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Streszczenie

Gloéwnym celem niniejszej pracy byto otrzymanie fotokatalizatorow na bazie tlenku tytanu(lV)
(Grupa Azoty Zaklady Chemiczne ,,Police” S.A.), wykorzystywanego do produkcji bieli
tytanowej, ktory poddano modyfikacji krzemem, weglem oraz azotem. Jako prekursor Si, C oraz
N wykorzystano zwiazek z grupy aminosilanéw: 3-trietoksysililopropan-1-amina (APTES).
Fotokatalizatory APTES/TiO. otrzymano w wyniku modyfikacji solwotermalnej w autoklawie
cisnieniowym oraz kalcynacji w piecu rurowym w atmosferze gazu obojetnego (argonu).
Otrzymane fotokatalizatory odznaczaly si¢ podwyzszong aktywnoscig w zakresie promieniowania
UV oraz UV-Vis.

Kolejny etap badan obejmowal charakterystyke strukturalno-morfologiczng uzyskanych
nanomateriatbw APTES/TiO2 przy wykorzystaniu szeregu metod instrumentalnych w celu
ustalenia wptywu przeprowadzonej modyfikacji na wlasciwosci fizyko-chemiczne otrzymanych
fotokatalizatorow. Okreslono rowniez oddzialywanie modyfikatora na wtasciwos$ci adsorpcyjne,
aktywnos$¢ fotokatalityczng oraz stabilno$¢ nowych materiatow. W celu oceny wydajnosci
potprzewodnikoéw wykorzystano barwnik kationowy biekit metylenowy oraz barwnik anionowy
Oranz IL.

Na podstawie przeprowadzonych badan stwierdzono, ze obecno$¢ krzemu oraz wegla
w nanomateriatach na bazie tlenku tytanu(lV) modyfikowanego APTES przyczynita si¢ do
wysoce efektywnego opoznienia transformacji fazowej anatazu w rutyl oraz wplyneta na
ograniczenie wzrostu wielkosci krystalitow anatazu i rutylu, jak rowniez ograniczenia redukcji
wielkosci powierzchni wiasciwej podczas kalcynacji, co miato bezposrednie przetozenie na
poprawe efektywnos$ci procesu usuwania barwnych zanieczyszczen organicznych z wody.

Odnotowano réwniez, ze dla uzyskanych nanomateriatow APTES/TiO2 proces adsorpcji
w istotny sposob wplywal na wydajnos¢ fotokatalitycznego rozktadu obu barwnikéw. Ponadto
Ootrzymane materialy odznaczaly si¢ wysokim stopniem usuniecia obu modelowych
zanieczyszczen organicznych wody. Proces kalcynacji w atmosferze argonu przyczynit si¢ do
poprawy zywotnosci modyfikowanych potprzewodnikow w odniesieniu do nanomateriatow

niemodyfikowanych termicznie.

Stowa kluczowe: fotokataliza, tlenek tytanu(lV), TiO2, 3-trietoksysililopropan-1-amina, APTES,

oczyszczanie wody, aktywnos¢ fotokatalityczna, usuwanie zanieczyszczen barwnych



Abstract

The main aim of presented PhD dissertation was to obtain photocatalysts based on titanium(I1V)
oxide (Grupa Azoty Zaktady Chemiczne ,,Police” S.A.) used in the production of titanium white,
which was modified with silicon, carbon and nitrogen. 3-triethoxysilylpropan-1-amine (APTES)
was used as a precursor of silicon, carbon, and nitrogen. APTES/TiO, photocatalysts were
obtained by solvothermal modification in a pressure autoclave and calcination in a tube furnace
under an inert gas atmosphere (argon). The obtained photocatalysts exhibited enhanced activity in
the UV and UV-Vis range.

The next stage of the research involved the characterization of the obtained APTES/TiO>
nanomaterials with the use of various instrumental methods in order to determine the influence of
the modification on the physicochemical properties of the synthesized photocatalysts. The impact
of the modifier on the adsorption properties, photocatalytic activity and reusability of the new
materials was also determined. The cationic dye methylene blue and the anionic dye Orange II
were used to evaluate the yield of the semiconductors.

