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1. Przedmowa

Podstawe niniejszej rozprawy doktorskiej stanowi spojny tematycznie cykl pigciu
oryginalnych publikacji naukowych. Przy odwotywaniu si¢ do tych prac w teksScie
zastosowano oznaczenie A(X) gdzie x jest cyfra rzymska okre$lajagca numer artykutu. Pelne
testy publikacji zamieszczono na koncu pracy.

Rezultaty zawarte w publikacji A(l) stanowig wstepne dane, ktore zostaty opublikowane przed
rozpoczeciem doktoratu. Wyniki te sg jednak kluczowe dla przedstawienia pelnego przebiegu
pracy badawczej, ukazujac podstawe 1 kontekst dla dalszych badan.
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Kazdy z artykuléw skupiat si¢ na specyficznych aspektach badawczych zwigzanych
z procesami dekoloryzacji roztworow barwnych przy uzyciu réznych materiatow
wykorzystanych jako katalizatory w reakcji Fentona wspomaganej $wiattem UV, nazywanej
réwniez reakcja Foto-Fenton.

W artykutach I-1l; IV badano wptyw nanoczastek na procesy dekoloryzacji. Moja rola
w tych publikacjach byta kluczowa i obejmowata kilka istotnych etapéw badawczych. Przede
wszystkim, zajmowatem si¢ zaprojektowaniem eksperymentow umozliwiajgcy monitorowanie
oraz sterowanie parametrami procesu dekoloryzacji, co wymagato szczegdtowego
opracowania plandw badawczych oraz metodologii. W ramach tych eksperymentow
analizowatem rozne parametry, jak koncentracja nanoczastek, pH roztworu reakcyjnego oraz
przebieg reakcji w czasie, aby dokladnie okresli¢ ich wpltyw na efektywno$¢ procesu
dekoloryzacji.

Po zaplanowaniu eksperymentdéw, przeprowadzitem je osobiscie, dbajac o precyzje
I doktadnos¢ kazdego eksperymentu. Badania te byly kompleksowe i obejmowaty zarowno
pomiary spektrofotometryczne, jak i analizy chemiczne, co pozwalato na doktadne §ledzenie
przebiegu procesu oraz na zapis ewentualnych spostrzezen. Zakonczywszy eksperymenty,
zajatem si¢ szczegdtowym opisem uzyskanych wynikéw. Interpretacja wynikéw byla
kluczowa, aby zrozumie¢ mechanizmy zachodzace podczas procesu dekoloryzacji i wyciagnac
odpowiednie wnioski.

Dodatkowo, w ramach tych artykulow, dokonatem obszernego przegladu literatury.
Analizowatem istniejace w literaturze naukowej wyniki badan dotyczace wykorzystania
nanoczastek w procesach dekoloryzacji, co pozwolilo na poréwnanie uzyskanych wynikow
Zz danymi literaturowymi oraz ocen¢ skuteczno$ci i potencjalnych zastosowan badanych
materialow. Dzicki temu, moglem sformulowac¢ wnioski, ktore nie tylko podsumowywaty
wyniki moich badan, ale réwniez sugerowaty mozliwe kierunki dalszych prac.

Artykuty IIT i V rowniez koncentrowaly si¢ na badaniach dekoloryzacji. Badania te jak
W pozostatym artykutach dotyczyty katalizy reakcji Foto-Fentona jednak z wykorzystaniem
innych materiatéw katalitycznych. W artykule III badatem stopy wysokiej entropii, podczas
gdy w artykule V kwazikrysztaty. Podobnie jak w przypadku wczesniejszych artykutow, moja
rola obejmowala planowanie 1 prowadzenie eksperymentdOw, a nastepnie interpretacje
uzyskanych wynikow.

W artykule III, zajmowalem si¢ badaniami nad wplywem stopow wysokiej entropii
na proces dekoloryzacji. Projektowatem eksperymenty w taki sposob, aby doktadnie zbadac,
jak rozne skladniki stopow wplywaja na szybkos¢ 1 efektywnos$¢ dekoloryzacii.
Przeprowadzatem eksperymenty, monitorujagc zmiany w barwie roztworu i analizowalem
wyniki zwigzane z dekoloryzacjg roztworu.

W artykule V, skupitem si¢ na kwazikrysztatach jako katalizatorach. Réwniez tutaj bytem
odpowiedzialny za =zaprojektowanie eksperymentow, ich realizacj¢ oraz interpretacje
wynikow. Analizowatem, jak kwazikrysztaly wplywaja na proces dekoloryzacji, badajac rdzne
parametry eksperymentalne i oceniajgc efektywnos¢ katalizatorow.

Uzyskane wyniki zostaly rdwniez przedstawione na konferencjach krajowych
oraz mi¢dzynarodowych Bioreaktory w walce o czyste powietrze Katowice, Lipiec 27, 2021;
12" International Conference on Materials Science and Engineering Bramat 2022; Nowe
Trendy w Badaniach Naukowych - Wystapienie Mlodego Naukowca Edycja III;
Mikrozanieczyszczenia w Srodowisku Czlowieka Czestochowa 09.2022.

Podsumowujgc, moja praca badawcza, ktérej wyniki zostalty opublikowane
W prezentowanych pigciu artykutach byla wszechstronna i obejmowata zaprojektowanie oraz
prowadzenie eksperymentow, opis oraz interpretacje wynikéw 1 wnioski, a takze przeglad
literatury.



2. Streszczenie

W rozprawie doktorskiej poruszono problem dekoloryzacji roztworéw wodnych
barwnikdw, skupiajac si¢ na wykorzystaniu metod utleniania chemicznego jako potencjalnego
rozwigzania. Obecnie stosowane metody usuwania barwnikéw, takie jak adsorpcja,
biodegradacja czy flokulacja, maja swoje ograniczenia, dlatego istnieje potrzeba poszukiwania
skuteczniejszych technik. W ramach pracy przeanalizowano rozne techniki usuwania
barwnikow, takie jak adsorpcja i biosorpcja, procesy biologiczne, flokulacja i koagulacja,
procesy poglebionego utleniania, wymiana jonowa, irradiacja, techniki membranowe
oraz ozonowanie, oraz ich zalety i wady, zwracajac uwage na rosngcg tendencj¢ zastgpowania
sztucznych barwnikow przez te pochodzenia naturalnego.

Glownym celem pracy bylo zbadanie potencjatu proceséw zaawansowanego utleniania
w dekoloryzacji wodnych roztworow barwnych. Badania byly skoncentrowane
na zastosowaniu  alternatywnych zrédel jonow zelaza oraz nadtlenku wodoru.
Oraz monitorowaniu wptywu tych modyfikacji reakcji Foto-Fentona. Nowoscig badan byto
zastosowanie nowatorskich materiatéw, jako zrodet jonow zelaza (katalizatorow) w reakcji
Fentona, takich jak: nanoczastki ferrytu, stopy o wysokiej entropii, kwazikrysztaly i tasmy
amorficzne. W ramach badan przy zastosowaniu modyfikacji reakcji Foto-Fentona,
analizowano wplyw réznych parametréw, takich jak: pH, rodzaj utleniacza (H20 i nadweglan
sodu) oraz dawki reagentow na efektywnos¢ odbarwiania.

Wyniki eksperymentéw wykazaly, Ze nowe materialy moga skutecznie katalizowac reakcje
Fentona, jako alternatywne zrodlo jonéw zelaza, wykorzystang do dekoloryzacji roztworow
wodnych barwnikow. Wykazano takze, ze zastosowanie nadwgglanu sodu jako utleniacza
w reakcji Foto-Fentona, moze stanowi¢ obiecujacg alternatywe dla zastosowania nadtlenku
wodoru. Glowne wnioski wynikajace z przeprowadzonych badan wskazuja, ze procesy
zaawansowanego utleniania, w szczegdlnosci reakcja Fentona, wspierane nowymi materiatami
katalizujagcymi, moga efektywnie degradowa¢ barwniki w $ciekach przemystowych,
przyczyniajac si¢ do ochrony s$rodowiska. Dodatkowo zastgpienie nadtlenku wodoru
nadweglanem sodu moze by¢ korzystng alternatywa dla stosowania reakcji Fentona. Wyniki
badan uzyskane w ramach przedstawionej dysertacji Stanowig istotny wktad w poszukiwanie
innowacyjnych rozwigzan w dziedzinie oczyszczania $ciekoOw przemystowych zawierajacych
barwniki, zapewniajac podstawy do dalszych ciekawych badan i rozwoju tej tematyki.



3. Wprowadzenie

Problemy z zanieczyszczeniem wod zwigzkami barwnymi pojawity sig, jak tylko cztowiek
zaczat barwi¢ tkaniny okoto roku 30000 p.n.e. na terenach dzisiejszej Gruzji [1,2]; juz wowczas
stosowano barwniki pochodzenia roslinnego. Badania archeologiczne wykazaly obecnosé
wielu barwnikéw w roznych kolorach (czarny, szary, turkusowy i rézowy). Jak wskazuja
zrodia literaturowe, od najwczes$niejszych form barwienia do potowy XIX w. stosowano
gléwnie naturalne barwniki ros§linne oraz niektore mineraly. Z czasem zaczeto réwniez
stosowac¢ syntetyczne barwniki chemiczne. Zgodnie ze zrédiami literaturowymi, mogto
to jednak nastgpi¢ dopiero po roku 1856, kiedy to William Henry Perkin przeprowadzit synteze
pierwszego sztucznego barwnika Mauve [3], znanego jako fiolet malwinowy.

Z biegiem czasu sztuczne barwniki chemiczne zdobyly coraz wigksza popularnosé
W przemysle tekstylnym. Od pierwszej syntezy barwnika w 1856 roku do 1924 roku
zsyntezowano ponad 1200 innych barwnikow syntetycznych [4]. Wyraznie demonstruje to jak
bardzo potrzebne byly sztuczne barwniki, szczegélnie z uwagi na ich duza trwatosé
I r6znorodno$¢ kolorystyczng [2]. W rezultacie staly si¢ one integralng czg$cig produkcji
tkanin. Obecnie dominuja na rynku ze wzgledu na tatwos$¢ produkcji 1 nizsze koszty
w poréwnaniu do naturalnych barwnikow roslinnych [5,6]. Generuja rowniez problemy
zwigzane z ich rozktadem i moga prowadzi¢ do zanieczyszczenia srodowiska [7,8]. Trudnosci
w ich rozktadzie wynikaja z faktu, Zze nawet w bardzo niskich stezeniach znaczaco zabarwiaja
wodg i charakteryzujg si¢ wysoka odpornoscia na degradacje [9,10].

Obie te cechy sg pozadane podczas stosowania ich w zamierzonym celu, czyli podczas
barwienia tekstyliow, jednak po dostaniu si¢ ich do rzek i jezior wraz ze $ciekami mogg
powodowacé powazne zanieczyszczenie srodowiska wodnego [9-12]. Co wigcej, skazenie
wody tymi substancjami ma konsekwencje nie tylko dla srodowiska, lecz takze powoduje
dyskwalifikacj¢ jej z wykorzystania w innych sektorach przemyshu oraz jako zrédto wody
dla ludnosci. Nalezy podjac pilne dziatania w celu oczyszczenia tych zanieczyszczonych wod.
Zadanie to nie jest jednak tatwe, poniewaz wiekszo$¢ sposobOw oczyszczania Sciekow jest
przygotowywana do rozktadu zanieczyszczen W stezeniach znacznie wigkszych niz stezenia
barwnikow, ktore wywotuja istotng zmiane barwy. By lepiej zobrazowac¢ ten problem, mozna
przytoczyé Rozporzadzenie Ministra Gospodarki Morskiej i Zeglugi Srédladowej z dnia 12
lipca 2019 r., w ktorym zawarto informacje, ze zawarto$¢ ogdlnego wegla organicznego
(OWO) w sciekach nie moze przekracza¢ 30 mg/dm?®, a stosowane stezenia barwnikow
w literaturze opisujacej wyniki badan $ciekéw barwnych sg zazwyczaj znacznie nizsze [10,13].
Barwniki zwykle s3 obecne w $ciekach barwierskich w stezeniu 10-50 mg/dm?®[14].

Co wiecej, barwniki nawet przy tak niewielkim stezeniu mogg by¢ rakotworcze [6].
Przyktady barwnikéw i wywotywane przez nie problemy chorobotworcze: Green 1: rak
watroby (zwierzgta); Orange 1 1 Orange 2: uszkodzenie narzadéw wewngtrznych (zwierzeta);
Red 1: rak watroby (zwierzeta); Red 2: mozliwy kancerogen; Red 4: wysokie dawki uszkodzity
nadnercza u pséw; Red 32: uszkadza wewnetrzne organy i moze by¢ stabym kancerogenem
(od 1956 roku nadal jest uzywany jedynie jako Citrus Red 2 do barwienia pomaranczy
w stezeniu 2 cze$ci na milion); Sudan 1: toksyczny 1 rakotwodrczy (zwierzeta);



Violet 1: rak (zwierzeta) — barwnik ten byt uzywany do stemplowania znaku inspekcji
Departamentu Rolnictwa USA na tuszki wotowe; Yellow 1 i Yellow 2: wysokie dawki
powodowaty uszkodzenia jelit (zwierzeta); Yellow 3 i Yellow 4: wysokie dawki powodowaty
uszkodzenia serca (zwierzeta); [15]. Wiasciwe wykorzystanie proceséw zaawansowanego
utleniania moze prowadzi¢ do znacznego zmniejszenia ilo$ci barwnikow w $ciekach,
co przyczyni si¢ do wiekszej ochrony srodowiska naturalnego. Pomimo kosztow zwigzanych
z wykorzystaniem reagentéw, warto zastosowaé te procesy ze wzgledu na ich skuteczno$¢
w usuwaniu barwnikow oraz zmniejszenie potencjalnego zagrozenia dla zdrowia ludzkiego.
Dlatego tez, procesy zaawansowanego utleniania stanowig wazny element w oczyszczaniu
sciekow przemystowych z barwnikow.

Metoda zaawansowanego utleniania zastosowana w tej pracy jest modyfikacjg reakcji
opisanej po raz pierwszy w 1894 roku przez Henry'ego Johna Horstmana Fentona [16].
Zbadana jednak bardziej doglebnie w 1932 [17] (po niemiecku) oraz w 1934 [18]
(po angielsku) przez Profesora Fritz Haber wraz z studentem, p6zniej réwniez Profesorem,
Joseph Joshua Weiss. Przebieg procesu przedstawiono w reakcjach R 1-2.

Fe?* + H,0; — Fe®* + HO" + OH™ (R1)

Fe* + H02 — Fe?" + HOO" + H* (R2)
Reakcja ta moze by¢ wspomagania wieloma czynnikami takimi jak: dzwigk (Sono Fenton)
[19]; prad elektryczny (Electro Fenton) [19]; $wiatto (Foto-Fenton/ Photo-Fenton) [19]; §wiatlo
stoneczne (Solar Fenton) [20] mozliwe jest rowniez tgczenie dwoch lub wigkszej liczby
czynnikow w np.: Solarphoto Fenton [20] lub Sonophoto Fenton [19].

Reakcje Fentona, oraz jej liczne modyfikacje, mozna podzieli¢ rowniez pod wzglgdem
formy dostarczanego zelaza jezeli jest dostarczane w formie rozpuszczalnej lub dysocjujacej
mowi si¢ o homogenicznej reakcji Fentona gdy zelazo jest wprowadzane w formie
nierozpuszczalnej jest to reakcja heterogeniczna [21]. Czasami spotyka si¢ z wyodrgbnieniem
procesu przy wykorzystaniu nanoczastek. Na potrzeby niniejszej pracy zdecydowano sig,
ze wzgledu na wiele podobienstw, zaliczy¢ je do procesow heterogenicznych.
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4. Czesc¢ teoretyczna

4.1. Rodzaje barwnikow
Barwniki mozna podzieli¢ ze wzgledu na ich pochodzenie na naturalne oraz sztuczne.

Mozliwi jest rowniez podzial barwnikow ze wzgledu na ich budowg. Kryterium w tym
podziale jest rodzaj chromoforu. W przedstawionej pracy zastosowano barwniki przedstawione
w tabeli 1. Ich wzory strukturalne przedstawiono na rys. 1-3.

Tab. 1. Zestawienie informacji o barwnikach wykorzystanych w badaniach

Nazwa Wzér Grupa Nr CAS Wzor
barwnika chemiczny barwnikow strukturalny
RodaminaB | CogH31N2O3Cl | Rodaminy 81-88-9 Rys. 1
Blekit C16H18CIN3S Tiazyny 61-73-4 Rys. 2
metylenowy
Sudan | C16H12N20 Barwniki 842-07-9 Rys. 3
Azowe

Rys. 1. Wzo6r strukturalny Rodaminy B

M
-
HEGHN/CES:@\TGHE
H.C CH.

c® ©

-

Rys. 2. Wzo6r strukturalny Biekitu metylenowego

N,
)
OH

Rys. 3. Wzo6r strukturalny Sudanu |

4.2.  Zrédla barwnikéw
Glownym zrodlem barwnych zanieczyszczen jest przemyst wiokienniczy [7,22—-24], ktory

produkuje i uzywa znacznych ilosci barwnikow. Barwniki sg wykorzystane w tej galgzi
przemyshu do barwienia tkanin, skor, tworzyw sztucznych itp. Kolejnym zrédtem jest przemyst
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spozywczy, ktory stosuje barwniki do barwienia zywnos$ci oraz napojow. Ta gataz przemyshu
jednak odeszta lub odchodzi od stosowania barwnikéw sztucznych na rzecz naturalnych
barwnikéw pochodzenia roslinnego lub zwierzecego. Jest to wynikiem rosngcej Swiadomosci
konsumentoéw i trendu na zdrowe i naturalne produkty. Jest to rowniez odpowiedz na obawy
dotyczace potencjalnych szkodliwych skutkow stosowania sztucznych barwnikéw
w zywnosci, takich jak alergie, nadwrazliwo$¢ czy nawet rakotworczo$¢ [25]. Przemyst
kosmetyczny rowniez korzysta z barwnikdéw, uzywajac ich do produkcji makijazu, lakierow
do paznokci czy farb do wlosow. Jednakze podobnie jak w przypadku przemystu spozywczego,
rowniez w kosmetykach obserwuje si¢ tendencj¢ do zastgpowania sztucznych barwnikow
naturalnymi aby swiadomych
konsumentoéw. Przemysty te odchodza jednak od bardziej szkodliwych barwnikoéw na terenie
UE podczas gdy w krajach rozwijajacych si¢ nadal stosowane sg bardziej niebezpieczne

substancje.

alternatywami, spelni¢  oczekiwania coraz bardziej

4.3. Metody usuwania barwnikow
Istnieje wiele mozliwych sposobow usuwania barwnikow z roztworow wodnych. Wybrane

metody przedstawiono wraz z ich zaletami i wadami w tabeli 2. Wigkszo$¢ z przedstawionych
w tabeli 2 sposobdéw dekoloryzacji wymaga znacznego naktadu finansowego. Metody te moga
wigza¢ si¢ z wysokimi kosztami reagentow, konieczno$cig duzego terenu inwestycyjnego

lub innymi znacznymi wydatkami.

Tab.2. Zestawienie przyktadowych metod dekoloryzacji barwnikow

Metoda N Zalety Wady Zrédlo
dekoloryzacji
- Prosty proces - Wysoki koszt konserwacji [26—
Adsorpcja - Relatywnie wysoki stopien dekoloryzacji - Koszt aktywnego wegla 28]
i biosorpcja - Wysoka powtarzalno$¢ wynikow konieczny do prowadzenia procesu
- Trudna i konieczna regeneracja
- Mozliwo$é¢ dekoloryzacji - Nie usuwa wszystkich rodzajow [29]
réznych rodzajow barwnikoéw barwnikow
Procesy - Ekologiczny i konkurencyjny kosztowo - Niska dekoloryzacja barwnikéw
biologiczne - Relatywnie mata produkcja osadu odpornych na biodegradacje
- Nie posiada niebezpiecznych metabolitow | - Wymaga wickszego terenu
- Relatywnie mate zuzycie wody inwestycyjnego niz inne metody
- Znaczna redukcja ChZT i BZT - Konieczne dodanie $rodka [26,27]
- Szeroka gama reagentoéw dostepnych chemicznego nienadajacego si¢ do
Flokulacja komercyjnie ponownego uzycia (koagulanty,
i koagulacja flokulanty)
- Produkcja osadu
- Wysoka pozostatos¢ aluminium
- Skuteczne odbarwianie rozpuszczalnych - Mozliwe postawanie osadow
i nierozpuszczalnych barwnikéw z katalizatora
Procesy - Niewielkie zapotrzebowanie na odczynniki | - Ekonomicznie nieoptacalne dla
poglebionego | chemiczne matych i $rednich przedsi¢biorstw
utleniania - Mineralizacja zanieczyszczen
- Skuteczny wzgledem substancji opornych
(leki, barwniki itp.)
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- Osigga wysoka jako$¢ wody
- Po regeneracji brak spadku wydajnosci
absorbancji

- Skuteczne dla ograniczonej liczby
barwnikow
- Efektywnos¢ silnie zalezy od pH

[26,28]

j\g\:ﬂc\,‘:na - Niskie koszty utrzymania - Konieczno$¢ stosowania
kosztownych zywic
- Wymagana czasochtonna
regeneracja
Irradiacja - Skuteczny w skali laboratoryjnej - Kosztowna . o [30]
. . - Wymagana jest duza ilo$¢
(naswietlanie)
rozpuszczonego O
- Usuwa wszystkie rodzaje barwnikow - Produkcja zageszczonego osadu [26—
- Latwos¢ taczenia z innymi procesami - Koszty sprzetu mogg by¢ wysokie | 28,30]
- Skuteczne w odzyskiwaniu i ponownym - Wysokie zapotrzebowanie na
wykorzystywaniu wody energie
Techniki - Mate zapotrzc?b9wanie na miejsce - Réznorodnosé lfonstrukcj i
membranowe | - Proste, szybkie i praktyczne, nawet przy systemow filtracji membranowej
wysokich poziomach zanieczyszczen - Wysokie koszty konserwacji
- Zapewnia wysoka jako$¢ permeatu - Szybkie zanieczyszczenie
- Brak konieczno$ci stosowania substancji membrany (zjawisko foulingu)
chemicznych
- Niski poziom odpadow statych
-Dobrze odbarwia i redukuje ChZT - Ekstremalnie droga metoda [28,30]
-Latwo mozna go wdrozy¢ w istniejacych - Kroétka pottrwatosé ozonu (20min)
. zakladach - Metoda niestabilna
Ozonowanie

- Ozon moze by¢ stosowany gazowo (z€
zbiornika zewngtrznego) lub produkowany
na miejscu
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5. Tezy pracy

W obliczu rosnacych wyzwan zwigzanych z ochrong srodowiska coraz wigksza uwage
przywigzuje si¢ do poszukiwania innowacyjnych rozwigzan w dziedzinie oczyszczania
scieckow. W tym kontekscie, w badaniach obejmujacych tematyke pracy doktorskiej
zastosowano nowe materialty mogace stanowi¢ alternatywne zrodto jondw zelaza w reakcji
Fentona wykorzystanej do degradacji barwnikéw w roztworach wodnych. W podobnym celu
sprawdzono rowniez mozliwo$¢ zastosowania do dekoloryzacji barwnych roztworow wodnych
nadweglanu sodu jako alternatywnego, w stosunku do nadtlenku wodoru, utleniacza
w zmodyfikowanej reakcji Fentona. Dla realizacji przyjetych zalozeh pracy doktorskiej
postawiono dwie tezy:

1. Nanoczastki ferrytu (Fes3Oas), stopy o wysokiej entropii, kwazikrysztaly i tasmy
amorficzne moga by¢ wykorzystane jako katalizatory, stanowiace alternatywne zrodlo
jonow zelaza w reakcji Foto-Fentona stosowanej w celu efektywnej dekoloryzacji
barwnych roztworéw wodnych.

2. Nadweglan sodu moze stanowi¢ alternatywne zrodlo nadtlenku wodoru w reakcji
Foto-Fentona stosowanej w celu efektywnej dekoloryzacji barwnych roztworow
wodnych.

6. Cele pracy

Glownym celem pracy byto zaproponowanie modyfikacji reakcji Fentona, w celu zbadania
ich wplywu na efektywnos¢ procesu dekoloryzacji roztworow wodnych barwnikow.
Modyfikacje polegaty na zastosowaniu nastepujacych nowoczesnych materiatow:

e nanoczastki ferrytu; A(l, 11, 1V)

e stopy wysokiej entropii; (HEA, High entropy alloy), A(111)

e kwazikrysztaty; A(V)

e tasmy amorficznych;
oraz na zastgpieniu nadtlenku wodoru nadweglanem sodu; A(111-V).

Istota zastosowanych modyfikacji wykorzystujacych alternatywne zrodta zelaza
oraz nadtlenku wodoru, byto zatozenie, ze reakcja Fentona katalizowana $wiattem UV moze
przebiega¢ w pH neutralnym bez zmniejszenia efektywnos$ci procesu dekoloryzacji.

Zakres badanych parametrow obejmowat wptyw:

e pH(4-7),

e rodzaju i dawki utleniacza,

o formy i dawki katalizatora.
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/. Materialy i metody

7.1. Opis eksperymentu

Wszystkie eksperymenty prowadzono w zblizony sposob, roznicujgc jedynie materiaty
bedace zrodlem jonow zelaza oraz rodzaj utleniacza. Prace badawcze realizowano
w kontrolowanych warunkach laboratoryjnych w temperaturze otoczenia. Za kazdym razem
odmierzano 60 ml roztworu wodnego barwnika o okreslonym stezeniu, korygowano pH
z zastosowaniem kwasu siarkowego (V1) lub wodorotlenku sodu. Barwnik Rodamina B (RhB),
ktory wytypowano do dalszych badan, zostal wybrany na podstawie wstepnych
eksperymentow przedstawionych w A(l). Barwnik Sudan I zostal odrzucony ze wzgledu
na jego nierozpuszczalno$¢ w wodzie. Ponadto, pomiary wykonane przy uzyciu mieszaniny
wody z acetonem, w celu wytworzenia roztworu tego barwnika, byly obarczone zbyt duzym
btedem, co uniemozliwilo uzyskanie wiarygodnych wynikow. Z kolei wyniki wstepnych
eksperymentow wykazaty podobne efekty dekoloryzacji dla Rodaminy B (RhB) oraz bi¢kitu
metylenowego (MB). Biorac to pod uwagg oraz znacznie wigksza baze literatury dotyczaca
Rodaminy B, zdecydowano dalsze badania prowadzi¢ z wykorzystaniem tego barwnika.

Badane katalizatory (stanowigce alternatywne zrodta jonéw zelaza) stosowano w roznej
formie. Nanoczastki ferrytu, wprowadzano jako dyspersje¢ wodna, natomiast kwazikrysztaty
oraz stopy wysokiej entropii jako metaliczne, nierozpuszczalne w wodzie, granulki
0 rozmiarach kilku milimetréw. Po dodaniu katalizatora rozpoczynano mieszanie roztworu
reakcyjnego mieszadetkiem magnetycznym (400 RPM) oraz jednocze$nie wprowadzano
utleniacz, ktorym byt nadtlenek wodoru lub nadweglan sodu. Roztwor naswietlano $wiatlem
UV przez caly czas trwania eksperymentu (36 W; A = 365 nm). Ze wzgledow technicznych
lampy UV znajdowaty si¢ w statej odlegtosci (10 cm) nad powierzchnig roztworu, a stanowisko
badawcze (Rys. 4) zostalo zaprojektowane tak, aby uniemozliwi¢ przenikanie S$wiatta
zewngtrznego do badanego roztworu.

[ Utleniacz

Katalizator

Mieszadto magnetyczne
Rys. 4. Schemat stanowiska badawczego
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St¢zenie barwnika podczas reakcji dekoloryzacji monitorowano poprzez pobieranie probek
w czasie 0, 5, 10, 15, 20, 30, 45 i 60 minut. Nastepnie dokonywano pomiarow absorbancji przy
uzyciu spektrofotometrow Thermo Scientific Evolution 220 A(l) oraz Shimadzu UV-1800
A(I1, T 1V, V). Eksperymentalne wyniki poréwnywano z rezultatami uzyskanymi dla reakcji
referencyjnej realizowanej w systemie UV/H20,.

