.7 Diffuse reflectance spectroscopy. Band gap calculation

UV-Vis-NIR diffuse reflectance spectra were recorded on samples diluted in BaSO4
using the ISR-3100 integrating sphere attachment mounted in the Shimadzu UV-3600
UV-VIS-NIR spectrophotometer. Diffuse reflectance spectra of the prepared samples
were recorded in the range 200-2000 nm with sampling interval 1 nm and slit width 20
nm. Barium sulfate was used as a standard. 12 mg of each photocatalyst powder was well
ground with 0.5 g of BaSQy, placed in the center of filled with BaSO, sampling plate and
pressed with help of glass cylinder (Fig. 2.2). The background reflectance of BaSQO4

(reference) was measured before.

Figure 2.2. Diluted by BaSO4 Sample in 12/500 ratio by mass (at the top) placed on BaSO,

powder in a metallic holder for DRS measurements.
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Determining the energy of the band gap according to the Kubelka-Munk theory [98]
is performed by plotting a dependence (hv - F (Ro, )™ on hv (eV) and extrapolation of

the linear part along the energy axis. The parameter n can take values from 0.5 to 3
depending on the nature of the transition. In our work, the parameters 0.5 for direct
allowed and 2 for indirect allowed transition were used.

The energy of each photon is determined by the wavelength of the light, as given by

formula:

hc
E == (2.5)

where h is a Planck constant (6.626 x 1073 J/s), c is velocity of light (2.998 x 108 ms™),
A represents the wavelength of the light, nm.

The Kubelka-Munk function F(R.) was calculated as:

K (1-Ry)?

F(Roo) = E 2Ry | (26)
K = (1-R)? (2.7)
S = 2R, (2.8)

where R, diffuse reflectance of the sample relative to the reflectance of a standard, K is
the molar absorption coefficient, S is the scattering factor.

Another important parameters to be calculated were E.z — energy of highest
occupied electronic level and E 5, which is a conduction band potential measure of the
electron affinity of the compound. The values of these energies are related to each other

and the width of the band gap energy by the following relation:
ECB = EVB + Eg, (29)

According to Butler and Ginley [99] for a semiconductor the bulk electronegativity
(x) corresponds to the halfway between the bottom of the conduction band and the top of

the valence band:
1

x=5 @A + D, (2.10)

where Ay is the atomic electron affinity and | is the first ionisation potential.
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The electronegativity of a component (MaXb) can be considered as:
x = (i - xp)@rh, (2.11)
The Butler-Ginley relation for calculating the conduction band potential is defined
as follows:

Eyp = Eo—Xx — EOE’ (2.12)

where E, is the energy of free electron on the hydrogen scale 4.5 eV.

2.3.8 Water Contact Angle Measurements

The measurement of contact angles was conducted utilizing an optical contact angle
measuring device (OCA 20, Data Physics Instruments), which was outfitted with a high-
resolution CCD camera. Data acquisition and analysis were facilitated by the SCA 20
software. Films of rectangular shape (7 x 20 mm) were affixed to a flat solid base using
double-sided adhesive tape. The contact angle (0) of water droplets in air was determined
via the sessile drop technique, whereby a droplet of water (10.0 = 0.5 ul) was deposited
on the film's surface. The experiments were conducted at a temperature of 25.0 + 0.1°C
for both the support and the syringe used for droplet injection. The capture of images was
done at a frequency of 50 frames per second, and at least two droplets were analyzed for
each film sample. Reported are the mean contact angle values along with their standard

deviations for the initial water contact angles.

2.3.9 SEM and SEM combined with EDS analysis

The ethanol suspension of a sample was sonicated for 3 minutes in a sonication
bath at 37 kHz and 100% power (ELMA, Elmasonic P). The drop of suspension was
poured off by a micropipette onto a heated at 85°C disk to form small spot that
immediately dries with good adhesion to the disk. The carbon coating of the disk with
samples of up to 6 nm thickness was created by Gatan 682 precision etching system.
Scanning Electron Microscope of ThermoScientific, Verios G4HP was used to take SEM

images.
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Scanning electron microscopy and energy-dispersive X-ray spectroscopy
(SEM/EDS) were carried out with the aim of obtaining elemental composition of the
samples. Measurements were done using Quanta 650 Therma Scientific SEM Oxford
equipped Ultim Max 40 detector. Sample preparation is depicted on Fig. 2.3 included the
preparation of a compressed tablet from a sample powders with a diameter of 3 mm and
a height of approximately 1 mm. The tablets were sprayed with a 6 nm carbon layer. The

analyzed area was about 600x500 pum.

Figure 2.3. Electrodeposited Samples prepared for EDS analysis.

2.3.10. Dynamic mechanical analysis

Dynamic mechanical analysis was carried out utilizing the DMA Q800 system from
TA Instruments. The procedure involved conducting tensile tests with an applied stress
increase of 1 MPa per minute at a controlled temperature of 25.0 £ 0.5 °C. During these
tests, key mechanical properties of the films were assessed, including the elastic modulus,
tensile strength (identified as the stress level at which initial fracture occurs in the

sample), percentage elongation at break, and the yield point.
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2.3.11 BET analysis

Surface areas of the materials were determined using the Brunauer—-Emmett-Teller
(BET) method from N adsorption and desorption isotherms which were measured on a

Gemini 11 2370 Micromertics analyzer (Ljubljana, Slovenia).

2.4. Methods for evaluation of photocatalytic activity

2.4.1. Photocatalytic degradation of PE films

Study of the degradation process under the influence of UV radiation included
exposure of the films to light of a wavelength of 280 nm and monitoring of the mass loss
of the films after every 10 hours of irradiation. For irradiation, an OUFK-01 lamp with a
power of 6 W was used at ambient air and temperature in a lamp-housing box (50 cm x
40 cm x 30 cm). The distance between the source of light and film was maintained at 5

cm The accuracy of analytical balance XAC 220/C used was of 0.0001 g.

2.4.2 Photocatalytic degradation and adsorption of organic dyes (Methylene
Blue, Congo Red)

The degradation of dyes was studied under UV irradiation and compared with results
obtained in dark conditions. For this experiment, 50 ml of a model dye solution with a
concentration of 6 mg/L for Methylene Blue and 40 mg/L for Congo Red with the addition
of 0.025 g of photocatalyst was irradiated using a UV-A lamp (Guangzhou Accurates)
with a power of 40 W and a wavelength of 365 nm. The distance between lamp and
surface of solution was 8 cm. After a certain period of irradiation, 3ml aliquots were taken
and the light absorption intensity was measured at the wavelength of maximum
absorption of the dye (4,,4,), Namely 664 nm for Methylene Blue and 498 nm for Congo
Red. Furthermore, the concentrations in the liquor were determined using a standard
curve. The change in absorption intensity gave us information about the degree of
degradation of the dye solution and also allowed us to calculate the kinetic parameters of

the degradation process.
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Following equations were employed for estimation the degree of dye degradation:

Removal = 2= - 100%, (2.13)

0

where A, the initial absorbance of the dye solution, A; the absorbance of the dye
solution after UV-light irradiation at time t.
The photocatalytic reaction of dye degradation may be described by the first order
Kinetics model:
InC, = kit + InC, (2.14)

or second order :

1 1
G kot +C—0, (2.15)

C, is the initial concentration of the dye, mg/L, C; is the concentration at time t, mg/L, k;
degradation rate constant for the first-order, k, degradation rate constant for the second-

order model.

To study the kinetics of photodegradation of dyes, curves of the parameters Ciand
t

—In C; depending on time were plotted. In case of the best fit of correlation coefficient
R? (as close to 1 as possible) and chi-square y? (as low as possible) the model will be
considered suitable. The value of k was calculated using the slope of the plot.

Additionally adsorption experiments were conducted to evaluate adsorption
capacities of pristine HNT [100]. A stock solution of 0.1 g/L Congo red and 0.03 g/L
Methylene Blue was prepared in 50 ml of distilled water. The required concentrations of
the dye solution were obtained by appropriate dilution of the stock solution. 0.01 g of
HNT was added to 25 mL of Congo red solutions of 10, 20, 40, 50 and 60 mg/L at pH 6.
In the same way 0.01g of HNTs were addad to 25 ml of Methylene Blue solutions of 1.5,
3, 6,9, 12 mg/L. The mixture was stirred at ambient temperature for 2 h to ensure the
adsorption-desorption equilibrium between theadsorbent and dye, and then centrifuged at
5000 rpm for 20 min to remove HNTSs. All the experiments were carried out at an ambient
temperature of (23+2) °C. The concentration of the dye solutions before and after
adsorption was measured using UV-visible spectrophotometer at 498 nm for CR and 664
nm for MB.
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The adsorption percentage and the equilibrium adsorption capacity of the adsorbent

(g.) were calculated as follows:

Adsorption = (COC;CQ) x 100 %, (2.16)

0
|4
Ge = (Co — Ce) X, (2.17)

where C, represents initial concentration of dye solution, mg/L, C, is the equilibrium
concentration of the adsorbate, mg/L, V is the volume of the dye solution, L, m is the
mass of the adsorbent, g.

Adsorption capacity is affected by various factors, such as surface area of the
adsorbent, the pore size distribution, the surface chemistry of the adsorbent, the
temperature and pH of the solution.

Analysis of experimental data for compliance with first and second order models
will allow determining kinetic parameters of the adsorption process. The first-order
kinetics model assumes that mass transfer is the rate-limiting mechanism, whereas the
second-order model attributes the rate limitation to chemical adsorption [101].

Equations for the first order in classical and integrated form:

qG =qe - (1 — e™™b), (2.18)
In(qe — qr) = —kit + Ingqe, (2.19)
Equations for second order in classical and linearized form:
ks Qezt
U = ik (2.20)
t 1 1
q_t: = (q—e) -t + e (221)

For PSO model initial adsorption rate ho can be additionally calculated according to
formula
hy = k, - q2, (2.22)
where g, is the amount adsorbed (mg/g) at equilibrium, t time, min, g, amount adsorbed
at time t, mg/g, k, rate constant for the first order model, min, k, rate constant for the
second order model, g'-mol’*-min, h, initial adsorption rate, mol-g’*-min.
Adsorption isotherms were studied using Langmuir and Freundlich isotherm models

[102]. Langmuir isotherm describes dynamic equilibrium between rate of the monolayer
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adsorption and desorption. According to this model the amount of adsorbed substance is
directly proportional on the uniform surface of the adsorbent available for adsorption.
Desorption in turn depends on already occupied by pollutant molecules surface of
adsorbent. It assumes the presence of dynamic equilibrium between adsorption and
desorption.

Ce 1 Ce

= + (2.23)

de Am- KL dm ’

where g,, maximum amount adsorbed, mg/g, C, final concentration of dye in solution,
mg/g, K; Langmuir or equilibrium constant for adsorption, L/g.

In turn, the Freundlich model describes the behaviour of a multilayer of pollutant
molecules on the non uniform surface [103]. Which results in exponential decrease in the

energy distribution of the adsorbed sites.
Ing, = InKp + % Inc,, (2.24)

where K and n are Freundlich constants representing the adsorption capacity (L/mg) and
adsorption intensity respectively, which indicates the degree of heterogeneity of the
adsorbent surface and the distribution of active sites with different adsorption energies.
Conclusions to Section 2

The research methods used in the work are described, namely: TG, FTIR, XRD,
DLS, EDS, Dynamic Mechanical analysis, Scanning Electron microscopy and
Transmission electron microscopy, Water Contact Angle measurements, UV-Vis and
Diffuse Reflectance spectroscopy as well as research methods of photocatalytic removal
of dyes and UV degradation of polyethylene films. Methods for the chemical and
electrochemical synthesis of composite materials of manganese oxides, both alone and

with the addition of halloysite nanotubes, are described in detail.

The results of the research in this section are presented in the following
publications:
Articles:
1. I. Kovinchuk, N. Haiuk, G. Lazzara, G. Cavallaro, and G. Sokolskyi, ‘Enhanced
photocatalytic degradation of PE film by anatase/y-MnO2’, Polym. Degrad. Stab., vol.
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SECTION 3. PHYSICOCHEMICAL AND MECHANICAL PROPERTIES
OF STANDARD MATERIALS OF MnO2, TiO2, PRISTINE HNTs, AND
COMPOSITE PE FILMS

3.1 Characterization of standard materials of TiO2, MnO: in this study, and
pristine HNTs

TiO; (anatase) produced by the Institute for Problem of Material (IPM) Science of
NASU. The powder consists of soft aggregates ranging in size from 50 nm to 500 nm, the
average size of non-aggregated particles of which is 10 nm (Fig. 3.1 a). Average surface
area determined by BET method is 53.67 m2-g** with mesoporus volume around 0.2325
cm?3-g L. The band gap calculated from absorption spectrums in waverange 190-400 nm
was reported as equal to 2.75 eV [46]. This material showed high efficiency of the
photoelectrocatalytic process for aminoazodyes and PE degradation in comparison with
the widely known and used P25 Evonic [104].

MnO, of industrial production was provided by Prydniprovsky Chemical Plant
(PCP), Kamyanske, Ukraine. The average size of nanoparticles was estimated as 40 + 5
nm (Fig. 3.1 b) [105], the phase composition was determined in the previous study as a
ramsdellite-type. MnO; NPs are formed by the aggregated needle-like crystallites with an
average length of 200-1000 nm. The BET surface area is relatively low (20-30 m?-g?)
[106].

Figure 3.1 SEM image of TiO, from IPM NASU (Ukraine) (a) and MnO; from PCP
(Ukraine) (b).
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Halloysite from Sigma Aldrich was used in this study. A comprehensive analysis of

the properties of the pure material was carried out. Figure 3.2. shows the Fourier

Transform Infrared Spectroscopy curve of Halloysite used in this study.
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Figure 3.2. FTIR spectrum of Halloysite nanotubes (Sigma Aldrich).

According to the previous studies [107], [108], [109] characteristic bands for

siloxane Si — O — Si, silanol (Si — OH), and aluminol (Al — OH) groups of HNTs were
identified and listed in Table 3.1.

Table 3.1. FTIR wave numbers of functional groups vibrations of pristine HNTS.

Wavelength, cm™

Assignment

3696
3622

1634
1113
1083
1032
940
912

O — H stretching of inner-surface Al — OH

O — H stretching of interface between Si—O tetrahedron and
Al — O octahedron

O — H bending vibration of the absorbed water molecules
Si — O symmetrical stretching

Si — O asymmetric stretching

Si— O — Si in plane stretching

Al — OH deformation of inner surface hydroxyl groups

six coordinated Al — O stretching vibrations of inner
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Wavelength, cm Assignment

hydroxyl groups
792 Si — O — Si symmetric stretching
753 Si — O — Al stretching
690 Si — O — Al stretching
537 Si — O — Al bending vibration
470 Si — O in-plane bending vibration
434 Si — O deformation

The results of thermal analysis are well supported by previously obtained data for
pure halloysite nanotubes. The raw HNT showed a mass loss between 30 °C and 200 -C
(Fig 3.3), which, according to literature [110] corresponds to the moisture content and
desorption of water molecules, whereas the typical interlayer water molecules removal or
dehydroxylation of structural Al — OH groups can be observed between 400 and 600 ~C
with a peak at 505 °C. The mass loss was 13.1% in agreement with [111].
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Figure 3.3. Typical thermal behaviour of halloysite nanotubes.
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The study of X-ray diffraction patterns provides valuable information about the
structural composition of the nanotubes that were used in the work. Characteristic
reflections for dehydrated 7A-form were registered at two theta (20) degrees of 12.2°
corresponding to (001) basal distance of 0.73 nm, 20.0° (110/020) for basal spacing of
0.44 nm and 24.8° (002) basal spacing of 0.35 nm, 35.0° (110), 54.6° (210), and 62.5°
(300) (Fig. 3.4), these data are in good agreement with data reported previously [107].

The absence of a sharp 20 peak at 8.76 [112], suggests the absence of the 10A form of
hydrated HNTSs.
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Figure 3.4. XRD pattern of Halloysite nanotubes (Sigma Aldrich).

3.2 Characterization of PE, PE/TiO2, and PE/Ti02&MnO: films: wettability
and tensile performance

Figure 3.5 represents images of water droplets along with the measured contact
angles just after placement on films of PE, PE/TiO, and PE/Ti02&MnO,. Generally, the
contact angles are around 90 degrees, indicating the films’ hydrophobic nature. It was
noted that the addition of inorganic fillers does not significantly affect the wettability of

PE, suggesting a slight increase in hydrophobicity, possibly due to enhanced surface
roughness by the composite materials.
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Figure 3.5. Images of water droplets and the corresponding contact angle values just af-
ter their deposition on the surface of (a) PE, (b) PE/TiO,, (c) PE/Ti02&MnO..