Based on the conducted research, it was found that the presence of silicon and carbon in
APTES-modified titanium(lI\VV) oxide nanomaterials contributed to a highly effective delay in the
anatase-to-rutile phase transformation and the growth of the crystallites size of both polymorphous
forms of TiO2, as well as a reduction in the size of the specific surface area during calcination,
which had a direct impact on the improvement the effectiveness of the process of removing colored
organic pollutants from water.

It was also reported that for the obtained APTES/TiO2 nanomaterials, the adsorption process
significantly affected the photocatalytic oxidation efficiency of both dyes. Moreover, the obtained
materials exhibited a high removal degree of model water organic pollutants. The calcination
process under argon atmosphere contributed to the improved reusability of the modified

semiconductors compared to non-thermally modified nanomaterials.

Keywords: photocatalysis, titanium dioxide, TiO2, 3-triethoxysilylpropan-1-amine, APTES,

water treatment, photocatalytic activity, removal of dye contamination
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Ewelina, Morawski Antoni W., Preparation and characterization of nano-titanium dioxide
modified with organosilane, 11" Conference Wasteless Technologies and Waste Management
in Industry and Agriculture, 11-14 czerwca 2019, s. 189-192, ISBN 978-83-7663-281-0,
streszczenie w jezyku angielskim.

[2] Sienkiewicz Agnieszka, Wanag Agnieszka, Rokicka-Konieczna Paulina, Zgrzebnicki Michat,
Kusiak-Nejman Ewelina, Morawski Antoni W., TiO./organosilane materials with enhanced
photocatalytic properties, 62. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, 2-6
wrzesnia 2019, s. 29, ISBN 978-83-60988-29-9, streszczenie w jezyku angielskim.

[3] Morawski Antoni. W., Wanag Agnieszka, Sienkiewicz Agnieszka, Rokicka-Konieczna
Paulina, Kusiak-Nejman Ewelina, Organosilane-functionalized TiO2 nanomaterials for water
purification, 7" International Conference on Semiconductor Photochemistry, 11-14 wrze$nia
2019, s. 60, streszczenie w jezyku angielskim.

[4] Sienkiewicz Agnieszka, Wanag Agnieszka, Rokicka-Konieczna Paulina, Kusiak-Nejman
Ewelina, Morawski Antoni W., Rola adsorpcji w fotokatalitycznym rozktadzie barwnikow

w obecnosci nanomaterialow APTES/TiO2, VI Szczecinskie Sympozjum Mtodych
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Chemikow, Wydawnictwo Uczelniane Zachodniopomorskiego Uniwersytetu
Technologicznego w Szczecinie, 10-14 maja 2021, s. 56-57, ISBN 978-83-7663-320-6,
streszczenie w jezyku polskim.

[5] Morawski Antoni W., Wanag Agnieszka, Sienkiewicz Agnieszka, Rokicka-Konieczna
Paulina, Babyszko Aleksandra, Kusiak-Nejman Ewelina, TiO/Silane Nanomaterials with
Enhanced Photocatalytic Properties, The 5" International Conference on New Photocatalytic
Materials for Environment, Energy and Sustainability/The 6" International Conference on
Photocatalytic and Advanced Oxidation Technologies for the Treatment of Water, Air, Soil
and Surfaces, 24-27 maja 2021, s. 11, ISBN 978-963-306-789-5, streszczenie w jezyku
angielskim.

[6] Sienkiewicz Agnieszka, Wanag Agnieszka, Rokicka-Konieczna Paulina, Kusiak-Nejman
Ewelina, Morawski Antoni W., APTES/TiO2 Nanomaterials for Water Purification, GSCAEE-
2021 Global Summit on Civil, Architectural and Environmental Engineering, 19-21 lipca
2021, s. 26-27, streszczenie w jezyku angielskim.

[7] Morawski Antoni W., Wanag Agnieszka, Rokicka-Konieczna Paulina, Sienkiewicz
Agnieszka, Babyszko Aleksandra, Kusiak-Nejman Ewelina, TiO, modified with graphene or
silicon as photocatalysts for environmental application, The 4™ International Symposium on
Energy and Environmental Photocatalytic Materials, 25-29 lipca 2021, s. 7677, streszczenie
w jezyku angielskim.