7.2. Badanie wlasciwosci katalitycznych nanoczastek ferrytu

Rezultaty z publikacji A(l) stanowity wstepne dane, ktore wykazaly zasadnos$¢ dalszych
badan. Przeprowadzone badania wykazaly, Zze zastosowanie nanoczgstek ferrytu jako
katalizatora w procesach zaawansowanego utleniania przyspiesza proces odbarwiania
barwnika. Nanoczgstki wprowadzano w formie dyspersji wodnej. Do przygotowania badanych
roztwordéw zastosowano barwniki Rodamina B (RhB), Bi¢kit metylenowy (MB) oraz Sudan 1.

Wyniki dekoloryzacji przy wykorzystaniu nanoczastek jako katalizatora przedstawiono
w publikacjach A(l); A(Il) oraz A(IV). Rezultaty z publikacji A(l) sa efektem wstepnych
eksperymentow, a szczegdtowe wyniki przedstawiono w A(ll) oraz A(IV). W ramach
publikacji A(l) badano mozliwos$ci katalitycznego rozktadu barwnikéw RhB oraz MB. Wyniki
badan przedstawiono na Fig. 3 B oraz C w A(l). Brak dekoloryzacji barwnika Sudan |
najprawdopodobniej byt spowodowany brakiem jego rozpuszczalnosci w  wodzie
i koniecznos$cig zastosowania jako rozpuszczalnika 60% roztworu acetonu w wodzie.
W publikacjach A(ll, 1V) przedstawiono wyniki bardziej doglebnej analizy badan
nad wptywem funkcjonalizacji, ksztaltu nanoczastKi; stezenia reagentow, pH, jak rowniez
wplywem rodzaju utleniacza na przebieg reakcji — Fig. 3 w A(Il) oraz Fig. 3-6 w A(IV).

Wyniki zamieszczone w publikacji A(ll) wykazaty, ze przy wykorzystaniu nadtlenku
wodoru jako utleniacza, pH odgrywa wazna rolg i istotnie wplywa na szybkos¢ dekoloryzacji.
Wyniki z A(IV) wskazuja, ze podczas zastosowania nadweglanu sodu w miejsce nadtlenku
wodoru nie odnotowano znacznego wplywu pH na szybkos¢ dekoloryzacji. Natomiast
odnotowano istotny wplyw mieszania zarowno na przebieg procesu, jak i na stezenie obecnego
nadtlenku wodoru. Podczas eksperymentu z mieszaniem badanego roztworu, stgzenie
obecnego nadtlenku wodoru bardzo szybko osiagneto maksymalng wartos¢ (1,2%)
zaobserwowang dla tej reakcji. W eksperymencie, w ktérym mieszadto magnetyczne zostato
wylaczone, st¢zenie wolnego nadtlenku wodoru wzrastato przez pierwsze 30 min procesu,
po ktorych nieznacznie zmniejszalo si¢, az do zakonczenia eksperymentu. Efekty zmian
stezenia wolnego H202 widoczne sg na wykresie dekoloryzacji dla tych proceséw. W procesie
bez mieszania, pomimo zaobserwowania wigkszego stezenia nadtlenku wodoru niz w procesie
Z mieszaniem, przez caly czas trwania eksperymentu osiggano znacznie mniejszy stopien
dekoloryzacji, ktory finalnie wynosit 65% (nie osiggajac nawet wizualnego odbarwienia
roztworu) w przeciwienstwie do 94% stopnia dekoloryzacji uzyskanego na koniec w procesie
z mieszaniem. Bylo to spowodowane nierownomiernym rozktadem reagentow w objetosci
reaktora.

7.3.  Badanie wlasciwosci katalitycznych stopéw o wysokiej entropii

Ze wszystkich materialdow zastosowanych w niniejszej pracy, stopy o wysokiej entropii
sg materiatem najnowszym, gdyz zostal po raz pierwszy wytworzony na poczatku XXI wieku.
Charakteryzuja si¢ one obecnoscig wielu pierwiastkow w swoim sktadzie, co w przypadku
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stopéw metali najczgsciej oznacza co najmniej pie¢ pierwiastkoOw w zblizonych proporcjach
molowych. Wyniki eksperymentow przedstawiono w publikacji A(I11). Do badan wybrano
stopy AICoNiFeTi oraz AICoNiFeTiSi. Stopy te wybrano ze wzgledu na obecnos$¢ zelaza
oraz tytanu. Tlenki tych metali znane sa w literaturze z wlasciwos$ci katalizujgcych reakcje
Fentona.

Wyniki badan przedstawione w publikacji A(I11) wykazaty, ze HEA (High entropy alloy)
skutecznie dekoloryzuje roztwor barwnika RhB, osiggajac rzedu 90% odbarwienia w czasie 60
min, podczas gdy metoda referencyjna w tych samych warunkach i tym samym czasie
zredukowata barwe o 50%, nie osiagajac nawet wizualnej dekoloryzacji, co potwierdza jego
efektywnos¢ dekoloryzacji barwnika RhB. Wykazano rowniez brak znacznego wpltywu
warto$ci pH na szybkos¢ dekoloryzacji.

Uzyskane rezultaty dla stopu AICoFeNiTiSi wykazaty, ze przy pH 6 uzyskano najwigksza
szybkos¢ dekoloryzacji — okoto 90% degradacji barwnika po 60 minutach. Przy pozostatych
warto$ciach pH (4, 5 i 7) efekty dekoloryzacji byty nieco mniejsze i wynosity, odpowiednio
85-90% dla pH 5 i 7 oraz 80% dla pH 4, po 60 minutach. Podsumowujac, zmiany pH miaty
niewielki wptyw na szybkosc¢ i koncowy efekt dekoloryzacji.

Dla stopu AICoFeNiTiSi przeanalizowano takze pi¢é roéznych stezen nadweglanu sodu,
jako alternatywnego zrédta utleniacza w reakcji Foto-Fentona: 1,7 g/dm?, 4,2 g/dm?, 8,3 g/dm?®,
16,7g/dm?® oraz 37,5 g/dm®. Uzyskane wyniki pokazaty, ze przy najwickszych stezeniach
nadweglanu sodu (37,5; 16,7 g/dm?®) uzyskano najwieksza szybko$é dekoloryzacji, osiagajac
okoto 95% odbarwienia po 60 minutach. Natomiast dla kolejnych stezen (8,3; 4,2 i 1,7 g/dm®)
uzyskano nastepujace stopnie dekoloryzacji, odpowiednio 60%, 40%, 35% po 60 minutach.
Przy stezeniach mniejszych niz 16,7 g/dm® nie osiggnigto wizualnego odbarwienia.
Wyniki te wskazuja, ze wyzsze stezenia nadweglanu sodu znacznie przyspieszaja proces
dekoloryzacji.

Przeanalizowano réwniez pie¢ roznych stezen katalizatora (stop AICoFeNiTiSi): 0 g/dm?,
4,2 g/dm?3, 8,3 g/dm?, 16,7 g/dm? oraz 33,3 g/dm3. Wyniki badan pokazaty, ze przy stezeniu
katalizatora (16,7 g/dm?®) proces dekoloryzacji nastepowat najszybciej, osiagajac okoto 90%
po 60 minutach. Stezenie 33,3 g/dm?® réwniez pokazuje wysoka efektywnos¢, osiggajac okoto
80% po 60 minutach. Przy zastosowaniu stezenia 8,3 g/dm® i 4,2 g/dm® osiagnigto tempo
dekoloryzacji, osiagajac odpowiednio okoto 80% i 75% po 60 minutach. Brak katalizatora
(0 g/dm?®) wykazuje najnizsza efektywno$é, osiagajac jedynie okoto 50% po 60 minutach,
nie osiggajac wizualnego odbarwienia. Wyniki te wskazuja, ze wyzsze stezenia katalizatora
znacznie przyspieszaja proces dekoloryzacji. Osiagajac najbardziej sprzyjajacy wplyw
przy stezeniu 16,7 g/dm?,

Wyniki eksperymentu dla tych samych wartosci pH (4, 5, 6, 7) przy zastosowaniu stopu
AICoFeNITi przedstawiono w A(IV) Fig. 10. W tym przypadku, krzywe dla wszystkich
wartosci pH sg bardziej zblizone do siebie. Przy wartosci pH 6 (niebieskie trojkaty) i pH 5
(czerwone okregi) osiagaja najwyzsza efektywno$¢ dekoloryzacji, zblizajac si¢ do 95-100%
po 60 minutach. Dla wartosci pH réwnej 4 (czarne kwadraty) i pH 7 (zielone odwrdcone
trojkaty) sa nieco mniej efektywne, jednak nadal wykazuja wysoki stopien dekoloryzaciji,
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zblizajacg sie do 90-95% po 60 minutach. W przypadku tego stopu, réznice miedzy stopniami
dekoloryzacji w roznym pH sa jeszcze mniejsze.

Wyniki eksperymentu dla réznych stezen nadweglanu sodu (1,7; 4,2; 8,3; 16,7; 37,5 g/dm?)
przedstawiono na Fig. 11 w A(1V). Najwyzsze stezenie nadweglanu sodu (37,5 g/dm?) osiaga
prawie 100% dekoloryzacji juz po 30 minutach. Stezenie 16,7 g/dm?®, osiagajac okoto 90%
odbarwienia po 60 minutach. Stezenie 8,3 g/dm® osigga okoto 70% odbarwienia po 60
minutach, jest najnizsze ze zbadanych st¢zen nadweglanu wykazujach wizualne odbarwienie
roztworu barwnika. Stezenia 4,2 g/dm?® i 1,7 g/dm® osiagaja odpowiednio okoto 45% i 20%
dekoloryzacji po 60 minutach.

Wyniki eksperymentu dla stezen katalizatora (0; 4,2; 8,3; 16,7; 33,3 g/dm?) zestawiono na
Fig. 12 w A(IV). Najwyzsze stezenie katalizatora (33,3 g/dm®) osigga prawie 90%
dekoloryzacji po 45 minutach. Stezenie 16,7 g/dm® osiagajac okoto 80% po 60 minutach.
Stezenie 8,3 g/dm® osigga okoto 90% po 60 minutach. Stezenia 4,2 g/dm3
i 0 g/dm?® osiagaja odpowiednio okoto 90% i 30% po 60 minutach. Wykazujac tak samo,
jak stop AICoFeNITiSi wyzszy stopien dekoloryzacji po uptywie 60 min, jak i przez caty
badany okres. Przedstawione wyniki udowadniaja katalityczny wplyw dodatku obu
zaproponowanych sktadoéw stopdéw wysokiej entropii.

7.4. Badanie wlasciwosci katalitycznych kwazikrysztalow
Nastepnym materiatem, ktory zostat przetestowany pod katem whasciwosci katalitycznych,

byly kwazikrysztaty. Charakteryzuja si¢ one strukturg krystaliczng, lecz ro6znig
si¢ od tradycyjnych krysztaldow swojg unikalng budowg. Od zwyktych struktur krystalicznych
odroznia je to, ze niemozliwe jest wyznaczenie komorki elementarnej. W kwazikrysztatach nie
ma jednej jednostki komorkowe;j, ktora regularnie si¢ powtarza, jak w klasycznych krysztatach.
Zamiast tego, struktura kwazikrystaliczna moze by¢ opisana jako uktad atoméw, ktory tworzy
unikalne wzory, ale nie jest jednorodny ani regularny w tradycyjny sposob. Wyniki badan nad
wlasciwoséciami katalitycznymi kwazikrysztalow przedstawiono w A(V). Wizualny stopien
dekoloryzacji osiagnieto w czasie 45 min dla stezenia 16,7 g/dm?® nadweglanu sodu oraz 16,7
g/dm?® kwazikrysztatu.

Na poczatku eksperymentu, dla wszystkich dawek kwazikrysztatdéw, efektywnosé
dekoloryzacji wzrasta stopniowo wraz z uplywem czasu. Najwyzsza efektywnos$é
dekoloryzacji osiggnieto przy dawce 33,3 g/dm?, co wskazuje na pozytywny wplyw wickszej
ilosci katalizatora na proces dekoloryzacji. Dla dawki 16,7 g/dm® i 8,3 g/dm?®, efektywnos¢
robwniez znaczaco wzrasta, cho¢ jest nieco nizsza niz dla najwyzszej dawki. Najnizsza
efektywnos¢ dekoloryzacji zaobserwowano dla probki bez katalizatora (0 g/dm®), co podkresla
znaczenie obecnosci katalizatora w procesie.

Na poczatku eksperymentu, niezaleznie od dawki katalizatora, efektywnos$¢ dekoloryzacji
stopniowo wzrasta wraz z uplywem czasu. Najwyzsza efektywno$¢ osiagnigto przy dawce
33,3 g/dm®, co wskazuje na korzystny wplyw wigkszej iloéci katalizatora na proces
dekoloryzacji. Efektywno$¢ dekoloryzacji rowniez znaczaco wzrasta dla dawek 16,7 g/dm®
oraz 8,3 g/dm®, choé¢ jest nieco nizsza w poréwnaniu do najwyzszej dawki. Najnizsza
efektywno$¢ zaobserwowano w probce bez katalizatora (0 g/dm?), co podkre$la kluczowa role
katalizatora w procesie. Po okoto 30 minutach krzywe dla wszystkich trzech probek
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Z katalizatorem zaczynaja si¢ zbliza¢, osiggajac podobne wartosci efektywnosci.
Sugeruje to, ze przy dluzszym czasie trwania procesu roéznice mi¢gdzy dawkami katalizatora
stajg si¢ mniej znaczace. Wszystkie probki z katalizatorem przekroczyly poziom oznaczony
jako "visual discolouration" (okoto 70% dekoloryzacji roztworu) w ciggu 60 minut, co dowodzi
skuteczno$ci procesu dekoloryzacji z uzyciem katalizatora.

Wptyw dawki utleniacza badano w trzech seriach réznych stezen utleniacza: 8,3 ; 16,7
i 33,3 g/dm®. Kazda seria pokazuje, jak efektywnosé¢ dekoloryzacji, wyrazona w procentach,
zmienia sie w ciggu 60 minut. Dla stezenia 8,3 g/dm?, na poczatku procesu dekoloryzacji
efektywnos¢ wynosi okoto 10%. W ciagu pierwszych 20 minut efektywnos$¢ rosnie do okoto
40%, a nastgpnie stopniowo wzrasta, osiggajac okoto 60% po 60 minutach. W przypadku
stezenia 16,7 g/dm?3, poczatkowa efektywnosé jest wyzsza niz dla 8,3 g/dm?, wynoszac okoto
20%. W ciagu 20 minut efektywno$¢ wzrasta do okoto 60%, a po 60 minutach osigga okoto
80%. Dla stezenia 33,3 g/dm® poczatkowa efektywno$é jest najwyzsza sposrod wszystkich
trzech stgzen, wynoszac okoto 30%. W ciagu pierwszych 20 minut efektywno$¢ wzrasta
do okoto 80%, a po 60 minutach osigga niemal 100%, co oznacza niemal pelng dekoloryzacje.

Poréwnanie trzech serii danych pokazuje, Zze wyzsze st¢zenie utleniacza prowadzi
do szybszej i bardziej efektywnej dekoloryzacji. Stezenie 33,3 g/dm?® jest najbardziej
efektywne, osiggajac prawie catkowita dekoloryzacje w ciggu 60 minut, podczas gdy nizsze
stezenia 8,31 16,7 g/dm® rowniez wykazuja wzrost efektywnosci, ale sa mniej skuteczne
w poréwnaniu do najwyzszego st¢zenia. Zwickszenie st¢zenia utleniacza (nadweglanu sodu)
znacznie poprawia efektywnos$¢ procesu dekoloryzacji.
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8. Tasmy amorficzne jako przyklad przyszltych badan

W $wietle uzyskanych wynikow eksperymentalnych kolejnym krokiem w badaniach nad
kataliza nowych materiatlow jest glebsza analiza wpltywu réznych struktur materii
na efektywno$¢ procesu dekoloryzacji. Nastgpng strukturg materii, ktora bylaby warta
obserwacji, jest forma amorficzna. Ten rodzaj struktury zostal zbadany pod postacig tasm.
Tasmy te zostaly wprowadzone do roztworu w postaci zwini¢tej. Tasma tak zwinigta
przypomina sprezyn¢ ptaskg. Do jednego eksperymentu wprowadzono taSéme o masie 1 g,
w badaniach stosowano sktad tasm FegsxCuxB14. Pozostale parametry eksperymentu pozostaty
bez zmian. Wyniki okreslajace wpltyw pH na proces dekoloryzacji przedstawiono na Rys. 5.
Badania wplywu pH przeprowadzono z wykorzystaniem ta§m amorficznych o skladzie
FegsB1s. Podczas tych eksperymentow zastosowano st¢zenie utleniacza wynoszacy 33,00

g/dm?,
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Rys. 5. Wykresy dekoloryzacji w zaleznos$ci od pH

Analiza wykresu wskazuje, ze wptyw pH na dekoloryzacje¢ jest znikomy. Wyniki uzyskane
przy wszystkich przebadanych wartosciach pH wykazuja podobny trend, zblizajac
si¢ do niemal pelnej dekoloryzacji (okoto 100%) w ciagu 20-25 minut. R6znice w stopniu
dekoloryzacji pomiedzy réznymi wartosciami pH s3 minimalne, co sugeruje, Zze proces
dekoloryzacji jest skuteczny w szerokim zakresie pH. Jedynie przy pH 5 proces dekoloryzacji
jest nieco wolniejszy w pierwszych minutach eksperymentu, ale ostatecznie takze osigga blisko
100% po 60 minutach. Wartosci pH 6,5; 6; 5 1 4 wykazuja bardzo zblizone wyniki,
co podkresla, ze pH w przedziale 4-6,5 nie ma znaczacego wplywu na efektywnos¢
dekoloryzacji. Wnioski z analizy wykresu przedstawionego na Rys. 5. sugeruja,
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ze dekoloryzacja roztworu jest skuteczna niezaleznie od pH w przedziale 3-6,5, a wptyw pH
na tempo i efektywno$¢ dekoloryzacji jest minimalny.
Wplyw dawki nadweglanu sodu okreslono réwniez wykorzystujac taSmy amorficzne

0 sktadzie FegeB14. Wyniki przedstawiono na Rys. 6. Eksperymenty wykonano w pH 4.
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Rys. 6. Wykresy dekoloryzacji w zaleznosci od stezenia nadweglanu sodu

Rys. 6 ilustruje, jak zwiekszanie stezenia nadwegglanu sodu wptywa na efektywnosc
dekoloryzacji, z wyraznym wzrostem efektywnos$ci przy wyzszych stezeniach. W miare
zwigkszania si¢ stezenia nadweglanu sodu, tempo dekoloryzacji wyraznie wzrasta. Najwyzsze
stezenia nadweglanu sodu (33,33; 29,17; 25,00 g/dm®) powoduja szybkie i wysokie wartosci
dekoloryzacji, osiagajac, dla najwigkszego stezenia, ponad 80% w ciggu 10 minut 1 stabilizujac
si¢ blisko 90% w ciagu 60 minut. Przy $rednich stezeniach (20,83; 16,67 g/dm®) tempo
dekoloryzacji jest wolniejsze, osiggajac okoto 60-80% w ciggu 20 minut. Osiagajac 90%
w czasie 60 min. Nizsze stezenia (12,50; 8,33; 4,17 g/dm®) prowadza do zauwazalnie
wolniejszej dekoloryzacji, osiagajac odpowiednio okoto 80%, 50% i 30% po 60 minutach.
Brak nadweglanu sodu (0,00 g/dm?®) skutkuje praktycznie zerowa dekoloryzacjg przez caly
okres trwania eksperymentu. Efektywno$¢ dekoloryzacji jest wigc silnie zalezna od stezenia
nadweglanu sodu. Najwyzsze stezenia nadweglanu sodu (33,33 i 29,17 g/dmd)
sg najskuteczniejsze w szybkim usuwaniu barwnika z roztworu podkresla to kluczowa role
tego reagenta w procesie.

Wptyw sktadu tasm okres§lono, badajac szes¢ sktadow tasm amorficznych Fegs-xCuxBia
X=0; 0,25; 0,4; 0,55; 0,7; 1. Wyniki przedstawiono na Rys. 7. Eksperymenty wykonano w pH
4 oraz dawce utleniacza 33,33 g/dm®.
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Rys. 7. Krzywe dekoloryzacje dla r6znych rodzajow stopéw amorficznych

Wszystkie badane sktady tasm amorficznych prowadza do wysokiego stopnia
dekoloryzacji, osiagajacego blisko 100% w ciggu 20-30 minut. Najszybsza dekoloryzacje
zaobserwowano dla sktadu o zawarto$ci miedzi 0,7% (pomaranczowy). Osiagajac okoto 10
minutach dekoloryzacj¢ wynoszaca ponad 80%, a maksymalny stopien dekoloryzacji (okoto
95-100%) osiagnieto po okoto 20 minutach.

Sktady z zawarto$cig miedzi 0,55% (niebieski) oraz 0,4% (zielony) rowniez wykazaty
wysoka efektywno$¢, osiggajac maksymalng dekoloryzacje nieco wolniej, ale nadal
w granicach 20-30 minut.

Sktady z mniejsza zawarto$cig miedzi, 0,25% (czerwony), wykazal si¢ najwolniejsza
dekoloryzacja, osiagajac okoto 80-90% po 20-25 minutach. Mimo to, wszystkie badane sktady
ta$m amorficznych ostatecznie osiaggnely wysoki stopien dekoloryzacji po 60 minutach.

Podsumowujac, wyniki wskazuja, ze zawarto$¢ miedzi w tasmach amorficznych
ma pewien wpltyw na tempo dekoloryzacji, ale wszystkie badane sktady s3 skuteczne
W osiggnigciu wysokiego stopnia dekoloryzacji. Najwyzszg efektywnos¢ wykazaty sklady
Z zawarto$cig miedzi 0,7%.
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9. Dyskusja wynikow

W niniejszej pracy doktorskiej skoncentrowano si¢ na dekoloryzacji roztworéw wodnych
barwnikéw przy uzyciu metod zaawansowanego utleniania. Badania przeprowadzono
Z zastosowaniem roznych nowoczesnych materiatow katalitycznych, takich jak nanoczastki
ferrytu, stopy o wysokiej entropii oraz kwazikrysztaly. Otrzymane wyniki dostarczaja
istotnych informacji na temat efektywnos$ci tych materialtbw w procesach dekoloryzacji
oraz potencjalnych korzysci zwigzanych z ich zastosowaniem.

9.1. Efektywno$¢ materialéw katalitycznych

W badaniach wykazano, ze zastosowane materialy katalityczne majg istotny wpltyw
na efektywno$¢ procesu dekoloryzacji. Nanoczastki ferrytu A(l, I, 1V) okazaly
si¢ szczegdlnie efektywne w katalizie dekoloryzacji barwnika, co wykazano znacznym
zwigkszeniem efektywnosci procesu. Wyniki te s zgodne z wczesniejszymi badaniami, ktére
wskazuja na wysoka aktywnos¢ katalityczng ferrytow w reakcjach Fentona.

Stopy o wysokiej entropii A(l11) wykazaty rowniez znaczng efektywno$¢ w procesach
utleniania, co mozna przypisa¢ ich unikalnym wiasciwo$ciom fizykochemicznym.

Kwazikrysztaty A(V), cho¢ mniej efektywne niz nanoczastki ferrytu, nadal wykazaty
znaczacy potencjat katalityczny.

9.2. Wplyw parametréw reakcji

Badania nad modyfikacja reakcji Fentona wykazaly, ze optymalizacja parametrow takich
jak rodzaj i dawka utleniacza oraz dawka katalizatora jest kluczowa dla maksymalizacji
efektywnosci procesu dekoloryzacji. Wyniki A(I111-V) pokazaty, ze wptyw pH w zakresie 4-7
na szybko$¢ dekoloryzacji przy zastosowaniu nadweglanu sodu jest maty.

Zastosowanie nadweglanu sodu jako alternatywnego zrddta nadtlenku wodoru okazato
si¢ obiecujace, oferujac korzysci zwigzane z tatwoscig przechowywania i transportu, a takze
zmniejszonym ryzykiem zwigzanym z bezpieczenstwem. Jest to wazne odkrycie, ktore moze
mie¢ praktyczne znaczenie dla przemystowych zastosowan metod zaawansowanego
utleniania.

9.3. Pordéwnanie z istniejacymi metodami

Wyniki badan sugeruja, ze metody zaawansowanego utleniania wspierane nowymi
materiatami katalitycznymi mogg by¢ bardziej efektywne niz tradycyjne metody usuwania
barwnikow, takie jak adsorpcja, biosorpcja czy procesy biologiczne. Chociaz koszty zwigzane
Z wykorzystaniem reagentdéw chemicznych moga by¢ wyzsze, efektywnos$¢ dekoloryzacji
I mozliwo$¢ pelnej mineralizacji zanieczyszczen stanowia istotne przewagi tych metod.
Kolejng zaleta jest, relatywnie, mate zapotrzebowanie na powierzchni¢ co moze pozwolic
na zastosowanie tej metody tam gdzie mata ilo$¢ miejsca jest kluczowym ograniczeniem.

9.4. Znaczenie dla ochrony Srodowiska

Zastosowanie metod zaawansowanego utleniania w usuwaniu barwnikow ze $ciekow
przemystowych ma znaczacy potencjat w kontek$cie ochrony $rodowiska. Wysoka
efektywnos¢ tych proceséw moze przyczynic si¢ do zmniejszenia ilosci szkodliwych substanc;ji
wprowadzanych do ekosysteméw wodnych, co ma bezposredni wplyw na zdrowie ludzkie
I bioréznorodno$¢ srodowiska naturalnego.
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10. WhniosKi

W ramach niniejszej rozprawy doktorskiej badano procesy dekoloryzacji roztworow
wodnych barwnikéw, skupiajac si¢ na wykorzystaniu metod utleniania chemicznego,
a w szczegdlnosci na reakcji Foto-Fentona. Wyniki uzyskane w pigciu opublikowanych
artykutach naukowych pozwalajg na sformutowanie nastepujacych wnioskow:

e Wykorzystanie nowatorskich materialéw katalitycznych:

o Nanoczastki ferrytu (Fe3Os) okazaly si¢ wysoce efektywnymi katalizatorami
w procesie dekoloryzacji roztwordw barwnych. Badania wykazaty, ze ich
zastosowanie w reakcjach Foto-Fentona znaczaco przyspieszato proces
odbarwiania barwnikéw takich jak Rodamina B (RhB) A(l, 11, 1V) i Blekit
metylenowy (MB) A(l).

o Badania nad funkcjonalizacjg ksztattu nanoczastek A(IV), stgzenia reagentow
oraz pH wykazaly, ze optymalizacja tych parametréw jest kluczowa
dla maksymalizacji efektywnosci procesu dekoloryzacji. Szczegélnie pH
okazato si¢ mie¢ istotny wplyw na szybko§¢ dekoloryzacji przy uzyciu
nadtlenku wodoru jako utleniacza A(l1).

o Stopy wysokiej entropii, cho¢ mniej efektywne niz nanoczastki ferrytu,
wykazaly znaczacy potencjat katalityczny. Szczegolnie stopy wysokiej entropii
o skladzie AICoNiFeTi, wykazaly wysokg efektywnos¢ w dekoloryzacji
roztworu barwnika RhB, osiggajac 90% odbarwienia w czasie 30 minut A(I11).

o W badaniach katalitycznych dotyczacych dekoloryzacji roztworu barwnika,
kwazikrysztaty wykazaly zblizong skuteczno$¢ do stopéw wysokiej entropii,
osiggajac porownywalne wyniki w zakresie efektywnosci katalitycznej A(V).

e Nadweglan sodu jako alternatywny utleniacz:

o Wyniki badah wykazaty, Ze nadweglan sodu moze stanowi¢ efektywne
alternatywne zrodto nadtlenku wodoru w reakcji Foto-Fentona. Zastosowanie
nadweglanu sodu oferuje korzysci zwigzane z latwoscia przechowywania
i transportu A(111-V).

o Badania wykazaty, ze wptyw pH na szybkos$¢ dekoloryzacji przy zastosowaniu
nadweglanu sodu byt minimalny, co sugeruje, ze moze on by¢ stosowany
w szerszym zakresie warunkow pH niz nadtlenek wodoru A(111-V).