The impact of nanofiller incorporation on the mechanical strength of PE-based films
was analyzed through DMA. The stress versus strain curves derived from this analysis
are shown in Figure 3.6, and the corresponding mechanical properties are presented in
Table 3.2.
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Figure 3.6. Tensile strength versus stress curves of PE composite films.

Table 3.2. Tensile properties of PE, PE/TiO3, and PE/Ti02&MnO; films.

Elongation at Stress at break Elastic Yield point /%
break /% point/ MPa  modulus / MPa
PE 21.91 3.93 61.4 7.56
PE/TiO; 14.19 5.27 82.08 7.64
PE/TiO,&Mn0O, 8.1 3.54 63.49 5.42
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Referencing the literature [113], it was observed that nanoparticle addition leads to
a reduction in ultimate elongation, a phenomenon that may be explained by the interaction
between PE and nanofillers hindering the movement of polymer chains [114]. Contrarily,
the PE filling with TiO2 improved the elastic modulus and the stress at the breaking point,

while the presence of TiOzand MnO- did not generate any significant variations in these
parameters.

3.2 Characterization of PE films decorated with halloysite nanotubes

The TG curve of pure halloysite nanotubes shows one mass loss of
14.95 mass% [115] attributed to the removal of the interlayer water molecules from the
HNT structure. Sample 0-3 showed a significant mass reduction of about 90-100 % from

400° to 520 °C as a consequence of the PE thermal degradation (Fig. 3.7).
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Figure 3.7 Mass loss of films under N flow.

Moreover, thermogravimetric data provided the mass fraction of HNT in composite
films. Sample 2, immersed in HNT suspension in cyclohexane at 50 °C for 120 seconds,
showed the most considerable residual mass among all samples (Table.3.3). The
calculated HNT content was equal to 2.83 mass% corrected on water loss. Sample 3
immersed at 60 °C for 60 sec, showed a slightly lower HNT content of 2.74 %. PE
degradation temperature (T4) was calculated from the maximum of the DTG peaks. It can

be pointed out that T4 for Sample 2 is shifted towards lower temperatures 37° compared
(8



with pure PE, while for Sample 11l the main degradation peak is shifted towards higher
temperature for 14° compared with pure PE.

At the same time, Sample 2 showed the highest hydrophilicity with a contact angle
77.11° while Sample 0 demonstrated a contact angle of 99.24° (Fig. 3.8 a). It can be
explained by the presence of hydrophilic HNTs on the film's surface. Which is in good
agreement with TGA analysis. Sample 3, in turn, remains hydrophobic despite the almost
equal content of nanotubes (Fig. 3.8 d). Possibly due to the higher treatment temperature,

nanotubes were included into a deeper layer of a film.

Y DR B B

Figure 3.8 Images of droplets just after their deposition onto the surface of (a) Sample 0,
(b) Sample 1, (c) Sample 2, (d) Sample 3.

Table 3.3. Thermogravimetric and wetting properties of treated samples

Sample name RMeoo, %0 Contact angle, °
0 0.18 99.24 +0.76
1 1.93 85.21 +8.81
2 2.59 77.11+4.71
3 2.51 89.18 + 4.03

Dynamic mechanical analysis (Fig. 3.9) showed that samples are elastic since the
strain grows linearly with stress. After reaching the yielding point deformation becomes
irreversible. As a result of mechanical tests, it can be concluded that the duration of
treatment is of key importance. Processed for the longest time of 120 sec Sample 11, has
the lowest mechanical characteristics. An increase in elasticity can be noted for samples
treated for 60 sec. (Sample 1 and 3) in a Halloysite suspension, while the strength
characteristics remained almost constant compared to reference Sample 0, prepared

without HNTs (Table 3.4.).
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Figure 3.9. Stress vs. strain curves of treated samples.

It is worth notifying the values of Elastic Modulus, also known as Young's modulus,
as a property of materials that measures their stiffness or resistance to elastic deformation
for the synthesized samples, are higher than those of pristine PE. The reinforcing effect
of HNT in polymers is often explained as a result of agglomerates of nanoparticles and
the formation of the interface region between matrix/nanoparticles, which restricts the
mobility and deformability of PE [116], [117].

Table 3.4. Tensile strength properties of films

Sample name Elongation at  Stress at break Elastic Yield point/
break / % point/ MPa  modulus / MPa %

PE non-treated >150 >12 80.4 11.9

0 6.68 5.60 168.9 3.48

1 14.27 5.64 135.2 5.69

2 6.45 3.74 164.8 2.44

3 16.82 4.81 103.3 5.39

Based on the analysis of optical images, we can assert that treatment of films at a
temperature of 50°C allows us to obtain a uniform deposition of nanomaterial on the
surface while raising the temperature to 60°C leads to the formation of arcas with

aggregated particles (Fig. 3.10).

80



B |
i
- — o
' i o
c i _;Ir_‘.v‘, ~
§ S R R
- . IO
2 T g
LIS & b 'g 1 >
¥ =2
- ; LA ° &4
. 5 R y
- - 3 . & o
R MR " . o Eh
: i S 'é“&. 2

Figure 3.10. Optical images of PE films treated in HNT/cyclohexane suspension under
different conditions: (a) Sample 0, (b) Sample 1, (c) Sample 2, (d) Sample 3. The scale

bar is equal to 0.1 mm.

3.3 Characterization of PE films decorated with photocatalysis series CS1-9.

Optical microscope investigation

To avoid the use of toxic solvents when applying nanomaterials to the surface of
polyethylene film, as well as the use of heating, which greatly worsens the mechanical
characteristics of the pristine polyethylene, a series of adhesive compositions was
developed. PVP was used as a polymer base, PEG was introduced as a plasticizer to
prevent cracking of the coating and give it flexibility. Since the polyethylene surface is
hydrophobic, ethyl alcohol was chosen as a solvent. In addition, it has the advantage that
the composition based on it dries quickly in the open air at room temperature. Two main
application methods were considered: spraying a nanomaterial suspension in an adhesive
composition using a spray and layering using a sponge or brush. Based on previous work,
the content of photocatalyst was taken as 1% by mass of the mass of polyethylene [105].

To check the uniformity of the catalyst distribution, studies were carried out using

an optical microscope (Fig. 3.11)
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Figure 3.11. Images obtained with an optical microscope and photos of films with applied

catalyst by spraying (a, c) and layering (b, d). The scale bar is equal to 0.2 mm.

After complete drying the films remained transparent, the surface was not sticky.
From the images (Fig. 3.11) it can be concluded that the material is distributed evenly
both when spraying and when applied with a sponge.

Conclusions to Section 3

Before the study of complex composite systems the properties of individual
components were considered in this Section. Manganese dioxide and titanium dioxide
were taken as standards for comparison purposes. HNTs were studied as pristine materials
that are planned to be introduced into reaction synthesis medium for composites
preparation.

The characterisation of TiO, IPM NASU and MnO; PCP (Kamyanske, Ukraine) was
made. Wettability, thermal and mechanical behaviour of the PE films with these oxides
were studied. A methods for depositing nanomaterials on the surface of PE films by

partial surface dissolution and using an adhesive composition was also developed. The
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prepared films were characterized by optical microscopy, contact angle measurements,

and thermogravimetry.
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SECTION 4. PROPERTIES OF CHEMICALLY SYNTHESIZED
MANGANESE OXIDES AND OXIDEHYDROXIDES COMPOSITES WITH
HNTSs

4.1 Characterization of manganese oxides and oxidehydroxides composites with
HNTSs

4.1.1 Characterization of manganese oxides and oxidehydroxides with HNTs

composites aqueous dispersions: { potential, size distribution (DLS, TEM)

We explored the surface charge and the agueous dynamic behaviour of manganese
oxides and oxidehydroxides with halloysite nanocomposites. As expected, the surface
charge of the composites is negative within the whole set of samples. In particular, the
 potential ranges between 15.8 and 21.63 mV (Table 4.1). According to literature
{ potential of pure HNT is —24.9 = 0.3 mV [118]. With this in mind, it can be concluded
that, after the interactions between the Mn oxides and the nonclay, the { potential shifts
towards more positive values. This effect can be related to the effective decoration of
HNTSs' outer surface, which neutralizes the negative external charges of the silica surface
of the tube, leading to a lower net negative charge for the system.

The colloidal and structural characteristics of the Mn oxides/oxidehydroxides with
HNT nanocomposites were determined by DLS measurements. Sample CS-4, showed the
smallest average particle size of 78 nm, while sample CS-5 has the biggest size of particle
175 nm.
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Table 4.1. Average size and { potential obtained by DLS analysis

Sample name

Average size / nm C-potential / mV

CS-1. Mn-HNT-pH10-H,0;

CS-2. Mn-NH4*-HNT-pH10-H,0,
CS-3. Mn-NH4*-pH10-air

CS-4. Mn-NH4*-pH5-6-H,0,;

CS-5. Mn-pH5-6-H,0;

CS-6. Mn-NH4*-HNT-pH5-7.5-H,0;
CS-7. Mn-HNT-pH5-6-H20;

CS-8. Mn-NH4*-pH5-7.5-H,0slow
CS-9. Mn-NH4*-pH5-8-H,0.express

119 + 49 -18.10 £ 0.56
141 + 43 -16.13 £ 0.90
125 + 52 -19.53 £ 1.27
78 +35 -21.63+1.01
175 + 86 -19.2+1.11
143 + 52 -19.4+1.7
118 + 36 -15.8 +0.75
129 + 53 -19.0+0.2
118 + 38 -20.0+1.18

Additionally, the size distribution was assessed from TEM images using ImageJ

software. The typical procedure involved measuring the linear dimensions of all visible

partic3les in the images. TEM images containing the maximum number of well-defined

individual aggregates were selected for analysis. Subsequent statistical processing of the

data enabled the determination of the particle size distribution for each sample. The

normal distribution and Gauss fitting by size for each sample is shown in the Figure 4.1.

As indicated by the data in Figure 4.1, the average size analysis conducted via DLS

revealed the sizes of particle aggregates rather than individual particles.
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Figure 4.1. Particle size distribution calculated by ImageJ software of manganese oxides and oxidehydroxides with halloysite

composites in the series CS-1- CS-9.
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Samples CS-1 and CS-2 contain round-shaped Mn oxide particles typical for Mn3O4
with average diameter of 11.7 and 7.6 nm respectively. It is clear that samples CS-5 — CS-
9 synthesized at lower pH = 5-6 have similar diameters of anisotropic needles that are
larger in size (35-56 nm) comparing with round-shaped MnsO, NPs. All samples

demonstrate approximately identical size distribution to within 20-30 nm.

Table 4.2. Average size of NPs evaluated by ImageJ from TEM study

Sample Avg size / nm SD R?
CS-1 11.69 0.39 0.96
CS-2 7.6 0.2 0.99
CS-5 8.7 0.19 1
CS-6 6.9 0.45 0.95
CS-7 11.7 0.12 1
CS-9 8.9 0.73 0.92

Based on the TEM images (Fig. 4.2), an analysis of the behavior of manganese

towards the surface of aluminosilicate tubes was also carried out.
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Figure 4.2. TEM images of Samles CS-1 (a), CS-2 (b), CS-6 (c), CS-7 (d), CS-5 (e).

In Samples CS-1 and CS-7, synthesized without NH4* oxides behave in a similar
way with respect to the surface of nanotubes: oxide particles predominantly decorate the
outer surface of the nanotube. It is interesting to note that larger tubes (50-100 nm in
diameter) are decorated better than tubes with a smaller diameter. At the same time, the
lumens mostly remain clean with smooth, clearly visible walls. Oxide particles aggregate
among themselves, forming aggregates of 100-400 nm. For samples synthesized in the
presence of NH4" ions excess (samples CS-2, CS-6) oxide particles are characterized by
the opposite behavior - the outer surface of the tubes remains clean in most cases, while
in the inner lumen one can observe particles (Fig. 4.2 ¢), or in some cases the lumen itself
looks darker, heterogeneous. The absence of a lumen in the nanotubes in some images
can be explained by the complete or partial filling of the cavity with the Mn?* solution

and subsequent crystallization of this solution inside. Damage to the structure of the tube
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during the analysis, namely the direction of a concentrated beam with high energy on the
tube, can also be a factor affecting the structure of the material.

Based on the obtained data, it is possible to conclude about the influence of an
excess of NH;* ions in the reaction mixture on the preferred positions/locations of
nucleation. Positively charged ammonium ions form a double electric layer with the
negatively charged outer surface of halloysite nanotubes formed by silanol groups, while
the positively charged inner surface of nanotubes interacts with negatively charged
particle [Mn2(SO4)3]> and [Mn(SO,).]*> of the Tutton salt stable at the conditions of
excess NH4* ions [119].

Analysis of images of TEM samples without halloysite nanotubes (CS-5 and CS-
9) despite the difference in presence of NH4* ions showed similar picture — both phases
are present — elongated particles of Manganite and rounded Hausmannite. Which tend to
create the aggregates of size 100-400 nm.

These data are in the good agreement with values of grain size distribution. The
biggest size is recorded for samples CS-1 and CS-7 with HNT and excess of NH4" ions
(11.7 nm), the smallest - for samples CS-2 and CS-6 with HNT and without NH4" ions
(7.6 and 6.9 nm respectively).

4.1.2 BET analysis

BET surface area values were measured for available for us Samples CS5-9 and pure
HNTs (Table 4.3). Surface area of HNTs and Mn oxides/oxidehydroxide compounds are
compatible It can be suggested that slight decrease of Sger for CS-6 Sample versus CS-8,
CS-9 is the response of decoration effects of Mn oxides/oxidehydroxides on HNTSs

surface.
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Table 4.3. Data of surface area of some chemically deposited Mn oxide composite

samples
Sample name BET Multipoint Surface Area, m?/g
CS-5 55.27
CS-6 59.24
CS-7 54.98
CS-8 65.20
CS-9 65.96
HNT Sigma 65.94

4.1.3 Phase and elemental composition of synthesized composites of manganese

oxides and oxidehydroxides with halloysite

Standard procedure for processing diffractograms consists in their smoothing,
removing the background, finding and selection of peaks and searching for
correspondences in database according to the specified criteria.

Materials of the manganese oxide system have individual features of their structural
behaviour: localized Mn*/Mn3" defects, ramsdellite/pyrolusite de Wolff’s intergrowth
defects, P. Ruetschi's cation vacancies [120].

Structure refinement was performed using the Rietveld method via PowderCell and
the Profex software [121] to evaluate the percentages of the phases present. This
technique aligns the theoretical and observed diffractograms as closely as possible to
recalibrate the crystalline structure towards an approximation of its observed form
(employing a Dbest-fitting approach). Additionally, Crystallography Information
Framework (CIF) files from the Crystallography Open Database served as control files
for the refinement process.

All synthesized samples showed a low degree of crystallinity, defectiveness,

nanocrystallinity.
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The XRD patterns of samples CS-1, 2, 6, 7 synthesized with the addition of HNTs
clearly show the presence of characteristic 7 A-HNT peaks at 20 of 12.2° (001), 20.0°
(100), 24.8° (002), 35.0° (110), 54.6° (210), and 62.5° (300).

A more detailed examination allows us to make conclusions about the difference in
the phase composition of the samples depending on the synthesis conditions (Table 4.4).
In our previous works, for electrochemically synthesized products the formation of
predominantly ramsdellite manganese dioxide phases in the absence of ammonium ions

and the hollandite phase in the case of excess ammonium cations was detected.

Table 4.4. Rietveld refinement results of XRD patterns of CS 1-9 series of samples

2
= b
[ &) =
S =<
I I = o
3 X S @) O @) @) @) ~ 2
o | @RI £ | QI E|E|E| S| E|0]|Q]|¢E
c = = c = > = = > c c =
= = S = S P, 3 o . = = T
CSs-1 - 30.14 | 46.88 | 6.59 - - - - - - - 16.39
CS-2 - 47.7 | 13.10 - 0.70 - 2.4 - 2.00 | 6.50 - 27.60
CS-3 - 63.23 | 25.28 - 3.93 - - 2.65 - 4.17 | 0.72
CS-5 - - - - 46.2 | 23.55 - 6.16 | 24.09
CS-6 - - - - 214 | 39.3 - - 3.1 - - 36.2
CS-7 - - - - 13.8 | 57.9 - - - - - 28.3
CS-8 1.3 - - - 55.46 - - 11.08 | 32.03
CS-9 - 0.61 | 4.58 - 48.37 - - 30.40 | 16.04

The peculiarity of composites obtained with pH close to 10 (CS-1-CS-4) includes
formation of lower valenced phases of MnszOs, MnyOs. In contrast, composites
synthesized in a neutral medium (pH ~ 5-7) have MnOOH phases with integration of
small amounts of ramsdellite and pyrolusite polymorphs. Open structure polymorphs of

MnO, were present only in CS-2 and CS-3 with low content.
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As we know, XRD signal broadening shows the sizes of coherent scattering regions
or crystallites that are generally less and not equal to the actual sizes of NPs that can be
seen in SEM/TEM images. On the contrary, average sizes of NPs received from the DLS
method are usually larger than true sizes since NPs' agglomeration occurs. It can be
concluded from performed analysis of NPs sizes data of studied Samples that the exact
method of Rietveld refinement resulted in good agreement with IMAGJ software for
particular cases of Samples CS-1 — CS-9 taken for analysis. It is also clear that all
information from characterisation of Samples is valuable for further nanoapplications.