[8] Sienkiewicz Agnieszka, Wanag Agnieszka, Rokicka-Konieczna Paulina, Kusiak-Nejman
Ewelina, Morawski Antoni W., Methylene blue decomposition in the presence of APTES-
modified TiO2 under artificial solar light irradiation, ogolnokrajowa konferencja naukowa
,OMINBUS CZ. XII Nauki Interdyscyplinarne”, 27 wrzesnia 2021, s. 37, ISBN 978-83-
63216-60-3, streszczenie w jezyku angielskim.

[9] Sienkiewicz Agnieszka, Wanag Agnieszka, Rokicka-Konieczna Paulina, Kusiak-Nejman
Ewelina, Morawski Antoni W., Optimization of APTES/TiO, nanomaterials modification
conditions for photocatalytic activity, ogoélnokrajowa konferencja naukowa ,,OMINBUS CZ.
X1l Nauki Interdyscyplinarne”, 27 wrzesnia 2021, s. 36, ISBN 978-83-63216-60-3,
streszczenie w jezyku angielskim.

[10] Sienkiewicz Agnieszka, Wanag Agnieszka, Rokicka-Konieczna Paulina, Kusiak-Nejman
Ewelina, Morawski Antoni W., APTES-modified TiO2 nanomaterials: A brief overview on
preparation methods and applications, Ogdlnopolska Konferencja Interdyscyplinarna ,,ALFA
| OMEGA CZ. V”, 16-17 grudnia 2021, s. 15-16, ISBN 978-83-63216-66-5, streszczenie
w jezyku angielskim.

13



[11] Sienkiewicz Agnieszka, Wanag Agnieszka, Rokicka-Konieczna Paulina, Kusiak-Nejman
Ewelina, Morawski Antoni W., APTES/TiO. photocatalysts for phenol removal,
Ogolnopolska Konferencja Interdyscyplinarna ,,ALFA | OMEGA CZ. V”, 16-17 grudnia
2021, s. 13-14, ISBN 978-83-63216-66-5, streszczenie w jezyku angielskim.

2.5. Wykaz pozostatego dorobku

[1] Uczestnictwo w projekcie badawczym:
11/2018 — 09/2021 realizacja projektu badawczego OPUS 14 finansowanego przez Narodowe
Centrum Nauki pt. ,,Hybrydowe nanomateriaty ditlenek tytanu-krzem otrzymane przez
kalcynacje¢ w atmosferze gazéw inertnych do zastosowan w oczyszczaniu wody
i powietrza”, grant nr 2017/27/B/ST8/02007.

[2] Publikacja naukowa:
Zielinska Edyta, Grzmil Barbara, Sienkiewicz Agnieszka, Regulski Pawel, Zienkiewicz
Monika, Badania procesu kondensacji ekstrakcyjnego kwasu fosforowego, Przemyst

Chemiczny 98/6 (2019) 958-961, DOI: 10.15199/62.2019.6.20.

| IF00=0485 |  IFs5=0,370 MNiSWao10 = 40 LCuwos = 0

[3] Nagrody i wyrdznienia:
02/2020 Laureatka konkursu PROM-ZUT Narodowej Agencji Wymiany Akademickiej pn.
»Miedzynarodowa wymiana stypendialna doktorantow i kadry akademickiej”, nr projektu
POWR.03.03.00-1P.08-00-P13/18, realizowany w ramach Dziatania: 3.3

Umiedzynarodowienie polskiego szkolnictwa wyzszego POWER.

14



3. Wykaz stosowanych skrotow/akroniméw

APTES
APTES/TIO:
BM

EDX
FT-IR/DRS

pH

SeeT

SEM

uv
UV-Vis/IDRS
VIS

Vmeso

Vmicro

Viotal

XRD

- 3-trietoksysililopropan-1-amina

- tlenek tytanu(1VV) modyfikowany 3-trietoksysililopropan-1-aminom

- blgkit metylenowy

- spektroskopia rentgenowska z dyspersja energii

- spektroskopia w podczerwieni z transformacjg Fouriera i technikg
rozproszonego odbicia (w publikacjach réwniez DRIFT)