Podsumowujac, badania wykazaly, Ze zastosowanie nowoczesnych materiatow katalitycznych
oraz optymalizacja parametréw procesu dekoloryzacji moze znaczaco zwigkszy¢ efektywnosé
reakcji Foto-Fentona. Wyniki te majg istotne znaczenie dla przysztych badan i potencjalnych
zastosowan przemystowych w dziedzinie dekoloryzacji roztwor6w barwnych.
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11.Kierunki dalszych badan

Na podstawie przeprowadzonych badan mozna stwierdzi¢, ze procesy zaawansowanego
utleniania z wykorzystaniem nowoczesnych materialdow katalitycznych sa obiecujacym
rozwigzaniem w zakresie dekoloryzacji roztworow wodnych barwnikow. W przysztosci warto
skoncentrowac¢ si¢ na dalszej optymalizacji parametréw reakcji oraz badaniach nad trwatoscig
1 mozliwoscig regeneracji materiatow katalitycznych.

Nastepne badania moglyby zawiera¢ analiz¢ materiatlow takich jak Ferrocen,
nanokompozyty zelazowo-grafenowe czy materiaty zelazowo-azotkowe.

Ferrocen (Fe(CsHs)2) jest organometalicznym zwigzkiem, ktory sktada si¢ z dwoch
cyklopentadienylowych pierscieni zwigzanych z centralnym atomem zelaza. Badania
wykazaly mozliwos¢ zmiany stopnia utlenienia centralnego atomu zelaza z +2 do +3
i odwrotnie [31]. Udowodniono réwniez mozliwo$¢ zastosowania tego zwiagzku w katalizie
dekoloryzacji barwnika [13] przy zastosowaniu reakcji Fentona. Co wiecej, Ferrocen jest
stabilny w r6znych warunkach reakcji, co zwigksza jego potencjalng uzytecznosci w katalizie
dekoloryzacji.

Nanokompozyty zelazowo-grafenowe tacza wilasciwosci zelaza i1 grafenu, tworzac
materialy o unikalnych wlasciwosciach chemicznych i1 fizycznych. Grafen, bedacy ptaska
warstwg atomow wegla utozonych w heksagonalng sie¢, zapewnia duzg powierzchnie, bardzo
dobra przewodno$¢ elektryczng 1 stabilno$¢ chemiczng. Nanokompozyty te moga dziata¢ jako
katalizatory heterogeniczne, gdzie zelazo uczestniczy w reakcjach redoks, a grafen zwigksza
powierzchnie aktywng oraz poprawia przewodnictwo elektronéw. W procesach takich jak
fotokataliza nanokompozyty zelazowo-grafenowe mogltyby by¢ uzywane do generowania,
wspomaganego Swiatlem, reaktywnych form tlenu, ktére utleniajg barwniki w roztworach
wodnych.

Materiaty zelazowo-azotkowe (FeN) to zwigzki zelaza i azotu, ktore wykazuja interesujace
wlaéciwosci chemiczne, mechaniczne i magnetyczne. Zelazowe azotki mogg dziala¢ jako
katalizatory w reakcji Fentona i Foto-Fentona lub podobnych reakcjach, gdzie generuja
reaktywne formy tlenu zdolne do degradacji barwnikow w roztworach wodnych.
Materiaty te s chemicznie stabilne, co jest, korzystne w trudnych warunkach reakcji.

Wszystkie z wymienionych materiatow, dzigki swoim unikalnym wtasciwosciom, oferuja
nowe mozliwosci w procesach dekoloryzacji, poprawiajac efektywno$¢ i stabilno$¢ reakcji
katalitycznych. Integracja z innymi technologiami oczyszczania $ciekow, takimi jak procesy
membranowe czy biodegradacja, moze dodatkowo zwigkszy¢ efektywnos¢, ekonomicznosé
I wszechstronnos¢ tych metod.
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The catalytic activity of non-spherical shaped Fe;O4 nanoparticles synthesized by low cost co-precipitation
method was tested. It was presented, that magnetite nanoparticles can be used to degrade not only Rhodamine B
and Methylene Blue, but above all cancerogenic azo dye — Sudan I. It was confirmed, that the degradation of
Rhodamine B can be described by pseudo-zero-order kinetic model, whereas degradation of Methylene Blue by
pseudo-first-order kinetic model. The degradation mechanism of Sudan I by photo-Fenton reaction was pro-
posed. It was noted, that this double-stage process can be associated with hydroxylation of Sudan I and de-

gradation of derivates, such as 4’-OH-Sudan I and 6-OH-Sudan I. Therefore, it cannot be simple describe by one
kinetic model. The introduction of hydroxyl group results in an increase of the absorbance, which in turn is
associated with hyperchromic effect.

1. Introduction

Azo dyes are synthetic organic compounds with an azo bond (—N=
N-) in their structure [1]. These dyes are the main group of compounds
used for dyeing purposes, mostly in textile and food industry, and make
up for near 70% of all commercial dyes [2]. They are generally con-
sidered to be xenobiotic compounds and can cause hyperactivity or
photophobia [3,4]. It was confirmed, that Sudan I can cause cancer in
the liver or bladder tumors, in the liver or urinary bladder in rats, mice,
and rabbits. Therefore is classified in the 3rd degree of carcinogenicity
[5,6]. However despite this, and the prohibition of adding to food, it
happens to be added to powdered pepper [7,8]. According to that,
many research groups addressed the problem of a degradation of azo-
compounds [9-11]. The decomposition of dyes can occur in the pre-
sence of other nanostructures such as Ag,CrO4 and AgCr,0, [12], ZrO,
[13], ZnTiOs [14], PryZry0y [15], CusVaOg [16], NiO [17] or NdyZr,0-
Nd,O3 nanocomposite [18]. For example, Paramasivama et al. pre-
sented degradation results of azo compound Acid Orange 7 in the
presence of TiO, nanotube layers loaded with Ag and Au nanoparticles
[19]. Safajou et al. presented similar results of the degradation of
Rhodamine B (RhB) using graphene/Pd/TiO, composites [20]. To de-
grade chemical dyes, such as azo dyes, many different processes were
proposed in literature. Few of the most commonly used are advanced

* Corresponding author.
E-mail address: dariusz.lukowiec@polsl.pl (D. Lukowiec).
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oxidation processes such as: electrochemical oxidation, anodic oxida-
tion, Fenton reaction [21,22]. The most commonly used, Fenton reac-
tion, is a catalytic process that converts hydrogen peroxide into a highly
reactive hydroxyl radicals [23]. The Fenton reaction was used to de-
compose different azo-dyes such as: Reactive Yellow 84, Reactive Red
120 and Red MX-5B [11,24]. Additionally, this process was used for
example by Yang et al. to degrade Methylene Blue (MB) in the presence
of magnetite particles [25].

According to Kefeni et al. near 73% of scientific papers from 2004 to
2017 related to water and wastewater treatment by spinel ferrite na-
noparticles were connected with Fe3;O,4 nanoparticles [26]. Magnetite
nanoparticles (Fes04 NPs) can be used in Fenton reaction as a hetero-
geneous catalyst, which is associated with their highly reactive surface.
Different methods synthesis of Fe304 NPs such as: co-precipitation [27],
sol-gel [28], hydrothermal [29], electrochemical [30] and sonochem-
ical [31] methods were proposed. However, synthesis of non-spherical
shaped magnetite NPs is difficult. Vaysylkiv et al. used co-precipitation
method with and without chitosan addition to obtain various
morphologies of Fe;04 NPs from cubic, octahedral, flower-like, rod-
like, quasi-spherical to rice-seed-like [32]. Difference in magnetic
properties of rod-shape and spherical-shaped Fe;O4NPs synthesized
using piperidine was described by Singh et al. They reported, that the
rod-shaped NPs had higher magnetization than spherical-shaped ones
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Fig. 1. Results of TEM images analysis: a) STEM image of ultrafine, agglomerated magnetite nanoparticles; b) and ¢) TEM images of octahedral and cubic shaped
Fe304 NPs; d) lattice spacing characterized for Fe;0, identified in red marked region on TEM image (c) corresponding to the (222) lattice planes (theoretical value

d = 0.296 nm).

and can be used as electromagnetic interference shielding materials
[33]. Martinez-Boubeta et al. recently reported, that the cubic shaped
Fe304 NPs synthesized by a one-pot method are characterized by su-
perior heat induction power and can be used for magnetic hyperthermia
applications. These properties were related to the high surface magnetic
anisotropy and tendency to aggregation into chains [34]. Moreover,
influence of size on magnetic hyperthermia for cubic shape Fe304 NPs
synthesized by similar method was described in detail [35]. Wang et al.
described the method of synthesis of octahedral and cubic nanocages
from Cu,O NPs. The hollow nanostructures can be used in various ap-
plications like nanoscale reactors, drug delivery etc. [36]. On the other
hand, cubic shape Fe;04 NPs obtained by co-precipitation method was
used for heat transfer applications due to their surprising thermal
conductivity property. Sundar et al. described the enchantment of
thermal conductivity of Fe;O, ferrofluid based on ethylene glycol and
water mixture increased with the number of nanoparticles and tem-
perature [37]. Qian et al. reported, that polygonal Fe;O, NPs obtained
by solvothermal method can be used to synthesis of polygonised carbon
nanotubes. They described inhomogeneous catalyst activity of hex-
agonal magnetite NPs [38]. Moreover, the catalytic activity of magne-
tite nanoparticles was tested and describe; especially in degradation of
different dyes. For example, Wand et al. synthesized Fe;04 NPs by co-
precipitation method and described influence of pH on their catalytic
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activity in decolorization process of Rhodamine B [39]. Similar re-
searches carried out by Khorshidi et al. confirmed that the magnetite
NPs synthesized by the same method can be used as catalyst to degrade
MB [40].

In this work, non-spherical shaped Fe30, NPs were synthesized by
simple co-precipitation method without usage of organic modifiers.
Their structure and catalytic properties were described. It was con-
firmed, that these nanoparticles can be used to degrade different dyes in
alkaline pH and can be also used to perform hydroxylation of Sudan I
azo dye. Moreover, according to our knowledge this is the first study, in
which mechanism degradation and hydroxylation of Sudan I by photo-
Fenton reaction was proposed.

2. Experimental section
2.1. Synthesis of non-spherical shaped Fe;04 NPs

The Fe304 nanoparticles were synthesized by co-precipitation
method. For this purpose FeCl; and FeSO47H50 (molar ratio 2:1) were
dissolved in 50 ml distilled water. At the same time second solution
containing 3.2g KOH and 50 ml distilled water was prepared. Both
solutions were added dropwise to vigorous stirring 50ml distilled
water. Afterwards, to increase pH 40 ml of solution containing 4 g KOH
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Fig. 2. Results of structure analysis of Fe;O4 NPs: a) XRD pattern of Fe3O,4 NPs with marked Miller indices; b) Halder-Wagner plot received from five different reflexes
with the highest intensity presented on (b); ¢) and d) SAED pattern and corresponding linear pattern with marked Miller indices characteristic for Fe304

was added dropwise to the stirring mixture. Finally, the mixture had
undergone a sonification process (40 kHz, 120 W) by 15 min in 50 °C.
The precipitate was collected and filtered, washed 3 times by distilled
water then by ethanol, acetone and once again ethanol. The synthesized
Fe30,4 nanoparticles were dried at 60 °C.

2.2. Materials characterization

Transmission electron microscopy (TEM), scanning transmission
electron microscopy (STEM) as well as selected area electron diffraction
(SAED) patterns were used to determine chemical composition, struc-
ture and morphology of FezO4 NPs. For this purpose, nanoparticles
were dispersed in analytical grade ethanol and few drops were placed
on the copper TEM grid with a carbon film and examined using trans-
mission electron microscope S/TEM TITAN 80-300. The X-ray diffrac-
tion (XRD) patterns were collected using X-ray diffractometer Rigaku
MiniFlex 600 with a copper tube Cu Ka (A = 0.15406 nm), a tube
voltage of 40kV, and a current of 15mA, using a D/teX Ultra silicon
strip detector.

2.3. Degradation process

The 0.05mM solution of MB, 0.025mM of RhB and 0.05mM of
Sudan I were prepared. To dissolve Sudan I mixture of water and
acetone in a volume ratio 2:3 was chosen as a solvent. The analysis of
dyes degradation process was carried out using Thermo Scientific
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Evolution 220 spectrophotometer. For this purpose 0.5 ml H,O5 (30%),
2 ml of water dispersion of Fe;04 NPs (4 g/L) and 3 ml of dyes solutions
were mixed. Degradation of dyes was carried out under UV irradiation
using an UV lamp with A = 365nm and P = 36 W at ambient tem-
perature. The same experimental conditions were used to perform de-
gradation without catalyst (UV/H50,) using 2ml of water instead
Fe304 dispersion. The pH value equaled to 10 was obtained by NaOH
addition. The blank test was performer for solution containing the same
amount of H,0 instead H,O,. The adsorption of dyes on the surface of
Fe304 NPs was performed in the same solution as for blank test. Time of
adsorption was equal to 60 min.

3. Results and discussion
3.1. Structure of Fe304 NPs

The structure and morphology of Fe;O4 NPs were presented in
Fig. 1. The observed agglomeration of magnetite nanoparticles (Fig. 1a)
can be associated with high surface energy provided by the surface ratio
to the total amount of nanoparticles and is typical for nanoparticles. To
maintain balance of energy Van der Waals forces connection between
separated nanoparticles is created, which results in uncontrolled ag-
glomerations [41]. TEM images (Fig. 1b and c) show non-spherical
shaped morphology of NPs; the most of them have octahedral or cubic
shapes. Well-formed crystal structure of nanoparticles can be observed
in Fig. 1d. The identified interplanar distance was related to the lattice
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Table 1
Comparison of various catalytic systems for RhB and MB degradation by different Fenton and Fenton-like processes.

Catalyst Dye Reaction condition Degradation (%) Time (min) Reference

RhB [dye] = 15.0mgL™! 98 120
[catalyst] = 1.0gL~!
pH =2.21

[H,05,] = 0.05molL ™!
[dye] = 95.80 mgL™*
(2.0107*M)

[catalyst] = 2.0 gL ™!
[H0,] = 0.012 molL.~*
pH = 4.25

t=25°C

[dye] = 8mgL~! 94 120
[catalyst] = 1.4gL~!

[H,0,] = 0.02mol L ™"

[dye] = 10.0mgL ™!
[catalyst] = 4 gL~ "

pH = 3.0

[H2GC204] = 0.001 mol-L~*
t=25°C

[dye] = 5rr1g'L’1

[catalyst] = 0.018 mol-L ™"
pH =20
sonochemical-assisted Fenton
[dye] = 13mgL™*

[catalyst] = 1.5gL~"
pH=10

[dye] = 3.13-10" ' mol-L.~* 99 120
[catalyst] = 3.58 x 10~ °molL. ™"

[H,0,] = 4.41 x 10 *molL~!

T = 25.85°C

pH =25

[dye] = 100 mgL.~? 20 60
pH =16.8

[H20,] = 0.3 molL ™!

t=25°C

[dye] = 100 mg-L~* 29 60
pH=16.8

[H,0,] = 0.3molL ™!

t=25°C

[dye] = 100 mgL.~* 65 60
pH = 6.8

[H20,] = 0.3molL ™!

t=25°C

[dye] = 100 mgL.~* 90 60
pH=16.8

[H,0,] = 0.3 molL~!

t=25°C

[dye] = 17.5mgL™! 97 60
[catalyst] = 1.5 gL~}

pH =10

Fe,03-Kaolin [53]

Poly-hydroxyl-iron/sepiolite (H-Fe-S) 99.8 100 [54]

Cu-doped LaTiO3 RhB [55]

NiFe 04 RhB 98.7 60 [56]

Fe@Fe,03 core-shell nanowires RhB almost 100 60 [57]

Fe;04 RhB 99.5 60 This article

FeSO4 MB [58]

Fe;0,4 MB [25]

Fe, 77Tio.2304 MB [25]
Fe, 5Tigs04 MB [25]
[25]

Fe 22Tio.7804 MB

Fe30,4 MB This article

spacing between the (222) lattice planes in crystalline magnetite. X-ray and 0 is the diffraction angle. On the assumption that the Lor-

In Fig. 2a presented XRD pattern of synthesized nanoparticles with
marked characteristic diffraction peaks. The magnetite structure (space
groups: Fd-3m, DB card number: 9005812) was observed. Moreover,
two additional diffraction peaks with low intensity were assigned to the
goethite structure (space groups: Pbnm, DB card number: 9003078).
However, it can be treated as an impurity formed during the magnetite
synthesis without the using of a protective atmosphere. The average
crystallite size (D) of Fes04 NPs and strain (g) were calculated based on
Halder-Wagner method [42,43]:

(ﬁ* )2 1 5* (E )2
r =_—_ 4 |=
d D d? 2 (€)]
g = (FWHM)cos6
B 2 2
2sin6
1= ®

where: FWHM is the full-width at half maximum, A is the wavelength of
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entzian and Gaussian components of * are due to the size and strain,
Eq. (3) can be rewritten as:

(FWHM)Z _ KA FWHM (s)z

tand " D tan6sinb 2 @

where K is a constant.

The values of average crystallite size and strain can be determined
based on the plot of (FWHM/tan0)? vs FWHM)/ (tanOsin6) as slope and
intercept, respectively. The calculated average crystallite size and strain
were equaled to 12.47 nm and 0, respectively. Additionally, to confirm
presence of magnetite structure SAED pattern and corresponding linear
plot were presented in Fig. 2c and d. The characteristic diffraction rings
related to the magnetite structure confirm polycrystalline structure of
sample.

3.2. Catalytic activity in degradation of Methylene Blue and Rhodamine B

The adsorption ability of nanomaterials depends on physical and
chemical properties along with surface area of the adsorbent
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Fig. 4. UV-vis spectra of Sudan I as a function of time over Fe30, nanoparticles
under UV illumination (a) and in absence of UV illumination — experiment in
the dark (b) with marked hydroxylation and degradation processes of Sudan I.

responsible for mass transfer rate [44]. Low adsorption capacity of
Fe304 NPs is associated with low amount of chemical bonds between
dyes molecules and nanoparticles [45]. Additionally, concentration of
adsorbent, pH and temperature have high impact on adsorption ability.
Adsorption studies of Fe30, NPs showed, that among three dyes: Me-
thylene Blue, Sudan I and Rhodamine B, the last one had the worst
ability to sorption on the NPs surface. Average adsorption capacity for
RhB was 10% (1.0 gL’l) after 60 min [46]. Similar results were ob-
tained for synthesized non-spherical shaped Fe;O, NPs. The changes in
absorbance associated with adsorption of molecules on the surface of
catalyst were presented in Fig. 3a for three tested dyes. It can be no-
ticed, that the Sudan I and MB can be adsorbed on the surface of na-
noparticles, whereas slightly changes in absorbance can be observed for
RhB adsorption process.

Fig. 3b and ¢ show the UV-Vis spectra at the various stages of de-
gradation of RhB and MB, respectively. Decreasing of absorbance peak
intensity is related to the removing of the dyes from the solutions. This
was clearly presented in the Fig. 3d as Co/C ratio and compared with
results of the same experiments, however without magnetite nano-
particles. After 60 min, almost complete degradation of the RhB and MB
was observed for heterogeneous photo-Fenton process (97% RhB and
99.5% of MB), whereas only 29% of RhB and 26% of MB degraded
without usage of catalyst. These results are comparable and even better
than for other nanoparticles and nanocomposites (see Table 1). The
kinetics of these dyes degradation was studied based on the three
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kinetics models, supposing that, the reaction of degradation is zero-
order, first-order or second-order. For this purpose, plots of Cy-C (for
zero order reaction), In(C,/C) (for first-order reaction) and 1/C-1/Cy
(for second-order reaction) versus time were prepared and based on
linear regression mechanism of degradation was chosen [47,48]. The
plots of In(Cy/C,) vs t were presented in Fig. 3f. It can be noticed, that
only degradation of MB can be described by this kinetic model. The
determined pseudo-first-order rate constant k; = 0.0782min"' is
about 2.7 times higher than that for the conventional FeCl, [49]. It can
be noticed, that degradation of RhB can be described by pseudo-zero-
order kinetic model (R? equalled to 0.93, whereas for first-order only
0.67). This difference between degradation of RhB and MB can be as-
sociated with interaction between surface of non-spherical shaped
Fe30,4 NPs and dyes molecules. It can be concluded, that for RhB, which
cannot be adsorbed on the surface of nanoparticles reaction degrada-
tion can be described by pseudo-zero-order, in which the reaction rate
does not depend on the concentration of substrates, whereas for MB,
which can be easily adsorbed on the Fe;04 NPs surface by pseudo-first-
order, in which the reaction rate depends on the concentration of one of
the substrates.

Degradation of Rhodamine B and Methylene Blue is well known and
described in literature. AlHamedi et al. showed that the degradation of
RhB is based on decomposition of the dyes molecules into shorter
carbon chains, aliphatic compounds, alcohols and ketones. These pro-
ducts are smaller, less toxic and less colouring than the RhB. Moreover,
Nidheesh et al. presented in their studies, that the decomposition of
RhB can results in formation of benzene, benzoic acid, ethamine, die-
thyloammonium and penta-1,4-dien-3-ylium. They also postulated full
mineralization of these compounds to carbon dioxide, water and am-
monia [50,51]. Wang et al. proposed degradation mechanism of MB.
The first possible path is associated with breaking up C—S and C—N
bonds and the oxidation of the remaining products. The other way is
related to the breaking up C—N bond, further oxidation and degrada-
tion of this intermediate compound. The last degradation pathway was
related to the hydroxylation of MB and formation of 4aH-phenothiazi-
ne-4,6-disulfonic acid 5-oxide. They also postulated full mineralization
of these compounds [52].

3.3. Degradation of Sudan I

The degradation of Sudan I dye was tested under UV illumination
and in the dark. The catalytic degradation by non-spherical shaped
Fe304 NPs was presented in Fig. 4a and b. Non-linear changes in ab-
sorbance can be observed for reactions in the dark and under UV illu-
mination. This behavior can be associated with two different processes:
degradation and hydroxylation. Therefore, double-step mechanism
decolorization of Sudan I in alkaline environment was proposed and
presented in Fig. 5. First of all, azo (OH) - hydrazo (NH) tautomeric
displacement occurs [59]. Afterwards, HO' radicals produced by Fenton
(in the dark) or photo-Fenton (under UV-illumination) reactions react
with the Sudan I molecules and two new derivates can be formed: 4’-OH
Sudan I and 6-OH Sudan I. Introduction of hydroxyl group results in an
increase of the absorbance, which in turn is associated with hyper-
chromic effect [60] (process marked by dash line in Fig. 5a and b).
These compounds were also found to be the major product of hydro-
xylation of Sudan I in vivo and excreted in urine [6]. In the next stage
HO' radicals react with Sudan I derivates and break hydrazone bond -
two new compounds with hydroxylamine and oxime groups can be
formed. Moreover, photo-Fenton reaction is faster than Fenton reaction
in dark, therefore in absorbance spectra presented in Fig. 4 a de-
gradation and hydroxylation reactions can be observed as step by step
process, whereas in dark (Fig. 4b) hydroxylation of Sudan I is a domi-
nant process and degradation of Sudan I derivates occurs at 120 min.
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Fig. 5. Proposed hydroxylation and degradation mechanism of Sudan I developed based on performed experiments and literature data.

4. Conclusions

Octahedral and cubic shaped Fe304 NPs with average crystallite size
equaled to 12.47 nm were synthesized by co-precipitation method in
very high pH solution without usage of any modifiers. The degradation
of Rhodamine B and Methylene Blue by photo-Fenton reaction over
Fe304 NPs surface was confirmed. It was noted, that the degradation of
RhB and MB proceeds differently which is related to absorption of dyes
on the surface of nanoparticles. The 97% of MB and 99.5% of RhB were
degraded at 60 min. It can be concluded, that for RhB, which cannot be
adsorbed on the surface of nanoparticles reaction degradation can be
described by pseudo-zero-order, whereas for MB, which can be easy
adsorbed on the Fe;04 NPs surface by pseudo-first-order. From the
other hand, the nonlinear changes observed in UV-Vis spectra of Sudan
I under UV and without UV irradiation were related to the 2 different
reactions: hydroxylation and degradation of this dye. The degradation
mechanism of Sudan I by photo-Fenton reaction was proposed for the
first time. It was concluded, that the two derivates can be formed: 4’-OH
Sudan I and 6-OH Sudan I in the intermediate stage of degradation of
this azo compound. However, there are some disadvantages of this
degradation method such as necessity to adjust the pH to a high value,
the necessity of continuous UV light exposure and the requirement of
receiving the catalyst from the post-reaction solution. Therefore, the
catalyst removal should be performed by usage of magnetic field or by
filtration.
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ARTICLE INFO ABSTRACT

Keywords: Stabilization and modification of magnetite nanoparticles synthesized by the co-precipitation method were

magnetite nanoparticles presented in these studies. The role of chemical treatment on the structure and properties of Fe3O, nanoparticles

Fenton process was described. It was noted, that the functionalization of nanoparticles surface by malonic acid has a negative

functionalization impact on the catalytic activity in Fenton and photo-Fenton processes. The decolorization rate decreases from

::;c;ir;;ala;(e);lfucnvuy 86% to 35% and from 93% to 85.5 % at the same reaction time for these processes, respectively. However, the
magnetite nanoparticles stabilized by malonic acid have higher saturation magnetization and electrical con-
ductivity. These changes were related to the removal of the oxidized surface layer and to the stabilization of iron
ions by malonic acid molecules, which was confirmed by the analysis of Mdssbauer spectra. The proposed
modification also allowed to reduce the size of the agglomerated nanoparticles 10 times and to produce stable
Fe304 NPs.

1. Introduction many studies. The interest in them is associated with many possible
low-cost synthesis methods, the possibility of modifying the structure

Among oxide nanoparticles such as titanium oxide and zinc oxide and morphology and in some unique properties. The Fe;04 NPs are
nanoparticles, magnetite nanoparticles (FesO4 NPs) are the subject of characterized by superparamagnetic properties, therefore they can find
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applications in medicine and electronic devices. It was previously re-
ported, that the electrical properties of magnetite nanoparticles and
other ferrites are associated with two different mechanisms. First of all,
in high-frequency region conductivity by nanoparticles occurs.
According to that, this type of conduction can be modified by chemical
composition and structural defects. On the other hand, in the low-fre-
quency region (in which is used in typical electronic devices) the
electrical conductivity is strongly dependent on the grain boundaries
(nanoparticles surface). Therefore, it can be modified by shape and by
modification of the surface by different ligands or coatings [1]. The
superparamagnetic properties of magnetite nanoparticles have been
confirmed for particles of various shapes such as cubic and flower-
shaped nanoparticles [2]. Moreover, magnetite nanoparticles are bio-
compatible and therefore can be used as contrast agents for magnetic
resonance imaging (MRI) [3,4]. Their surface can be easily modified to
change their properties and nanostructures such as core-shell nano-
particles and hollow-shell NPs can be synthesized [5,6]. The second
way to the modify properties of nanoparticles is the functionalization of
their surface. This process was used to prevent the agglomeration of
magnetite nanoparticles and allows the synthesis of long-term stable
particles with unique properties [7-9]. Many different organic mole-
cules such as oleic acid and chitosan were recently used as a stabilizing
agent for magnetite nanoparticles [10]. Good stabilization is associated
with strong chemical bonds between acidic organic molecules and the
surface of iron oxide NPs.