The elemental composition of the composite materials was determined by the EDS
method (Table 4.5). In the samples with halloysite, Si and Al was found in a ratio of 1:1
as in the pristine material, which indicates that the synthesis procedure did not affect the

structure of nanoclay.

Table 4.5. Chemical composition of some CS composites in atomic % defined with

EDS.
Sample name Mn O Al Si S
CS-5 36.76 60.53 - - 2.69
CS-6 22.6 62.84 6.05 5.6 2.91
CS-7 22.10 65.14 5.68 5.14 1.93
CS-8 36.70 59.18 - - 4.12
CS-9 38.78 58.92 - - 2.31

4.1.4 FTIR study

The examination of the FTIR spectra yielded valuable information regarding the
composition of the samples under investigation. As depicted in Fig. 4.3 a, a notable broad
peak is observed in all the samples, centred at approximately 3400 cm™, which covers the

wavelength range from 4000 to 2700 cm™. This peak is indicative of the OH stretching
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vibration of H,O. The OH groups located between tetrahedral and octahedral sheets are
characterised by absorption at 3696 cm™ in all clay minerals.

By studying the FTIR spectra in the so-called “fingerprint” range of 400-1100 cm*
(Fig. 4.3a), the positions of the characteristic peaks of halloysite nanotubes were
analyzed, as well as the changes that occur as a result of interaction with manganese
oxides in samples CS-1, CS-2, CS-6 and CS-7. As described in Section 3.1.1,
wavenumbers of 912 and 940 cm™ are attributed to Al—O stretching and deformation
vibrations remain unchanged for all composite samples. As for the peaks associated with

manganese oxides, their isolation and description is associated with some difficulties due

to overlaps.
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Figure 4.3. IR spectra of synthesised at pH 10 composites (a) and fingerprint region for

these samples (b).

Figure 4.3b shows the FTIR spectral analysis of Sample CS-3, which, according to XRD,
consists of mainly Mn3O4 NPs and composite materials CS-1, CS-2 with the main phase

of Mn30O4 and HNTSs. According to literature, Mn3O4 nanoparticles have three standard
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significant bands around 418, 480 and 609 cm™2, corresponding to the Mn3* ions vibration
in an octahedral site [122], [123]. The broad and sharp peaks at 3410 cm™ indicate the
stretching vibration of the surface water molecules and hydroxyl groups [124]. The strong
characteristic of Mn—O has both stretching modes at 632 cm™ in tetrahedral sites and
distortion vibration at 523 cm™ in an octahedral environment, weak peak at 412 cm™ can
be attributed to the vibration of manganese species (Mn3*) in an octahedral site.

The sample CS-5, CS-6 and CS-7 series is characterized by similar IR spectra with

some differences (Fig. 4.4).
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Figure 4.4. IR spectra of synthesised at pH 5-7 composites (a) and fingerprint region for

these samples (b).

They show peaks characteristic of MNnOOH. As reported by T. Kohler [125] the
broad band at 2687 cm™ is the O-H stretching mode belonging to a hydrogen bond with
an O-H...O length of ~2.60 A. Another peak at 2043 cm™ was considered to be a
combination band of the OH-stretching mode at 2667 cm-1 and the excited lattice mode

at 595 cm™. Vibrations at 507cm™t, 448cm are responsible for Mn—O stretching, whereas
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the bending of Mn—-OH was visible at 1632cm™ [59], [125]. The absorption peaks at
1086 cm™ are due to out of plane bending vibration, while 1116 cm™? and 1152 cm*

assigned to in-plane bending mode of OH of MnOOH.

4.1.5 Thermal properties of samples in air and nitrogen atmosphere

To evaluate the samples' phase content, influence of HNT and thermal behaviour,
thermogravimetric analysis was employed alongside differential thermogravimetry as a
TGA derivative technique that measures the weight change rate as a function of
temperature.

The occurrence of phase changes in manganese oxides as a function of temperature
variation is influenced by several factors, including the precursors employed, the
stoichiometry, particle size, and the morphology of the synthesized materials. Thermal
analysis conditions, namely atmosphere and heat flow, can also influence the dynamics
of phase transitions [126].
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Figure 4.5. Thermogravimetric DTG and TG curves for Samples CS-1 — CS-4

The thermograms of Samples CS-1 and CS-2 synthesized at pH = 10 using hydrogen
peroxide as an oxidizing agent with the addition of halloysite nanotubes are presented on
Fig 4.5. Sample CS-1 was obtained without the excess of ammonium ions in the reaction

mixture, whereas sample CS-2 was synthesized in their presence. In the temperature range
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of 20-200°C, both samples exhibit the loss of surface and crystallization water, amounting
to 3.24% for sample CS-1 and 2.36% for CS-2. The following slight mass loss is
characteristic of both samples with a peak in the DTG curve at temperature 267°C can be
attributed to loss of one molecule of water. The primary difference between two samples
can be observed in the range from 295 to 390°C. The DTG curve shows a wide peak
consisting of two merged together (at 319°C and 340°C). According to [127] the possible
explanation is loss of (NH4)2SO4 in double salts of Manganese. At the same time, for CS-
1 such an effect is not observed. Farther behaviour for both of samples is similar: the
typical dehydroxylation of structural Al-OH groups of halloysite can be observed at
478°C. Mass loss of 2.78 and 3.25% corresponds to that calculated for a given content of
HNTSs in the composite. Later, at 585-800 °C significant mass reduction up to 8.5% for
sample without excess of ammonia ions and 12.3% for sample with it was observed.
Typically, at this range loss of one molecule of O, by Mn,Os is expected with formation
of Mn30a. But the actual observed mass loss significantly exceeds the theoretical 3.4%.

TGA and DTG curves of Sample CS-3, synthesised without hydrogen peroxide in
presence of excess ammonia ions are shown in Fig. 4.6 c. Its thermal behaviour is typical
for Mn3O4. The initial mass loss of 0.7% in the range of 30—220°C corresponds to the
evaporation of adsorbed water content on the surface, the total mass loss of 7.61% were
recorded.

The thermogram of Sample CS-4 significantly differs from the TG curves of all other
samples, suggesting a cardinal difference in the phase composition. The largest total mass
loss was registered, which amounted to 37.39%. The gradual loss of mass at the first stage
in the temperature range from 25 to 280°C corresponds to the loss of surface water, in the
range of 250 - 600°C with a peak at 330°C 6.59% probably observed decomposition of
double manganese salts with loss of ammonium groups. The most active peak at 765°C
with a loss of 19.4%.

The thermograms of the following samples are considered, taking into account two
different modes of thermal decomposition: in an inert nitrogen atmosphere and in an air
atmosphere. Comparing the behaviour of the samples under the influence of elevated
temperatures in the presence of oxygen will provide additional information on their
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composition. In general, a shift of some release of O, peaks towards higher temperatures

was registered and vice versa for OH groups of MnOOH, for instance, for CS-5 Sample.
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Figure 4.6. Thermogravimetric DTG and TG curves for Samples CS-5 — CS-7.

For CS-5 Sample initial mass loss of 4.48% in N2 and 3.56 % in Air atmosphere up
to 150 °C is attributed to physically adsorbed water loss. Next mass loss occurs between
150 and 200 °C as a surface hydroxide groups. DTG effect between 200 and 300°C is
expected from hydroxide groups of crystal lattice of manganite and groutite detected by
the Rietveld refinement in this Sample. Probably, some energetically non-equivalent
positions of OH groups exist in both structures that are approximately equal in content in
the Sample CS-5 (groutite unit cell contains layers of OH-groups with H atoms inside the
cell unlike manganite unite cell where H atoms forming apices of the unit cell) contribute
in small so-called satellites of main peak of DTG at about 240 oC.

The observed mass increase of 0.68% in Air atmosphere in the range of 342 °C to
526 °C can be attributed to the weak oxidation process of Mn3* oxide formed in air
atmosphere, notably in the transition from Mn,O3 to MnO,.The positive difference of
mass losses of oxygen release between 540 and 580 °C in air and nitrogen atmospheres is
in agreement with this hypothesis. Then, between 580 °C and 715 °C, the reactions
indicate the conversion of Mn,O3; phase to Mn3O4 (peak at 657 °C) and O, release,

resulting in a considerable mass loss, around 2.08%.
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Sample CS-6 derivatogram is shown in Fig. 4.6. The additional effects can be seen
comparing with thermograms of CS-5 Sample. They can be attributed to HNTs water
loss and etc. (see Fig. 3.3 above). Nevertheless, temperatures of them are different and
their shift to higher temperatures region could be the result of some kind of interaction of
HNTs with Mn oxide/hydroxide compounds.

The behavior of the thermogram of Sample CS-7 is similar to Sample CS-6.

100 ]
i ) A
05 \
® 907 o |
U =
2 ] A ]
= 854
07 — cssN; -
1— CS-9N; |
75— L B L B B L L L L
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature / “C Temperature / “C

Figure 4.7. Thermogravimetric DTG and TG curves for Samples CS-8 and CS-9.

Samples CS-8 and CS-9 synthesized without halloysite nanotubes in the presence of
excess ammonium ions according to X-ray diffraction analysis consist mainly of MNnOOH
and MnO;. Thermograms demonstrate quite high mass loss in the range of release of
physically sorbed water and transition of MNnOOH to MnO; up to 350°C. Which is
followed sequentially by stages of oxygen loss with a peak at temperature 539°C and
564°C for CS-8 and CS-9, respectively, which corresponds to the transition of Mn** to
Mn®* and a peak at 728°C, which is characteristic of the transition of Mn,O3 to Mn3Os.

The summarized data on the thermal analysis are given Tables 4.6 and 4.7.

99



Table 4.6. Thermogravimetric analysis data of CS Manganese composite oxide

samples in N2 atmosphere

CS-1 [CS-2 |CS-3 |CS-4 [CS-5 |CS-6 |CS-7 |CS-8 | CS-9
HeOrs, UDTO |\ o | 189 | 156 | 0.7 | 647 | 448 |3.19 | 242 | 536 | 341
150°C
H2OcstOH |\ oy 34 |557 | 257 |1059 | 81 |6.77 | 7.95 |7.99 | 738
groups
T/ °C 478 | 478 | 430 490 | 481
HNTs’ Hz0
loss
Am/% | 278 |3.25 | 238 3.34 | 2.62
T/ °C 559 | 557 | 562 | 559 | 539 | 564
MnO- to
Mn2O3
Am/% 118 | 273 |1.89 | 253 | 22 | 382
T/°C 733 | 754 | 702 | 765 | 736 | 744 | 720 | 728 | 727
Mn,0O3 to
Mn3z0g4
Am/% | 851 |12.03 | 1.96 |19.14 | 523 | 6.39 | 4.68 | 8.46 | 4.67
Residual mass at 800°C | 83.42 |77.59 [92.39 |62.61 |79.46 |78.42 |79.81 [75.99 |80.75

Table 4.7. Thermogravimetric analysis data of CS Manganese composites in Air

atmosphere
CS-5 CS-6 CS-7 CSs-8 CS-9
H2Oss, up to 3.01
150°C Am/% 3.56 3.06 2.08 4.31
H20cs+ OH Am/% 7.05 5.75 6.15 7.1 7.1
groups
Mass growth | T/ °C 344-526 347-445 342-458 347-490 343-516
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CS-5 CS-6 CS-7 CS-8 CS-9
Oxidation of
Mn0s3 to Am/% 10.68 10.19 10.28 10.39 10.73
MnO>
T/ °C 488 487
HNTs’ H,O
loss
Am/% 3.33 2.38
T/ °C 569 577 574 559 577
MnO> to
Mn20O3
Am/% 3.53 2.46 3.11 2.99 4.28
T/ °C 731 745 737 743 726
Mn>Os to
Mn304
Am/% 5.02 6.46 4.48 7.76 4.71
Residual mass at 800°C 80.74 78.94 81.8 77.84 80.9

4.1.6 DRS and band gap calculation

Semiconductor properties of CS series of samples were studied. DRS spectra were
recorded (Fig. 4.8) and recalculated into absorption spectra by applying the Kubelka-
Munk function, F(Reo). The parameter (F(Roo)hv)lln with n = % for direct allowed

transition was further taken into account for calculations. The Tauc plots that include the
Kubelka-Munk function plotted against photon energy for the CS series of all samples are
shown in Appendix A and calculated band gaps and CB and VB edge potentials according

to Mulliken electronegativity are shown in Table 4.8.

101



100 +

80

— CS-1
— CS-2
— CS-5
— CS-6
— CS8-7

CS-8
— CS-9

1 — HNT Sigma
) e A B e s e S L B

200 400 600 800 1,000 1,200 1,400

A/ nm

R/ %

60

40-

Fig. 4.8. DRS of some samples of the CS series and Halloysite Sigma

Table 4.8. Band gap energies obtained from Kubelka Munk plot.

Sample name Eq, eV Ecs, eV Evs, eV
CS-1 2.52 -0.33 2.19
CS-2 2.7 -0.41 2.29
CS-5 2.28 0.47 2.75
CS-6 2.29 0.49 2.78
CS-7 2.28 0.49 2.78
CS-8 1.99 0.61 2.60
CS-9 2.38 0.40 2.78
HNT Sigma 4.25 -0.24 4.01
MnO, PCP 1.98 0.32 2.3

From the obtained data, it can be concluded that all samples with a band gap width
of less than 3 eV are semiconductor materials and can potentially be used as
photocatalysts in the visible light range. The introduction of halloysite nanotubes into the
composite, which are insulators by their nature with a band gap width of 4.25eV for
Samples CS-6 and CS-7, did not lead to a significant change in the band gap width in
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comparison with sample CS-5, which does not contain HNTs. While samples CS-1 and
CS-2, consisting mainly of low-valent manganese (Mn,O3; and Mn3O,4) demonstrated a

band gap width significantly wider than that of the sample consisting mainly of MnOOH.

Conclusions to Section 4

The physicochemical properties of chemically deposited compounds of manganese
and their composites with HNTs were described in this Section. The choice of alkaline
and neutral pH was successful from the point of view of significant differences in the
nature of products in both cases and in comparison with the electrodeposition method
described below. The lower valenced hausmannite phase and Mn,O3 were the main phase
states at the basic pH in this study. The higher valenced MnOOH and MnO, were refined
by the Rietveld method in CS5-CS9 at the neutral medium.

The incorporation of HNTs was accomplished by a simple chemical precipitation
procedure from aqueous suspensions of aluminosilicate nanotubes with the importance of
a preliminary evacuation step to ensure the filling of the lumen. An important positive
effect of this approach was detecting the effect of nanotube decoration and loading of
their lumens with chemical precipitation products. DRS measurements were used to
evaluate the semiconducting properties of the CS samples. It can be noted that all samples
are photocatalysts that can be excited by visible light photons, including the HNTs
composites with band gap values in the range of 1.99 - 2.7 eV. At the same time, CS-1
and CS-2 samples demonstrate maximum Eg values of 2.52 and 2.7 eV, respectively, in

contrast to other HNTs-containing composites (CS-6, CS-7).

The results of experimental studies of this section are presented in the following
publications:
Articles:
1. 1. V. Kovinchuk, G. Lazzara, Ragulya, A.V., M. M. Krzmanc, and G. V. Sokolsky,
‘Evaluation of nanoparticles’ size characteristics of manganese oxide/hydroxide based
photocatalysts’, Visnyk Kherson Natl. Tech. Univ., vol. 4, no. 91, pp. 52-59, 2024. Journal

adopted by the Ministry of Education & Science of Ukraine as professional ones in
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specialty 161 Chemical technology and engineering. Personal contribution is analysis of
literary sources, conducting experimental research, processing and formatting results,
writing and submitting the article.