- wyktadnik stezenia jonéw wodorowych

- powierzchnia wlasciwa obliczona metoda Brunauera-Emmetta-Tellera

- skaningowa mikroskopia elektronowa

- promieniowanie ultrafioletowe

- spektroskopia UV-Vis z technikg rozproszonego odbicia

- promieniowanie widzialne

- objetos¢ mezoporéw

- objetos¢ mikroporow

- catkowita objetos¢ porow

- dyfrakcja promieniowania rentgenowskiego
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Wstep

Skazenie $rodowiska wodnego stanowi coraz powazniejszy problem. Czesto wplyw
syntetycznych barwnikow organicznych na zanieczyszczenie $rodowiska uwazany jest za
niewielki. Zaliczane sa do mikrozanieczyszczen ze wzgledu na niskie stezenie (ng/l do pg/l)
w ekosystemach wodnych, jednakze sa one wszechobecne ze wzglgdu na skalg ich produkcji oraz
liczne obszary zastosowan [1-3]. Syntetyczne barwniki organiczne stanowig najwicksza grupe
wszystkich substancji barwigcych i szacuje si¢, ze na §wiecie komercyjnie dost¢pnych jest ponad
100 tys. syntetycznych barwnikow, ktorych globalna wielkos¢ produkeji wynosi ponad 1 min ton
rocznie [4, 5]. Ogromna ilo$¢ produkowanych barwnikéw i ich szeroki obszar zastosowan
generuja duze ilosci barwnych Sciekow. Przemyst widkienniczy w znacznym stopniu przyczynia
si¢ do zanieczyszczania $rodowiska wodnego. Podczas roznych procesow barwienia straty
barwnikdéw wynoszg co najmniej 5%, a moga siega¢ nawet 50%, w zaleznosci od rodzaju tkaniny
1 barwnika, w wyniku czego rocznie powstaje prawie 200 mld litréw zanieczyszczonych Sciekow
[1, 6, 7]. Barwniki obecne w $ciekach przemystowych zmniejszaja przenikalnos¢ swiatla,
prowadzac do zwigkszenia biochemicznego zapotrzebowania na tlen, tym samym obnizajac
aktywno$¢ fotosyntetyczng flory wodnej, co negatywnie wplywa na zrodlo pozywienia
organizmow wodnych. Wyniki badan prowadzonych na przestrzeni lat, w ktérych udowodniono,
ze uwalnianie barwnikoéw tekstylnych do zbiornikow wodnych wywotuje efekty mutagenne,
rakotworcze 1 genotoksyczne oraz szkody estetyczne, wzbudzity duze zaniepokojenie wsrod
ekologébw oraz przyczynity si¢ do sklasyfikowania barwnikow jako problematycznych
i niebezpiecznych zanieczyszczen wody [7, 8].

Rosngca liczba publikacji naukowych, dotyczacych skazenia wody wywotanego
zanieczyszczeniem barwnikami, jest wskaznikiem 1 dowodem globalnego problemu
zanieczyszczenia srodowiska. Obecnie w celu usunigcia zanieczyszczen barwnych ze $ciekow
przemystowych wykorzystuje si¢ m. in. stracanie chemiczne, chlorowanie, ozonowanie, filtracje,
adsorpcje na weglach aktywnych, techniki degradacji mikrobiologicznej i enzymatycznej oraz
cisnieniowe procesy membranowe [1, 9, 10]. Opracowujac nowe technologie eliminacji
zanieczyszczen, szczegblng uwage zwraca si¢, aby proponowane rozwigzania byty ekonomiczne,
jak najbardziej wydajne, spetniaty jak najwigcej zasad zielonej chemii oraz ograniczaty
prawdopodobienstwo generowania problematycznych do zagospodarowania zanieczyszczen
wtornych. Fotokataliza heterogeniczna z wykorzystaniem tlenku tytanu(1V) stanowi jedno z takich
rozwigzan. Gloéwne zalety tego procesu to mineralizacja niebezpiecznych zanieczyszczen

organicznych do dwutlenku wegla, wody oraz prostych zwiazkow chemicznych o niskiej
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toksycznos$ci dla srodowiska. Otrzymanie nowych materiatdéw na bazie TiO2 o jak najwigkszej
wydajnosci oraz stabilnosci pozwoli na stworzenie taniej, proekologicznej metody oczyszczania
wody i $ciekow, eliminujacej problem przenoszenia zanieczyszczen z jednej fazy do drugie;.