It is well known, that the highly reactive surface of Fe3;0, NPs can
be oxidized even by air. Therefore, the functionalization of the surface
of nanoparticles can also prevent their oxidation. Moreover, the in-
troduction of organic molecules on the surface of nanoparticles can
result in the formation of the nanostructured system with multi-
functional properties [11]. For example, natural oxidants such as gallic
acid can be used to reduce the size of magnetite nanoparticles by se-
lectively dissolving them during synthesis and to improve their anti-
microbial properties [12]. Moreover, the functionalized nanoparticles
can bind to drugs, enzymes, antibodies, or proteins and can be used in
targeted therapy [13-15]. Recently, functionalization by different or-
ganic molecules such as carboxymethyl chitosan, hyaluronic acid, folic
acid, or poly(ethylene glycol) was proposed to load different drugs
(doxorubicin, irinotecan, 5-Fluorouracil, curcumin, ciprofloxacin). For
example, functionalization of magnetite nanoparticles by chitosan-
grafted-poly(ethylene glycol) methyl ether allows delivering paclitaxel
drug [16]. Moreover, the highly reactive surface of Fe30, NPs can be
functionalized by specific organic molecules and used as a catalyst in
organic synthesis. Riente et al. synthesized the superparamagnetic
Fe;04 NPs functionalized by (S)-a,a-Diphenylprolinol trimethylsilyl
ether, which can be used as the highly reactive, magnetically recover-
able and reusable catalyst for organocatalytic Michael addition reaction
[17]. However, the functionalization of the surface of magnetite na-
noparticles may also have a negative impact on the properties. The
Fenton process is one of the most promising catalyst reaction, in which
Fe304 NPs can be used as a catalyst [2,18,19]. Fenton reaction is a
simple reaction, in which Fe?* acts as catalysts, but the reduction of
Fe®* ions back to Fe®* is a very slow process. It has been reported, that
the photo treatment of solid iron oxides can accelerate this process and
further increase the production of ‘OH (hydroxyl radicals). Hence, re-
duction of the Fe?* rich free surface area may reduce the rate of this
reaction. On the other hand, reducing agglomeration may increase the
surface area and number of reactive Fe®* ions. It has recently been
confirmed, that the use of various organic acids can be used to syn-
thesize ultrafine magnetite nanoparticles [20]. Moreover, the use of
these types of molecules can prevent agglomeration. The carboxylic
acids and their salts act as electrostatic stabilizers. Sone of them, such as
citric acid or malonic acid have a strong coordination affinity for iron
ions on the surface of magnetite nanoparticles, thanks to which they
increase the stability of functionalized nanoparticles and prevent their
agglomeration [21]. Therefore, in this studies, the role of chemical
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treatment with malonic acid on agglomeration, catalytic activity, and
electrical properties was investigated in detail.

2. Materials and methods
2.1. Magnetite nanoparticles (Fe304 NPs) synthesis

Magnetite nanoparticles were synthesized by a simple and low-cost
co-precipitation method. For this purpose 4 mmol of FeCl; and 2 mmol
of FeSO,7H,0 were dissolved in 200 ml of deionized (DI) water. To
obtain an acidic environment 2 ml of 35% HCl were added. The solu-
tion was sonicated at 328 K to remove oxygen. Afterward, 50 ml of 4 M
NaOH solution was added dropwise under continuous sonication. The
synthesized nanoparticles marked as FesO4 NPs were collected by fil-
tration and washed three times by DI water, ethanol and acetone.

2.2. Functionalization of magnetite nanoparticles by malonic acid

0.7 g of the synthesized Fe304 NPs was sonicated for 15 min in 100
ml of diethylene glycol (DEG). Then 1 mmol of malonic acid dissolved
in 10 ml of DEG was added. This dispersion was heated up to reflux and
held at that temperature for 1 hour. The synthesized nanoparticles
marked as Fe304 - malonic NPs were collected by filtration and washed
three times by DI water, ethanol and acetone.

2.3. Materials characterization

X-ray diffraction (XRD) patterns of nanoparticles were collected
using X-ray diffractometer Rigaku MiniFlex 600 with a copper tube Cu
Ka (A =0.15406 nm), a tube voltage of 40 kV, and a current of 15 mA,
using a D/teX Ultra silicon strip detector. The scanning transmission
electron microscope (STEM) images in the bright field-dark field (BF-
DF) and high-angle annular dark-field imaging (HAADF) modes were
obtained using a transmission electron microscope S/TEM TITAN 80-
300. For this purpose, Fe;04 NPs were redispersed in ethanol and so-
nicated by a few minutes. Two drops of this dispersion were placed into
the copper grid with a carbon film and dried at ambient temperature.
The Fourier transform infrared (FTIR) spectra were recorded for each
material at room temperature using spectrophotometer FTIR Nicolet
6700/8700. Measurements of samples were conducted in the trans-
mission mode in the mid-infrared range of 4000 - 400 cm™’. The hys-
teresis loops were measured at room temperature using a LakeShore
7307 vibrating sample magnetometer (VSM) at external magnetic fields
up to 20000 Oe. The 57Fe Mossbauer spectra (MS) were recorded at
room temperature with a constant acceleration spectrometer with
57Co:Rh source (activity ~ 25 mCi), a multichannel analyzer with 1024
channels and a linear arrangement of the >’Co source, absorber, and
detector. A metallic iron foil (a-Fe) absorber was used for velocity and
isomer shift calibration of the Mdssbauer spectrometer. The electrical
properties were studied using Concept 81 dielectric spectrometer
equipped with Alpha analyzer and Novo-cool temperature control
system. The compressed samples with a diameter of 10 mm were placed
in an acid-resistant steel capacitor. Measurements were carried out in
the frequency range 10~ '-107 Hz, and in the temperature range from
173 K to 373 K.

2.4. Catalytic activity measurements

The catalytic and photocatalytic activity measurements of Fe;O4
NPs towards the degradation of rhodamine B (RhB) dye was carried out
under a UV irradiation using the UV lamp with A = 365 nm and P = 36
W. The experiments were performed in a solution containing 10 mg/1 of
RhB and Fe;04 NPs dispersions with different concentration at room
temperatures under continuous stirring. Generally, the 30 ml of RhB
solution was mixed together with 20 ml of Fe304 nanoparticles dis-
persion and then 30% H>0, was added to the solution. To compensate
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Fig. 1. XRD patterns of Fe;04 NPs and Fe30,4 - malonic NPs; inset shows Halder-
Wagner plots with the best linear fit.

for changes in the volume of hydrogen peroxide, the DI water was
added to obtain 60 ml of the final solution. The adsorption-desorption
equilibrium was achieved in the dark with constant stirring. The role of
pH has been tested for Fenton and photo-Fenton processes. For this
purpose, the pH of the solutions was adjusted to 2.8, 6.5, and 8.7 with
NaOH or H,S04. After the degradation process, 3 ml of the solution was
received and the nanoparticles were collected by centrifugation.
Finally, after the degradation process, UV-vis spectra were collected
and RhB concentration was calculated based on the performed experi-
ment. The UV-vis spectra for solutions after the decolorization process
were obtained in the wavelength range 350-700 nm using Thermo
Scientific Evolution 220 spectrophotometer.
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3. Results and discussion
3.1. Structure and morphology analysis

The influence of chemical treatment of Fe304 NPs by malonic acid
in DEG on the structure and morphology was studied by analysis of XRD
patterns and TEM images. In Fig. 1 XRD patterns of samples have been
presented. It can be noticed, that the proposed methods of synthesis
allowed us to prepare pure magnetite nanoparticles without any im-
purities. The obtained plots were used to calculate average crystallite
size using the Halder-Wagner method. In this method broadening of the
diffraction peaks observed for nanoparticles with small crystalline size
is approximated by the Cauchy function and the broadening related to
the microstrain is given by the Gaussian function. The crystallite size
(D) and strain (¢) are related to full-width at half maximum (FWHM)
according to the equations [22]:

BY 18, (e}
(d)_Dd2+(2) )
g = EWHM)cosd

B i 2
_ 2sinf
=7 ®

where: A is the wavelength of X-ray and 6 is the diffraction angle. As-

suming that the Lorentzian and Gaussian components of f* result from

size and strain, equation (3) can be rewritten as:

(FWHM)2 _ KA FWHM (5)2
tanf D tan6sinb

2 @

where K is a constant (0.94 for magnetite).

From Eq. (4) the slope and intercept of the plot of (FWHM/tan6)? vs
FWHM/(tan6sinB) (Fig. 1) give the value of the crystallite size and
strain. The small changes in the size of nanoparticles were observed. It
was noted, that after treatment with malonic acid the size decreased
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Fig. 2. Analysis of morphology and agglomeration of magnetite nanoparticles: (a) BF-DF and (b) HAADF STEM images of Fe30,4 NPs; (d) BF-DF and (e) HAADF STEM
images of Fe304 - malonic NPs ; (c¢) and (f) variation of the size distribution of Fe;04 NPs and Fe304 - malonic NPs, respectively.
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from 12.27 nm to 11.99 nm, which may be related to the dissolution of
the nanoparticles surface and will be discussed later.

It is well known, that the synthesis of magnetite nanoparticles by
the co-precipitation method results in the formation of agglomerated
structures composed of FezO, NPs [23]. Therefore, post-reaction
treatment such as functionalization must be performed to obtain na-
noparticles with higher surface area [24]. The proposed dissolution of
the magnetite nanoparticles surface by malonic acid may result in lower
agglomeration. To confirm this, the analysis of TEM images and size
distribution variation was performed. In Fig. 2 a, b and d, e STEM
images of Fe304 NPs before and after chemical treatment by malonic
acid were presented. It can be noticed, that the ultrafine nanoparticles
are presented in both samples. It was found that in both Fe;04 NPs and
Fe30,4 — malonic NPs agglomeration takes place, therefore in order to
confirm the changes generated by malonic acid, the size variation was
measured using the DLS technique and shown in Fig. 2 ¢ and f for na-
noparticles, respectively, before and after chemical treatment. It can be
easily noticed, that the larger agglomerates occur in the as-synthesized
sample. The calculated hydrodynamic diameter of these agglomerates
was equal to 2384 nm and 240 nm for Fe;04 NPs and Fe;0, - malonic
NPs, respectively. Moreover, parameter Dso obtained from DLS was
equal to 1713 nm and 324 nm for these samples. According to that, it
was stated, that the Fe;O4 - malonic NPs should have much higher
catalytic activity than untreated ones, which should be associated with
their higher surface area..

3.2. Catalytic activity

To confirm that the reaction degradation of rhodamine B was per-
formed using the synthesized nanoparticles as a catalyst in Fenton and
photo-Fenton processes. Fenton reaction with H,O, is a simple reaction,
in which Fe?" acts as catalyst, but the reduction of Fe** ions back to
Fe®" is a very slow process. To accelerate this process the photo-
treatment of solid iron oxides can be used. Additionally, the same
process results in the formation of ‘OH (hydroxyl radicals). These ra-
dicals are associated with the degradation of different organic com-
pounds and can be produced not only in Fenton reaction [25-28]. The
literature shows that the heterogeneous photo-Fenton can be used in a
wide pH without loss of iron, which is related to the reaction on the
surface of different iron oxides. In the case of uncapped Fe;04 nano-
particles the mechanism of producing ‘OH can be described as follows
[29,301:

(5))-Fe* + H,0, —)-Fe** + 'OH + OH™
(6))-Fe** + H,O + hvo —)-Fe®?* + 'OH + H*

where)- represents the surface of Fe;04 nanoparticles.

Additionally, reactions, in which radicals such as HO5" and oxygen
are formed can occur if we use magnetite nanoparticles as photo-Fenton
catalyst. The production mechanism of these radicals is described below
[29]:

(7))-Fe3* + H,0, —)-Fe** + HO, + H™
(8))-Fe3* + HO, —)-Fe?* + 0, + H

The reduction of Fe>* ions is possible due to the consumption of
H,0,, which is an unnecessary process. To avoid this reaction, photo-
reduction of these ions must be used to increase the efficiency of dyes
degradation. According to that, both Fenton and photo-Fenton pro-
cesses were tested in this study. First of all, the optimal reaction con-
ditions were determined on the basis of experiments performed with
the use of Fe30,4 NPs as a catalyst. The role of pH in the degradation
efficiency was tested. In all the conducted experiments, the highest
decolorization rate was observed for the acidic pH of 2.8 (Fig. 3 a and
b). In case of the Fenton and photo-Fenton reaction, this may be related
to the surface activation of nanoparticles in an acidic environment [29].
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Similar behaviour was observed for the composite with graphene oxide
and magnetite nanoparticles synthesized using triethanolamine as re-
ductive agent and surfactant. Low catalytic activity at high pH was
related to the precipitation of Fe(OH)s. The highest activity was ob-
served at pH lower than 4 [31]. In the case of the degradation in the
alkaline pH and in the solution without the addition of any ions, some
changes can be observed, but the decolorization is very low. In photo-
Fenton the degradation in the solution with NaOH was slightly lower
than in pH equal to 6.5, which can be related to the recombination of
‘OH radicals with OH- ions. The second, important parameter in photo-
Fenton and Fenton processes is the concentration of catalyst, i.e. Fe304
NPs. It was previously described, that the too high concentration of
catalysts has a negative impact on the degradation rate of dyes [32].
According to that, concentrations of nanoparticles lower than 4 g/L
were tested and the results have been presented in Fig. 3 ¢ and d for the
Fenton and photo-Fenton, respectively. Interestingly, the decreases in
the concentration of FesO4 NPs reduces the degradation efficiency in
the Fenton process. This may be associated with a reduction in the
production of ‘OH radicals. The nanoparticles synthesized by the co-
precipitation method should have an oxidized surface, therefore their
activation and reduction of Fe** ions to Fe?"* must take place. Conse-
quently, a higher concentration of Fe;O, NPs generates a greater
probability of Fe?* ions on the surface of nanoparticles. A similar
tendency can be observed for the photo-Fenton reaction, however, due
to the rapid reduction of Fe*>* to Fe?* ions by UV light, the changes are
not so visible. The last optimized parameter was the concentration of
H,0,, which has the same impact on the degradation rate as the
magnetite nanoparticles. As presented in Fig. 3 e and f optimal volume
of 30% H,0, was 5 ml for Fenton and 2.5 ml for the photo-Fenton
reaction. In the case of a higher concentration of hydrogen peroxide the
efficiency of degradation decreases. This can be related to the re-
combination of ‘OH radicals into water and oxygen and to the reaction
between Fe** ions and "OH radicals, in which Fe** ions are being
generated [31,33]. The optimal reaction condition was chosen for the
experiment, in which the catalytic activity of Fe;0, - malonic NPs was
tested. For the Fenton process the concentration of FesO,4 - malonic NPs
was 4 g/L, pH was 2.8 and the volume of 30% H,O, was 5 ml. For
photo-Fenton reaction Cre304 = 4 /L, pH = 2.8, and Vys02 = 2.5 ml.
The results are presented in Fig. 3 g. It can be noticed, that the de-
gradation efficiency decreases in the Fenton and photo-Fenton reaction
when chemical treatment of Fe;0, NPs with malonic acid was applied.
The changes are the most visible for Fenton-process. The efficiency of
decolorization of this process decreases from 86% to 35% (at 90 min of
reaction). The decreasing tendency was also observed for the photo-
Fenton process, for which efficiency decreases from 93% to 85.5 % at
the same time. Moreover, the decreasing tendency can be observed in
the whole reaction time, therefore some changes on the surface of na-
noparticles treated by malonic acid can result in reduced catalytic ac-
tivity.

3.3. Analysis of surface modification

The hypothesis, that the lower catalytic activity of Fe;O4-malonic
nanoparticles is associated with functionalization of the surface was
proposed. It is possible, that the molecules of malonic acid not only
cause the changes in the agglomeration but above all functionalize the
surface of nanoparticles. This functionalization can result in decreasing
the catalytic activity by the bonding of Fe** ions on the surface.
Therefore, the Fenton process cannot occur so easily and the oxidation
of the surface can be also stopped. This, in turn, should be manifested
by higher magnetic properties and stability of Fe30, NPs. To confirm
that, the analysis of the surface of nanoparticles, as well as the analysis
of their magnetic properties were performed. As can be seen in Fig. 4
the FTIR spectra of pure Fe;O4 nanoparticles and Fe3O4-malonic na-
noparticles are different. For nanoparticles after malonic acid treatment
new bands associated with vibrations of O-H, C = O, and C-O in
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carboxyl groups have appeared. As was stated, this is associated with
the formation of an organic protective layer on the surface of nano-
particles. These functionalized nanoparticles have a lower tendency to
agglomeration, however also lower catalytic activity.

Taking into account, that the malonic acid can react with Fe*>* ions
the magnetic properties of nanoparticles stored in the air can be higher
than pure Fe;04 NPs. Recorded in the room temperature VSM curves
presented in Fig. 5 a confirm, that the Fes04-malonic NPs have higher
magnetization (equal to 68 emu/g) than Fe;O4 NPs, for which mag-
netization was 64 emu/g. These changes are not so high, as was ex-
pected. However, it can be also related to the reduction of the level of
surface spin disorder, which was observed for magnetite nanoparticles
functionalized by oleic acid [34]. Moreover, the difference in the
coercivity is also very low and reverse. The H, for Fe;04-malonic NPs
was equal to 31.3 Oe, whereas for pure magnetite nanoparticles 28.5
Oe. If we treat the nanoparticle as a single magnetic domain, this
phenomenon can be related to the impeded movement of nanoparticles
which have been additionally functionalized on the surface. To un-
derstand these changes Mossbauer spectra (MS) were collected and
presented in Fig. 5 b and c for pure Fe;04 NPs and Fe;04-malonic NPs,
respectively. The MS were studied by fitting with magnetic sextets. The
values of isomer shift (I;), quadrupole splitting (Q,), hyperfine magnetic
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Table 1
Hyperfine parameters of synthesized samples (isomer shift (I;), quadrupole splitting (Q;), hyperfine magnetic field (Bys) and relative area (A))
Sample Parameters Sextet A Sextet B Sextet C Sextet D Sextet E Sextet F Sextet G Sextet H
Fe304 NPs I; (mm/s) 0.32 0.50 0.41 0.52 0.60 0.37 0.43 0.28
Qs (mm/) 0.02 —0.04 0.04 —0.02 0.07 —-0.03 0.07 —0.04
By (T) 48.0 45.0 41.6 36.9 29.2 19.3 10.1 1.5
A (%) 32 19 17 10 8 5 3 7
Fe30,4 -malonic NPs I, (mm/s) 0.30 0.61 0.50 0.42 0.37 0.63 0.43 0.22
Qs (mm/) —-0.03 0.05 0.05 0.06 —0.02 —-0.02 —0.05 0.07
By (T) 47.4 46.6 42.9 38.0 30.1 22.3 9.4 2.6
A (%) 31 19 22 9 8 5 4 2

field (Bpy), and relative area (A) of each subspectrum are listed in
Table 1. The broad line width of sextets confirms the super-
paramagnetic size of nanoparticles [35]. First of all, the MS of bulk
magnetite is different than for nanoparticles, and the shape of this
spectrum for NPs is strongly related to the size of the magnetite particle
[36]. This is related to the contribution from the surface, which plays a
crucial role in the magnetic properties of nanoparticles. This surface
contribution can result in the appearance of much more sextets than for
bulk magnetite, for which two sextets from tetrahedral and octahedral
sites appear [36]. Three main sextets: sextet A: Tetrahedral site (Fe>*),
Sextet B and C: Octahedral site (Fe>°") were identified in recorded
spectra [37] and assigned to magnetite. The obtained values of isomer
shift and quadrupole splitting are very close to the bulk parameters. The
hyperfine magnetic fields are slightly lower than in bulk. However, the

five more sextets (marked as D-H) were also observed. These sextets
have a hyperfine magnetic field, isomer shift, and quadrupole splitting
not belonging to either tetrahedral or octahedral position. It seems that
this sextet may be assigned to the surface part of the particles and/or
the existence of the relaxation process [38]. The fraction in the middle
part of the spectra is different for Fe;O, NPs and Fe;04-malonic NPs
and indicates some changes made by malonic acid. The collapsed part
of the spectrum may come from the particles which are close to the
transition from superparamagnetic to ferrimagnetic state. To explain
the changes in the structure and properties of Fe304 NPs the distribu-
tion function of effective magnetic fields for iron nuclei was presented
in Fig. 5 d. As can be seen, five maxima can be observed. This dis-
tribution reflects the complex magnetic structure of nanoparticles (for
bulk sample only two maxima can be observed). In the previous studies,
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Fig. 6. Electrical properties of Fe304 NPs and Fe3O4 - malonic NPs: (a) and (b) AC electrical conductivity in function of temperature and frequency in wide
temperature range; (c) and (d) M”(f) plots in wide temperature and frequency range.

these maxima were related to the different regions in nanoparticles
[36]. The first two (B; and B,) are the fields for iron-ion nuclei in the
internal region of nanoparticles. Therefore, the changes between them
for untreated and Fe;O4-malonic NPs are negligible. The shift and
change of the shape of maxima B3 and B, can be easily observed. These
maxima represent the fields for Fe>* and Fe>** nuclei belonging to the
transition layer between internal and external regions. The last, Bs
maximum, which intensity decreases rapidly after functionalization is
related to the surface layer of nanoparticles. According to that, the
hypothesis, that the heat treatment in diethylene glycol in the presence
of malonic acid changes the surface of nanoparticles can be clearly
confirmed. The observed differences in the spectra can be related to the
changes in their surface. It can be concluded, that three different pro-
cesses appear: the disordering surface dissolution by malonic acid, re-
ordering of the surface by high-temperature heat treatment in reducing
diethylene glycol, and functionalization of nanoparticles by the
bonding of Fe?* ions by malonic molecules.

3.4. Electric properties

The reorganization and functionalization of the surface of magnetite
nanoparticles should generate the visible changes in the electrical
conductivity. Previously, it was reported, that the electrical

conductivity in the magnetite nanoparticles can be related to two dif-
ferent processes. Conductivity at low temperatures and in the low-fre-
quency region is associated with the movement of charge carriers
through the grain boundaries, whereas in higher frequencies and tem-
perature region it is associated with conduction through the grains [1].
According to that, broadband dielectric spectroscopy was used to
measure AC electrical conductivity (04c) and complex permittivity.
Then the imaginary part of electric modulus (M”) was calculated. The
obtained results at a broad temperature range from 173 to 373 K were
presented in Fig. 6 Two regions can be observed (Fig. 6 a,b). The first
one, in which 0,¢ is frequency independent, but depends on the tem-
perature is associated with the conductivity through the grain bound-
aries. The second one, observed in the high-frequency region is related
to the conduction through the grains [39]. The analysis of transition
between them can be performed on the basis of M”(f) plots (see in Fig.6
c and d). The M”p. is related to the changes in electrical conductivity.
First of all, in Fig. 6 ¢ double nature of this peak can be observed. If we
assume that on the surface of the nanoparticles exist the thin layer of
Fe;03 which was formed by oxidation of Fe3O, in air, the two peaks
should occur. One of them is associated with changes in electrical
conductivity in magnetite, the second one with changes in the con-
ductivity of Fe;03. As was stated before, the surface of Fe;0,4 - malonic
NPs was reordered and stabilized by malonic acid. Therefore, the M”peqx



A. Radon, et al.

observed in Fig. 6 d can be related strictly to the transition between
conductivity in Fe304 NPs and by the surface of magnetite NPs. On the
other hand, presented in Fig. 6 ¢ M”peq can be associated with the
transition between conductivity in thin Fe,O3 layer and by the oxidized
surface, whereas shoulder can be associated with the transition between
conductivity in FezO4 NPs and by the surface of magnetite NPs.
Therefore, the activation energies of these processes should be dif-
ferent. The calculated activation energy from the M”p.q (AEy~) ac-
cording to the Arrhenius law was equal to 0.21 eV for the Fe3O4 NPs
and 0.17 eV for the Fe;0,4 -malonic NPs. It can be noticed, that the AEy;~
is lower for Fe;O4 -malonic NPs than Fe;04 NPs. This can be related to
the differences in surface conductivity of the oxidized nanoparticles.
The charge carriers movements are much easier on the surface of Fe30y,,
in which both, Fe2* and Fe®* ions exist, than on the surface of Fe,Os,
in which only Fe** ions are presented.

4. Conclusions

Magnetite nanoparticles stabilized by malonic acid with an average
crystallite size equal to 11.99 nm were successfully synthesized in
presented studies. The dissolution and surface reorganization under
chemical treatment was confirmed. The functionalized nanoparticles
have much lower catalytic activity than uncapped ones. This decrease
was related to the chemical bonding between Fe?* ions and malonic
acid molecules. The same interaction stabilizes their surface and pre-
vents oxidation. This, in turn, improves saturation magnetization from
64 to 68 emu/g and greatly increases electrical conductivity. Taking
into account fact, that the average crystallite size decreased after che-
mical treatment by malonic acid the thickness of the oxidized layer can
be approximated and was equal to 0.28 nm. According to that, the
difference in saturation magnetization was not so visible, however, this
oxidized layer has a great impact on the other properties and can be
detected using Mossbauer spectroscopy or broadband dielectric spec-
troscopy. Performed dielectric measurements allowed to state that the
double nature of M” peak is associated with the existence of a thin layer
of Fe,O3 on the surface of magnetite nanoparticles. The dissolution of
this oxidized layer improves electrical conductivity through the grain
boundaries. This process additionally reduces the agglomeration ratio.
It was confirmed by DLS studies, that the size of agglomerates have
been reduced 10 times. The dissolution process results with the surface
reorganization, which was clearly confirmed by Mossbauer spectro-
scopy. According to that further surface modification of magnetite na-
noparticles can be easily described by the use of this technique.
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The high entropy AlCoFeNiTi and AlCoFeNiTiSi alloys were prepared by two methods to determine the
influence of the cooling rate on the structure and properties. The Mossbauer spectra of AlCoFeNiTi alloys
showed the coexistence of a nonmagnetic part with a magnetic hyperfine portion. The spectra for
AlCoFeNiTiSi alloy in an as-cast and plate states contain only nonmagnetic components. The X-ray dif-
fraction analysis confirmed that the silicon addition drastically changes the phase composition of
AlCoFeNiTi alloy. Whereas alloy without Si was characterised by the coexistence of L2; and BCC phases, the
addition of silicon resulted in the formation of Ti-rich HCP and Al-rich B2 phases. AlCoFeNiTi plate exhibits a
high saturation magnetisation value of 29.83 emu/g and the best corrosion resistance (polarisation re-
sistance of about 38.6 kQcm? and corrosion current density of 0.77 pA/cm?). The highest hardness (1096
HV) was achieved for AlCoFeNiTiSi plate, which is related to the phase composition changes generated by Si
addition. The influence of the Si addition on the properties of studied alloys was also confirmed in the
decolourisation of Rhodamine B using a modified photo-Fenton process. The decolourisation efficiency
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within 60 min was 92% for AlCoFeNiTiSi alloy, and 95.5% for the AlCoFeNiTi alloy.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

High entropy alloys (HEAs) constitute a group of multi-
component alloys composed of several major alloying elements,
such as aluminium, nickel, chromium, iron, cobalt, copper, titanium
molybdenum and manganese [1]. HEAs with structural homogeneity
show superior properties over conventional alloys [2,3] and there-
fore have various possible uses [4]. For example, high entropy alloys
are excellent materials for compressors, combustion chambers, ex-
haust nozzles and gas turbines. On the contrary, alloys with excellent
mechanical, electrical, electrochemical, and anticorrosion properties
offer an alternative for biomedical applications [5] and hydrogen
storage materials [6]. Furthermore, HEAs alloys have properties that
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will allow their use as catalysts (e.g., ammonia oxidation catalyst)
[7]. Furthermore, HEAs are expected to be used as thermoelectric
materials with high thermoelectric efficiency [8] and solar absorber
coating [7]. Interestingly, HEA with titanium can also be used in
specialised and extreme applications in Generation IV nuclear re-
actors [9].