Abstracts of conference presentations:

2. P. Hlukhova, 1.V. Kovinchuk, Dzh. Lazzara, i H. V. Sokolskyi (2023) Fotokatalitychni

vlastyvosti kompozytiv oksydiv-hidroksydiv manhanu z haluazytom, syntezovanykh

hidrokhimichnym metodom [Photocatalytic properties of manganese oxide-hydroxide
composites with halloysite synthesized by the hydrochemical method]. Zbirka tez
dopovidei. Mizhnarodna konferentsiia z khimii, khimichnoi tekhnolohii ta ekolohii,
prysviachenii 125-richchiu KPI im. Ihoria Sikorskoho. m. Kyiv, (Ukraina). P. 14-16.
Personal contribution is analysis of literary sources, conducting experimental research,
data curation.

3. Sokolsky G., Kovinchuk 1., Lazzara G., ZudinaL., Hluhova P., Andriiko O. (2023)
Comparison of chemical and electrodeposition pathways of manganese dioxide from
NH#**-containing electrolytes. Book of abstracts. International Conference on Chemistry,
Chemical Technology and Ecology. Kyiv, (Ukraine). P. 87-88. Personal contribution is
analysis of literary sources, conducting experimental research, processing and
formatting results.

4. Kovinchuk 1.V., Hluhova P.1., Telina M.M., Khrebtan D.R., Vechirko E.R., Lazzara
G., Sokolsky G.V. (2024) Halloysite nanotubes as components of nanocomposites with
mn oxides/hydroxides. Book of abstracts. 12th International Conference
"Nanotechnologies and Nanomaterials” NANO-2024. Uzhgorod, (Ukraine). P. 77.
Personal contribution is analysis of literary sources, conducting experimental research,
processing and formatting results, writing and submitting the abstract.

5. Kovinchuk 1., Hluhova P., Lazzara G., Sokolsky G. (2024) Enhanced Photocatalytic
Methylene Blue Degradation by Mn3O4s/HNT-based composite material. Book of
abstracts. XXVIII Congresso Nazionale della Societa Chimica Italiana. Milan, (Italy). P.
FIS-PO-005. Personal contribution is analysis of literary sources, conducting
experimental research, processing and formatting results, writing and submitting the

abstract.



SECTION 5. PROPERTIES OF ELECTROCHEMICALLY SYNTHESIZED
MANGANESE DIOXIDE MATERIALS

Chemical synthesis and electrodeposition are among the traditional methods for
preparing manganese dioxide, both of which involve multistep mechanisms with peculiar
kinetic and thermodynamic characteristics, making precise functionality control
challenging. The electrolytic doping approach developed by our group previously [83]
involves introducing cations into the reaction medium as an additional tool, offering a
wide range of thermodynamic possibilities for stabilizing defined phase compositions,
including entropic factor influence, or for introducing various defect states at different

concentrations.

5.1 Characterization of electrodeposited manganese dioxide materials

The polymorphism of manganese (IV) oxide system is a well known structure
behavior complexity problem that needs special attention. For the purposes of this study,
derived from the very close similarity of tunnel Mn(IV) oxide polymorphs, structure
complexity opens opportunities towards better photocatalytic performance. Stacking
faults, intergrowth, and point defects in the oxide matrix could stop, or at least slow down,
the recombination of electron-hole pairs and be responsible for other effects.The idea to
obtain manganese (IV) oxide nanophotocatalysts by electrodeposition methods had the
following roots:

- the recent growth of interest towards photocatalytic behaviour of manganese
oxide/hydroxide compounds as daylight photocatalysts;

- the finding that MnsO4 cubane photocatalyst is responsible for oxidation of water
during natural photosynthesis in plants [128];

- electrodeposition provides unique characteristics of its product manganese dioxide
that can be further optimised as a nanomaterial.

Taking these work goals into account, the conditions of electrodeposition were

modified as follows: hydrofluoric acid was replaced by sulfuric acid. The diffusion
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control was also considered as a mechanism favouring the nano-dimensional state of the
product. It was applied by means of a low Mn?* concentration in an electrolyte and high
current density. Manganese(ll) sulfate concentration was decreased by 3.5 times at the
same high current densities.

The series of Mn oxide samples were prepared using the electrodeposition method,

with variations in the following parameters (Table 5.1).

Table 5.1. Parameters of concentration of components (molxL ) varied in this

study
[H*] (added) [Mn#] [NH4™] [Cr¥']
0 0.031 2 0.05 0.1 0 1.5 0 0.01

Current density was standard for high rate electrodeposition used before for
fluorinecontaining electrolytes [129] (10 A x dm?). Pt electrodes were used as cathode
and anode where the cathode area was about 3-5 times larger. Namely, the anode area
was 8.5 cm?. The synthesis voltage ranged from 3.4 to 3.9 V for samples with [NH4'],
and was slightly higher for samples without it. All obtained samples and compositions of

electrolytes are shown in Table 2.2.

The difference with conventional electrochemical MnO, synthesis was observed as
a pink colour of an electrolyte from the beginning of electrodeposition (Fig. 5.1). We
suppose that it was one of the evidences of simultaneous diffuse control and many-

electron electrode process with permanganate-ions formation.
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Figure 5.1. Photograph of sample ED-7 during the first minutes of synthesis.

Some fraction of these deposits existed as a relatively stable colloidal solution.
The deposits in the latter electrolytes were dispersed with the maximal degree of
comminution (Fig.5.2 b). Probably, the reason of larger size of aggregates at the
presence of ammonium-ions is more active coagulation at the highest in this study total

salt concentration (Fig. 5.2 a).

a b
Figure 5.2. Photographs of electrolyte with sediment of samples ED-3 (a) and ED-2 (b)

after synthesis and 24 hours of maturation.
5.1.1 XRD study

XRD patterns of ED series of samples are shown in Fig 5.3. The Rietveld refinement
method was applied to simulate XRD patterns of electrodeposited samples ED1-13 by

means of Powder Cell v. 2.3 Software. The method of trial and error was applied to

107



minimize Rp, Rwp, Rexp parameters. Refinement was performed step by step with single
parameter change per iteration. Parameters were related to individual component: scale
factor, crystal lattice unit cell (a, b, ¢, a, B, y), profile of XRD peak FWHM (U, V, W),
phase content, concentration, site occupancy, atomic coordinates etc. or common for all
phases-candidates (zero shift).

Multiphase composition of samples was taken into account. The main phase
component was simulated first. Then, gradually, the next by significance and content
phase was involved in analysis. An example of such treatment can be seen below (Fig.
5.4). The preferred crystallographic orientation (predominately, March-Dollase [130])
was the mechanism to achieve better fitting of some XRD peaks choosing corresponding
to this peak crystallographic plane. This method works especially well when one peak

modelling results demonstrate significant deviations with experiment.

1 1000 772 1
1000 14 = B 4
s S i 112
800 =3 % [
< = 7
E] = 600 f [
g 600 | / [ 3
& \ ) [T
= 400 f 4
= 400
i
200 I8 200
0
10 20 30 40 50 60 10 20 30 40 50 60
20 CuKq, degrees 20 CuKo, degrees

Figure 5.3. XRD Patterns of samples with main ramsdellite phase component (a) and a-

MnO, phase component (b). Sample numbers are shown in legend.

The result of modelling phase composition of samples by the Rietveld refinement t
Is shown in Table 5.2, Fig. 5.4.
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Table 5.2. XRD analysis of phase composition of electrodeposited samples.

Electrolyte composition, mol-L™*! Phase composition
[NHA 1| [H] |[Mn?]| [Cr¥] |a-MNnO2|y-MnO2|8-MnOz|e-MnO,| Pt
1| 15 0.031 | 0.05 0 85.4 0 14.6 0
2 0 0.031 | 0.05 0 0 16.42 0 83.58
3 15 0.031 0.1 0 22.30 0 777 0
4 15 0 0.1 0 85.59 0 14.41 0
5] 15 0 0.05 0 69.89 0 30.11 0
6 0 0.031 0.1 0 0 20.71 0 79.21 | 0.08
71 15 2 0.1 0 100 0 0 0
8| 15 2 0.05 0 100 0 0 0
9 0 2 0.1 0 3.01 | 23.88 0 73.11
10 0 2 0.05 0.01 | 19.94 | 11.95 0 68.11
11 0 2 0.1 0.01 2.34 8.11 0 89.54
12| 15 2 0.1 0.01 100 0 0 0
13 0 0.031 0.1 0.01 0 21.4 0 78.5 0.07
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Fig. 5.4. Refinement by Powder Cell v.2.3 software XRD patterns of Samples ED-3
(a), ED-5 (b), ED-7 (c), ED-10 (d).

XRD patterns refinement was applied to evaluate phase composition, unit cell
parameters and some more particular structural information of electrodeposited
samples. It was found that an open structure polymorph of hollandite, psylomelane,

etc. depending on stabilizing structure cavities cations) is observed at the presence of
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NHs*-ions. Electrolytes with 2M H,SO,4 demonstrate maximal NH." influence with
100% content of o-MnO; polymorph in the product (Fig. 5.4 c). Products
electrodeposited from 1.5 M [NH,*] electrolytes without H,SO,4 also contain minor 15
— 30% of layered §-MnO; birnessite polymorph .

The stabilisation of y-type group of products (y- and e-MnO; phases) takes place in
an electrolyte without NH,*-ions. Typical cases have intermediate acidity of electrolyte
in this study (0.031 M) with y/e-phases ratio 20/80. Surprisingly, electrolytes with 2M
H,SO, and with no [NH4"] contained totally three components with minor content of
up to 20% of o-MnO; polymorph (Fig. 5.4 d). These samples are prospective
candidates of future heterojunction due to their multiple heterophase contacts. It can be
suggested that the disproportion chemical stage becomes faster and possibly is
responsible for a-MnO; content growth.

It is interesting to compare the evidences of permanganate-ion formation with the
phase composition. It can be shown that electrolytes with 2M H,SO, with no [NH4"]
had pink colour during the first stage of electrodeposition attended by appearance of
opalescent solution with a precipitate of predominantly y-type product.

Coherent scattering regions. We used generated by Powder Cell software sizes
and strains for comparison purposes. As shown by our previous observations with more
sensitive MoKa- irradiation these data of sizes on CuKa are overestimated. There is
always some fraction of particles between 2 and 5 nm and X-Ray amorphous state due
to lower size or other reasons. Generally, these data agree with the smallest dimensions
of nanoparticles from SEM/TEM observations.

The sizes of a-MnO; crystallites in electrodeposition products increase in a 2M
H,SO4 solution environment by up to 3 times. As shown by our previous SEM-studies
of a-MnQO; nanoneedles, their thickness is to within 13-20 nm and XRD crystallites are
generally close to the sizes of particles of a-MnO; visible in SEM. Ramsdellite phase
sizes have the same order of magnitude as a-MnO,. Well-crystallised close-packing of
oxygens in g-polymorph has one of the largest sizes of crystallites (8-17 nm) in this

study.
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The lowest strains in a-MnQO; crystallites demonstrate electrolytes with maximal
acid concentration (2M). Maximal strains for them are typical for lowest acidity of
electrolytes (no acid). Ramsdellite polymorph crystallites have maximal strains in 2M

acid electrolytes.

5.1.2 SEM, EDS and size distribution

Morphology of Samples is varied significantly (Fig. 5.5). Needle-like morphology
Is typical for Samples ED-7 and ED-10 (Fig 5.5, a,d and c,f). As follows from the phase
analysis, needle-like morphology is typical for both ramsdellite and hollandite monophase
samples. Nevertheless, this shape is practically absent for mixtures of these phases. It can
be suggested the influence of intergrowth defects as the reason of this phenomenon.
Samples synthesised in the presence of 0.031M H,SO, without [NH4*] have a particular
structure of nanoplate-like growths with an average length of 65 nm and a thickness of
20 nm. This morphology probably corresponds to the presence of both y- and e-phases.
In contrast, samples with aggregates of needle-like NPs of a-MnQO; together with 6-phase
form medium-sized (120-150 nm) aggregates entangled in a dense network of thin
threads. For the pure hollandite phase observed after electrodeposition in electrolytes with
2M H,SO, the formation of large aggregates with an average size of 650 nm is

characteristic.

ass ) C
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Fig. 5.5. SEM images of Samples ED 7 (a, d), 8 (b, €) 10 (c) with different magnification,

Scale bar is 1 um for images a, b,c and 5 um for d, e, f.

Change of dispersity and morphology. Particle size, as a fundamental
characteristic of a material, influences many properties and is an important indicator of
the quality and performance of particles. To evaluate the average aggregate size
distribution, the ImageJ software was used. A typical procedure involved measuring
the linear dimensions of all particles in the visible region of the SEM image. SEM
images with the maximum number of well-defined individual aggregates were selected
for analysis. Further statistical processing of the data allowed us to determine the
particle size distribution for each sample. The results were compared with those
obtained using X-ray structural analysis.

It can be seen that ramsdellite-like samples possess maximal dispersity of
aggregates starting with 50 nm till 150 nm. Sample ED-1 has minimal size of
aggregates of NPs (50 nm). The maximum size of 300-600 nm in this series was found

after electrodeposition in electrolytes with 2M H,SO, (Fig.5.6).
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Figure 5.6. Aggregate size distribution calculated using ImageJ software of electrodeposited MnO; particles
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To expand the understanding of the nature of composite materials and further
calculation of formulas, an EDS analysis was carried out, the results of which are

presented in the Table 5.3.

Table 5.3. Chemical composition of ED composites in atomic %.

Sample name Mn O Cr S
ED-1 43.2 56.8

ED-2 43.1 56.9

ED-3 43.4 56.6

ED-4 43.1 56.9

ED-5 43.1 56.9

ED-6 41.4 58.6

ED-7 43.7 56.3

ED-8 43.6 56.4

ED-9 41.5 58.5

ED-10 40.8 59.2 -

ED-11 45.7 54.2 0.15

ED-12 48.8 50.4 0.35 0.21
ED-13 48.1 50.6 0.49

EDS analysis showed the Mn to O ratio characteristic of manganese dioxides.
Samples ED11-13 contained Chromium, which was introduced into the electrolyte as a

dopant.

5.1.3 BET analysis

The results of surface area measurements are shown in Table 5.4. The data received
are sometimes by several times larger than the surface area of CS1-CS9 series of samples.
SEM and TEM data of both series of samples demonstrate in contrary smaller size of NPs
of CS series of samples. Therefore, the tendency to aggregation for CS series NPs is larger

irrespectively the composite with HNTs or pure Mn oxides/oxidehydroxides. The
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probable reasons of distinguishing behaviour of ED series are in the difference of
chemical composition since the latter consists mostly of MnO, polymorphs. Moreover,
ramsdellite based samples ED-2, ED-13 have surface area below 100 m?%/g that is in
agreement with the existence in birnessite, hollandite polymorphs usually some additional

contribution of micropores of structure tunnels of 0.5 nm in diameter.

Table 5.4. Data on surface area of electrodeposited MnO; samples

Sample name BET Multipoint Surface Area, m?/g
ED-1 166.34
ED-2 82.88
ED-3 212.29
ED-4 210.26
ED-7 209.15
ED-10 146.09
ED-12 215.16
ED-13 65.65

Therefore, it can be seen that the surface area of ED samples obtained with NH,*
have maximal values to within 200 m?/g. Probably, the highest acid concentration in this
study (2M) acts independently of NH4*-ions as a parameter of surface area enlargement
(Samples ED -7,10, 12).

5.1.4 TGA/DTA/MS analysis

Thermal analysis provides important data on the thermal stability, phase
composition, and content of different types of water in synthesised samples. MnO..

Upon heating MnO undergoes a series of transformations into more thermally stable
forms. At temperature in the range of 310-390°C degrees, a weak exothermic may be
present indicating dehydration of y- MnO;and its phase transition to tetragonal pyrolusite

B-MnO;. A subsequent increase in temperature leads to the loss of O, and the formation
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of trivalent manganese oxide Mn,O3 with trigonal crystal structure. Typically, the process
occurs at a temperature of 450-550°C and is accompanied by a sharp peak on the DTG
curve. At a temperature of 950-1000°C losing oxygen Mn3* partially reduces to Mn?*
transforming into tetragonal hausmannite Mn3O4s The final stage of thermal
transformations of MnO, is the complete reduction of all manganese atoms to Mn?* with
formation of cubic MnO [49] occurs at 1460°C in N, atmosphere [131]. The

corresponding sequence of chemical reactions is given below (5.1 — 5.3).

4 MnOZ - 2 MTL203 + 02 (51)
6 Mn,0; - 4 Mn3;0, + O, (5.2)

Particular attention should be paid to the behaviour of water associated with the
manganese crystal lattice, including surface and bulk OH groups [132]. These data can
be useful for calculating the phase composition and assessing defects.

Initially physisorbed molecular water is removed in range from room temperature to
130-150°C. Next, structural water is released in two steps: chemically bonded from 150
to 250°C and OH-water at 250-490°C attributed to removal of lattice OH groups from
volume. The loss of structural water is closely associated with the presence of vacancies
in the crystal structure. The loss of chemically adsorbed oxygen from the crystalline
manganese dioxide lattice occurs 50° before the start of the main O, loss during the
transition to Mn** oxide. Figure 5.5a shows thermogravimetric curves of electrodeposited

samples as well as an example of analysis of the TG curve for ED-1 (Fig. 5.5b).