Wydajno$¢ fotokatalitycznego rozktadu barwnikéw z wykorzystaniem tlenku tytanu(1V) jako
fotokatalizatora zalezy od jego wlasciwosci fizyko-chemicznych takich jak: struktura krystaliczna,
sktad fazowy, wielko$¢ krystalitow, powierzchnia wlasciwa czy ilo$¢ grup hydroksylowych.
Niestety TiO> charakteryzuje szybka rekombinacja fotogenerowanych par elektron-dziura, co
wplywa na obnizenie wydajno$ci procesu oczyszczania. Wade stanowi rowniez wysoka warto$¢
energii pasma wzbronionego (anataz 3,2 eV, rutyl 3,0 eV) i niemodyfikowany tlenek tytanu(lV)
moze by¢ aktywowany glownie za pomoca promieniowania ultrafioletowego [11]. Dlatego
jednym z wazniejszych celow badan naukowych z zakresu fotokatalizy jest opracowanie strategii
modyfikacji TiO», ktéra pozwoli na osiggni¢cie jak najwyzszej aktywnosci i stabilnosci, przy
mozliwie jak najnizszych kosztach wytwarzania takich nanomateriatow.

Jednym z rozwigzan jest zastosowanie alkilosilanéw, znanych z mozliwosci samoorganizacji
na powierzchni materiatéw tlenkowych, stosowanych jako $rodki sprzegajace do przyltaczania
organicznych czasteczek lub nanoczgsteczek do powierzchni tlenku. W tym zakresie,
aminoalkilosilany, takie jak 3-trietoksysililopropan-1-amina (APTES), sa coraz szerzej
wykorzystywane w procesie modyfikacji tlenkow [12]. Obecnos$¢ zarowno krzemu, wegla, jak
1 azotu w czasteczce APTES daje mozliwos¢ komodyfikacji TiO2, wptywajacej na poprawe
aktywnos$ci fotokatalitycznej dzigki opdznieniu transformacji fazowej anatazu w rutyl, czy
zahamowania wzrostu wielkosci krystalitow obu faz podczas procesu kalcynacji. Ponadto spadek
wartosci powierzchni wiasciwej 1 objetoSci porow nanomaterialdbw rowniez wplywa na
podwyzszenie wydajnosci procesOw usuwania zanieczyszczen barwnych z wykorzystaniem

tlenku tytanu(1VV) modyfikowanego APTES.
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4. Hipoteza i cel badan

Gléwnym celem prowadzonych badan bylo otrzymanie fotokatalizatorow na bazie tlenku
tytanu(1VV) modyfikowanego 3-trietoksysililopropan-1-amina, stanowiaca zrodto azotu, wegla
I krzemu, ktore charakteryzowalyby si¢ wysoka aktywnoscig fotokatalityczng w procesie
usuwania barwnych zanieczyszczen organicznych z wody w wyniku naswietlania zawiesiny
reakcyjnej promieniowaniem o réznej dtugosci fali. Uwzgledniajac aspekt ekonomiczny, bardzo
waznym zatozeniem pracy doktorskiej byto wykorzystanie komercyjnie dostgpnego potproduktu
stosowanego w produkcji bieli tytanowej w Grupie Azoty Zaktady Chemiczne ,,Police” S.A., co
pozwolito na wyeliminowanie etapu preparatyki TiO2, obejmujacej wykorzystanie jego
prekursoréw. Synteza TiO; z prekursorow w duzej mierze uznawana jest za skomplikowana,
czasochtonng oraz mato efektywng w odniesieniu do wymaganych naktadéow finansowych [13-
15]. Dzieki wykorzystaniu zarowno krzemu, wegla jak i azotu, zaproponowana innowacyjna
metoda preparatyki, opierajgca si¢ na komodyfikacji TiO2, przyczyni si¢ do zahamowania
transformacji fazowej anatazu w rutyl w zakresie temperatur od 700 do 1000°C, opdznienia
wzrostu wielkos$ci krystalitow obu faz podczas procesu kalcynacji, jak rowniez przyczyni si¢ do
zahamowania spadku wielkos$ci powierzchni whasciwej (Sget) oraz objetosci porow otrzymanych
nanomateriatow. Co wiecej, uzyskane fotokatalizatory powinny charakteryzowaé si¢ dobrg
stabilno$cig w kilku kolejnych cyklach rozktadu nowych porcji barwnikow [16-21].