The alloying elements introduced into the high entropy alloys
strongly influence the microstructure and phase composition. The
microstructure of Ti-containing HEAs is complex and tends to form
intermetallic compounds [ 10]. The authors of the work [11] reported
that, in the titanium-free alloy, one BCC phase was formed, and the
addition of Ti caused the formation of two different BCC phases as
the main phases. At 0.5% Ti content, a minor phase with FCC struc-
ture was formed in the alloy. The further addition of titanium led to
the formation of complex phases [11]. Some authors have noted that
titanium additions modify the phase composition of HEAs and
properties such as wear resistance and hardness [12]. For example,
adding 0.25% Ti to the Alg;sFeNiCrCo alloy increased strength and
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hardness but decreased ductility [ 13]. However, when Ti exceeds the
equimolar composition, many intermetallic phases that generate
brittleness and material deterioration are formed |[14]. Titanium
added to HEA can also improve the corrosion resistance of the alloys
because of its beneficial role in enhancing the surface film. Ti-con-
taining HEAs usually exhibit higher pitting corrosion resistance than
304 stainless steel in chloride-containing environments [15]. For
example, the Al,_,CoCrFeNiTiy alloys had a wider passive region and
a higher breakdown potential than Ti-free Al,CoCrFeNi alloy in a
3.5% NaCl solution. This result was due to the formation of TiO, in-
corporated into the passive film of the HEAs that improved the re-
sistance to pitting. Furthermore, non-oxidised metal atoms,
especially Ti, in the passive film hindered the transport of point
defects, which also benefitted the protective ability of the passive
film [10,15,16].

In addition to metallic elements, non-metallic elements such as
boron or silicon are added to high entropy alloys to change their
physical and chemical properties [17,18]. For example, Si is usually
added to improve wear, oxidation, and corrosion resistance [14]. In
addition, adding silicon to high entropy alloys improves mechanical
properties, including compressive strength and fracture toughness
[19]. For example, the AlCoCrFeNiSiy alloy, after introducing 0.4 Si,
obtained a yield stress of 1481 MPa, a fracture strength of 2444 MPa,
and a plastic strain of 13.38%, respectively [18]. However, the addi-
tion of a large amount of Si (>7.4%) to HEA causes a decrease in
strength and ductility [20]. In work [21], with increasing Si content
in the AlCoCrFeNiSix alloy, a visible tendency for the saturation
magnetisation value to decrease and increase the hardness was
observed. Furthermore, the excessive introduction of the Si element
leads to precipitation of the & phase at the grain boundary, which is
responsible for the transition of alloy from plastic fracture to brittle
fracture [18].

Although high entropy alloys contain multiple elements, they
frequently solidify into simple crystal types, such as face-centred-
cubic (FCC), body-centred-cubic (BCC), and hexagonal-close-packed
(HCP) solid-solution structures. The FCC structure HEAs are generally
ductile but insufficiently strong, while the BCC/HCP structure HEAs
can be very strong but also brittle [22]. However, in reality, only a
limited number of high entropy alloys can form as single-phase solid
solutions. Most fabricated HEAs have second phases, including
complex or intermetallic phases [15]. The literature has shown that
HEAs with dual phases generally exhibit better mechanical proper-
ties than those with a single structure. In single-phase high entropy
alloys, it is difficult to strike a balance between high strength and
high ductility. For example, single-phase HEAs with an FCC structure
have high ductility but low strength, and single-phase HEAs with a
BCC structure have high strength but limited ductility [23]. There-
fore, for the engineering applications of HEA, it is recommended to
produce eutectic high entropy alloys consisting of soft phases (FCC)
and hard phases (B2) [24]. For example, in work [25], an excellent
combination of yield strength (~980 MPa), ultimate tensile strength
(~1160 MPa), and tensile elongation (~15%) were achieved in dual
phase Alg 45CoCrFeNi high entropy alloys. In turn, the CoCrFeNiAlg s
HEA with the FCC + BCC microstructure showed a combined high
strength of 1280 MPa and reasonable ductility of 7.1% [26].

Moreover, dual-phase high-entropy casting alloys by tuning the
volume fraction of the BCC and FCC phases as damping materials
used in machine parts, such as submarine propeller, brake disc,
shield machine, gear and crusher [27]. These alloys are also pro-
mising as multifunctional electrocatalysts due to their inherent
compositional and structural complexity [28]. Furthermore, double-
phase HEAs, with the Laves phase's participation as the phase
structure's second component, possess many exciting properties in
superconductivity, magnetism, and magnetocaloric fields [29].

The potential applications of the HEAs are wide and depend on
the chemical and phase composition, producing technology, and
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their physicochemical properties. Accordingly, this study aims to
determine the influence of the cooling rate on the structure and
selected properties of the AICoFeNiTi and AlCoFeNiTiSi high entropy
alloys. As mentioned above, the addition of Si can influence structure
and properties. Moreover, HEAs containing Ti are characterised by
unique properties, which are generally related to the formation of
dual-phase alloys. Therefore, to better understand the relationships
between chemical composition, phase composition and properties,
in this study, a comprehensive analysis of AlCoFeNiTi and
AlCoFeNiTiSi HEAs was performed using various techniques.
Although most studies concentrate on the mechanical properties of
HEAs, the magnetic and anticorrosion properties and catalytic ac-
tivity were tested herein. Due to their composition, high-entropy
alloys can be used as a source of metals that catalyse the Fenton
reaction [30]. Accordingly, it is reasonable to test the catalytic ac-
tivity of HEAs, which can be easily removed from the reaction so-
lution using a magnetic field. Therefore, in this work, the catalytic
activity of HEAs in the photo-Fenton reaction using sodium percar-
bonate as hydroxyl radical source was tested and described.

2. Materials and methods

The work describes the results of investigations on the
AlCoFeNiTi and AlCoFeNiTiSi high entropy alloys in the form of in-
gots and plates. The alloys in an as-cast state (ingots) were produced
by induction melting using an NG-40 induction generator in an
argon atmosphere. Plates of 1 mm thickness were prepared by re-
melting the ingots and then cast by high-pressure to copper die
(with a cooling rate ~10% K/s). The ingots were produced using a low
cooling rate of molten alloy (argon-cooled in a ceramic Al,O3 cru-
cible).

The phase analysis of the HEAs was conducted using an X-ray
diffractometer, Rigaku MiniFlex 600, equipped with a copper tube
(Cu Ka, A = 0.15406 nm) and a D/TEX strip detector. The measure-
ments were performed on powder samples in the Bragg-Brentano
geometry over an angular range of 20 = 20-90° at room tempera-
ture. In addition, the microstructures of the ingots and plates were
observed using a Supra 35 Carl Zeiss scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDX).

57Fe Méssbauer transmission spectra for ingots and plates were
recorded at room temperature using an MS96 spectrometer and a
linear arrangement of a °’Co:Rh (40 mCi) source, a multichannel
analyser, an absorber and a detector. The spectrometer was cali-
brated at room temperature with a 30 pm thick a-Fe foil. Numerical
analysis of the Mdssbauer spectra was performed using the
MossWinn4.0i programme.

Differential thermal analysis (DTA) of ingots and plates was
provided to determine the crystallisation mechanism using a
NETSCH Jupiter STA 449 F3 thermal analyser. The DTA curves were
recorded at 20 °C/min for heating and cooling under a protective
argon atmosphere.

Measurements of magnetic parameters were carried out at room
temperature. The study of magnetic properties included the field of
coercive force (H.), saturation magnetisation (M), and remaining
magnetisation (M;), which were determined from hysteresis loops
by the LakeShore 7307 vibrating sample magnetometer (VSM) in
magnetic fields up to 10 kOe.

The electrochemical measurements were conducted in a 3.5%
NaCl solution using a potentiostat Autolab 302 N instrument
equipped with a three-electrode cell. The potentiostat was con-
trolled using the NOVA 1.11 software. A saturated calomel electrode
(SCE) was used as the reference electrode and a platinum rod as the
counter electrode. The corrosion resistance was evaluated by re-
cording the variation of the open-circuit potential (Eocp) versus the
SCE. The corrosion potential (Ecoy) and corrosion current density
(jeorr) were also determined using the Tafel extrapolation method.
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The samples were measured after a period of open-circuit potential
stabilisation of 3600 s was reached, at a scan rate of 1 mV-s ..
Surface morphology of ingots after electrochemical tests was ob-
served by using Leica DVM6 digital microscope. Microhardness tests
were conducted using a Future Tech FM-700 Vickers hardness
testing instrument with a load of 1000 g for 15 s.

In addition, dye decomposition tests were carried out using al-
loys in the as-cast state. Due to the lack of research in decolourising
dyes using high entropy alloys, the authors used the parameters of
experiments from previous studies with another material [31]. So-
dium percarbonate has already demonstrated its potential to carry
the Fenton reaction [32]. The experiment was carried out in a so-
lution containing the dye Rhodamine B (RhB) with a concentration
equal to 0.005 g/l. Sodium percarbonate and the test alloys were
introduced into the test solution. The appropriate pH was obtained
by adding sulphuric acid. The initial values for the experiment were:
pH 7, sodium percarbonate (SPC) concentration of 16.7 g/l and one of
the two tested alloys concentration of 16.7 g/l. To standardise the
decolourisation processes and to enable precise dosing of the ma-
terial, a high entropy alloy in the as-cast state was added to the
reaction solution in fragmented form. The reaction solution was ir-
radiated with a UV light source (36 W, A = 365 nm) and stirred
(400 rpm) for 60 min. The process was carried out at ambient
temperature. The reference method to assess the catalytic effect of
the alloy was the UV/sodium percarbonate process, an identical
experiment except for the presence of a high-entropy alloy in the
solution. The degree of decolourisation was measured using the UV/
Vis method (Shimadzu UV-1800 UV/Visible Scanning Spectro-
photometer).

3. Results and discussion
3.1. Structure analysis

Firstly, to obtain detailed information about the arrangements of
the atoms in the structure of high entropy alloys, the >’Fe Méssbauer
spectra for the AlCoFeNiTi and AlCoFeNiTiSi alloys in an as-cast state
and form of plates were measured and are displayed in Fig. 1. The
obtained hyperfine parameters are listed in Table 1.

The spectra for AlCoFeNiTi alloys showed the coexistence of a
nonmagnetic part (singlet) with a magnetic hyperfine portion (sex-
tets). The nonmagnetic component in the form of a single line
dominates the spectrum. This component represents the ordered
Heusler phase with L2; structure [33,34|. The magnetic part of the
Mossbauer spectra was resolved on the four magnetic Zemann's
sextets with different values of magnetic hyperfine field (Table 1).
These sextets correspond to the Fe atom in the body-centred crystal
structure and are surrounded by the Fe, Co, Ni, Al or Ti atoms. The
sextets with hyperfine magnetic fields ~35T and ~ 34T arise from
iron atoms surrounded by Co or Ni [35-37]. In BCC Fe-Ni or Fe-Co
alloy, an Ni or Co atom causes an increase of Fe moments near the
atom [38]. Sextets with hyperfine magnetic fields lower than 33T
result from the surrounding of Fe atom primarily by Al and Ti atoms
[39,40]. For the AlCoFeNiTi alloy in the form of the plate, the line
width of sextets is much higher than those observed for this alloy in
the as-cast state (Table 1). Also, calculated hyperfine magnetic field
values for AlCoFeNiTi alloy in the plate form are smaller than for this
alloy in the as-cast state. It can result from the disordered phases
related to these components and the substitution of Fe, Co and Ni
atoms by Al and Ti atoms.

The Méssbauer spectra for AlCoFeNiTiSi alloy in an as-cast state
and the form of plates contain only nonmagnetic components
(doublets). Hyperfine parameters of quadrupole doublets with ne-
gative isomer shift values indicate the presence of some Ti-rich
phase [33,41-43]. The physical properties of Ti-alloys are very sen-
sitive to their stoichiometry [41,44,45]. Due to the above, we
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associated this component with some Ti,Co3Si;-like phase, where Fe
substitutes Ti. Hyperfine parameters of second doublets are typical
for Al-rich Al-Fe alloys [46-48]. This component is related to the Al-
rich B2 phase. These doublets are two primary components visible
on the Mdssbauer spectra for AlCoFeNiTiSi alloys (Table 1, Fig. 1).
Hyperfine parameters of third quadrupole doublet with isomer shift
~0.27 mm/s indicate the presence of a-(Fe,Co)Si, phase [49,50].
Narrow line width calculated for components on Mdssbauer spectra
of AlCoFeN:iTiSi alloys indicates that phases related to them are well
crystallised.

The structure analysis of alloys with and without the addition of
silicon was performed to describe the influence of both silicon and
cooling rate on the changes in the phase composition, chemical
elements distribution and segregation. The changes generated by the
cooling rate were determined for AlCoFeNiTi HEA and presented in
Fig. 2. As can be seen, both samples (in the as-cast state and the form
of plate) are characterised by the double-phase nature related to the
presence of L2; and BCC phases. However, the changes in the BCC
phase's chemical composition are responsible for shifting the char-
acter of diffraction peaks. For example, the 20 position of (110) shifts
from 45.57 to 43.72, while a higher cooling rate was used to cast the
alloy. 2D EDX maps were presented in Fig. 2b and ¢ for master alloy
and sample in the form of the plate to support this analysis. As can
be seen, the Ni and Co are nearly uniformly distributed in both
phases, and some segregation of Ti can be observed for alloy in the
as-cast state, while for the sample in the plate form, Ni, Co, and Ti
are uniformly disturbed between the two phases. Generally, the
presence of L2; Heusler in high entropy alloys is related to the for-
mation of multicomponent TM,TiAl phase, in which TM is Co, Fe, Cr
and Ni [51]. As can be seen, in Fig. 2b and c, in the AlCoFeNiTi HEAs,
this L2, phase appears in Al-reach regions and contain Ni, Fe and Co.
The same situation appears when the sample is cast using a higher
cooling rate. Despite the presence of (Fe,Co,Ni),TiAl phase, the
second one, the BCC phase associated with Fe-rich regions, can be
observed on the XRD pattern recorded for as-cast AlCoFeNiTi HEA.
This phase contains all chemical elements, i.e. Co, Ni, Al and Ti and
also is presented in a sample in the form of a plate, which can be
visible especially under analysing of the 2D EDX maps (Fig. 2c). The
previously presented analysis of Mossbauer spectra additionally
confirms these findings.

A similar analysis was prepared for AlCoFeNiTiSi HEA and pre-
sented in Fig. 3. Interestingly, the addition of silicon drastically
changes the phase composition and results in the formation of a
double-phase alloy. The observed phases are related to Al-rich B2
and Ti-rich HCP phases. The cooling rate does not influence the
phase composition; however, it changes the structure and chemical
distribution in the alloy. As a result, only Co is uniformly distributed
between these two phases for the sample in the as-cast state. The 2D
EDX maps confirm that the master alloy B2 phase contains mainly Al
and Ni, while the Ti-rich HCP phase is also composed of Fe and Si.

Moreover, some segregation of Fe and Si also can be noted. A
higher cooling rate also results in the presence of the B2 and HCP
phases, while Si and Ti are distributed in both phases. Also, Ni is
nearly uniformly distributed between these two identified phases.
Some chemical element segregations can also be observed for Fe and
Si. This segregation can be attributed to forming the o-(Fe,Co)Si,
phase identified in M&ssbauer spectra. The B2 phase presented in
this alloy can be related to the AI(TM) phase, in which TM is Co, Fe
and Ni, while the HCP with a Ti,CosSi;-like phase contains both Fe
and Ni. The influence of Si on the phase composition and structure
can be observed. The changes in the phase composition are strictly
related to the segregation between Al and Si, which can be observed
for alloys casted using two different cooling rates.

The SEM images show both the influence of the cooling rate and
the presence of Si on the structure of the analysed alloys (Fig. 4). In
the case of the discussed alloys, the structure was refined by
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Fig. 1. Mossbauer spectra together with the fitted subspectra for the alloys in an as-cast state and plates recorded for AlCoFeNiTi (a,b), AlCoFeNiTiSi (c,d) (sextets represent the

magnetic part and the single lines and doublets are the non-magnetic part).

Table 1

The Mossbauer hyperfine parameters of the investigated alloys. Isomer shift (IS),
quadrupole splitting (QS), hyperfine magnetic field (H), full line width (FWHM) and
relative area from the spectra (A) for the studied samples. Estimated errors are+
0.01 mm/s for IS, QS and G; for H, the error is+ 0.5 T, and for A is+ 0.5%.

Component IS (mm/s) QS G (mm/s) H(T) A(%) Compound
(mm/
s)
AlCoNiFeTi as-cast
Singlet 0.08 - 0.43 - 544 12, Fe,TiAl
Sextet 0.05 0.00 0.39 357 19.7  BCC Fe(Co)
Sextet 0.04 0.00 337 11.8  BCC Fe(Ni)
Sextet 0.05 0.00 31.7 8.6  BCC Fe(AlLTi)
Sextet 0.09 0.00 29.0 5.5  BCC Fe(ALTi)
AlCoNiFeTi plate
Singlet 0.08 - 0.49 - 615 L2, Fe,TiAl
Sextet 0.05 0.00 0.56 350 177  BCC Fe(Co)
Sextet -0.01 0.00 317 10.8  BCC Fe(Ni)
Sextet -0.09 0.00 28.7 4.7  BCC Fe(ALTi)
Sextet -0.11 0.00 253 5.5  BCC Fe(ALTi)
AlCoNiFeTiSi as-cast
Doublet -0.05 0.45 0.31 - 51.1 HCP
(Fe,Ti),CosSiy
Doublet 0.17 0.21 - 358 B2 Al-
(Fe,Co,Ni)
Doublet 0.27 0.67 - 131  o-(Fe,Co)Siy
AlCoNiFeTiSi plate
Doublet -0.03 0.46 0.30 - 393  HCP
(Fe,Ti),CosSi;
Doublet 0.18 0.21 - 51.7 B2 Al-
(Fe,Co,Ni)
Doublet 0.28 0.69 - 9.0 o-(Fe,Co)Siy

increasing the cooling rate. In the samples, the precipitation has a
dense shape, with larger dimensions in the slowly cool ones and
much smaller in the case of the fast cooling plates. In the case of the
AlCoFeNiTiSi alloy, and especially in the case of plates, complex al-
ternating light and dark areas are noticeable; they are probably the
effect of spinodal decomposition and quick freezing of the structure.

3.2. Thermal analysis

The crystallisation mechanism of AlCoFeNiTi and AlCoFeNiTiSi
HEAs in an as-cast state and the form of plates were described based
on the DTA curves presented for heating and cooling (Fig. 5). It can
be seen that the course of the curves was similar between the used
cooling rates. Differences in the course of the DTA curves for che-
mical compositions result from the phase composition. In the case of
the AlCoFeN:iTi alloy in the as-cast state, during heating, there were
three thermal events with low enthalpies at temperatures: 1037 °C,
1146 °C, 1210 °C and one distinct peak at 1401 °C. The thermal events
for the high-pressure cast alloy were observed at the following
temperatures: 829 °C, 1054 °C, 1214 °C, and 1429 °C. The recorded
DTA curve during the cooling of the as-casted alloy was char-
acterised by three exothermic peaks: 1389 °C, 1211 °C, and 1129 °C. In
the case of the plate, a shift of thermal events towards positive va-
lues was recorded: 1415 °C, 1229 °C, 1146 °C and a small peak was
observed at 966 °C. The AlCoFeNiTiSi, both in the form of as-cast and
plates, during heating, was characterised by the occurrence of a
single thermal event at temperatures similar to ~1375 °C. During
cooling, the alloy with the addition of silicon, produced in both
technologies, was characterised by a DTA curve consisting of a
double thermal event. The highest enthalpy values were recorded at
~1376 °C and 1350 °C.

According to the literature [52], the solid state transformations
for AlxCoCrFeNi alloys should be considered up to 1400 °C. The ar-
ticle [53] describes the Fe-Al-Ti alloys after heat treatment, for which
the presence of a-Fe, Al (A2) +Fe,AlTi (L21) phases was identified.
Based on the DTA results, the authors [53] determined the transition
temperatures: L2; < B2 (950 °C), B2 < A2 (1137 and 1100 °C), solvus
temperature (1330 and 1342 °C) as well as liquidus temperature
(1393 and 1402 °C). According to another source in the literature
[54], the temperature about 1000 °C is the transformation tem-
perature of the solvus B2 (NiAl) from the FCC and L1, (Ni3Al) phases.
Moreover, Stryzhyboroda et al. [52] indicate that the thermal event
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Fig. 2. XRD patterns (a) and EDX maps (b) for the AlCoFeNiTi HEAs in an as-cast state (ingot) and the form of plates (c).

of approximately 1200 °C for the share of aluminium 0.8>x2>1 is
related to the dissolution of the disordered phase of the solid solu-
tion of BCC-A2 and FCC-A1. The heat event above 1350 °C corre-
sponds to mass melting [52]. For the AlCoFeNiTi alloys analysed in
this article, it can be assumed that during heating the transformation
of L2, into the B2 phases took place first, then B2 to A2 and at the
end the dissolution of BCC-A2 before melting in the mass [52-54].
Based on the previous work [21], it can be assumed that the highest
enthalpy value at the temperature of ~1350-1400 °C and the cor-
responding thermal events during cooling in the range of
1300-1400 °C are characteristic of AlCoFeNi HEA. In the literature,
these thermal events have been described as the melting point of the
dendritic and interdendritic phases [54,55]. The double thermal
event during heating and cooling of AICFeNiTiSi alloys is related to
the addition of silicon, which was also observed in previous work
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[21]. The addition of titanium to the AlCoNiFe HEA alloys influenced
the formation of the B2 and HCP phases. Therefore, thermal effects
related to the transformations of 1037 °C, 1146 °C, and 1210 °C may
be related to the transformations of these phases.

3.3. Magnetic properties

The magnetic hysteresis loops of the AlCoFeNiTi and AlCoFeNiTiSi
HEAs in the form of ingots and plates measured by the VSM method
at room temperature are presented in Fig. 6. Furthermore, the values
of saturated magnetisations (M), remanence (M;), and coercivity
(H.) are listed in Table 2. The effect of silicon addition to the AlCo-
FeNiTi alloy on the magnetic properties is noticeable. The addition of
Si significantly reduces the saturation magnetisation. AlCoFeNiTi
HEA in plate form exhibits a high M value of 29.83 emu/g, while

Fig. 3. XRD patterns (a) and EDX maps (b) for the AlCoFeNiTiSi HEAs in an as-cast state (ingot) and the form of plates (c).
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Fig. 4. SEM images of AlCoFeNiTi HEA (ingot: a, plate: b) and AlCoFeNiTiSi HEA (ingot: c, plate: d).
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Fig. 5. DTA curves of the AlCoFeNiTi(Si) HEAs in an as-cast state (a,c) and in the form of plates (b,d), heating and cooling at 20 °C /min.
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Fig. 6. Magnetic hysteresis loops of the AlCoFeNiTiSi HEAs in (a) an as-cast state and (b) in the form of plates.

Table 2
The magnetic properties of the AlCoCrFeNiSix HEAs determined by analysis of the
hysteresis loops (Ms - saturation magnetisation, M, - remanence, H. - coercivity).

Sample Type M, (emu/g) M, (emu/g) H. (Oe)

AlCoFeNiTi as-cast 28.47 7.53 21744
plate 29.83 7.61 117.66

AlCoFeNiTiSi as-cast 5.52 0.56 72.19
plate 1.18 0.06 48.15

AlCoFeNiTiSi HEA shows a low M value of 1.18 emu/g. A significant
reduction in saturation magnetisation is also observed in an as-cast
state alloys from 28.47 emu/g for the alloy without the addition of
silicon to 5.52 emu/g for the alloy with the silicon content. The va-
lues of remanence and coercivity show a similar trend. A much
higher value of M, is characteristic of AlCoFeNiTi alloys. The sample
in the plate obtained M; value of 7.61 emu/g, while the AlCoFeNiTiSi
alloy in the form of the plate had a remanence value of 0.06 emu/g.
In the case of coercivity, the AlCoFeNiTi as-cast alloy is characterised
by a higher H. value than the plate, which is 217.44 Oe and 117.66 Oe,
respectively. There was also a significant decrease in the coercivity
value after adding Si to the alloy. The AlCoFeNiTiSi alloy showed the
lowest coercivity value of 48.15 Oe in the form of a plate.

Earlier works confirm the effect of silicon addition on the mag-
netic properties of high entropy alloys. For example, in work [21],
there was a clear tendency for a decrease in saturation magnetisa-
tion with an increase of Si content in the AlCoCrFeNiSiy alloy. Si-
milarly, in [56], the addition of Si significantly reduced the saturation
magnetisation in the CoFeNiSiy alloy. Thus, the characteristics of the
magnetic properties and hysteresis loops showed that the AlCoFe-
NiTi alloys show typical ferromagnetic behaviour, and the in-
troduction of Si causes deterioration of the magnetic properties of
these alloys, both in the as-cast state and in the form of plates.

3.4. Corrosion resistance

The electrochemical tests were carried out in 3.5% NaCl aqueous
solution at 25 °C to describe and compare the corrosion resistance of
the studied alloys from the point of view of the chemical composi-
tion and the solidification rates from the liquid state. Fig. 7a shows
the dependence curves of the open circuit potential as a function of
time (3600 s), while Fig. 7b presents the polarisation curves. Based
on the conducted tests, the best corrosion resistance is indicated by
the AlCoFeNiTi alloy in the form of plate due to the highest value of
polarisation resistance (38.6 kQcm?) and the lowest corrosion cur-
rent density (0.77 pA/cm?). The worst corrosion behaviour was ob-
served for the AlCoFeNiTiSi alloy in the as-cast state due to the

inverse relationship, like the lowest polarisation resistance (2
kQcm?) and the highest corrosion current density (12.49 pA/cm?).
The positive effect of increasing the cooling rate from the liquid state
on the corrosion resistance is visible for both tested chemical com-
positions. In the case of the AlCoFeNiTi alloy, all the analysed cor-
rosion parameters were characterised by better values, f.e. the shift
of the Eocp and Eco towards positive values, higher polarisation
resistance and lower corrosion current density. The AlCoFeNiTiSi
alloy in the form of plate showed a better value of the corrosion
potential, while the other three parameters indicated a slight im-
provement or were practically comparable (see Table 3).

The improvement of the corrosion resistance of AlCoFeNiTi is
visible in comparison with the mechanically alloyed AINiCoCrFe
HEAs described by Parakh et al. [57]. In that article [57], the value of
the corrosion potential was —524 mV, and the corrosion density was
12 pA/cm?. In previous work [21], we compared the chemical com-
positions of AlCoCrFeNiSiy (x =0; 0.25; 0.5; 0.75) HEAs and the effect
of solidification from the liquid state (also as-cast alloys and high
pressure cast plates). This effect of increasing the cooling rate on
corrosion resistance improvement was visible [21]. In the article
[21], the best corrosion resistance in terms of chemical composition
was demonstrated by the AlCoCrFeNiSig7s alloy. In this work, it
could be concluded that the corrosion behaviour was different due
to the use of Ti addition. Among others, the values of polarisation
resistances are significantly lower compared to AlCoCrFeNiSiy alloys
(x=0; 0.25; 0.5; 0.75) [21]. Similar observations could be seen to the
results presented in publication [58], because for AlCoCrFeNiSix al-
loys (x=0; 0.3; 0.6; 0.9) more positive values of the corrosion po-
tential were recorded. However, a more favourable j, value could
be observed for the AlCoFeNiTi plate analysed in this work. The in-
fluence of Ti addition on the corrosion properties of AlCoCrFeNi al-
loys was investigated in the article by Huang et al. [59]. The results
for the corrosion potential obtained by the authors for the AlCoCr-
FeNi (-0.355V) and AlCoCrFeNiTig4 (—0.3266 V) alloys were much
more favourable, although in our study we obtained lower corrosion
current density values than AlCoCrFeNi (223 pA/cm?), AINCiFeNiTig 4
(73.6 pAjcm2), AlCoCrFeNiTigg (128 pA/cm?), AICoCrFeNiTi (114 pA/
cm?) [59]. The visible improvement of the corrosion parameters for
the AlCoFeNiTi alloy presented in this paper and the critical as-
sessment of an article [21] is a hint for future research on optimising
the chemical composition of high-entropy alloys with the addition
of Ti.