119



E 0 — ED-1 TGA r
a " — ED-IDTA |
g — ED-1DGA |
2 -10
: 15 ™ L
< 2 §—20 \-— | %
% _c1— ED-1_TG W S g W <
= "1 — ED2 TG bbb bbbttt i S 2 Ry
~18 ] - \ .\ -30
1 — ED-3_TG ) \ T J
201 —— ED-4 TG g 35
-2 — ED-5_TG 1&:-:—
—24] —=— ED-6_TG - 40
261 —— ED-7. TG 3
g ED-8 TG £ -45
i —— ED-9 TG F
L L =50 T T T T T T T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1,000 100 200 300 400 500 600 700 800 900 1,000
Temperature / 'C Temperature / °C
a b

Figure 5.5 — TGA curves of electrodeposited MnO; samples in Air flow (a) and example of mass loss analysis for sample ED-1 (b)
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For a more detailed analysis of mass losses, we carried out the TG analysis
coupled with mass spectroscopy in an inert atmosphere of Argon for samples ED-3,
ED-6, and ED-8 (Fig 5.6). These samples were chosen as representatives for series
with main 8-, e- and a- phases of MnO., respectively. Obtained data are the key to
precise determination of products released during TG analysis for further evaluation of

the content of defects in the material.
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ED-8 main 6-, e- and a- phases of MnO., respectively.
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Mass spectra give direct evidence and proof of the temperature range of evolving
gasses. For instance, the analysis of water release demonstrates two effects for all three
samples. The first one is the physically sorbed water (H,Oss), which is typical for all
samples, but the second one's behaviour is different. Birnessite derived Sample ED-3
and y-polymorph based Sample ED-6 have broadened maximum below 300°C,
whereas a-derived Sample ED-8 has its edge above 400 °C.We can suggest eliminating
water (H2Ocs) from micropores of hollandite structure tunnels here. This temperature
is 100°C higher than the data of porometry analysis obtained in our group for hollandite
samples earlier [133]The latter effect overlaps slightly with the effect of oxygen-
evolving in Sample ED-8, which occurs again differently for all samples.

Hollandite displays the first broadened peak of oxygen release (M = 32 a.m.u.)
with a distinct maximum at 470 °C. Birnessite (Sample ED-3) has its more broadened
shoulder at lower temperature (340 vs 400 °C in hollandite). Ramsdellite-like structure
(Sample ED-6) demonstrates an intensive asymmetric peak of one process with
maximum at 510 °C. It can be suggested by comparison with BET data available now
and received previously in our group that Sample ED-8 and Sample ED-6 have
significant contributions to the interface states, unlike ramsdellite samples, which
usually have lower surface area (below 100 m?/g). The presence of a maximum of this
peak for hollandite can be due to the very distinct needle-like shape of its NPs, unlike
birnessite Sample ED-3. The summarized data of TG analysis combined with mass

spectroscopy for selected samples are presented in the Table 5.5.

Table 5.5. Summary on the thermal behaviour of samples ED-3, ED-6, ED-8 in
Air and Argon atmosphere coupled with MS data

ED-3 ED-6 ED-8
Air Ar Air Ar Air Ar

H20O T,°C |20-170 | 20-170 | 20-150 | 20-150 | 20-150 | 20-150
Am, % 8.93 3.93 2.47 1.00 5.61 3.32
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ED-3 ED-6 ED-8

Air Ar Air Ar Air Ar
H,Ocs+ | T,°C | 170-372 | 170-372 | 150-432 | 150-432 | 150-343 | 150-434
OH
groups Am, % 5.05 5.32 3.49 5.09 5.97 7.59
0, T, °C 507 502 529 510 526 520
release
(1) Am, % 5.75 4.98 7.74 6.45 6.74 5.45
0, T, °C 961 825 944 839 956 766
release
(2) Am, % 3.03 2.94 3.35 3.31 3.45 3.09

The chemical formula of the composites was calculated based on the Ruetschi

model using thermal analysis data applying formula 2.3 as outlined in Section 2.3.1

(Table 5.6).

Table 5.6. Calculated formula of some ED samples by the Ruetschi model

Sample name

Calculated formula

ED-6

4+ 3+ 2—
Mng gy Mng1s Ogos O1 g9 OHp 3

ED-8

4+ 3+ 2—
Mnyge Mng 56 Og 04 O7 55 OHg 45
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5.1.5 DRS analysis and calculation of band gap width, determination of

energy level positions

Semiconductor properties of electrodeposited series of samples were determined
using Diffuse Reflectance Spectroscopy. The DRS spectra of some ED samples are
shown in Fig. 5.7. Spectra are grouped in accordance with the main phase component.
For instance, the group of Samples (ED-2, ED-10, ED-13) has common in behaviour,
probably, due to the same main y-MnO, component. Samples ED-7, 8, 12, in turn,

form the group of spectra with a-MnO, component.
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Fig. 5.7. DRS of some samples of the ED series

The reflectance spectra of these samples were transformed into absorption spectra
by applying the corresponding Kubelka-Munk function, F(Rw). The parameter
(F(Ro)hv)Y™ with n = % for direct allowed transition was further taken into account for
calculations. The Tauc plots that include the Kubelka-Munk function plotted against

photon energy for the ED series of samples are shown in Appendix B. The x-axis
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intersection point of the linear fit of the Tauc plot gives an estimate of the band gap
energy.

The range of band gap values is varied to within 2 - 2.4 eV that confirm visible
light photoactivity of the composite materials of ED-series. Analysis of band gap
results of some previously obtained samples of y- and a-polymorphs in [50], [83]
study confirmed their prospectives as photocatalysts of water splitting.

According to formulas 2.8-2.11 given in Section 2.3.7, the absolute
electronegativity of Mn and O atoms, the Mulliken electronegativity of MnO, and
positions of the conduction band and the valence band were calculated for the
electrodeposited MnO, samples. Based on literary data, electron affinity is a neutral
atom'’s energy change when an electron is added to the atom to form a negative ion.
First ionization energy is the energy necessary to remove an electron from the neutral
atom. For Manganese, it is -0.52 eV and 7.434 eV, respectively. In turn, the parameters
for oxygen electron affinity is 1.46 eV, first ionization energy is 13.62 eV. Calculated
according to formula 2.11 Mulliken electronegativity of MnO, was 5.81 eV. For further
calculations, the data of the band gap energy obtained with the help of the Kubelka
Munk function were used. The calculations details according to Mulliken

electronegativity are presented in Table 5.7.

Table 5.7. Calculated CB and VB edge potentials for MnO, samples.

Sample name Eg, eV Ecs, eV Evs, eV
ED-1 2.29 0.17 2.46
ED-2 2.24 0.19 2.43
ED-3 2.25 0.19 2.44
ED-4 2.23 0.20 2.43
ED-5 2.34 0.14 2.48
ED-6 2.36 0.13 2.49
ED-7 2.32 0.15 2.47
ED-8 2.25 0.19 2.44
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Sample name Eq, eV Ecs, eV Evs, eV

ED-9 2.28 0.17 2.45
ED-10 2.21 0.21 2.42
ED-11 2.26 0.18 2.44
ED-12 2.28 0.17 2.45
ED-13 2.16 0.23 2.39
MnQO; PCP 1.98 0.32 2.30

For a theoretical assessment of the sample efficiency, it is essential to compare
the calculated energy levels of the conduction and valence bands, expressed on the
SHE scale, with the electrode potentials of the processes responsible for the formation
of reactive species potentially involved in photocatalytic degradation, which are
presented below (5.4-5.10) [134]:

0, +e~ =05 O, +e” - 05 Eo =-0.33V (5.4)
2H* +2e”~ - H, Eo =0.00V (5.5)
0, +2 H* +2e” - H,0, Eo =+0.68V (5.6)
H,0, + e~ — OH™ ++ OH Ey, = +0.87V (5.7)
05~ +2H* + e~ > H,0, E, =+0.89V (5.8)
2 Hy0 +4h* > 0, + 4 H* Ey =+1.23V (5.9)
OH™ +h* —e OH Ey =+1.09V (5.10)

It is worth noting that, unlike the CS series, the samples of the ED series are not
responsible for processes (5.4, 5.5) but can be active in the generation of active oxygen
species (5.6-5.10).
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5.2 Comparison of chemical and electrodeposition pathways of manganese

dioxide from NH4*-containing electrolytes

This study is focused on products of oxidation of Mn?* obtained by chemical and
electrodeposition methods. Nonspontaneous electrodeposition of manganese dioxide
was the starting point of selection of conditions of spontaneous chemical deposition,
keeping in mind the electrolytic doping technique applied earlier to electrodeposition
to control phase composition and defect states of interface and in bulk as active sites
for solid state electroreduction in batteries or (photo/electro)catalytic processes [83],
[135].

Electrodeposition mechanism of manganese dioxide is complexe. It includes
chemical stages of disproportionation, hydrolysis and some more special stages can be
observed depending on cationic electrolyte composition [83]. The latter stages are
practically omitted for study in scientific literature. However, the opportunity to control
the polymorphic composition of MnO, by the addition of cations of various natures
opens new perspectives on the development of new functional materials.

The influence of cations as templates of stabilisation of open structure polymorphs
of manganese dioxide system is shown earlier for particular conditions of hydrothermal
synthesis [136]. Entropic factor predominates in this stabilisation since cations have
dynamic positions in structure tunnels together with molecules of water. We observed
the stabilisation of hollandite structure polymorph with alkali metal and ammonium
jons at electrodeposition from sulfate and fluorinecontainig electrolytes [83].
Nevertheless, the complexity of the electrodeposition mechanism makes problematic
reliable analysis of the mechanism of open structures of manganese dioxide
frameworks formation at the presence og NH,4" ions.

The formation of open structure polymorph of hollandite at the presence of alkali
metal ions and NH,4" at electrodeposition could be the signature of one of the chemical
stages. In this case, the appearance of hollandite among chemical deposition products
should be one of the confirmations of this hypothesis. That is why, conditions of
chemical synthesis in the CS series of samples were chosen as close to

electrodeposition conditions as possible. Let us note that the chemical deposition
1£0



requires substantially different synthesis conditions regarding medium acidity. pH
must be larger than 5-6. The Pourbaux diagram indicates increased stability of lower
valenced states of Mn 2*** oxides in alkaline medium conditions. This means that the
narrow region of close to neutral medium conditions is the most suitable for this
analysis.

Our phase analysis of 2 groups of samples (from CS-1 to CS-4, and from CS-5 to
CS-9) with pH =10 and 5-7 respectively demonstrated results without the direct answer
to the issue above. CS-5 Sample without ammonium ions and Samples CS6-9
synthesized at pH below 7 had no hollandite or any other open polymorph in
composition. To be accurate, XRD patterns of CS-6-9 contain very broad amorphous
structure waves with maximum at d=0.7 nm, i.e. of birnessite maximal intensity peak
where other open structure states can be present. It signifies that coherent scattering
regions of open structures here are below 2-5 nm, i.e. the distinct template effect visible
in acid medium for electrodeposition products is not working for chemical depositin.
Nevertheless, deposited in alkaline medium (pH=10) Samples CS2-3 with ammonium
ions contained traces of open structure polymorphs of romanechite etc. that are not
amorphous states.

Thus, we can conclude that additional proofs of the chemical stage hypothesis of
hollandite formation were not added. The absence in neutral and traces of open
structure polymorphs in alkaline mediums signify some complex phenomena in the
roots that need further study. For instance, the role and stability of the Tutton salt
should be analysed depending on pH. Otherwise, hypotheses about the electrochemical
nature of hollandite formation at electrodeposition should be considered.

Conclusions to Section 5

The electrodeposition method is traditionally applied to obtain manganese
dioxide. Our approach included the lowest Mn?* concentrations in combination with
the high current density that together supported diffusion control and, as a result, the
highest possible dispersity of particles in the product. Different acidity of the
electrolyte was applied. The maximal acidity (2M H,SO4) favours
disproportionation of Mn3* and various morphology. The absence of acid addition

129



corresponded to pH close to 3.5 — 4.0. This range of samples can be distinguished
by & /a-MnO; polymorphs intergrowth.

The additive of ammonium ions was used as a template for the hollandite phase.
Some samples have natural combinations of 2-4 polymorphs. SEM data demonstrate
micro fragments of plate-like aggregates of §-MnO- and y-, a-MnO; needles at the
surface.

Analysis of band gap results of some conventional electrodeposited samples of
y- and a-polymorphs obtained in [50], [83] study confirmed their prospectives as
photocatalysts of water splitting. Nevertheless, the important drawback some of
them for hydrogen evolving reaction (HER) is up to 0.5 V (SHE) difference of E.
with E°H*/H, = 0.0 V (SHE). As can be seen in the formula below, the following
factors of influence could help to overcome this problem: increase of band gap

together with decrease of electronegativity of the photocatalyst:

E(SHE) = y — 0.5 E;— 4.5 =5.814 — 0.5, — 4.5 (5.11)

where E(SHE) is conductivity band energy value expressed in hydrogen scale of
potentials (SHE); x is the Mulliken electronegativity of MnOg; Eq4 is a band gap.
Nevertheless, some manganese oxides [64] have excellent Eg values and Ecg
positions towards HER that can be taken into account for our further studies.

It is suggested that the following directions of adjustment of electrodeposited
MnO, to HER photocatalysis exist. The growth of Mn?"*contribution will reduce
electronegativity of a product. The heterojunctions with low valence oxides of
manganese, titanium dioxide can be used. The addition of dopants like Fe3*or Cr3*

[50] could cause a positive effect on Ec.

The results of experimental studies of this section are presented in the following
publications:
Conference materials:
1. Sokolsky G.V., Kovinchuk 1.V., Ragulya A.V., Spreitzer M., Krzmanc M.M.

Electrodeposition of nanodispersed a/6- & y/a-manganese dioxide composites for
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visible light photocatalytic applications, 10th Ukrainian Congress of Electrochemistry
Achievements Problems and Prospects, 2, 2024, P. 32-36.
https://doi.org/10.33609/elchimcongr.2024.09.1-210.  Personal  contribution is
analysis of literary sources, conducting experimental research, processing and
formatting results, writing.

Abstracts of conference presentations:

2. Sokolsky G., Kovinchuk 1., Lazzara G., ZudinaL., Hluhova P., Andriiko O. (2023)

Comparison of chemical and electrodeposition pathways of manganese dioxide from

NH**-containing electrolytes. Book of abstracts. International Conference on
Chemistry, Chemical Technology and Ecology. Kyiv, (Ukraine). P. 87—88. Personal
contribution is analysis of literary sources, conducting experimental research,

processing and formatting results.
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CHAPTER 6. FUNCTIONALIZATION OF SAMPLES OF MANGANESE
SYSTEM (111, IV)

6.1 Photocatalytic degradation of composite films: mass loss measurements,

lifetime prediction and carbonyl index

Figure 6.1 shows the photos of the films, preparation procedure and
characterization if which is reported in Sections 2.2.3 and 3.1 respectively after UV-
irradiation. They are clearly demonstrating that the combined use of TiO, and MnO;
as a photocatalyst exhibits enhanced effect over the use of only TiO,. After a total of
90 hours of UV irradiation, the films made with addition of 1:1 blend of TiO, and
MnO, demonstrated a notable synergistic increase in mass loss, reaching 21.2% by
mass. In comparison, films that used only TiO- as a photocatalyst exhibited a mass loss

of 14.6%, as shown in Figure 6.2.

Figure 6.1. Photos of pristine (a) and composite films PE/T10; (b), PE/TiO2/MnQO after
90h of irradiation.

The coupling effect of TiO, with MnO, probably explains the synergism of the
simultaneous action of both oxides. Thus, the increase in mass loss may be due to the
Improved separation of photoinitiated charge carriers in the presence of manganese
dioxide. Therefore, using nanosized TiO, with MnO; leads to a significant increase in
photocatalytic activity. Fig. 6.2 b illustrates the mass loss of films under dark

conditions. Rutile polymorph of titanium dioxide was used in this experiment.
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Figure 6.2. Dependence of film mass loss on time under UV irradiation (a) and in dark

conditions (b).

Notably, neither anatase nor rutile forms of TiO, show any oxidizing or
photocatalytic abilities under these conditions. As a photocatalyst, titanium dioxide
performed worse than manganese dioxide when light was absent. This result is
consistent with expectations, as manganese dioxide's oxidizing properties contribute to
its better performance in the dark. The significant reduction in efficiency of the
Ti0,&MnO, mixture can be attributed to the reduction products of manganese dioxide
interfering with the polymer degradation process.