Fig. 8 presents the surface morphology of AlCoFeNiTi and AlCo-
FeNiTiSi ingots after electrochemical measurements. The surface of
alloys after corrosion contains pores and cracks. The visible brighter
areas suggest the formation of local galvanic microcells resulting
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Table 3
Polarisation results of the AlCoFeNiTiSi HEAs in 3.5% NaCl solution.
Sample Type Eoce [V] Ecorr [V] Ry [chmZ] Jeorr [nA]
(+ 0.01) (+ 0.01) (£0.1) cm?]
(x0.1)
AlCoFeNiTi as-cast  -0.462 -0.487 31 10.29
plate -0.389 -0.407 38.6 0.77
AlCoFeNiTiSi  as-cast -0.398 -0.445 2.0 12.49
plate -0.403 -0.405 2.2 11.7

from the difference in the potentials of individual phases. However,
it could be seen that the AlCoFeNiTi alloy is characterised by a less
corrosive degradation compared to that of the AlCoFeNiTiSi ingot.
The literature [60] also presents the results of observations of sur-
face morphology after electrochemical tests. Dada et al. [60] describe
that the coarse-grained AlTiCrFeCoNi HEA microstructure helped to
create kinetic barriers that reduced the corrosion rate by forming
passive layers on the surface of the HEA. The formation of passive
layers in the morphology images using light microscopy was not
visible for the alloys studied in this work. Other works [61,62] de-
scribe the corrosion mechanisms for high entropy alloys, including
Alg sCoCrFeNi. Pitting corrosion was observed after immersion tests
in an aqueous environment with 3.5% NaCl at 25 °C [61,62].

In this work, especially for the AlCoFeNiTiSi ingot, corrosion
pitting was visible after electrochemical tests carried out in the same
environment as in the work [61,62]. The articles [61,63] also reported
that the phases rich in aluminium and nickel in compositionally
complex alloys (CCAs) were dissolved in acid environments. The

/
1
selective dissolution

.\
pitting
N

N
AN

\ Z

b)

AlTiCrFeCoNi and AITiCrFeCoNiSi alloys were characterised by the
presence of lighter areas on the morphology images after corrosion
tests that may indicate selective corrosion resulting from differences
in the phase potentials of the alloys. Interestingly, according to the
literature [61,64], the addition of small amounts of Ti (x=0.2) or Si
(x=0.2) negatively affects the corrosion resistance of both the
Aly3CrFe; sMnNigsTiy and AlgsCrFe; sMnNigsSix systems in NaCl
solutions. This phenomenon is attributed to the formation of inter-
metallic compounds that can promote local corrosion [61,64].

3.5. Hardness measurements

The results of the hardness tests of AICoFeNiTi and AlCoFeNiTiSi
HEA in the ingot and plate form are presented in Fig. 9a. An apparent
increase in hardness can be observed in both forms of samples with
silicon addition. The highest hardness (1096 HV) was achieved for
the AlCoFeNiTiSi alloy in the form of a plate. A hardness of 930 HV
was noted for the AlCoFeNiTiSi ingot. The AlCoFeNiTi alloy exhibits a
much lower hardness value (632 HV for the ingot and 699 HV for the
plate, respectively). The selected images of the hardness test in-
dentation are presented in Fig. 9b. Fine cracks can be observed for
the plate of the AlCoFeNiTiSi alloy with the highest hardness. Ac-
cording to Martin et al. [65] who studied Al,CoCrCuyFeNi alloys in
terms of weld solidification and weldability, brittle fracture is caused
by the accumulation of stresses during cooling. The increase in the
cooling rate from the liquid state of the AICoFeNiTiSi alloys probably
influences higher hardness at the expense of plastic properties.
Furthermore, Al-Si-(Fe,Mn) alloys are brittle due to the high

Fig. 8. Surface morphology of AlCoFeNiTi (a) and AlCoFeNiTiSi (b) ingots after electrochemical tests.
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dissolution of Si in the aluminium matrix [66]. Strengthening me-
chanisms in HEAs can be related to solid solution hardening, pre-
cipitation hardening, grain boundary strengthening, and dislocation
hardening [67]. Ren et al. [30] observed that after adding a high
content of Ti or Si elements (x < 0.5), intermetallic compounds ap-
pear in the HEA microstructure, making the alloys of high hardness.
After casting, the AlCoFeNi alloy without Ti content had a hardness
of 350 HV [1]. The introduction of Ti into the AlCoFeNiTi alloy in the
as-cast state increased the hardness value to 644 HV [68].

Similarly, in work [69], the hardness of the AlCoCuFeNiTi alloy
was shown at 623 HV after adding Ti. Lobel et al. [11] obtained a
hardness value of 730 HV in AlCoCrFeNiTi; s HEA samples prepared
in the arc melting process. In turn, for the Aly;sFeNiCrCoTig,s alloy
prepared by a combination of mechanical alloying and spark plasma
sintering, the hardness was 609 HV [13]. In another work [70], Ti led
to the hardness of the AlygCoCrFeNiTig s alloy of 620 HV due to the
strengthening of the solid solution by Ti and the phase presence of
the BCC and B2 phase. The literature also shows the effect of Si on
the increase in the value of HEA microhardness. In our previous
work [21], the hardness of AlCoCrFeNiSiy alloys increased with Si
concentration. In the case of the HEAs analysed herein, the hardness
changes can be related to differences in the phase composition be-
tween AlCoFeNiTi and AlCoFeN:iTiSi alloys. The presence of the HCP
Ti,CosSi;-like phase results in the observed significant improvement
of the hardness compared to the alloy containing L2, and disordered
BCC phases. Moreover, as observed under the Mdossbauer spectra
analysis, the HEA containing Si can also be hardened by the inter-
metallic o-(Fe,Co)Si, phases.

Strengthening mechanisms in high entropy alloys show that the
spinodal distribution of the BCC phase with a high content of alu-
minium for AlxCoCrFeNi HEA alloys (x = 0.7) in the random A2 phase
and the ordered B2 phase caused spinodal hardening effects [71].
Moreover, the effect of the addition of silicon on the increase in
segregation would also be visible in the increase in the hardness of
the AlCoFeN:iTiSi alloy. The spinodal structure causes a high densi-
fication of the interfacial boundaries. It may also be a response to the
higher hardness of the rapidly cooled alloy. Large disintegration,
especially observed for the AlCoFeNiTiSi alloy in the form of plate,
results in a high concentration of boundaries between the phases
and causes a large increase in the hardness. Multicomponent alloys
can be expected as alloys with elements having different atomic
radius, which cause distortions of the lattice. Tian et al. [ 72| reported
that a hardness value in monophasic HEAs depends on the variation

of the atomic size. The increase in hardness value was also observed
in the AlCoCrFeNiSiy (x=0, 0.3, 0.6 and 0.9) cast [58] where it was
found that it may be caused by the phase evolution of the BCC/B2
phases in place of the FCC phase, and the improvement in hardness
may be attributed to the smaller atomic size compared to other
components, which resulted in a limitation of dislocation.

Moreover, Jin et al. 73] attributed the increase in microhardness
in AlxCoCrFeNiSi HEA to the decrease in the concentration of valence
electrons (VEC). Also in this case, the phenomenon of improving the
microhardness of these alloys was attributed to the transformation
of the ductile FCC structure into the nano-spaced spinodal structure
of the BCC phase, which provides the strengthening effect. Zhu et al.
[18] indicate that the solid solution of the strengthening of the Si
element and the precipitation of the cellular structure at the na-
noscale responsible for improving the mechanical properties of the
AlCoCrFeNiSiy alloys.

3.6. Decolourisation analysis

Removing organic pollutants from wastewater is one of the major
challenges related to the high growth of various industries.
Generally, dyes, hormones and antibiotics are widely studied in the
literature, and their decomposition is tested using nanoparticles and
newly-developed alloys. Herein, the possibility of application of
high entropy alloys in these processes was studied, and the optimal
reaction condition was determined based on the degradation of the
widely studied chemical dye - Rhodamine B. Accordingly, initial pH,
oxidant concentration, and catalyst (high entropy alloy) concentra-
tion were considered. The first factor was pH, which can significantly
affect the efficiency of the oxidation process of the organic substance
[74]. The results of this series of experiments can be seen in Fig. 10.
For both tested alloys in an as-cast state, the pH did not significantly
influence the decolourisation process, which may be due to the
absence of the pH-induced activation of the alloy surface. The dif-
ference between the reaction rate constants (assuming the 1st order
reaction) is also negligible (Table 4). For example, in the case of the
AlCoFeNiTiSi HEA, the reaction rate constant is equal to 0.043 min™!
and 0.042 min! for pH 7 and 4, respectively.

Another parameter that influences the photo-Fenton process is
the concentration of the oxidant [78]. Quan et al. [75] showed that
the concentration of oxidant in the Fenton reaction has its max-
imum, over which the efficiency decreases. A similar effect was
observed by Wang et al.[76]. Herein, the optimum oxidant - sodium
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Fig. 10. Influence of the initial pH on the decolourisation process for AICoFeNiTiSi (a) and AlCoFeNiTi (b) HEAs.

Table 4
The reaction rate constant (k) values determined for various initial pH.
Alloy pH k (min™"
AlCoFeNiTi 7 0.053
6 0.049
5 0.050
4 0.047
AlCoFeNiTiSi 7 0.043
6 0.047
5 0.052
4 0.042

percarbonate concentration was determined for five various dosages
(Fig. 11). The effect of sodium percarbonate concentration was sig-
nificant. Increasing the dose of oxidant increases the rate of deco-
lourisation. The AlCoFeNiTiSi alloy showed the highest degree of
decolourisation for the highest oxidant concentration; however, for
shorter reaction times, better results were obtained for two times
lower concentration of sodium percarbonate. During the first 30 min
of the process, the decolourisation rate of about 54% was observed
for the 16.7 g/l, while the higher concentration allowed to deco-
lourise only 38% of the dye. In the case of the AlCoFeNiTi alloy, no
such relationship was demonstrated, and the increase in the con-
centration caused an increase in the decolourisation rate. For the
AlCoFeNiTi HEA reaction rate constant increases from 0.006 min™! to
0.058 min~". Interestingly, for sodium percarbonate concentration
equal to 16.7 g/l and in the case of AlCoFeNiTiSi HEA, the degradation
reaction is the reaction of 1st order, and the reaction rate constant
increases gradually from 0.004 to 0.042 min~!, while for the highest
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Fig. 11.
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oxidant concentration the reaction order changes to the zero order,
with the reaction rate equal to 0.089 mol-I"!-min™".

The last parameter checked was the concentration of the catalyst
- high entropy alloy. Due to that, the decolourisation rate (at 60 min)
for the highest and two times lower oxidant concentration is similar;
the two times lower concentration was chosen as much privilege in
the further applications. The experiment was performed separately
for AlCoFeNiTiSi and AlCoFeNiTi HEAs. The concentration of 0 g/l is
the reference method (without HEAs). The results are shown in
Fig. 12. The alloy concentration affects the decolourisation rate;
however, almost all proposed concentrations achieve a similar level
of decolourisation after 60 min. For example, the process catalysed
by AlCoFeNiTiSi alloy shows a much higher decolourisation rate
(92%) than the reference method without the addition of catalysts
(52%). The most favourable among the tested concentrations is
16.7 g/1. This catalyst (AlCoFeNiTiSi) concentration allowed to deco-
lourise 92% of RhB after 60 min. The concentration of the AICoFeNiTi
alloy turned out to have a less significant effect than that of the
AlCoFeNiTiSi alloy (see Fig. 11b). All tested concentrations achieved
more than 90% decolourisation after 60 min, while the highest de-
colourisation rate for the reaction catalysed by AlCoFeNiTiSi alloy
was equal to 95.5%. However, for the reference reaction (i.e. without
catalyst addition), the decolourisation rate at 60 min was equal to
52%. Accordingly, both alloys increase the degree of decolourisation
compared to the reference method.

Moreover, in the case of the AlCoFeNiTi HEA, the reaction rate
constant increases from 0.001 min~! to 0.058 min~! when the alloy
concentration increases from 0 to 33.3 g/l. As previously mentioned,
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Influence of sodium percarbonate concentration on the decolourisation process in the presence of AlCoFeNiTiSi (a) and AlCoFeNiTi (b) HEAs.
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Table 5
Comparison of results obtained in this work with the values from the literature.

Catalyst Dye Reaction condition

Decolourisation rate [%] Time [min] Ref.

Cu-doped LaTiOs RhB [dye] =8 mg/l
[catalyst] =14 g/l
[H202] =0.02 mol/1
pH=4

[dye] =15 mg/l
[catalyst] =1g/l
[H,0,] =0.05 mol/l
pH =221

[dye] =5mg/l
[catalyst] =0.5 g/l
[H205] =0.064 mol/l
[dye] =10 mg/1
[catalyst] =0.02 g/l
[H202] =0.03 mol/l
pH=2

[dye] =20 mg/l
[catalyst] =0.2 g/l
[H,0,] =0.256 mol/1
pH =6.12

[dye] =10 mg/1
[catalyst] =0.16 g/1
[H205] =0.587 mol/l
pH=6.5

T=318K

[dye] =20 mg/1
[catalyst] =1 g/l
[H,05] =0.003 mol/l
pH=3

T=313K

[dye] =5mg/l
[catalyst] =16.7 g/1

Fe,05-Kaolin RhB

Ag,CrO4-LaFeO3; nanocomposite RhB

Fe304/Cu0 RhB

Fe304/Si0,

RhB

Fe;04@Prussian blue RhB

RhB

Fe4,Co;Cry5sM014C15BgY> amorphous alloy

AlICoFeNiTiSi RhB

94 120 (82]

98 120 [83]

96 60 [84]

98 60 [85]

97 180 (86]

~ 100 15 [76]

100 (87]

92 60 This work

[sodium percarbonate] = 0.106 mol/l

pH=7
[dye] =5 mg/l
[catalyst] =8.3 g/l

AlCoFeNiTi RhB

95.5 60 This work

[sodium percarbonate] = 0.106 mol/l

pH=7

Ti ions positively influence the production of OH radicals [77]. In the
case of the examined alloys, the difference in the achieved effects of
decolourisation is probably related to the content of Ti and Fe. Better
effects of decolourisation were achieved for the AlCoFeNiTi alloy,
which contained 20% Fe and Ti by weight in its composition, as
opposed to the AlCoFeNiTiSi alloy with 16.66% by weight of Fe and
Ti. Moreover, it was found that pH slightly influenced the effec-
tiveness of the decolourisation process, and both alloys showed
catalytic activity even at a neutral pH. This allows using the in-
vestigated alloys to treat coloured wastewater without the initial pH

1

correction. When the wastewater needs to be treated with a mod-
ified Fenton reagent using other alternative iron sources (e.g. steel
swarf) [78] or zero-valent iron [79], and at low pH, the dissolution of
iron is a significant problem. Therefore, the advantage of the tested
alloys is their increased corrosion resistance and, thus, low sus-
ceptibility to dissolution. The tested alloys can also be used as a
modified Fenton process in continuous flow reactors similar to that
proposed in [80], which offers greater possibilities for the practical
application of the Fenton reagent. The continuous Fenton process
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can be easier to operate, allowing the catalyst in the process, and
thus, the catalyst can be used repeatedly.

Finally, the results of the experiments were compared with the
literature data (Table 5). The small influence of pH on the deco-
lourisation process and the use of sodium percarbonate in place of
hydrogen peroxide distinguished them. Due to its chemical proper-
ties, sodium percarbonate is safer than hydrogen peroxide [81].
Moreover, high entropy alloys showed catalytic abilities comparable
to Fes04 nanoparticles. However, there are similar decolourisation
effects at neutral pH. All presented literature studies, not only of
Fe304 nanoparticles, showed a decrease in decolourisation with in-
creasing pH, while this factor had little effect on the decolourisation
process using high entropy alloys as a catalyst. The research was also
compared with amorphous alloys as a similar material group.
Amorphous alloys achieve very high decolourisation rate in a short
time; however, they require a low pH (reaching the value of 3).

4. Conclusions

The formation of double-phase HEAs was confirmed for the
AlCoFeNiTi and AlCoFeNiTiSi alloys cast using two different cooling
rates. As presented, adding Si changes the phase composition,
whereas the cooling rate does not affect the phase composition of
both alloys. However, a higher cooling rate results in a much higher
homogeneity in the distribution of the chemical elements. The
AlCoFeNiTi alloy was composed of the (Fe,Co,Ni),;TiAl L2; Heusler
phase and the BCC phase associated with Fe-rich regions observed
on the 2D EDX maps. The addition of silicon causes the formation of
the TiyCosSi;-like HCP and Al-rich B2 phases. The AlCoFeNiTi alloy
indicates the best corrosion resistance in the form of a plate due to
the highest value of polarisation resistance (38.6 kQcm?) and the
lowest corrosion current density (0.77 pA/cm?). The addition of Si
significantly reduces the Mg, M,, and H. values for samples in the as-
cast state and plates. The AlCoFeNiTiSi alloy showed the lowest
coercivity value of 48.15 Oe in the form of a plate.

A significant increase in hardness can be observed in both forms
of samples with silicon addition. The highest hardness (1096 HV)
was achieved for the AlCoFeNiTiSi alloy in the form of a plate, which
can be mainly related to the formation of the Ti,CosSi;-like HCP
phase. However, fine cracks can be observed for rapidly solidified
AlCoFeNiTiSi. This could mean that, by changing the cooling rate
from the liquid state of high entropy alloys with the addition of si-
licon, it is possible to control the value of hardness and strength. A
slight influence of pH on the effectiveness of the decolourisation
process was found, and both alloys showed high catalytic activity
even at a neutral pH. This allows the investigated alloys to treat
coloured wastewater without the initial pH correction. Furthermore,
the AlCoFeNiTi alloy in the as-cast state shows catalytic properties
that are different from those of HEA containing Si. A near two times
higher decolourisation rate (95.5%) than for the reference reaction
without catalyst addition was achieved for the optimal reaction
condition (pH 7, sodium percarbonate and catalyst concentrations
equal to 16.7 g/l and 8.3 g/1, respectively).
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Flower-like magnetite nanoflowers (FesO4 NFs) were synthesized in this study using a new, highly scalable,
modified co-precipitation method. The heterogeneous photo-Fenton process was optimized for the degradation
of Rhodamine B using sodium percarbonate as an alternative source of HoO5. The low dosage of NPs (0.6 mg/ml)
can ensure the high Rhodamine B degradation of about 93.6% at pH 4 and sodium percarbonate concentration of
8.3 mg/ml. Studies confirm the high cyclic stability of Fe304 NFs and the possibility of using optimized reaction
condition in the degradation of Lissamine Green B (97.3%) and Naphthol Green B (61.8%). Moreover, it was
confirmed that Oy~ and HO® are the primary radicals oxidizing Rhodamine B, while the ultrafast Lissamine Green
B degradation corresponds to their oxidation by O~. Finally, surface functionalization was confirmed as one of
the most critical parameters in designing catalysts for heterogeneous photo-Fenton processes. The study confirms
that in the case of surface functionalization, the degradation of dyes is slowed down (reduction of active sites on
the magnetite surface by the organic molecules). Accordingly, the ultrafine, spherical-shaped magnetite nano-
particles functionalized by thrietylene glycol were characterized by above 3 times lower catalytic activity than
unfunctionalized Fe304 NFs.

1. Introduction

Controlling the properties of nanoparticles by modifying their
morphology (shape, degree of agglomeration) is one of the leading
research issues in nanotechnology, especially in nanostructure engi-
neering [1]. This is closely related to the possibility of developing pre-
cise methods of synthesizing nanomaterials with specific properties such
as catalytic, magnetic, and electrical [2]. The control of the shape, size,
and degree of agglomeration of nanoparticles is one of the most widely
developed issues due to the wide application possibilities of magnetite
nanoparticles. A properly selected synthesis method allows for the
synthesis of nanoparticles with a controlled efficiency. However, the
balance between the efficiency and morphology of the obtained product
must be considered depending on the applications. This problem was
discussed, for example, by Majetich et al. [3]. They noted that chemical
synthesis methods in an aqueous environment (such as co-precipitation
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and hydrothermal methods) lead to the formation of less monodisperse
nanoparticles than in the case of other synthesis methods; however,
these methods allow to obtain nanoparticles with high efficiency (at the
level of hundreds of grams).

On the other hand, methods based on synthesis in an organic envi-
ronment make it possible to obtain monodispersive nanoparticles, but
with much lower efficiency. The current possibilities of controlling the
shape of magnetite nanoparticles (Fe3O4 NPs) through appropriately
selected methods of their synthesis were presented by Roca et al. [4].
They showed that it is possible to synthesize Fe3O4 nanoparticles of
different shapes, from cubic to octahedral, the shape of disks, nano-
flowers, and hollow structures. The methods of synthesizing nano-
structures of different shapes are mainly based on the high-temperature
decomposition of organic precursors in high-boiling organic liquids
using appropriate chemical modifiers such as sodium acetate, oleic acid,
and oleylamine.
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The synthesis of magnetite-based nanocatalysts is very interesting,
according to the high surface area of the nanoparticles and the possi-
bility of removing the catalyst from the reaction solution by a magnetic
field. Moreover, according to the highly reactive surface of Fe3O4 NPs,
they found numerous applications in the oxidation of organic com-
pounds in heterogenous Fenton-like processes. For example, Radon et al.
[5] confirmed that non-spherical magnetite nanoparticles could be used
to degrade Rhodamine B and Methylene Blue dyes in alkaline pH with a
high degradation rate above 97 %. The possibility of removing phenol
was confirmed by Wang et al. [6]. They showed that the Fe304 nano-
particles could be used in a wide pH range, from acidic to alkaline.
Moreover, other organic and inorganic compounds can modify the
nanoparticles’” highly reactive surface to obtain a broader catalyst range
[7-9].

Unfortunately, most synthesis methods, which allow obtaining
magnetite nanoparticles with a defined shape, need organic modifiers,
which spontaneously functionalize their surface. This process blocks the
active sites for the Fenton reaction (i.e., Fe ions) by the organic mole-
cules, which can change the catalytic activity of the magnetite nano-
particles [10]. Accordingly, this study developed a new synthesis
method of flower-like magnetite nanoparticles without surface func-
tionalization and tested them in heterogeneous photo-Fenton catalysts.
Pure hydrogen peroxide is one of the most used oxidants in the Fenton
and photo-Fenton processes. However, the hydrogen peroxide is corro-
sive and harmful. Accordingly, some alternatives were proposed. One is
sodium percarbonate (solid and crystalline carrier of hydrogen
peroxide) with potential use in the wide pH range. This oxidant is also
much safer, especially during transport and handling; the reaction be-
tween this oxidant and organic compounds is non-toxic and non-
polluting, and above that, the carbonate formed under the sodium
percarbonate decomposition act as buffering agent [11,12]. The possi-
bility of using this oxidant was confirmed by Sajjadi et al. [13] in the
catalytic degradation of Methylene Blue dye catalyst by magnetite
nanoparticles incorporated into the zeolitic imidazolate framework and
by Chen et al. [11] in the degradation of Rhodamine B in the presence of
FeOCl and visible light.

According to our knowledge, it is the first study in which flower-like
magnetite nanoparticles with unfunctionalized surface were tested in
decolorizing dyes using sodium percarbonate as an oxidant. Moreover,
to better understand the proposed synthesis methods’ advantages,
nanoparticles were compared with ultrafine spherical nanoparticles
functionalized by triethylene glycol and cubic nanoparticles with sur-
face modified by oleic acid. Furthermore, the role of pH, nanoparticles
dose, sodium percarbonate concentration, and stirring was evaluated to
obtain optimum reaction conditions. Moreover, these variables’ role was
also studied using logistic regression models. Finally, the applicability of
the flower-like magnetite nanoparticles in the heterogenous photo-
Fenton process was also evaluated for the degradation of various dyes
typically used in the industry. As a result, it was confirmed that the dyes’
chemical structure also plays a crucial role in the efficiency of the
decolorization process, and their degradation can be related to the
different radicals formed in the studied system.

2. Materials and methods
2.1. Rod-shaped -FeOOH precursor synthesis

20 mmol of FeCls3-6H,0 was dissolved in 40 ml of deionized (DI)
water. Separately 10 mmol of hexamethylenetetramine was dissolved in
60 ml of DI water and mixed with a solution containing Fe®>* ions. The
received red-orange solution was heated to boiling temperature and
kept for 2 h under reflux. Next, the yellow-brownish product was cooled
to room temperature, and 20 ml of DI water was added.

Applied Surface Science 638 (2023) 158127
2.2. Synthesis of flower-like magnetite nanoparticles (FesO4 NFs)

The yellow-brownish dispersion of f-FeOOH was sonicated at 50 °C
for 10 min. Afterward, 60 ml of a solution containing 15 mmol of FeS-
04-7H,0 was added and sonicated for 10 min. Next, 0.1 mol of NaOH
was dissolved in 60 ml of DI water and dropwise to the dispersion of
B-FeOOH with Fe?" ions under continuous sonication to form a dark-
green precipitate. Finally, obtained dispersion was sonicated for 1 h at
50 °C to form a black magnetic precipitate and stored at room temper-
ature for 24 h. Synthesized flower-like magnetite nanoparticles were
removed from the reaction solution using a neodymium magnet and
washed three times with DI water, two times with ethanol, and two
times with acetone. The powder was stored under acetone to minimize
the air’s highly-reactive surface contact with oxygen.

2.3. Structure analysis

The phase composition and crystalline structure of the p-FeOOH
precursor and flower-like magnetite nanoparticles were determined
using the X-ray diffraction (XRD) method. The measurements were
performed using Rigaku MiniFlex 600 (Rigaku Corporation, Tokyo,
Japan) diffractometer equipped with copper tube Cu Ka(A = 0.15406
nm) as a radiation source (tube voltage 40 kV, current 15 mA). The data
were analyzed using the dedicated Rigaku PDXL software suite. The
morphology and structure of synthesized nanomaterials were described
based on the transmission electron microscopy (TEM) images analysis.
Measurements were also performed using high-angle annular dark-field
scanning transmission electron microscopy (HAADF STEM) mode. In
addition, the chemical composition of the p-FeOOH precursor was
investigated based on the energy dispersive X-ray (EDX) spectra
collected in STEM mode.

2.4. Catalytic activity measurements

Catalytic activity was determined for the heterogenous photo-Fenton
process using sodium percarbonate as an oxidant. The role of the pH,
oxidant and catalyst concentration, and stirring on the catalytic activity
of flower-like magnetite nanoparticles were described in the Rhodamine
B (RhB) decolorization reaction. All experiments were performed in
similar ways. To avoid measurement errors, all nanoparticles were
redispersed in the water to obtain stable dispersions and ensure the
repeatability of measurements. Generally, 30 ml of RhB solution with a
concentration equal to 10 mg/l was mixed with 30 ml of nanoparticle
dispersion to receive the final concentration of nanoparticles in solution
from 0.3 to 2.6 mg/ml. The pH of the solution (from 3 to 6.5) was then
established using sulfuric acid. The sodium percarbonate in the powder
form was added before the experiment started to obtain the oxidant’s
final concentration from 1.7 mg/ml to 37.5 mg/ml. Afterward, stirring
the reaction solution was established at 0 or 400 rpm. The photo-Fenton
process was performed using the 365 nm UV source with power equal to
36 W. In the case of the reactions without the catalyst, the 30 ml
nanoparticle dispersion was replaced by DI water. The radicals respon-
sible for the dyes’ degradation were determined in the same way by
introduction into reaction solution 0.5 mol of 2-propanol (HO® scav-
enger), 0.2 mol of tert-Butanol (HO® scavenger), 5 mmol of ascorbic acid
(02 scavenger) and 5 mmol of KI (hole, ht interfering species). The
cyclic stability was determined for chosen reaction conditions using the
same catalyst in 5 processes without any purification between degra-
dation efficiency tests. For this purpose, the nanoparticles were collected
after the degradation test (60 min of the reaction) by centrifugation,
redispersed in the DI water to form a stable dispersion, and added to the
dye solution.

The free H,04 concentration in the reaction solution was determined
based on the following procedure. First, 0.2 g of the tested solution was
weighed with an accuracy of 0.0002 g. Next, 10 ml of sulfuric acid so-
lution (10% m/m) was added. Finally, the solution was titrated with the
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potassium permanganate 0.0125 M solution to a light pink permanent
color.

The decolorization of other organic dyes was performed similarly to
the one described above for RhB. The 30 ml of RhB solution was replaced
by the solutions of Phloxine B (PhB, 12 mg/L), Acid Red 1 (AR1, 20 mg/
L), Lissamine Green B (LGB, 4.5 mg/L), and Naphthol Green B (NGB, 10
mg/L). The pH, sodium percarbonate and nanoparticles concentrations
were constant and equal to 4, 8.3 mg/ml, and 0.6 mg/ml. Stirring the
reaction solution was established at 400 rpm.

The adsorption tests were performed for all dyes. For this purpose,
30 ml of dye solution with a known concentration was mixed with 30 ml
of nanoparticle dispersion to receive the final concentration of nano-
particles in the solution of 0.6 mg/ml. The pH of the solution was then
established using sulfuric acid to 4, and the solution was kept in the dark
under continuous stirring (400 rpm) for 60 min.

Finally, the role of the surface chemistry on the heterogenous photo-
Fenton process and the applicability of flower-like magnetite nano-
particles in conventional processes with HyO2 as an oxidant were tested
in the degradation of methylene blue (MB). The details about these tests
can be found in Appendix A..

2.5. Modeling and optimization process

2.5.1. Logistic regression model (LRM)

Logistic regression, also known as the logit model, is a tool used for
classification. Its benefits in comparison to widely used methods (neural
network, regression tree, and their modification) arise from the fact that
computation results range from 0 to 1 and represent probability values.
In this study, sensitivity (Sens), specificity (Spec), and accuracy (Acc)
were used to assess the fit of the results to the measurements. In the
present analyses, six independent logistic regression models were
developed for decolorization D equal to 25, 50, 60, 70, 80, and 90%. The
approach adopted allowed the identification of decolorization values
with corresponding ranges of variation in D. A detailed description of
the model is given in section 5.1 in Appendix A.

Furthermore, a local sensitivity analysis was performed using the
developed logit models. In this approach, sensitivity coefficients (Sy;)
were determined according to the formula:

_op X

e ox; .P(xi) W

where: p(x;) - the probability of exceeding decolorization (D) at point x;;
Sxi — sensitivity coefficient for the influence of the independent variable
x; on the degree of decolorization. A detailed description of the calcu-
lation methodology is given in Section 5.2 in Appendix A.

3. Results and discussion
3.1. Structural analysis

The phase composition of solid-state Fe>* precursor was determined
based on the XRD patterns analysis. Obtained results are presented in
Fig. S1. The applied hydrolysis of the FeCl; in the presence of HMTA
results in the formation of akageneite phase - p-FeO(OH)eCl,,
hollandite-type material with the channel, in which Cl" ions are pre-
sented. The morphology and chemical composition analysis results are
presented in Fig. S2. As seen in Fig. S2a applied synthesis method results
in the formation of p-FeO(OH)eCl,, nanorods with a length of about 22.3
+ 4.6 nm and a diameter of 5.4 &+ 1.0 nm. The presence of Cl ions was
additionally confirmed using EDX spectra analysis (Fig. S2b). The
presence of Cl can be noted, together with the peaks characteristic for Fe
and O. Unfortunately, the synthesized nanorods are characterized by a
high agglomeration ratio, which can be especially seen in Fig. S2c and d.
Moreover, as observed in Fig. S2d highly disordered structure of these
rods complies with the broadness of the diffraction peaks for the
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synthesized sample.

In this study, synthesized rods were used as a solid-state precursor for
the synthesis of magnetite nanoparticles. Generally, iron oxyhydroxides
are used to synthesize magnetite nanoparticles with rod-shape by the
controlled reduction using hydrogen, hydrazine, or reducing organic
solvents. For example, Adhikari et al. used hydrazine to produce Fe304
nanorods from B-FeO(OH) nanoneedles [14]. At the same time, Choi
et al. [15] proposed that ethylene glycol reduction can produce solid
nanospheres, hollow nanoellipsoids, and solid nanoellipsoids by adding
sodium acetate or using p-FeO(OH) with or without Cl ions in their
structure. Herein different method was used to prepare magnetite
nanoparticles. While in the examples mentioned above formation of
FeZ" jons is related to the reduction of the Fe>" ions presented in p-FeO
(OH)CI, in this work, Fe?* jons were introduced as FeSO4 and
ultrasound-assisted co-precipitation at elevated temperature was per-
formed to obtain a magnetically removable powder. The X-ray diffrac-
tion pattern of the synthesized material is presented in Fig. 1. As can be
seen, this new method forms a spinel structure characteristic of pure
magnetite. Moreover, the absence of additional diffraction peaks on the
XRD patterns confirms the obtained samples’ phase purity. Also, while
in the case of the co-precipitation method, synthesized nanoparticles are
characterized by ultrafine size, the average crystallite size calculated
according to the Halder-Wagner method [16,17] was equal to 44.3 nm.

Interestingly, when the spherical or eventually rod-shaped magnetite
nanoparticles were expected using the proposed methods, as seen in
Fig. 2. magnetite nanoflowers composed of ultrafine nanoparticles were
formed. Based on the TEM images analysis, the diameter of these
nanoflowers was equal to 83.7 + 16.6 nm, which is approximately two
times higher than the average crystallite size calculated based on the
XRD patterns analysis, indicating the multi-crystalline nature of these
nanoflowers. Generally, magnetite nanoflowers are formed by the
controlled agglomeration of nanoparticles in high-temperature decom-
position reactions of organic precursors and using specific organic
modifiers [18,19]. In the case of the typical co-precipitation methods,
spherical, cuboidal, or octahedral shapes were described in the literature
[20,21]. Accordingly, the proposed new method synthesis should be
tested in producing the nanostructured catalysts, especially for hetero-
geneous Fenton processes.

3.2. Degradation of RhB in UV/sodium percarbonate system

The various advanced oxidation processes and reagents are pre-
sented and widely studied in the literature. Generally, one of the most
common is the Fenton-like process, in which the reaction catalyst pro-
duces hydroxyl radicals by Fe?* ions, which are oxidized to Fe** and
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Fig. 1. X-ray diffraction pattern of synthesized Fe3O, NFs with characteristic
Miller indices and theoretical diffraction pattern of Fe3O, spinel structure.



S. Lonski et al.

Applied Surface Science 638 (2023) 158127

Fig. 2. Transmission electron microscopy analysis: (a) HAADF STEM and (b, ¢) TEM images of synthesized FegO4 NFs.

slowly back into Fe?* form. Also, these radicals can be produced by the
UV illumination of the reaction solution containing only H20; as the
oxidant. In this study, sodium percarbonate (NayCO3-1.5H205) was
applied as the hydrogen peroxide source. Recently this oxidant was
tested, for example, in the degradation of CI Reactive Red 195 in the
presence of tetraacetylethylenediamine [22]. Accordingly, the process
optimization was performed in the decolorization of RhB in the presence
of UV irradiation. Firstly, the role of the sodium percarbonate concen-
tration on the decolorization rate was measured for three oxidant con-
centrations, and analysis results are presented in Fig. 3a. As can be seen,
with increasing concentration from 8.3 mg/ml to 37.5 mg/ml, the
decolorization rate also increases from 53.6 to 95.9 % at nearly neutral
solution pH.

Interestingly, the pH value does not influence the process efficiency
and is close to 84.6 % for all tested acidic environments (Fig. 3b). The
significant changes observed in the case of the parameter, which is not
commonly tested in the literature and is related to the stirring of the
reaction solution. Generally, stirring of the reaction solution is applied
in various catalytic activity tests; however, sometimes, in real applica-
tions, it is difficult to obtain rapid stirring or catalytic reaction is per-
formed in different systems such as flow reactors. Therefore, the tests
were performed for the near neutral pH equal to 6.5 and oxidant con-
centration equal to 37.5 mg/ml. The results are presented in Fig. 3c and
d. As shown in Fig. 3¢, the decolorization efficiency increases while the

reaction solution is stirred and achieves 95.9 %. On the other hand, the
decolorization rate in the system without stirring was much lower (83.0
% after 60 min.), which is visible mainly for shorter reaction times.
These changes can be related to the nature of the oxidant, sodium per-
carbonate, which can dose the HyO5 under the whole reaction. As can be
seen in Fig. 3d, while the solution is stirring, the concentration of free
hydrogen peroxide is nearly constant, while in the case of the reaction
performed without stirring increases and achieve about 4% after 30 min
of the reaction. Accordingly, the dose of hydrogen peroxide is not
consumed in the hydroxyl radicals generation process and acts like a
scavenger, which will be discussed later in this study.

3.3. Optimization of catalytic degradation of RhB by flower-like
magnetite nanoparticles

3.3.1. Influence of pH on catalytic degradation of RhB

One of the important parameter influences on the catalytic activity of
magnetite nanoparticles is the solution pH. Unal et al. [23] have shown
that the optimum pH depends on the dye type. In the case of the removal
of Basic Red 18, the highest Fenton oxidation (76%) was observed for pH
3.5, whereas 100% of Acid Red 8 removals for pH 6.0. On the other
hand, the highest Rhodamine B decolorization efficiency was observed
for the ultralow pH value, which is related to the changes in the inter-
action of dye molecules with the catalyst’s surface [24]. Interestingly, in
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Fig. 3. RhB decolorization results obtained for UV/ sodium percarbonate system: (a) influence of the sodium percarbonate concentration, (b) influence of the pH
value, and (c) role of the reaction solution stirring on the process efficiency; (d) free H,O, concentration (in %) in the reaction solution.



S. Loniski et al.

the studied, modified photo-Fenton process catalyzed by magnetite
nanoflowers, the influence of the pH on the Rhodamine B degradation is
slight. The highest decolorization rate was observed for pH 4.0 during
the whole reaction time; however, after 60 min of the reaction, the dye
removal efficiency is similar for all pH values and not lower than 95.1%
(Fig. 4). Generally, changes in the removal of RhB by various catalysts
are related to the presence of the cationic form of this dye at a pH lower
than 3.7 and the zwitterionic form in higher pH values [24]. Radon et al.
[5] have shown that the catalytic degradation of rhodamine B with high
efficiency of about 99.5% by non-spherical shaped magnetite nano-
particles is possible at a high pH value equal to 10, while Ansari et al.
[25] have confirmed that the pH 3 is the most optimal for the spherical
magnetite nanoparticles and sodium dodecyl sulfate coated magnetite
nanoparticles. Accordingly, the possibility of application of magnetite
nanoflowers in a wide pH range from 3 to 6.5 significantly improves the
applicability of the synthesized nanoparticles in the industry without the
significant loss of dye removal efficiency at 60 min. However, pH 4
improves the decolorization efficiency for much lower reaction times
than much acidic and alkaline pH. For example, the decolorization rate
of 72.9% was observed for pH 4, while 67.9% of the RhB was removed
from the solution at pH 6.5 (for 20 min).

3.3.2. Influence of sodium percarbonate concentration in catalytic
degradation of RhB

Generally, oxidants in the Fenton and photo-Fenton processes non-
linear influence the degradation dyes rate. In the case of HyO use,
this behavior is related to the scavenging properties of hydrogen
peroxide in much higher oxidant concentrations (eq.2) [26]. The formed
in this process, HOO® radicals are characterized by much lower oxida-
tion properties than hydroxyl radicals and decrease the organic com-
pounds’ degradation rate [27].

H,0, + HO*-HOO*+H,0 2

The first advantage of using sodium percarbonate is the possibility of
generating three different radicals under UV illumination (HO®, Oy~ and
CO37) [28]. The role of them will be discussed later. The second one, as
was mentioned previously, is related to the concentration of hydrogen
peroxide changes over time - one of the most significant advantages of
this process is the possible dosage of HoO2 under the whole reaction.
Accordingly, the changes generated by sodium percarbonate concen-
tration on the decolorization rate were studied for a concentration range
from 1.7 to 37.5 mg/ml. In this experiment, the pH was established at 4,
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Fig. 4. Influence of pH on the decolorization rate of Rhodamine B in the photo-
Fenton reaction catalyzed by Fe3O4 NFs.
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and the final concentration of magnetite nanoparticles was also constant
and equal to 1.3 mg/ml. As shown in Fig. 5, the decolorization rate in-
creases from 13.3 to 95.9% with the increasing sodium percarbonate
concentration in the analyzed dose range. Unfortunately, the oxidant
concentration equal to 37.5 mg/ml is too high for applying this reaction
for the degradation of organic pollutants; however, in terms of pure
H30, moles, this is still a lower concentration than for other similar
tested processes [29,30]. Accordingly, further optimization of this pro-
cess was carried out for a much lower concentration, equal to 8.3 mg/
ml, for which the decolorization rate was around 55.2 % after 60 min
and the concentration of pure HyO5 equal only to 78 mM.

3.3.3. Influence of flower-like magnetite nanoparticles concentration on
catalytic degradation of RhB

The catalyst concentration is another parameter significantly influ-
encing the organic compounds’ oxidation rate. Unfortunately, the
changes generated by increasing the Fe?' ions concentration are non-
linear in this case. First, these ions’ presence is important in the
degradation of the organic compounds, according to the eq. (3) allowing
highly reactive hydroxyl radicals to form with a rate constant of 78
M 's!. However, the amount produced by this method of hydroxyl
radicals is much lower than the theoretical one and decreases with the
increasing Fe?* concentration, which is related to the occurrence of the
reactions (4)-(5) [31].

Fe>*+H,0, — Fe**+HO +HOe 3
Fe?t+H,0, — FeO**+H,0 4
2Fe’T+H,0, — 2Fe* +2HO™ )

Accordingly, the role of the magnetite nanoflowers concentration in
reaction solution on the decolorization efficiency of rhodamine B was
studied for 0.3, 0.6, 1.3, and 2.6 mg/ml of Fe304 NFs and compared with
the degradation without the addition of iron ions. As can be seen in
Fig. 6a, the addition of the magnetite nanoflowers increases the decol-
orization rate in comparison to the reference reaction; however, the
most visible changes observed for 0.6 mg/ml, which is related to the
spontaneous occurrence of the reactions (4)-(5) in the case of higher
catalyst concentrations. While the decolorization rate equal to 93.6%
was observed for 0.6 mg/ml, for the 2.6 mg/ml, only 60.1% of the RhB
was removed from the reaction solution. Interestingly, adding the low
amount of magnetite nanoparticles (0.3 mg/ml) into the reaction solu-
tion as well as higher ones (1.3 and 2.6 mg/ml) does not significantly
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Fig. 5. Influence of sodium percarbonate concentration on the decolorization
rate of Rhodamine B in the photo-Fenton reaction catalyzed by Fe3O,4 NFs.
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Fig. 6. Influence of Fe304 NFs concentration on the decolorization rate of RhB
in the photo-Fenton reaction catalyzed by magnetite nanoflowers: (a) for
oxidant concentration equal to 8.3 mg/ml and (b) for concentration equal to
16.7 mg/ml.

change the decolorization rate in comparison to the system without the
magnetite addition (Fig. 3a). Accordingly, the improvement of the
decolorization rate by the magnetite nanoflowers in reaction with 16.7
mg/ml addition of sodium percarbonate was studied to confirm the role
of the Fe304 NPs in the analyzed system. As shown in Fig. 6b, in this
case, adding 0.6 mg/ml of flower-like magnetite nanoparticles improves
the decolorization rate from 79.1% (for the reaction without catalyst
addition) to 93.6%. Interestingly, the catalytic activity was similar to the
reaction performed using nearly twice the lower sodium percarbonate
concentration, equal to 8.3 mg/ml. Accordingly, the most favorable
reaction condition was determined based on the above studies. It was
noted that the high decolorization rate (93.6%) could be received after
60 min using a low concentration of sodium percarbonate (8.3 mg/ml)
in pH 4 and using flower-like magnetite nanoparticles with a concen-
tration equal to 0.6 mg/ml.

The catalyst stability was tested for this optimal reaction condition,
and the results are shown in Fig. 7. The recyclability and reusability
strongly depend on the catalyst composition [32]. In some cases, the
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Fig. 7. Stability of Fe3O4 NFs: (a) changes in the decolorization rate of RhB
recorded for the optimal reaction condition (pH 4, stirring 400 rpm, Cre304 =
0.6 mg/ml and Cyoq perc. = 8.3 mg/ml) and reaction with higher catalyst con-
centration (pH 4, stirring 400 rpm, Creso4 = 1.3 mg/ml and Cyod perc. = 8.3 mg/
ml); (b) FTIR spectra of RhB, magnetite nanoparticles collected from water
dispersion and nanoparticles collected after the 5% stability experiment.
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decolorization of magnetite nanoparticles can drop drastically, mainly
related to the iron leaching in the reaction solution or deactivation of
catalytic sites [24]. A slight decrease in decolorization rate (94.7 to
89.5%) was observed between 1% and 5 experiments using the same
nanoparticles. A similar situation was noted for the test performed for
higher Fe304 NFs concentration. In this case, the decolorization
decreased from 58.9 to 50.6% (Fig. 7a). To understand these changes,
the FTIR spectrum of Fe3O4 NFs collected from the dispersion, which
was used in the catalytic activity tests was compared with the spectrum
recorded for the catalyst after 51 test. As shown in Fig. 7b, the
unfunctionalized, highly reactive surface of flower-like magnetite
nanoparticles also interacts with pure water and forms a Fe-OH-rich
surface (two vibrational modes characteristic for goethite at 796 and
895 cm™! [33]). After the catalytic reaction, some new, overlapping
vibrational modes can be observed for the sample measured after tests.
These modes were not assigned to the absorption of rhodamine B mol-
ecules, which confirms that the observed decrease in the decolorization
rate is only related to the degradation of this compound. Analysis of
these spectra confirms that the observed vibrations are probably related
to the formation of complex carbonate-rich surface. The formation of
this structure is related to the degradation of RhB and sodium percar-
bonate under UV illumination. Formed in these processes gaseous CO»
and CO3  radicals react with the magnetite surface forming carbonates
[28]. As was recently shown, this carbonate-rich surface of oxides is a
complex structure for which the occurrence of different vibrational
modes is related to the formation of unidentate, bidentate, bridged, and
polydentate carbonates under the reaction with the oxide surface
[34,35]. Interestingly, the formation of this carbonate layer on the Fe304
NFs surface only slightly decreases this catalyst’s catalytic activity.

3.3.4. Role of stirring on the catalytic degradation of RhB by flower-like
magnetite nanoparticles

The role of the stirring on the catalytic activity was confirmed pre-
viously for the system without nanoparticles. Accordingly, in this study,
stirring was also tested for catalytic degradation of RhB using a photo-
Fenton reaction, magnetite nanoparticles as a catalyst, and sodium
percarbonate as an oxidant. The tests were performed for the optimal
condition, i.e., pH equal to 4, Fe304 NFs and oxidant concentrations
equal to 0.6 and 8.3 mg/ml, respectively. The results are presented in
Fig. 8. As shown in Fig. 8a, the decolorization rate is comparable for
both experiments only until 5 min. Afterward, the decolorization effi-
ciency drastically increases while the reaction solution is stirred and
achieves 93.6%. The decolorization rate in the system without stirring
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Fig. 8. Role of the reaction solution stirring on the catalytic activity of FezO4
NFs: (a) comparison of decolorization rate obtained for the reaction without (0
rpm) and with (400 rpm) stirring; (b) free hydrogen peroxide concentration in
reaction solution in the reaction time function.
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was much lower (only 65.2%). To understand the mechanism respon-
sible for this drastic change, the concentration of the free HyO» in the
reaction solution was determined, and the results are presented in
Fig. 8b. As was mentioned previously, in the case of sodium percar-
bonate, the hydrogen peroxide is dosed by whole reaction time. Under
the stirring, the free HyO2 concentration (Creeri202) is nearly constant
throughout the reaction. Accordingly, the degradation is efficient in the
whole process and consumes the same amount of hydrogen peroxide.
While the solution is not stirred, the Cfeer202 increases drastically to
1.28% at 15 min and then decreases to 0.64% at 60 min. It can be
assumed that few mechanisms can be responsible for the low decolor-
ization rate in the case of the reaction without stirring. Firstly, when the
solution is stirred, there is a much higher probability that the Fenton
reaction (eq.3) appears because the nanoparticles and hydrogen per-
oxides molecules are continuously moving. That process results in the
consumption and decomposition of hydrogen peroxide to the hydroxyl
radical and hydroxide ions. Secondly, when the reaction solution was
stirred, there was a much higher probability that the hydroxyl radical
would react with the organic molecules (in this case, RhB dye). Ac-
cording to eq (2), the free hydrogen peroxide can be a scavenger for
these radicals in the static case.

3.4. Modelling of the catalytic degradation process of rhodamine B by
sodium percarbonate in the presence of flower-like magnetite nanoparticles

3.4.1. LRM model

A logistic regression model (LRM) of the catalytic degradation pro-
cess of Rhodamine B by sodium percarbonate in the presence of Fe304
NFs was developed; the obtained values of coefficients (a;) and standard
deviations (o) are given in Table S1. The LRMs obtained for decolor-
ization limits D = 25, 50, 60, 70, 80, and 90% had a high predictive
capability, as confirmed by values of SPEC = 81.25 — 99.20%, SENS =
85.60 — 99.5% and Acc = 83.20 — 99.60%. The best fit of the calculation
results to the measurements for the LRMs was for pp, = 0.40. Decol-
orization degree, as confirmed experimentally in section 3.3. changes in
the reaction time (t) and was influenced by pH (Fig. 4), sodium per-
carbonate concentration Csodperc (Fig. 5) and nanoparticles concentra-
tion Cre304 (Fig. 6). Based on the D = f(t, pH = 4.0, Cre304 = 1.3 mg/ml,
Csod.perc = 16.7 mg/ml) for D = 50%, an increase in time from 15 min to
45 min, leads to an increase of p from 0.01 to 0.67 (Figure S3). The
increasing of Csod perc. from 16.7 to 24.0 mg/ml (for t = 45 min) resulted
in an increase p from 0.77 to 0.96 (Figure S3). An increased pH from 4.0
to 4.5 for t = 45 min (Cre304 = 1.3 mg/ml and Cyoq perc, = 16.7 mg/ml)
leads to a decrease in p from 0.77 to 0.72, while an increase of the Cre304
from 0.6 to 1.3 mg/ml results in an increase the probability of exceeding
from 0.58 to 0.77 (for D equal to 50%).

Due to limitations of the LRM (lack of possibility to determine the
value of D from X;), based on equations S6 and S7 for pH = 6.5, Cre304 =
0.6 mg/ml, t from 5 to 60 min, Csoqperc. from 5 to 36 mg/ml, the rela-
tionship Dy, = f(t, Csoqperc) Was determined, in which: Dy, is the mini-
mum degree of decolorization for the assumed independent variables
(Fig. 9). The increase in Csyd perc. from 5 to 15 mg/ml for t = 60 min leads
to an increase in decolorization from 25% to 90%. Moreover, the in-
crease of Csod perc. from 25 to 35 mg/ml reduces reaction time from 35 to
25 min, for which Dy, equal to 90% was observed. For Csod perc. €qual to 5
mg/ml and t = 60 min a D,,, = 25% was gained, and a similar decolor-
ization effect was obtained for Cs,d perc. €qual to 0.035 and reaction time
to 23 min.

3.4.2. Sensitivity analysis

To evaluate the influence of reaction time on the degree of decol-
orization as a function of percarbonate and nanoparticle dose, the re-
1ati0n5hip5 SFe304 = f(t*: Csod.perc; CFe3O4: PH*) and Ssod.perc = f(t*: Csod.
perc Cre304 PH*) were determined; t* = 15, 30 min, pH* = 6.5 (Fig. 9a
and b). It was observed that the increment of reaction time from 15 to
30 min leads to a decrease in the influence of Cre304, Csodperc ON the
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Fig. 9. Influence of the reaction time (t) and sodium percarbonate concentra-
tion (Csod,perc.) On decolorization value (Dp,).

degree of decolorization. For a reaction time equal to 15 min, an in-
crease in Cre304 from 0.2 to 1.2 in the range of Csoqperc = 5 — 31 mg/ml
leads to an increase in Sge304 from 0.25 to 1.54 (Fig. 10a). For sodium
percarbonate concentration greater than 27.75 mg/ml, the influence of
percarbonate dose on Sge304 is demonstrated, and it was found that an
increase in Csod. perc to 37.5 mg/ml (for Cpe3o4 equal to 1.2 mg/ml) results
in a decrease in Sge304 to 1.05 (Fig. 10a). For t = 30 min, the influence of
sodium percarbonate concentration on Sg.304 was shown over the entire
range of nanoparticle variation (Fig. 10b). For Cre304 = 0.2, it was found
that an increase in Csod,perc from 5 to 37.5 mg/ml leads to a decrease in
Sre304 from 0.25 to 0.10, and for Cre304 equal to 1.2 mg/ml there is a
decrease in Sg.304 from 1.54 to 0.15.

For Cpe3p4 from 0.2 to 1.2 mg/ml with increasing percarbonate
concentration, the sensitivity coefficients of Sggperc increased to a
maximum value, followed by a slight decrease depending on the nano-
particles concentration (Fig. 10c). For Crs304 equal to 0.2 mg/ml, an
increase in Csodperc led to an increase in Sgodperc from 1.4 to 9.0. For
Cres04 = 1.2 mg/ml, it was found that the sensitivity coefficient of Syq.
perc increased from 1.4 to 7.6 in the range Csod,perc. from 5 to 34.25 mg/
ml. Further increases in Csod,perc resulted in a decrease of Ssoq perc to 7.0.
An increase in Csod perc from 5 to 27.75 (for t = 30 min and Cr304 = 0.2
mg/ml) leads to an increase in Ssod perc from 1.25 to a maximum value of
6.37; an increase in Csodperc to 37. 5 mg/ml results in a decrease in Sgoq.
perc to 1.27 (Fig. 10d). In contrast, for nanoparticle concentration equal
to 1.2 mg/ml it was found that for Csoq perc from 5 to 24.5 mg/ml there is
an increase in Sgoq perc from 1.25 to 6.0, once Csod perc €qual to 24.5 mg/ml
is exceeded, the effect of Cyoq perc 0N decolorization (D) decreases.

3.5. Influence of the dye structure on the catalytic decolorization process
using optimal reaction condition

Magnetite nanoparticles with different shapes have been tested
recently in the degradation of various chemical dyes. The analysis per-
formed herein confirmed that pH, stirring, sodium percarbonate, and
magnetite concentrations play a crucial role in the catalytic degradation
and decolorization of Rhodamine B, a model dye widely described in the
literature. However, the possible applicability of these nanoparticles in
the degradation of other organic compounds cannot be assumed based
only on the optimization process of one dye. Therefore, for the
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Fig. 10. Influence of magnetite nanoparticles (Creso4) and sodium percarbonate (Csod perc.) concentration on the Sge3o4 = f(Cre304 Csod.perd) (@ and b) and Syoq perc. = f
(Cre304 Csodperd) (c and d) determined for reaction time equal to 15 min. (a and ¢) and 30 min. (b and d).

experimentally optimal reaction condition (i.e., pH equal to 4, stirring of
400 rpm, sodium percarbonate concentration equal to 8.3 mg/ml and
nanoparticles concentration to 0.6 mg/ml), tests of the possible appli-
cation of this process were conducted for additional widely used in the
industry chemical dyes. The decolorization rates of four tested dyes are
presented in Fig. 11. As can be seen, the same reaction condition can
show ultrahigh efficiency and also cannot allow degradation of some of
them. Naphthol Green B and Lissamine Green B are dyes that can be
degraded by the proposed herein system. In the case of Lissamine Green
B, the decolorization rate of 100% was achieved after 5 min, while for
the Naphthol Green B observed a high, but not as good, rate of 61.8%
after 60 min. Naphthol Green B is a Fe(III) complex dye with high
degradation resistance, which is widely present in wastewater con-
cerning its application as a coloring agent in the leather and fur in-
dustries. This dye degradation processes mainly focus on biodegradation
by bacteria [36] and combined adsorption and degradation by complex
systems [37].

Li et al. [38] have also shown that metallic glasses can be used to
degrade this dye by activating peroxymonosulfates. The second dye,
Lissamine Green B, a dye commonly used for coloring wool, silk, and

leather, was successfully degraded using, for example, TiO; thin films
[39]; however, this process was not as efficient as proposed in this study
(the dye was entirely degraded after 2 h). Interestingly, Phloxine B and
Acid Red 1 were not degraded with high efficiency using flower-like
magnetite nanoparticles as catalysts (decolorization rate about near
0%). This is unusual because some studies indicate that these dyes,
especially Acid Red 1, can be removed using heterogeneous Fenton and
photo-Fenton reactions [39]. To understand this behavior, two addi-
tional tests were performed. Firstly, adsorption tests (Fig. S5) confirm
that the dyes with a higher tendency to be adsorbed on the surface of
Fe304 nanoflowers can be degraded with a higher ratio, even if the
adsorption is low (5.69%, 1.76% and 0.22% for RhB, LGB, and NGB,
respectively). No adsorption process was observed in the case of PhB and
AR1. This can be related to the higher degradation rate observed in the
case of the molecules, which are adsorbed by the magnetite
nanoparticles.