The mass loss of composite films as a function of irradiation time was analyzed
graphically, showing a notably high correlation coefficient for both zero and first-order
Kinetics in the PE/TiO2&MnO; samples. Similar kinetic behaviour is observed in
samples containing only TiO; during the initial stages of degradation. This allows us
to conclude that the composite catalyst stabilizes a definite degradation mechanism.
Theoretical models of chemical solid-phase reactions were evaluated by applying
Yander's, Anti-Yander's, and Wagner's equations. According to the Erofeev-Avrami
equation, the nuclear model demonstrated the best correspondence for sections of
curves where the zero and first-order kinetic dependencies are fulfilled. Thus, the
nuclei of oxidation products are grains rather than flat (n = 2, 3). Such a reaction
predominantly occurs within a heterogeneous region, aligning with characteristics

typical of a zero order reaction.
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The Fourier Transform Infrared spectrum of the pristine film exhibits
characteristic absorption bands at 2920 cm™ and 2850 cm™, which are attributed to the
stretching vibrations of the asymmetric and symmetric — CH; groups, respectively, as
shown in Fig. 6.3. The intense band at 1467 cm™ is identified as the deformation
vibration of the — CH; group. The absorption band at 727 cm is associated with the y-
fluctuations of the — CH; group. The positions of these bands remain unchanged

throughout the degradation process.

720nm 1175nm 1720nm 3430nm
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Figure 6.3. FTIR spectrum of PE films: 1 - PE before irradiation; 2 - PE after 40 h of
UV; 3 - PE/TIO; after 40 h of UV; 4 - PE/Ti02&MnO; after 40 h of UV.

After irradiation, the films exhibit novel absorption bands, with the
PE/Ti0.&MnO, sample displaying particularly pronounced intensities. A broad band
at 3400 cm™, a sharp band at 1720 cm™, and a complex, wide area ranging from 800 to
1400 cm™ are observed at maximum intensity. Several of these newly appearing
absorption bands are indicative of alcohol groups: vibrations of the bound OH-group
manifest as a broad infrared band above 3400 cm™, in-plane bending or deformation of
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the OH-group is noted between 1200 and 1450 cm, and the stretching vibrations of
the C — O group are found in the range of 970 to 1260 cm™. The positions of these
frequencies typically vary as follows: for — CH, — OH between 1075 and 1000 cm™;
CH — OH from 1125 to 1000 cm™; and C — OH, within 1210 to 1100 cm™ [88]. The
strong absorption band observed at 1720 cm is attributed to the stretching vibrations
of the C = O functional group, with the evidence more strongly supporting the presence
of a ketone carbonyl rather than a carboxyl group. This conclusion is drawn from two
key observations: firstly, the bonded OH-group is present at 3200-3300 cm?, yet there
is an absence of a narrow band characteristic of the free OH group of carboxylic acids,
which typically appears at 3500-3550 cm™. Secondly, the out-of-phase bending
vibration of OC — OH, usually found within 880-960 cm™, cannot be distinctly
identified.

Nature of the effects on the FTIR spectra of oxide-modified films is complex.
Esters are also possible products with two strong bands of symmetric and asymmetric
stretching vibrations of C — O located within the 1050 - 1300 cm™ range. Additionally,
specific compounds such as formates and propionates, evident at 1185 cm, acetates
at 1240 cm, along with y- and §-lactones, also at 1180 cm, are possible candidates
for asymmetric stretching vibration. According to findings documented in other studies
[137], the prominent absorption band observed in the range of 3150 to 3550 cm™ can
be attributed to the formation of hydroperoxide groups [137].

The formation of oxygen-containing groups during the degradation of PE films is
expected to increase the mass of the sample. However, the observed kinetic curves
distinctly show a reduction in mass, suggesting the likely generation of intermediates
catalyzed in the near-interface region. These intermediates are thought to initially form
alcoholic OH-groups, which oxidize into ketone carbonyls. These ketone carbonyls can
then further react, leading to the formation of esters when the C — C bonds are broken.
The final stages of this process involve the cleavage of CO, and the decomposition of
formates and acetates. This indicates that the identified compounds represent only a
partial listing of the degradation products, highlighting the complexity of the chemical
transformations occurring during the photocatalytic degradation of PE films. The
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degradation of a PE film modified with TiO- involves not only the photolytic reaction
of PE but also the photocatalytic reactions occurring on the surface of the photocatalyst.
Literature sources [137], [138], [139], [140] detail a potential mechanism for this
process, which starts with generating holes and electrons on the TiO; surface. These
charge carriers engage with LDPE, forming macromolecular radicals producing
superoxide anion and hydroxyl radical, both of which are highly reactive oxygen
species known for their efficacy in degrading PE. As reported in [141], new absorption
peaks were identified at 1713 cm™ and 1177 cm™* after 288 hours of UV irradiation of
PE films incorporating a-MnQO; (cryptomelane-type), indicative of the C =0 and C -
O stretching vibrations, respectively. These peaks were also detected in the spectra of
PE films modified with TiO, and MnO; (ramsdellite-type) composite film. This
observation for PE/a-MnO; and PE/Ti102&y-MnO- could refer to the same degradation
mechanism for different a-MnO--polymorph-containing PE films.

The calculated indexes CI, NI and HI according to the methodology described in
the Section 2.3.3 for samples are summarised in Table 6.1, highlighting the impact of
incorporating TiO2/MnO; on the CI, HI, and NI values. The slight deviations of indexes
for PE/TiO; film vs pure PE film after UV-exposition, as well as PE/TiO2&MnO; film
behaviour, are the signatures of the different photo-oxidation mechanisms. The
identical indexes of PE/TiO, and PE after UV with a simultaneous significant
difference in the mass loss demonstrate the nature of the limiting stage in the process.
Anatase TiOzis probably a photocatalyst of the last CO; cleavage stage attended by the
C — C bond breakage. A conceivable explanation for the observed synergistic effect of
T10,&MnO; coupling, as inferred from FTIR and photodegradation mass loss data,
could be that the y-MnO; nanoparticles, when combined with TiO,, exhibit heightened
activity in the intermediate stages of PE oxidation. This enhanced activity leads to a
more significant accumulation of intermediates’ functional groups than films

containing only TiOs.
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Table 6.1. Functional groups indexes (CI, HI, NI) related to degradation

products
CI /arb.units HI /arb. units NI /arb. units
(1720/720) (3430/720) (1175/720)
PE before UV 0.13 0.19 0.14
PE after UV 0.36 0.31 0.32
PE/TIiO, 0.34 0.31 0.36
PE/ TiO>,&MnO, 1.27 0.73 0.99

The thermal behaviour of both unmodified polyethylene (PE) and its
nanocomposites (PE/TiO, and PE/TiO2&Mn0O;) was examined through a
thermogravimetric analysis conducted in an atmosphere of nitrogen. Within this, it
should be noted that thermogravimetry under inert gas flows is suitable to explore the
thermal characteristics of nanocomposite films obtained by the filling of polyethylene
matrix with nanoparticles [142], [143]. Figure 6.4 represents the thermogravimetric
and differential thermogravimetric curves associated with films based on polyethene.

As shown in Table 6.2, we detected that the residual masses at 575°C (RMsys) are
higher in the composites with respect to that of pristine PE. These results are consistent
with the incorporation of the inorganic nanofillers within the polymeric matrix.

As a general result, the TG curves show a significant decrease in the temperature
range between 250 and 500°C that reflects the thermal degradation of the polymer. The
PE degradation temperature (T4) was calculated from the minimum of the DTG peaks
(see insets in Fig. 6.4). We observed that the degradation temperature values of PE and
PE/TiO2&MnO; are similar (442 and 444°C, respectively), whereas the addition of
Ti10; reduces the temperature of polymer degradation up to 434°C for sample PE/TiO..
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Figure 6.4. Thermal behaviour under N, flow and corresponding DTG curves for
composite PE films.

Following the method given in the Section 2.3.1,we estimated the activation
energy (E) and the pre-exponential factor (A) in the interval 250-500°C to explore the
influence of the nanofillers on the kinetics of PE degradation. Table 6.2 reports the

average values for both kinetic parameters.

Table 6.2. Thermal parameters of PE, PE/Ti02, and PE/Ti0,&MnO films.

RMss/%  Tq/°C  Activation energy /  Pre-exponencial

kJ-mol*! factor / s?
PE 0.62 442 213+21 (468 £ 10)- 101
PE/TiO, 3.18 434 201+15 (936 + 12)- 10°
PE/TiO,&MnO, 1.94 444 203+14 (605 £ 9)- 10°

We observed that the presence of the nanofillers slightly reduces the activation

energy of the PE degradation indicating for all samples. As reported in various research
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articles [86], [87], [89], the identification of the Kinetic triplet-activation energy, pre-
exponential factor, and the reaction model, facilitates the prediction of the temporal
behaviour for the thermal degradation of organic macromolecules, polymers included.
Using the method described in the Section 2.3.1, an assessment was made of the
expected lifetime of composite films at different temperature. Fig. 6.5. shows the
simulated t. vs curves for pristine PE and the nanocomposites at four different

temperatures (250, 300, 400 and 500°C) within the interval of the polymer degradation.
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Figure 6.5. Lifetime prediction for composite films under different temperature

conditions.

Based on the quantitative analysis of these curves, we determined t. required to

achieve conversion degree 0.05 (Table 6.3).
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Table 6.3. Time required to achieve a 0.05 conversion degree for thermal
degradation of PE, PE/TiO; and PE/TiO,&MnO, under inert atmosphere at 250, 300,
400 and 500°C

te at 250 °C ty at 300 °C t, at 400 °C t, at 500 °C

PE 29.5 days 9.84 h 42.03 s 0.336 s
PE/TIO, 8.53 days 391h 24.71 s 0.255s
PE/TiO2,&MnO, 21.13 days 8.67 h 56.06 s 0.516s

These values are related to the thermal resistance of PE under inert atmosphere
ruling out any potential effects (such as polymer embrittlement) due to oxidative and
hydrolytic reactions. As a general result, PE/TiO, nanocomposite exhibited the lowest
ty (o = 0.05) value highlighting that the presence of TiO, nanoparticles favors the
thermal decomposition of the polymer. On the other hand, the influence of
Ti02&MnO; on the PE thermal stability depends on the temperature. Compared to the
pristine polymer, we determined that the PE filling with TiO2&MnO; reduces the t, (a
= 0.05) value at 250 and 300°C. Oppositely, PE/Ti0O2&MnO, showed the largest t, (a
= 0.05) values at higher temperatures (400 and 500°C), evidencing that the addition of
the mixed nanofillers (TiO2.&MnQOy) increased the thermal stability of the polymer.

As a summary we can conclude that PE filling with TiO2&MnO; generates a slight
hydrophobization of the polymeric film, while the highest improvements of the tensile
performances were achieved by adding pristine TiO, nanoparticles.
Thermogravimetric experiments under an inert atmosphere showed that the TiO;
nanoparticles enhance the Kkinetics of the PE thermal decomposition for any
temperature within the interval ranging between 250 and 500°C. On the other hand, the
influence of the TiO.&MnO;, composite nanofiller depends on the specific temperature.
We observed a stabilization effect on the PE thermal resistance at 400-500°C, while
opposite results were estimated for lower temperatures (250-300°C). We investigated
the photocatalytic degradation of PE films containing nanoparticles of titanium and

manganese dioxides. The photodegradation results evidenced the coupling effects
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between TiO; and MnO semiconductors. The most intensive and distinctive view of
absorbance of oxygen-containing species of alcohols, ketones, and esters on FTIR
spectra is inherent to PE/Ti0O,&MnO; film. In addition, the mass loss features of
studied films are in favour of additional mechanisms that facilitate the complete
degradation process for PE/TiO2.&MnO; film. The latter exhibits the best degradation
result with a mass loss of about 21.3% after 90 h of UV irradiation. We observed that
the presence of y-MnO;, photocatalyst generates an identical PE degradation
mechanism with respect to that detected for PE/y-MnO; nanocomposite. CI, HI, and
NI data demonstrate that anatase TiO- is a photocatalyst of the last CO, cleavage stage.
Interestingly, the PE photodegradation was enhanced by adding the composite filler
(Ti102&MnO,) within the polymeric matrix. This coupling effect could be explained by
considering that the combination with TiO2 renders the MnO, nanoparticles more
active in the first intermediate steps of PE oxidation. Consequently, the accumulation

of the in intermediates functional groups is higher compared to the PE/TiO film.

6.2 Study of adsorption of Congo Red and Methylene blue on HNT’s surface

Congo Red and Methylene Blue were chosen as representatives of cationic and
anionic dyes to investigate adsorption on the surface of Halloysite. Since the outer and
inner surfaces of Halloysite are oppositely charged, it is important to evaluate the
Impact of adsorption on the removal efficiency of synthesised composite materials.

Absorption spectra of dye solutions were recorded to plot a calibration graph. The
corresponding linearized curves are shown in Figure 6.4. The graph itself was used to
determine the change in dye concentration during degradation throughout the

experiment.
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Figure 6.4. Dependences of absorbance on the concentration of the investigated dyes
with a known concentration (calibration curves): MB (a); CR(b).

The dyes MB and CR were separately adsorbed onto HNTs and allowed to
equilibrate under different concentrations. Two typical adsorption models (the
Langmuir and Freundlich models) were used to fit the experimental adsorption data.
According to the method described in Sections 2.4.2, the amount of adsorbed dye (Qe,
mg-g?) was calculated according to equation 2.17. Adsorption isotherms were

constructed and according to Langmuir and Freundlich fittings are shown in Fig.6.5

and 6.6.
] - Ter] T
wsl B E T
251 e T e 507 T .
e 1 A
] - e
20 ] ,/”/ Ve g 60+ ,// //
- ] - / 27
‘an ] 4 - Fa
0 151 .f/ /(/ x ] l’l ’,I
g1/ g 1/
2 1/ =407/
41 / /
j4’ / /
11 r; 1
511/ — 20—{‘
- +,’ —--- Langmuir isotherm model 1
10 - . ..
1) --- Freundlich isotherm model !t —-= Langmuir isotherm model
00— — T — 1 --- Freundlich isotherm model
0o+————""T——"— —r T [ T T T T
0 0.1 0.2 0.3 0.4 o s 0 s 20
C./mg-L"

C./mg-L"

Figure 6.5. Adsorption isotherms of HNTs for MB and CR.
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Figure 6.6 Linear fitting curves of Langmuir plot (a, b) and Freundlich isotherm (c, d)
for equilibrium after 2 h of contact HNTs with MB and CR. R? represents the square of

correlation coefficient.

Based on the calculated Langmuir and Freundlich parameters, as well as the
determination coefficient, it was found that the Langmuir model fits the linearized
experimental data of adsorption isotherms better than the Freundlich model. The
corresponding coefficients are given in the Table 6.4. This indicates that the adsorption
process leads to the formation of a single-layer adsorption of the dye on the surface of

the nanotubes. Thus, the adsorption capacity of the material is limited.
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Table 6.4. Langmuir parameters of MB and CR adsorption on HNT

Langmuir model

Dye Om.mggt | K., L-g? R?
MB 28.27 75.31 0.978
CR 94.36 0.449 0.974

Congo Red has a maximum capacity of about 3 times larger than MB by mass.
Generally, these maximum adsorption capacity values are moderate in comparison
with published data on other adsorbents. For instance, gm achieves about 500 mg/g
values for adsorption of MB and CR on the best adsorbents of activated charcoal.
Nevertheless, these adsorbents possess by the order of magnitude larger surface area
[144]. Comparison in mmol/g demonstrates compatible values of 0.0884 (MB) vs
0.1354 (CR). Considering surface charges, inner lumen positively charged aluminate
groups in HNTs are more suitable sites for the adsorption of CR. CR adsorption into
lumens is more favorable by 35% of molar maximum adsorption capacity. Any
photocatalytic process begins with adsorption. Maximum adsorption capacity is a

suitable parameter for planning further photocatalytic experiments.

MB and CR molecules surface areas were evaluated. These parameters were
calculated by the division of HNTSs surface area 65.9 m?/g onto maximum adsorption
capacity (gm) and the Avogadro constant Na 6.02-10% mol ™. Calculated values were
12.4 10'*® m? for MB and 8.01 10*®* m? for CR.
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Figure 6.7 Curves showing the change in adsorption over time of (a) 6 mg/l solution of
MB and (b) 40 mg/l solution of CR with addition of 0.025g HNTs, the investigated

volume was 50 ml.

Fig. 6.7, a demonstrates the blue shift of main peaks of absorption near 600 nm to
a single peak at 585 nm and decrease of their intensity as a result of adsorption of MB
dye onto HNT’s surface. The background growth is a consequence of scattering effects
of distributed in a solution NPs of HNT’s. In contrast, for Congo Red no shifts of the
main peaks were observed during adsorption, while an increase in background was
present in the same way as for Methylene Blue (Fig. 6.7, b). In our opinion, the non-
uniform change of the background value during the experiment is the evidence of an
adsorption kinetics mechanism. It is suggested that the background growth during the
experiment signifies that adsorption of dyes favours the HNTSs dispersity increase. The
stronger adsorption by negatively charged silanol HNTs surface groups explains the
blue shift of cationic MB dye absorbance in the experiment comparing with CR dye

and even manganese oxides and oxidehydroxides used in this study..
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Figure 6.8 Kinetic curves of isothermal adsorption of CR on HNTSs. The concentration

of CR was 40 mg/l, amount of HNT 0.025¢g, volume of investigated solution 50 ml.

6.3 Study of photocatalytic activity manganese oxides and oxidehydroxides
with halloysite for degradation of dyes in aqueous solutions (Methylene Blue and
Congo Red)

The discoloration of dye solutions is one of the main methods of studying
adsorption and photocatalytic degradation. MB and CR dyes are widely used test
materials for these reactions.

The stability of dye solutions was inspected to exclude effects associated with
spontaneous dye decomposition during the experiment. Both MB and CR did not
demonstrate any change in concentration either in daylight or when exposed to UV-

light for an experiment time (Fig 6.7).
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Figure 6.9. Absorption spectrum of solutions of CR (a) and MB (b) of different

concentrations and also a test for dye stability under UV irradiation (c).

The absorption spectrum of an aqueous solution of Congo red is shown in Fig.
6.9a. The absorption band at 343 nm is associated with the p—p* transition of the
aromatic ring, and the band at 496 nm can be attributed to the n—p* transition of the
ion pair present in the N atom of the chromophore —N=N-azo group. CR is considered
an anionic dye, but its molecule contains functional groups of both basic (—NHa,
pKa=10.7) and acidic (-SOs, pKa=-—2.3) nature. The degradation of the dye by
photocatalysis can be followed by monitoring the decrease in the intensity of the

absorption band at 497 nm, indicating cleavage of the —\N=N- bond [145].
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Methylene blue as a cationic dye exhibits two major absorption bands at 293 (7-
n*) and 664 (n-n*) nm in dilute aqueous solutions (Fig. 6.9 (b)), the latter having a
shoulder at 610 nm corresponding to the 0-1 vibronic transition [146]. It is well known
that the aggregation of MB significantly affects its optical properties. The self-
organization of MB molecules is facilitated by electrostatic and dispersion forces, as
well as hydrophobic effects. The sandwich-type (H-type) associations of this cationic
dye show the blue shift of the spectral band of the n-n* transition, while the head-to-
tail (J-type) arrangement shows the redshift. The H-type aggregates are typically
observed in aqueous solutions. While the ~664 nm band is assigned to an isolated
molecule (monomer), a shift to 605 nm, accompanied by a second maximum at 697
nm, is observed when dimer forms and an additional blue shift to 575 nm appears when
trimer forms. The degradation of methylene blue can be assessed by changing the
intensity of the peak at 664 nm.

The analysis of MB (CS) degradation kinetics and mechanism by UV-, Vis-
spectra was made (see Appendix C). The spectral characteristics of aqueous dispersion
of nanosized particles of a photocatalyst have unique features that can be attributed to
light scattering. These features can be varied during the degradation process due to a
change of NP tendency to aggregation when the adsorbed MB(CR) or their degradation
products layer prevents direct contact between particles of a photocatalyst. The more
scattering the more intensive is non-specific background absorption that is typical for
spectra at the end of degradation as Tyndall effect of scattering by particles comparable
in size with the wavelength. The dependence of scattering (absorption) on the
wavelength as the Rayleigh effect is typical for NPs less than 40 nm in [147], [148]. It
can be seen from the Appendix C spectra that the degradation of CS-1 — CS-2
demonstrates the Rayleigh effect and the Tyndall effect, unlike CS5-9. It confirms the
different kinetics and probably the different mechanisms of photocatalysis of low-
valenced Mn304/Mn,0O3; CS1-2 Samples and higher-valenced MnOOH/MnO; Samples
CS-5 - CS-9.

For MB degradation, a considerable difference in absorbance tendencies exists for
composites and pure oxides. Thus, CS-2, 6, 7 demonstrate increase of Tyndall effect
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and existence of compatible with the wavelength in size NPs. On the contrary, the CS-
1 Sample returns to practically the initial background of the absorption spectrum and
low dispersity conditions. Pure Mn compounds show a negligible change in spectral
view, but different background changes demonstrate scattering effects because of
variations of dispersity.

From the point of view of kinetics, spectra of MB and CR photocatalytic
degradation demonstrate the following effects: intensity of the main absorption bands
drops, and the relative intensity of other peaks has the same tendency to decrease during
photocatalytic degradation. The most interesting task is to compare the spectra of the
most active and the least active MB (CR) photocatalytic degradation processes. Their
analysis demonstrates differences for the most active samples. Sample CS-8, having
the highest activity of CR degradation, demonstrates a well-resolved peak of additional
absorption band at 320 nm after 60 min of degradation. Samples CS-6,7, 9 contain it
too, but only a very broad one. This band can be attributed to amino group oxidation
to nitrosyl in CR molecule as follows from E. Pretsch's book with Tables of spectral
data [149]. It can also be seen that this spectral effect is absent for this Sample under
dark conditions, and consequently, it has a photocatalytic nature (see Appendix C, D).

It is very important that different spectral behaviour and, consequently, a
mechanism for MB degradation can be revealed for composites with HNTs (CS-1,
2,6,7) and pure Mn compounds (CS-3, 4, 5, 8, 9) (see the 500 - 750 nm range in
Appendix E). Composites with HNTs have no absorption band at 664 nm after 60 min
of UV irradiation.

Degradation tests were performed in the darkness and under UV-A irradiation at
365 nm during 1 hour. The volume of the dye solution being tested was 50 ml, the
amount of photocatalysts added was 0.025 g. After a certain period, samples were taken
and the intensity of light absorption at 664 nm for MB and 498 nm for CR was
measured. Degradation rates were calculated according to formula 2.13 given in
chapter 2.4.1. The kinetic curves of CR and photocatalytic degradation in different

coordinates under UV and in the Darkness are shown in Fig. 6.10-6.11.
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Figure 6.10. Change in absorption of CR solution in the presence of photocatalysts

under UV irradiation and in the darkness.
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Figure 6.11. Linear approximation of kinetic dependences for Congo Red under
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The value of k and the linear regression factors for the dye were determined

graphically and are given in Table 6.5.

Table 6.5. Kinetic constants of first and second order models with correlation

coefficient for CR degradation.

First order
uv Dark
k / mint R? k / mint R?
CS-1 0.0183 0.9796 0.0164 0.9687
CS-2 0.0175 0.9668 0.0169 0.8717
CS-5 0.0311 0.9864 0.0339 0.9432
CS-6 0.0388 0.9413 0.0365 0.8191
CS-7 0.0229 0.9479 0.0232 0.9481
CS-8 0.1028 0.9036 0.0410 0.7098
CS-9 0.0442 0.8568 0.0316 0.6843
Second order
uv Dark
k/L-mglmin? R? k/L-mgltmin? R?
CS-1 0.0381 0.9896 0.0239 0.9853
CS-2 0.0347 0.9635 0.0336 0.9442
CS-5 0.1141 0.9785 0.1357 0.9850
CS-6 0.3332 0.9171 0.2217 0.9441
CS-7 0.0612 0.9973 0.0622 0.9911
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Second order

uv Dark
k/L-mglmin? R? k /L-mgltmin? R?
CS-8 16.444 0.9003 0.5974 0.9251
CS-9 0.3000 0.9190 0.1641 0.8139

From this data, it can be seen that the photocatalytic degradation of the organic
dye CR follows second-order kinetics, which has a linear relationship between 1/A and
t, and the correlation coefficient tends to 1. The Kinetic parameters of dye degradation
indicate predominately a more active degradation process under UV irradiation
compared to dark conditions. The distinctive feature of Mn-containing
(oxide)hydroxide catalysts compared with TiO- is their high activity without irradiation
or in darkness. Unfortunately, Vis-range irradiation photocatalysis was not available
for all samples. MB degradation data under Vis-range irradiation demonstrate the most

active photocatalytic process (Table 6.2).

] MB-UV 1 MB-Dark+Vis — CS-1-Vis
1 g —=— (CS-1-Dark
™ 17 — CS-2-Vis
] 1 —=— (CS-2-Dark
0.8 — Cs-1 0.8 — CS-6-Vis
1 — CS8-2 — (CS-7-Vis
N —CS3 -]
<067 — S5 50.6—‘
< — CS-6
] — CS-7 ]
047 CS-8 0.4
] — CS8-9
0.2 0.2
0 L L L L L L I L L LR L L | O T T T L T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Wavelength / nm Wavelength / nm

Figure 6.12. - Change in absorption of MB solution in the presence of photocatalysts

under UV irradiation and in the dark
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Table 6.6. Kinetic constants of first and second order models with correlation

coefficient for MB degradation.

First order
uv Visible Dark
k / mint R? k / min' R? k / min' R?

CS-1 0.0607 0.9334 0.0565 0.8337 0.0532 0.8593

CS-2 0.0632 0.9448 0.0880 0.9553 0.0671 0.9605

CS-3 0.0045 0.9842

CS-5 0.0003 0.6673

CS-6 0.0522 0.8809 0.0549 0.9624

CS-7 0.0456 0.9315 0.0457 0.9857

CS-8 0.0015 0.9608

CS-9 0.0002 0.3184

Second order

uv Visible Dark

CS-1
CS-2
CS-3
CS-5
CS-6
CS-7

CS-8

k/L-mgtmint R? k/L-mg'min! R? k/L-mglmin! R?

1.5643 0.9079 2.1457 0.9839 1.8965 0.9861
2.6579 0.8889 5.9242 0.8830 2.7249 0.9049
0.0111 0.9768

0.0006 0.6671

0.8975 0.9959 1.2513 0.9331

0.4964 0.9923 0.6803 0.9033

0.0036 0.9443
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Second order

uv Visible Dark

k/Lmgtmint R?* k/Lmgimin? R? k/L-mglmin? R?

CS-9 0.0002 0.3201

The general analysis and comparison of MB and CR degradation mechanisms
can be made depending on conditions under UV-, vis- light or without irradiation
(Tables 6.5, 6.6). Generally, if to take a composite with halloysite, there is the 1st order
for CS-1, 2 with low valenced Mn3O4 and the 2" order for CS-6,7 with MnOOH-based
phases in case of cationic dye MB under UV-light. There is another tendency to the
CS-1 (2"), CS-2 (1% and CS-6 (2"), CS-7 (2"%) under the visible light irradiation. In
the dark place, CS-1 displays a better determination coefficient R2 for the second order,
and CS-2 demonstrates the first one.

Taking into account, that limiting stages of diffusion (1% order) and adsorption
(2" order) are possible in this kinetic experiment, the best sample CS-2 always
demonstrate the limiting stage of diffusion (1% order) but CS-1 demonstrate the limiting
stage of diffusion under the UV-light, and at visible light and in the darkness shows the
limiting 2" order reaction. It is also probable that the first order in case of CS-2 is a
signature of MB dye decomposition process.

It can be seen that CS-1, 2, 6, 7 with HNTs display faster kinetics of MB
degradation vs Mn containing samples only (CS-3, 5, 8, 9). From the point of view of
phase composition Mn3O4/Mn,Os3 ratio is maximal in CS-2 vs CS-1. On the other hand,
CS-3 contains the larger content of Mn3Os. Therefore, the HNTs + Mn3Os (not
HNTs+Mn,0s) have to be together in the sample. Taking into account that CS-6,7 are
better than CS-3,4,8,9 we arrive to a conclusion that Mn?* content as lowest oxidation
state of Mn in the series in heterojunctions with HNTs plays an important role. CR as
an anionic dye displays the other tendency with dominance of 2" order reaction under
UV-light.
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The further insight was made by analysis of the band gap potential diagrams of
CS-series of samples and MO-diagram with HOMO and LUMO of a dye. Considering
the data on the position of the valence band and conduction band of chemically
synthesized samples (Fig. 6.14), given in Section 4.1.6, we can make some assumptions

about why some samples have higher activity than others.
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Figure 6.14. Calculated CB and VB edge potentials for CS samples (from DRS

analysis) along with potentials of some redox reactions.

Fig. 6.14 explains the advantages of a heterojunction between Mn,Oy, and HNTSs
in CS-1(CS-2). Despite the insulator behaviour of HNTS, the edges of the conduction
band of these materials are very close to one another, facilitating the electron/hole pair
separation. In turn, this Figure clearly shows the close position of LUMO of MB with
Ec of HNTs -CS-1(CS-2). It means that the direct transfer of photoelectrons to LUMO
of MB is energetically favourable. The other direction of charge transfer is suggested
from Ec of HNTs to MB LUMO level due to HNT/Mn,Oy heterojunction. It signifies
that MB reduction could take place even at the interface of decorated by manganese
oxides HNTSs.

It can be suggested that aforementioned feature is responsible for the positive

influence of HNT’s surface decoration by MnxOy on photocatalytic activity of MB
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degradation due to the new option of direct electron transfer of photoelectron from Ec
of both HNTs & Mn,Oy and following MB dye reduction (Fig. 6.15, a). It is also
evident from this diagram for CR dye that only CS-8 Sample has favorably aligned Ey

to HOMO level of CR dye and, probably, this feature can be responsible for the faster

direct oxidation of CR by holes from the valence band of CS-8 as a photocatalyst (Fig.
6.15, b). Thus, distinctly active behavioir of CS-1&CS-2 photocatalysts toward MB

degradation as well as CS-8 Sample high activity toward CR destruction can be

explained by the semiconducting properties of these photocatalysts.
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Fig. 6.15. Band gap potential diagram of: CS-1,2 Samples’ photocatalytic degradation
of MB dye (a); CS-8 distinct direct interaction with CR dye (b).
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Conclusions to Section 6

Functional properties obtained in this study composites and some standard
materials were studied. The coupling effect was established for PE film degradation
containing mechanical mixture of TiO, and MnO,. The total ability of MnO; and other
manganese compounds to be a catalyst of degradation process regardless the presence
of light was established for PE film, MB, and CR dyes degradation.

The adsorption of MB and CR dyes on HNTs Aldrich Sigma was studied and
such parameters as maximum molar capacity, molecule surface area were determined
from Langmuir isotherm processing.

The kinetics of degradation of organic dyes of MB and CR under UV-irradiation
was investigated. CS-1, 2 demonstrate the 1% order reaction and the fastest rate of MB
dye degradation with kcs» =0.063 min™t. CS-8 is the most active photocatalyst of CR
dye degradation which demonstrates identical R? coefficient for the first and the second
orders (0.90) and by several times higher activity (kcs-» = 0.1028 min't) compared with
other samples obtained. The enhanced photocatalytic activity of MB degradation is
attributed to the surface decoration of HNTs with MnOy, enabling direct electron
transfer and MB reduction. For CR dye, the superior performance of the CS-8 sample
is likely due to its favorable energy level alignment, facilitating direct oxidation by
valence band holes. Overall, the semiconducting properties of CS-1 and CS-2 explain
their efficiency in MB degradation, while CS-8 exhibits high activity in CR

degradation.

The results of experimental studies of this section are presented in the following
publications:
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1. Kovinchuk, 1., Haiuk, N., Lazzara, G., Cavallaro, G., Sokolsky, G. (2023).
Enhanced photocatalytic degradation of PE film by anatase/y-MnO,. Polymer
Degradation and Stability, 210, 110295.
https://doi.org/10.1016/j.polymdegradstab.2023.110295. The journal is cited by the
scientometric databases SCOPUS and Web of Science (Q1). Personal contribution is
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analysis of literary sources, conducting experimental research, processing and
formatting results, writing and submitting the article.

Conference materials:
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Assisted Photocatalytic Degradation of Low-Density Polyethylene Films, 2022 IEEE
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analysis of literary sources, conducting experimental research, processing and
formatting results, writing and submitting the abstract.
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Materialy XV mizhnarodnoi naukovo-tekhnichnoi konferentsii «<AVIA-2021». m. Kyiv,
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conducting experimental research, processing and formatting results.
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CHAPTER 7. CHEMICAL PROCESS TECHNOLOGY FOR SYNTHESIS
OF COMPOSITE PHOTOCATALYST

Among the proposed materials, CS-2 proved to be the best for degrading the dye
methylene blue, so it was chosen as the basis for developing a technology for

synthesizing the material for use for water purification.