Scavengers and interfering species were tested in the Lissamine
Green B and Rhodamine B degradation in the second test. This experi-
ment is widely used in the case of the catalytic degradation of various
organic compounds. However, the role of the different compounds,
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Fig. 11. Decolorization rate of various chemical dyes measured for the optimal
reaction condition (pH 4, stirring 400 rpm, Cre304 = 0.6 mg/ml and Csoq perc. =
8.3 mg/ml).

added as scavengers and interfering species, is controversial, sometimes
unknown, and many studies oppose their selectivity [40]. Therefore,
different scavengers should be tested, and the results can only approx-
imate a possible mechanism rather than describe it in detail. As shown in
Fig. 12 a, only adding ascorbic acid changes the LGB dye’s degradation
process.

Interestingly, adding 2-propanol and tert-Butanol does not result in a
drop in Lissamine Green B’s decolorization ratio. These two alcohols are
widely used to scavenge the HO® radicals [41-43], therefore observed
ultrafast degradation of this dye is not related to the oxidation by the
hydroxyl radicals but can be related to the degradation by Oy~ radicals,
which are also formed from the sodium percarbonate under the acti-
vation of this compound by metal ions (such as iron and copper ions) and
UV light [28,44]. On the other hand, the mechanism of the RhB
degradation is related to the oxidation by both radicals (Fig. 12b). The
addition of ascorbic acid, 2-propanol, and tert-Butanol results stopped
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Fig. 12. Effect of the scavengers and interfering species (ascorbic acid, KI, 2-
propanol, and tert-Butanol) addition on the decolorization rate of Lissamine
Green B (a) and Rhodamine B (b) for optimal reaction condition (pH 4, stirring
400 rpm, Cpe304 = 0.6 mg/ml and Csogperc. = 8.3 mg/ml.
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the degradation process totally, which is typical for this reaction type.
Interestingly, in the case of RhB, electron holes h* generated by the UV
illumination of magnetite nanoparticles also participate in this dye’s
degradation process. This can be related to the occurrence of the reac-
tion between these holes generated by the UV light in the magnetite
valence bands and hydroxyl ions, which results in the formation of hy-
droxyl radicals (according to reactions (3) and (6), one of the main
radicals response for the RhB degradation [45]. Moreover, the iodide
ions can also be used as the hydroxyl radicals scavenger according to the
reaction (7).

ht+HO —>HO® (6)

2HO*+2I-+2H"—2H,0 + I, @

3.6. Role of the surface functionalization on the catalytic activity of
magnetite nanoparticles

As presented above, nanoparticle reaction conditions and adsorption
capabilities must be considered in the degradation processes. However,
there is still a question: Why should flower-like nanoparticles synthe-
sized using the proposed method be considered an efficient catalyst in
photo-Fenton reaction? In the literature, many methods of synthesis of
nanoparticles are presented. Using the various organic modifiers in the
thermal degradation of organic precursors allows for synthesizing
magnetite nanoparticles with various shapes and properties. Unfortu-
nately, these methods result in nanoparticle synthesis spontaneously
functionalized by these organic molecules [46]. While, as was described
above, in the Fenton-based processes, the crucial role plays iron ions,
this surface functionalization drastically changes the catalytic activity of
nanoparticles. Radon et al. [10] have shown that despite the reduction
in the size of the magnetite nanoparticle agglomerates from 2384 nm to
240 nm, the catalytic activity of the thus synthesized materials did not
increase. However, it decreased from 86% to 35% for the heterogeneous
Fenton process and 93 to 85.5% for the UV-assisted heterogeneous
Fenton process. Studies using FTIR spectroscopy clearly indicated that it
is related to the functionalization of the Fe304 surface by small, organic
malonic acid molecules. This functionalization blocks the active sites, i.
e. Fe?* and Fe®* ions on the surface of nanoparticles, and despite the
increase in the active surface area by reducing the size of the agglom-
erates, the catalytic activity in the decomposition of rhodamine B de-
creases. Accordingly, in this study magnetite nanoflowers synthesized
without any organic modifiers were compared with two other nano-
particle types — ultrafine spherical Fe304 NPs (Fig. S6) synthesized using
polyol method and magnetite nanocubes (Fig. S7) synthesized by ther-
mal degradation of Fe(acac)s in presence of the oleic acid. As can be seen
in Fig. 13 the Fe3O4 nanoflowers can be also used in the catalytic
degradation of Methylene Blue using photo-Fenton process with HyO5 as
the oxidant. In studied case (see Supporting Information for details) the
72% of the methylene blue can be removed from the reaction solution,
while application of the oleic acid functionalized magnetite nanocubes
allowed to remove only 44% of MB. Interestingly, hydrophilic ultrafine
magnetite nanoparticles (with size below 10 nm) synthesized in polyol
process were characterized by the lowest degradation rate of 21%. These
changes can be related to the functionalization of the magnetite surface
by oleic acid and by the triethylene glycol.

The presence of these organic molecules on the surface of magnetite
can decrease the catalytic activity for two reasons: (i) the active centers
(Fe ions) are inactive in the Fenton process by bonding with organic
molecules, and (ii) the produced hydroxyl radicals are consumed to
degrade the attached to the magnetite surface organic molecules
(Fig. 14). While in the case of the nanoflowers Fenton reaction and
formation of hydroxyl radicals in UV/H202 occurs spontaneously
(Fig. 14a) in the case of the ultrafine nanospheres and cubic nano-
particles Fenton reaction is stopped firstly by the inactive catalytic sites.
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Fig. 13. UV-Vis spectra recorded at 0 and 60 min of reaction decolorization of
Methylene Blue with decolorization rate and models of the applied magnetite
nanoparticles.

Moreover, as can be seen, the functionalization by glycol molecules
drastically decreases catalytic activity, which is related to the high ratio
of the surface functionalization and agrees with obtained FTIR spectra
(Fig. S8). The presence of an organic modifier was also confirmed for the
nanoparticles synthesized in the presence of oleic acid, while in the case
of nanoflowers, the additional vibrations in the analyzed range were
attributed only to the adsorbed water. Furthermore, Giinay et al.
confirmed that triethylene glycol could easily functionalize the Fe304
NPs surface by the covalent interaction between oxygens in glycol and
metal ions. Therefore, in the case of the functionalized magnetite
nanoparticles, hydroxyl radicals not only react with the dye molecules
and oxidize them but also with the triethylene glycol and oleic acid.
Afterward, when the organic layer on the surface of magnetite is
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decomposed, both processes (Fenton and UV/H,05 reactions) occur
spontaneously and decompose the dyes molecules (Fig. 14b and c);
however, the degradation rate is much lower than in the case of the pure,
highly active surface of magnetite nanoflowers.

Despite the differences between the degradation mechanism, the
proposed unfunctionalized flower-like magnetite nanocatalyst can be
used to degrade organic dyes with different structures with high
degradation rates. Table 1 presents a comparison between the optimized
herein reaction condition and other systems recently tested in literature
in the degradation of Rhodamine B, Lissamine Green B, and Naphthol
Green B. As can be seen, the decolorization rate of RhB is similar to other
tested reactions, and the most visible advantages can be observed for the
degradation of NGB and LGB. In the case of Lissamine Green B degra-
dation, the 97.3% dye was oxidized after 5 min. The decolorization rate
of Naphthol Green B is lower than for the other processes; however, the
concentration of this dye is much higher than tested currently (ppm) in
the degradation processes, or the reaction time is much shorter than
shown in the literature.

4. Conclusions

The catalytic activity of flower-like magnetite nanoparticles syn-
thesized using a new, co-precipitation-based method was measured in
the decolorization of rhodamine B dye in the heterogenous photo-
Fenton reaction using sodium percarbonate as oxidant. It was
confirmed that using -FeO(OH)eCl, nanorods as Fe3* jons source in the
co-precipitation method allows obtaining 83.7 + 16.6 nm magnetite
nanoflowers without impurities. Optimizing the catalytic degradation
process allowed us to state that Fe3O4 NFs could be used as a catalyst in a
wide pH range; however, the highest catalytic activity can be obtained at
pH 4. The decolorization rate increase when the concentration of sodium
percarbonate increases, contrary to magnetite nanoparticles concen-
tration, for which optimum was observed for 0.6 mg/ml. It was shown
that using this concentration can significantly improve the decoloriza-
tion rate from 56.6 to 93.6% for sodium percarbonate concentration
equal to 8.3 mg/ml and pH equal to 4. The slightly higher degradation

a o“ \'eact'. b
af‘HzOz % A3y
w * H,0 + CO,
Fass F/\& 7
., >HO XN dye LY
mN 1,‘?
* 1—0
o high catalitic :
£ activity & Y\Aﬂgye
‘/omqfé%, y low catalitic
c 3 LHZO 6 activity
H,0 + CO,

Fenton reaction
+ UV/H,0,

Fe3+ o

H,0,

& ad J(’Le

low catalitic
activity

Fig. 14. Schematic representation of the influence of magnetite nanoparticle surface functionalization on the catalytic activity and dye decomposition process for (a)
Fe304 NFs, (b) ultrafine spherical magnetite nanoparticles functionalized by triethylene glycol and (c¢) magnetite nanocubes functionalized by oleic acid.
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Table 1
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Comparison of different degradation processes of Rhodamine B (RhB), Naphthol Green B (NGB), and Lissamine Green B (LGB).

Catalyst Dye

Reaction condition Decolorization (%)

Time (min.) Ref.

CoFe,04 NPs RhB

Fe304/Si0, double-mesoporous-shelled hollow spheres

Cu-Fe304 MNPs

Fey03-Fe304/Si0,

Fe304 NFs

ZnS/MoS,/Fe304 NGB

FeygSioB13 metallic glass

Pseudoalteromonas sp CF10-13

Fe304 NFs

FeS047H,0 LGB

iron-based amberlite catalyst

TiO, film

[RhB] = 10 mg/L 90.6
[catalyst] =1 g/L

[H20] = 15 ml/L (30%)

30 W LED lamps

[RhB] = 20 mg/L 97
[catalyst] = 0.2 g/L

[H205] = 20 ml/L

(30%)

pH = 6.12

T =25°C

Vis radiation

[RhB] = 10 uM ~100
[catalyst] = 0.5 g/L

[H20,] = 80 mM

pH=16.9

T =25°C

[RhB] = 20 mg/L ~99
[catalyst] = 2 g/L

[H,02] =1 ml/L

pH=65—7

T =25°C

296 nm / 30 W

[RhB] = 10 mg/L 93.6
[catalyst] = 0.6 g/L

[sodium percarbonate] = 8.3 g/L

pH=14

T =25°C

stirring = 400 rpm

365nm /36 W

[NGB] = 20 ppm 84 (Vis)97
[catalyst] = 0.1 g/L (uv)
pH=3

UV and Vis irradiation

[NGB] = 50 ppm 92.1
[catalyst] = 0.5 g/L

[peroxymonosulfates] = 1.0 mmol/L

irradiation intensity: 7.7 pW/cm?

[NGB] = 100 mg/L > 95
pH=75

concentrated solution of P. sp CF10-13

T =25°C

anaerobic condition

acetate as an electron donor

[NGB] = 10 mg/L 61.8
[catalyst] = 0.6 g/L

[sodium percarbonate] = 8.3 g/L

pH=4

T =25°C

stirring = 400 rpm

365nm /36 W

[catalyst] = 0.2 mM 80
pH=3

graphite electrodes

potential =5V

[NazSO4] = 0.1 M

[LGB] = 7.5 mg/L >90
[catalyst] = 30 g/L
[NazS;0g] = 1 mM

[LGB] = 7.3 mg/ml ~100
[catalyst] = 57.93 g/L

pH=7.2

T =25°C

365 nm

11

270

180

120

60

60

75

4200

60

180

20

120

[47]

[48]

[49]

[50]

This study

[51]

[38]

[36]

This study

[54]

(continued on next page)
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Table 1 (continued)
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Catalyst Dye Reaction condition Decolorization (%) Time (min.) Ref.

Fe alginate beads pH=2 60 [55]
graphite electrodes >95
air flow = 1 L/min
Potential = 14.19 V

Fe304 NFs [LGB] = 4.5 mg/L 97.3 5 This study

[catalyst] = 0.6 g/L
[sodium percarbonate] = 8.3 g/L

pH=14
T =25°C

stirring = 400 rpm
365nm /36 W

rate (95.9%) was observed for 4.5 times higher oxidant concentration
(37.5 mg/ml), which confirms the high catalytic activity and the
appropriateness of using flower-like magnetite nanoparticles in the
tested advanced oxidation process. This applicability potential also was
confirmed by the stability test, in which the drop in the decolorization
rate was slight after five cycles. Moreover, their possible applicability
was confirmed for the degradation of two other dyes: Lissamine Green B
(decolorization rate near 100% after 5 min.) and Naphthol Green B
(decolorization rate of 61.8% after 60 min.), using optimized in this
study reaction condition. Interestingly, this ultrafast Lissamine Green B
decolorization can be related to the oxidation of this compound by the
O, radicals. Finally, the high catalytic activity of flower-like Fe304 NPs
was connected with their unfunctionalized surface. It was shown that
the use of the much smaller (below 10 nm) magnetite nanoparticles with
surface functionalized by triethylene glycol results in a much lower
degradation rate (21%) than 8-times bigger nanoflowers, for which re-
action efficiency was equal to 72 % in the case of the methylene blue
decolorization. It was confirmed that an increase in percarbonate dose
and nanoparticle leads to an increase in decolorization, and LRM models
allowed interpolation of the degree of decolorization for t = 0—60 min,
pH = 3.0—6.5, Cr304 = 0.0002—0.0012 and Csogperc. =
0.005—0.0375. The results of the sensitivity analysis complemented
the simulations and allowed the influence of the correction of the in-
dependent variables (Cre304 Csodperc) On the degree of decolorization to
be determined, which is essential from the point of view of optimizing
process conditions.
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Abstract

A novel photocatalytic process using a modification of photo-Fenton reaction, with sodium percarbonate (SP), as an alter-
native source of H,0,, and alloy AlesCuyFe;s containing, among others, quasicrystals (of the percentage composition
AlgsCuyoFeys), being a source of iron ions, effectively decolourizes the aqueous solution of rhodamine B (RB; solution of
5 mg/l). The source of UV radiation was a lamp with a power of 36 W. The experiments were carried out at pH = 7 and reac-
tion time (from 5 to 60 min). The increase in SP concentration (in the range of 8.3 to 33.3 g/l) significantly increased the
degree of degradation of RB and the reaction rate. However, the use of quasicrystals, in the range of 8.3 to 33.3 g/, was also
important in the modified photocatalytic photo-Fenton process. The best degradation effects of RB (95%) were obtained for
the highest SP concentration of 33.3 g/l and the lowest quasicrystal concentration of 8.3 g/l. On the other hand, visual
decolourization of RB was obtained with an efficiency of 70% for SP and quasicrystal concentrations of 16.7 g/l and 16.7 g/1,
respectively, after 45 minutes, and for SP and quasicrystal concentrations of 33.3 g/l and 8.3 g/l, respectively, after the time
of 20 minutes. The best RB degradation effects in the comparative method (UV/Na,COs-1.5H,0; without the addition of qua-
sicrystals) were only 52.7%. The obtained results encourage further research to optimize the conditions of the proposed
method and to investigate its applicability to other types of dyes and pollutants.

Keywords: Advanced oxidation processes; Quasicrystals; Rhodamine B; Decolourization; Modified photo-Fenton.

1. INTRODUCTION remove RB from wastewater is both efficient and eco-
logical. This process uses iron's photocatalytic abili-
ties. In photo-Fenton reaction catalyst absorbs light
energy and creates reactive oxygen species from
hydrogen peroxide. The dye molecules are therefore
oxidised by these reactive oxygen species into less dan-
gerous compounds [10]. This makes it suitable for
treating wastewater in various industries. The process

Rhodamine B (RB) is a commonly used dye that can
be found in various industries, including food[1, 2],
textiles [3-6], and cosmetics [1, 7]. However, its pres-
ence in wastewater can have detrimental effects on
aquatic ecosystems [8, 9]. Using photocatalytic reac-
tions, particularly the photo-Fenton reaction, to
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is efficient not only in the degradation of various
dyes, but also other organic pollutants. Discovered in
1894 by H.J.H. Fenton, the reaction of H,O, with
iron ions [11], later named the Fenton reaction after
him, became one of the most effective treatment
processes for many types of industrial wastewater.
Various modifications of the Fenton reaction have
also been studied for a long time in order to intensi-
fy the effects of the degradation of many types of pol-
lutants in wastewater. There are numerous variations
of the Fenton reaction. Catalysing iron can be sup-
plied in a variety of forms, including metallic [12-14],
nanoparticle [15, 16], amorphous alloys [17], and high
entropy alloys [18].

In the presented study the authors applied a new
approach, the use of alloy AlgsCuxFes containing
quasicrystals I-AlCuFe as a catalyst in the photo-
Fenton reaction applied to degradation rhodamine B
from aqueous solution. Quasicrystals are a type of
material with unique atomic structures important in
various applications, including catalysis. The atomic
composition of AlgsCuoFeis was chosen for its stabil-
ity and durability in harsh environments [19], making
it applicable for industrial wastewater treatment.

Further modifications of the classic Fenton reaction
are the methods of supplying the oxidant and the
method of supplying the possible light. Hydrogen
peroxide [15, 16] and sodium percarbonate [18, 20,
21] are just two examples of the numerous oxidants
that can be used to carry out the reaction. Light, of
which there are many different kinds, from UV light
[15, 16, 18, 21] to sunlight [22], may catalyse the
process even further. In these studies, it was decided
to use sodium percarbonate Na,CO31.5H,0, (SP) as
the alternative source of H,O; in the Fenton reaction
and UV light to catalyse this process. The purpose of
the work was to verify the viability of effectively using
quasicrystals in the modification of the photo-Fenton
reaction with SP, as an alternative source of H,O».

2. EXPERIMENTAL
2.1. Materials

The material for the tests was the AlgsCuyFeis alloy
produced by casting the liquid alloy into a copper
mould cooled with water. This method of producing
the material results in the formation of many differ-
ent intermetallic phases in the alloy, such as CuzAl,
ALCu, AlisFey, Al;CusFe, AlFe, Alb,Fe and the qua-
sicrystal line icosahedral phase of I-AlCuFe. The
phase composition of the material produced by this
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technique is confirmed by X-ray diffraction studies.
In addition, the presence of a quasicrystal line icosa-
hedral phase was confirmed by electron diffraction
[23, 24]. This phase composition of the alloy causes
significant differences in relation to classic alumini-
um-based alloys. First of all, the very high hardness
and brittleness of these alloys are noticeable. The
most interesting part of the steppes is the occurrence
of the quasi-crystalline phase. Quasicrystals are a rel-
atively new form of crystal. Discovered by Dan
Shechtman in 1984, for which he was awarded the
Nobel Prize in 2011. Quasicrystals are an ordered
structure, but not periodic. A quasicrystal line pat-
tern can continuously fill all available space, but it
shows lack of translational symmetry. While the crys-
tals, according to the classical crystallographic restric-
tion theorem, can only possess two-, three-, four-,
and six-fold rotational symmetry, the Bragg diffrac-
tion pattern for quasicrystals shows sharp peaks with
the other orders of symmetry—for example, five-fold.
Along with the unusual spatial arrangement of atoms
in quasicrystals, there are numerous differences
between quasicrystals and traditional crystalline
phases. This phase, however, has many unique prop-
erties, such as: low electrical and thermal conductivi-
ty, high oxidation resistance, low coefficient of fric-
tion, high abrasion resistance, high tensile strength
and brittleness at room temperature. These unique
properties mean that quasicrystals can be used as
anti-adhesive materials, protective coatings or com-
posite reinforcements [24-27].

2.2. Photocatalytic experiment

The studies were aimed at determining the effect of
the concentration of quasicrystals and SP on the
decolourization efficiency of the RB solution. For
this purpose, different amounts of quasicrystals and
doses of SP were introduced into the reactor (Fig. 1)
containing 60 ml of an aqueous solution of RB at a
concentration of 5 mg/l, irradiated with UV light with
4 bulbs (36 W in total; A= 365 nm) additionally foil
reflecting UV light into the solution was placed
behind the lamps. The reaction solution was con-
stantly stirred (at 400 RPM). Although the concen-
tration of RB was low, the colour of the solution was
intense pink. In addition, the results of studies using
similar concentrations of this dye can be found in the
literature [28, 29].

Samples for measuring dye concentration were col-
lected at 0, 5, 10, 15, 20, 30, 45, and 60 minutes. The
dye concentration was measured by spectrophotome-
try using a Shimadzu UV-1800 spectrophotometer.
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Magnetic stirrer

Figure 1.
Schematic diagram of lab-scale reactor

The initial pH = 7 has not been modified, because
the addition of SP no effect on its value [18]. Due to
the lack of publications on the degradation of dyes
using quasicrystals, the authors used the experience
gained while working with high entropy alloys [18]
regarding the adoption of the concentration of SP
and quasicrystals (8.3; 16.7; 33.3 g/l and 8.3; 16.7;
33.3 g/l, respectively). The UV/NaxCO3-1.5H,0;
process without the addition of quasicrystals was
used as a comparative reaction.

3. RESULTS AND DISCUSSION
3.1. Effect of quasicrystals dose

Figures 2 and 3 show the average values (from two
experiments) of the decolourization efficiency for dif-
ferent concentrations of the tested quasicrystals and
SP, respectively. The difference in the obtained
decolourization efficiency values did not exceed 5%.
To ascertain the impact of the catalyst on decolour-
ization efficiency, the following quasicrystals concen-
trations were used: 8.3, 16.7 and 33.3 g/l, at a constant
SP concentration of 16.7 g/l (Fig. 2). After 60 minutes
of the process, the decolourization efficiency was
84.2%, 78.4% and 84% for quasicrystal doses of 8.3,
16.7 and 33.3 g/l, respectively. At that time, the com-
parative method had a decolourization degree of
52.7%. For all the used reaction times and doses of
quasicrystals, no significant differences in decolour-
ization efficiency were observed. Therefore, for fur-
ther tests to determine the effect of SP on the
decolourization efficiency, the smallest quasicrystal
dose of 8.3 g/l was selected.
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Influence of catalyst dose on decolourization efficiency
(16.7 g/1 sodium percarbonate)

3.2. Effect of sodium percarbonate dose

In the next part of the research a series of tests using
various SP concentrations (8.3, 16.7 and 33.3 g/l), ata
constant quasicrystal dose of 8.3 g/l (Fig. 3), were
conducted to examine the effect of the alternative
source of hydrogen peroxide in the photo-Fenton
process on decolourization degree. After 60 minutes
of the process, the decolourization efficiency was
63.3%, 85.1% and 93.6% for SP doses of 8.3, 16.7 and
33.3 g/l, respectively. Practically throughout the
entire test, the efficiency of dye degradation for indi-
vidual doses of SP clearly differed, which proves the
significant impact of SP doses on the effects of RB
degradation. The greatest increase in the effects of
RB degradation was observed during the first 30 min-
utes of the process.
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Influence of sodium percarbonate dose on decolourization
efficiency (8.3 g/l quasicrystals)
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Table 1.
Reaction rate constant
Quasicrystals concentration 8.3 g/l Sodium percarbonate concentration 16.7 g/l
SP concentration (g/l) 8.3 16.7 333 | Quasicrystals concentration (g/1) 0.0 8.3 16.7 333
Reaction order I 1 1 Reaction order 1 1 I 1
Reaction rate constant 0.017 | 0.032 | 0.048 Reaction rate constant 0.012 | 0.032 | 0.026 | 0.031
Unit sl sl sl Unit sl st sl s-1

Even at the lowest doses of catalyst used in the exper-
iments (8.3 g/l), it has an impact on the reaction. The
concentration of the oxidant significantly increases
the rate of decolourization of the dye relative to the
comparative method. The addition of the catalyst
affects the rate of degradation very similarly regard-
less of the dose of the added catalyst Fig. 2. The high-
est rate of decolourization was observed at the highest
concentration of oxidant (33.3 g/l). The decolouriza-
tion process accelerates with an increase in the dose
of the oxidant. However, the difference in decolour-
ization between the highest and the second highest
concentration (16.7 g/l) is 10 percentage points (see
Fig. 2), which is not significant, taking into account
the double dose of the oxidant. The results suggest
that the use of a catalyst is essential to achieve a fast
and efficient decolourisation of the dye.

3.3. Reaction Kinetics

Table 1 shows the values of the reaction rate con-
stants for both types of tests. Reaction order and
reaction rate constants were estimated from a linear
fit of the data matching to characteristic functions for
reaction order. For the 0 order reaction Cy-Cy; 1%
order Ln(%(:); 27 order %t_%() [30]. For a constant
concentration of quasicrystals (8.3 g/l), a two-fold
increase in the concentration of SP from 8.3 to
16.7 g/l caused also an approximately two-fold
increase in the value of the reaction rate constant
from 0.017 to 0.032 s*'. Another two-fold increase in
SP concentration (from 16.7 to 33.3 g/l) resulted in
only one and a half times increase in the value of the
reaction rate constant (from 0.032 to 0.048 sV).
Generally, the increase in SP concentration signifi-
cantly increased the degree of degradation of RB
(Fig. 2 and 3) and the reaction rate. In the case of
tests using a constant concentration of SP (16.7 g/),
similar relationships were not observed. The values
of the reaction rate constants when increasing the
concentration of quasicrystals from 8.3 to 33.3 g/l did
not show an upward trend, remaining at almost the
same level. This is also confirmed by the results pre-
sented in Fig. 2, which show that the degradation effi-
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ciencies of RB for individual quasicrystal concentra-
tions differed to a small extent. On this basis, it can
also be concluded that in the presented studies the
concentration of SP had a greater impact on the rate
and efficiency of dye degradation compared to the
concentration of quasicrystals.

4. SUMMARY

The results of the presented studies clearly show that
a new photocatalytic process using a modification of
the photo-Fenton reaction, with SP as an alternative
source of HyO; and quasicrystals as a source of iron
ions, effectively decolourizes the aqueous solution of
RB. The increase in SP concentration significantly
increased the degree of degradation of RB and the
reaction rate. However, the use of quasicrystals was
also important in the photocatalytic photo-Fenton
process. The best degradation effects of RB (95%)
were obtained for the highest SP concentration of
33.3 g/l and the lowest quasicrystal concentration of
8.3 g/l. On the other hand, visual decolourization of
the aqueous solution of RB was obtained with an effi-
ciency of 70% for SP and quasicrystal concentrations
of 16.7 g/l and 16.7 g/l, respectively, after 45 minutes,
and for SP and quasicrystal concentrations of 33.3 g/l
and 8.3 g/l, respectively, after the time of 20 minutes.
The obtained results encourage further research to
optimize the conditions of the proposed method and
to investigate its application to the other types of dyes
and pollutants.

In general, the doses of quasicrystals and SP used
were very high in relation to the concentration of RB.
It should be noted, however, that these were prelimi-
nary studies, mainly aimed at confirming the assump-
tion that it is possible to use quasicrystals for photo-
catalytic decolourization of dyes in the modified
photo-Fenton process. Therefore, in future experi-
ments, a higher power medium pressure lamp
(150 W) will be used to intensify the decolourization
efficiency at lower doses of SP. However, the use of
quasicrystals in excess will be continued to confirm
that this catalyst can be used many times to decol-
orize successive portions of the dye solution. Due to
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the fact that quasicrystals consist of metals, after a
decrease in efficiency, it is possible to remelt them to
obtain a new catalyst. It is also assumed that tests will
be carried out at a higher concentration of RB solu-
tion of 100 mg/l. Moreover, the effectiveness of the
tested process should also be compared with the
effects obtained in the classical UV-Fenton process
(UV/H202 + F62+).
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