7.1 Block diagram for synthesis of photocatalytic material with halloysite

nanotubes

Taking into account the data of sections 2.2.1 where synthesis methods are given,
3 where physicochemical properties are described and 6.3 where the photocatalytic
activity of the synthesized samples is estimated, and based on these data, it is proposed
to choose the CS-2 sample, consisting of the main phase of hausmannite with the
addition of halloysite nanotubes, to develop a block diagram of the synthesis of this
material. Figure 7.1 shows the proposed block flow diagram for synthesis of
manganese oxide/oxidehydroxides with HNTs composite material, operating in a

periodic mode.
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Figure 7.1. Block flow diagram of balanced processes for CS-2 composite material

At the preparatory stage of the synthesis, solutions of MnSO4and (NH.)2SO4 in
distilled water with a concentration of 0.5 M are prepared. The process takes place at
room temperature in tank 1 with constant stirring. After complete dissolution,
halloysite nanotubes are added and the resulting suspension is fed to a vacuum
apparatus 2 to remove air from the lumen of the nanotubes and fill it with the reaction
solution. Evacuation is carried out in three cycles of 15 minutes each to completely
remove air from the tubes and fill them with the solution. The evacuated suspension is
fed to the synthesis reactor 3. Hydrogen peroxide 27% and ammonium hydroxide are
gradually added to the reactor with constant stirring to maintain a given acidity level
of pH equal to 10. Taking into account the side reaction of catalytic decomposition of

hydrogen peroxide on the surface of the synthesized manganese oxides, the
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introduction of a 4-fold excess of peroxide is provided. The oxygen released in this
case is proposed to be captured for further use. The resulting suspension is fed into a
decanter 4 to separate and wash the resulting sediment, which is then sent to a drying
oven 5 at 200°C for 1.5 hours. The resulting dried product is transferred to a grinder 6.

The ground powder is sent to a warehouse 7.

7.2. Material balance

Chemical synthesis of the sample CS-2, the composition of which, according to
Chapter 2, was determined as 45% Mn3z0g4, 15% Mn,03, 12% MnO, with the addition
of 28% HNTSs, proceeds according to the reaction equations (7.1 - 7.3).

3 MnSQO4 + H,0;, + 6 NH,OH = Mn304 + 3 (NH4)2SO4 + 4 H,0,  (7.1)
2 MnSO4 + Hy0; + 4 NH4OH = Mn,03 + 2 (NH4),S04 + 3 H.0,  (7.2)
MnSO; + H,0 + 2 NH,OH = MnO; + (NH4),S04 + 2 H-0. (7.3)

Catalytic decomposition of excess added hydrogen peroxide occurs according to
the reaction:

2 H,02 =0, + 2 H,0 (7.4)

Table 7.1 shows the molar masses of the reaction components used to calculate
the material balance per 1 kg of product for the proposed technological line. Further

calculation is carried out to obtain 1 kg of product.

Table 7.1. Molar masses of starting substances for synthesis

Component Molar mass / mol-g* Denotation
MnSO, 150.96 Mymnso,
(NH4)2S04 132.14 Mnn,),s0,
NH,OH 35.05 Myy,on
H,0, 34.01 My,o,
HNT 294.19 Mynr
Mn3Oy4 228.81 Mymn,o,
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Mn2O3 157.87 Myn,o,
MnO; 86.94 Myno,
H.0 18.02 My, 0
o} 31.99 My,

The purity of MnSO4 and (NH,4)2,SO4 reagents was 97%. Reagent quantities

required for the synthesis of 450 g of Mn3O, are calculated below:

m _ MMn304 3 Mmnso, _ 450-3-151 89091 g:
MnSo4 M Mns0, 228.81 ' :
m :mMn304'MH202 _ 450-3401 _ 66.89 g
H20, M Mns0, 228.81 ' :
M Mnz04 "6 MNH4OH 450 -6 - 35.05
m = = = 413.60 g;
NH,OH M Mns0, 228.81 g
_ MMnz0, 3 M(NHy),50, _ 450-3-132.14 )
m(mn*)‘cn* = Mmoo, = S— = 779.64 g,
Mos 1 = MMn304 4 Mu,0 _ 450-4-18.02 141.75 g
H — — — . .
z M Mn30, ZZ88T

Reagent quantities required for the synthesis of 150 g Mn,O3 were also added to

the total calculation:

mMTl203 'Z'MMTLSO4. 150 - 2-151

m = = = 286.94 q;
Mn504 Mping 05 157.87 9
m _ MMn;05 "Mpy,o0, _ 150-3401 _ 32.31 g;
02 Mping 05 157.87 =T
m — mMn203-4-MNH40H — 150 -4 - 35.05 — 133 21 g
NH,OH Mymao, =TT 21g9;
Mpn203 * 2  M(NH,)2504 150 -2 - 132.14
m = = = 251.10 g;
(NHq)2504 Mpn, 03 157.87 9
m — manOg'B'MHzO — 150-3-18.02 — 51 37 g
H20 Mpmn, 04 157.87 ' '

as well as reagent quantities required for the synthesis of 120 g of MnOx:
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Mpnoz " MMnso, 120- 151

m = = = 208.42 ;
MnSO0, Mymo, 36.9% g,
m _ MuMnsos Muyo0, _ 120-34.01 _ 4694 g
H20, Mpnso, 86.94 ) !
Mpynsos  MNH 0H 120-2-35.05
m = = = 96.76 ;
NH,OH Mymso, 86.9% g,
__ Mpnsos M(NH4)2504 _ 120-132.14 )
m _ Mpnsos Mp,0o  120-2-18.02 49.74 g
H20 Mpynsoa 86.94 . '

Determination of the amount of products released during the catalytic decomposition

of excess of added hydrogen peroxide was made:

m _ MHy0; Muy0 _ 43842-2-18.02 232.26 g
H;0 M0, 2-34.01 ' :
oy M0y Mo, _ 4384213199 _ . .
02 M0, 2-34.01 ' '

It has been experimentally established that the yield of the product is 80%. Also,
ammonium sulfate and manganese sulfate contain 2% impurities, which do not
participate in the reaction. Taking this into account, Table 7.2 shows the total values

of the reaction components for obtaining 1 kg of the product.

Table 7.2. Material balance for the production of a composite CS-2 containing HNTSs

Input Output
Component Mass /g |Content/%|Component | Mass/g | Content/ %
MnSO; total: 1697.47 6.13 CS-2 1000 3.61
MnSO, (pure) | 168352 | 601
MnSO4 ' '
(impurities)
(NH4)2SO; total: 1486.04 5.37 O, 247.39 0.89
(NH.)2SO4 (pure) 1‘218%22 8%2
(NH4)2SO04
(impurities)
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H20: 701.47 2.53 (NH4)2S04 2912.06 10.51
NH4OH 772.28 2.79 H.O total 23270.61 84.04
HNT pure 336 1.21 L osses 200 0.72
H.O 22700.47 81.97  |Impurities 63.67 0.23
Total 27693.73 100 Total 27693.73 100

7.3. Energy balance

The heat balance of the process is compiled according to the material balance of
thermal processes occurring in the reactor, taking into account the supply or removal

of heat with the aim of stabilizing the temperature regime in the reactor.

Qreactants = Qproducts + Qloss + Qremoved (7-5)

where Qreqc is the amount of heat introduced by the reactants; Qprogucts 1S the amount

of heat released with the reaction products; Q;,s is heat loss to the environment (5%

of heat input); Q,emoveq 1S the amount of heat removed.

The heat balance was calculated using material balance data for the
nanocomposite CS-2 at 298.15 K. Taking into account that the process of synthesis
proceeds at room temperature and does not require heating, heat capacities can be
omitted and standard formation heats can be used instead of them. The heat effects of

reactions were calculated by the Hess law according to the formula:
AH = X nAH]?products - 2 nAHj?reactants’ (7-6)

where AHp,oqycts aNd AHrpqcrants are the standard enthalpies of formation of products

and reactants respectively, kJ-mol?; n represents stoichiometric coefficints. These

values are standard at 298.15 K and are presented in Table 7.3.
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Table 7.3 Isobaric molar heat capacities and the standard heats of formations of
components [150], [151]

Component Cp, J molt.K? AH{ , kJ-mol™?
MnSQO4 100.2 -1066.7
H20- 89.33 -187.8
NH4,OH 35.6 -46.19
HNT pure 232

(NH4)2SO4 187.0 -1180.0
H.O 75.299 -285.83
MnO; 54.02 -521.5
Mn203 107.5 -957.7
Mn3z04 139.3 -1387.6
O3 29.35 0

Using formula 7.6 and the values of standard heats of formation from Table 7.3,
the total enthalpy of the synthesis process was calculated according to the
stoichiometric reaction taking into account the composition of the sample (1 kg CS-2
contains 450 g Mn3QO4, 150 g Mn,O3 and 120 g MnO,), as well as the required excess
of reagents to account for 20% losses during synthesis. HNTs are not represented in
the equation because nanotubes do not participate in the chemical reaction.
Additionally, the cathalytic decomposition of the added excess hydrogen peroxide is
taken into account. Table 7.4 presents summarized data on the thermal effects during

the synthesis of the photocatalytic material CS-2.
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Table 7.4 Heats of formation of reaction components for CS-2 Sample synthesis

Component

Denotation

Calculation

Value / kJ

Reactants

MnSO4

Qmnso,

Mpunso,

“AHf ynso, =
MMnSO4 J MnS04

_ 1663.52

= 15096 (—1066.7)

11763.56

NH4OH

QnH,0H

MyH,0H

- AH¢ Ny OH —
MNH40H f NH,

77228
~ 35.05

- (—46.19)

1017.71

HZOZ total

Q 1,02

3873.45

Heat losses

Qloss

(@mnso, + @nu,on + Qn,o,) S _

100
_ (11763.56 + 1017.71 + 3873.45) - 5

100

832.74

Total input

Qreactants

Qumnso, T Onu,on T Qu20, =
= 11763.56 + 1017.71 + 3873.45

16654.72

Products

Mn304

Q Mn3;0,

m pmn,o,

' AHan304 =
540
~228.81

MMn304

. (—1387.6)

3274.79

Mn203

Q Mn, 03

Mpn,o0,

“AH¢ 03 =
MMn203 f Mn,

= 15787 P77

1091.95

MnOZ

QM‘n.OZ

Mpyno,

AH Mno., —
MMnOZ S Mn0

_ 1 521.5
~ 86.94 ( )

863.77
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H,0O My, o0 0043.46
: Q 10 M AHy 1 =
2
_ 570,14 285.83
18.02 (=285.83)
NH,),SO M(NH,),S0 12999.65
(NH4)2SOs | Qwm,),s0, _FM'AH]"(NH‘L)ZSO‘L _
(NH)2S50,
145574 1180.0
T 132.14 (= 0)
0, Qo, mo, 247.39 0
— “AH,, == 0
My, ~ 7% 31.99

Total OUtpUt Qproduct QMn3O4 + QMn203 + QMn02 + QH20 + 27273.62
+Q(NH4)ZSO4 + Q02 = 327479 +
+1091.95 + 863.77 + 9043.46 +

+12999.65
Amount of Qreleased Qproduct - Qreactants - Qloss = 9786.16
heat = 27273.62 — 16654.72 — 832.74

released

As a result of the reaction, thermal energy is released. To standardize the process
and avoid influence on product quality due to uncontrolled temperature, heat exchange
using a cooling jacket is necessary. The cooling of the apparatus will occur through the
reactor walls.

Conclusions to Section 7

The technological parameters of synthesis of photocatalytically active composite
based on Mn3O4 hausmannite and HNTs were evaluated in this chapter. This composite
was among the most active samples of MB dye degradation study and was selected as
a model for its synthesis technology development. The block flow diagram includes
stages of dissolution, vacuuming, synthesis, decantation, drying, grinding and then
sending it to storage. Based on the experimental results, the product yield was 80%,
considering potential losses during centrifugation and decantation, which together
account for 20%. The material and heat balances were calculated for the production of
1 kg of the CS-2 composite. The thermal effect of the exothermic synthesis process of

the most active composite has been calculated. According to our estimates, for the
1/0



selected amount of product production (1 kg), the temperature of the reaction mixture
will increase. We have provided thermostatic reaction conditions to control the process

and product properties to level this effect on the product's properties.
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CONCLUSIONS

Environmental pollution constantly pressures society and decreases standards of
living. Overcoming it requires new approaches in accordance with the principles of
sustainable development. Photocatalytic methods of organic waste material removal
represent a new family of approaches that can resolve the aforementioned issues.
Revisiting photocatalytic processes during the last decade has caused huge interest in
oxide systems and their composites.

1. It is revealed that oxide/hydroxide materials of manganese possess advantages
such as a narrow band gap, good stability, and high photocatalytic activity for the
degradation of organics under visible light range irradiation. Their composites with
alumosilicate nanotubes of halloysite are shown to display the decoration and
incorporation effects of manganese compound toward a nanotube, improving
functionality due to the role of HNTSs as photocatalyst's support and enhanced reactant
supply to the photocatalyst interface.

2. Photocatalytic behaviour of individual compounds of MnO,, TiO,, HNTs was
studied for PE-films degradation. The coupling effect of mechanically mixed
photocatalyst of MnO; and TiO- in 1% by mass content was established. This mixed
photocatalyst achieved 21.3% of mass loss versus pure MnO; (6.5%) and TiO, (14.6%)
after 90h of degradation under UV-light at A = 250 nm due to the 1% type of
Ti10,@MnO; heterojunction with faster accumulation of intermediates of PE oxidation
as shown by FTIR data of Carbonyl, Hydroxyl, and C—O stretching vibration indexes.
3. Chemically deposited oxide/hydroxides actively decorate HNTs’ interfaces in
the presence of cationic species of Mn?* in the deposition medium, and incorporation
into lumen is observed for crystallisation of negatively charged Mn species of acid
residues of the Tutton salts.

4, The photocatalytic degradation effects of cationic (Methylene Blue) and anionic
(Congo Red) dyes on manganese (oxide)hydroxide composites with HNTs were
studied. Cationic dye MB degradation was the most successful on

HNTs@Mn304/Mn,0O3 composite (Eg = 2.70 eV), whereas anionic dye degraded most
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efficiently on higher valenced individual product of deposition of a-MnOOH@y-/B-
MnO, (Eg = 1.99 eV).

5. The positive influence of HNT’s surface decoration by MnyOy, on photocatalytic
activity of MB degradation is demonstrated, in our opinion, due to the new option of
direct electron transfer of photoelectron from Ec of both HNTs & Mn,Oy and following
MB dye reduction. It is also evident from this diagram for CR dye that only CS-8
Sample has favorably aligned Ey to HOMO level of CR dye and, probably, this feature
can be responsible for the faster direct oxidation of CR with holes from the valence
band of CS-8 as a photocatalyst.

6. The band gap engineering of a photocatalyst toward the definite degradation
process suggests combining Ec, Ev energy levels with HOMO/LUMO levels of the
target molecule. The diffuse reflectance spectroscopy measurements of a
semiconductor band gap, together with the Mulliken electronegativity of a
photocatalyst, were reliable tools to provide a base for a successful combination
explanation and prediction.

7. The series of electrodeposited MnO, samples was prepared using band gap
engineering principles. The tasks to improve dispersity and decrease band gap were
actualised by diffuse electrodeposition control and by doping with Cr(ll1)-ions. The
phase composition was under control of 0.5M NH4"-ions additive and by H,SO4 (2M,
0.031M, 0): the opened structures of hollandite and birnessite were stabilised by 0.5M
NHs*-ions (the latter occurred at pH > 2), ramsdellite structure type of y-MnO, was the

main phase without additives.

8. It is confirmed that manganese (oxide)hydroxide compounds used in this study
are visible light photocatalysts with typical range of band gaps to within Eg = 1.99 —
2.7 eV. Doping by Chromium (I1I) ions narrowed Eg by about 0.3 — 0.5 eV due to

incorporation of new electron donor levels.

Q. The technological parameters of synthesis of photocatalytically active composite

based on Mn3O4 hausmannite and HNTs were evaluated. The block flow diagram,

material, and energy balances for this chemical process technology were introduced.
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APPENDIXES

Appendix A.
Kubelka-Munk function versus energy plots for determination of band gap of chemically sintesized samples.
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Appendix B

Kubelka-Munk function versus energy plots for determination of band gap of electro deposited samples.
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Appendix C
Absorption spectra of Congo red solutions with CS photocatalysts material under the influence of UV radiation
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Appendix D

Absorption spectra of Congo red solutions with CS photocatalysts material under dark conditions
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Appendix E

Absorbance

Absorbance

Absorption spectra of Methylene blue with CS photocatalysts material under UV irradiation
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