Zatozeniem pracy byto okreslenie aktywnosci fotokatalitycznej otrzymanych nanomateriatow
APTES/TiO2 wyznaczonej na podstawie rozktadu modelowych zanieczyszczen organicznych
wody w postaci barwnikéow (blekit metylenowy oraz Oranz II) w warunkach naswietlania
zawiesiny reakcyjnej promieniowaniem z zakresu UV i UV-Vis. Badania obejmowaty réwniez
okreslenie zaleznoSci pomigdzy fotoaktywnoscia a wilasciwosciami fizyko-chemicznymi
otrzymanych nanomateriatdow, jak rowniez wskazanie zalezno$ci pojemnosci adsorpcyjnej
potprzewodnikow w stosunku do bigkitu metylenowego i Oranzu II. Dodatkowo celem pracy byto
wyznaczenie stabilno$ci nanomateriatow na bazie TiO> modyfikowanego APTES w czterech
nastepujacych po sobie cyklach fotokatalitycznego rozktadu obu barwnikow w obecnosci

pierwotnie badanego materiatu.

5. Materialy i metody badawcze
5.1. Charakterystyka stosowanych materiatow
5.1.1. TiO2 (Grupa Azoty Zaktady Chemiczne ,,Police” S.A.)
Fotokatalizatory APTES/TiO> otrzymano na bazie tlenku tytanu(lV), stanowigcego potprodukt

do produkcji bieli tytanowej metoda siarczanowsg, wytwarzanej przez Grupe Azoty Zaktady
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Chemiczne ,,Police” S.A.. Uwodniony potprodukt sktadat si¢ w 95%=+1% z fazy anatazu oraz
zarodkéw rutylu (5%=+1%). Dodatkowo stwierdzono obecno$¢ zanieczyszczeh w postaci
pozostatosci kwasu siarkowego(V1), stanowigcego pozostatos¢ etapu roztwarzania rudy tytanowej
($rednio 2,1% mas. w przeliczeniu na siarke) [22].

Przed modyfikacjg, surowy potprodukt o pH wynoszacym ok. 2 poddano wstepnej obrobee
w celu uzyskania materiatu wyjsciowego 0 pH zblizonym do obojetnego. W pierwszej kolejnosci
uwodniony TiO2 przemywano 25% roztworem wody amoniakalnej w celu usunigcia tatwo
rozpuszczalnego w wodzie siarczanu(VI) amonu. Nastepnie uzyskang zawiesing wielokrotnie
przemywano woda demineralizowang w celu usuniecia pozostalych siarczanow oraz
doprowadzenia zawiesiny do pH na poziomie ok. 7. Tak uzyskany materiat suszono W suszarce
laboratoryjnej przez 24 h w temperaturze 105°C, aby usungé wode zaadsorbowang
powierzchniowo, a nastgpnie poddano rozdrobnieniu. Przygotowany material 0znaczono jako
wyijsciowy TiOa.
5.1.2. 3-trietoksysililopropan-1-amina (APTES) jako prekursor krzemu, wegla i azotu

Role modyfikatora wyjsciowego tlenku tytanu(lV) petita 3-trietoksysililopropan-1-amina
(APTES). Jest to zwigzek z grupy aminosilanow sktadajacy si¢ z dwoch grup funkcyjnych: etoksy
i aminopropylowej, przetaczonych do centralnego atomu krzemu. Rysunek 1 przedstawia wzor

strukturalny 3-trietoksysililopropan-1-aminy. Najwazniejsze wlasciwosci fizykochemiczne:

- wzor chemiczny: CgH23NOsSi; - masa molowa [g/mol]: 221,37,
- stan skupienia: ciecz; - barwa: bezbarwny;
- gestos¢ w 25°C [g/dm3]: 0,95; - temperatura topnienia [°C]: -70;

- temperatura wrzenia w 1,013 hPa [°C]: 217; - temperatura zaptonu [°C]: 93;

- temperatura samozaptonu [°C]: 270;

- rozpuszczalno$é w wodzie: tak (7,6-10° mg/l w 25°C);

- rozpuszczalno$¢ w rozpuszczalnikach organicznych: rozpuszczalny w oktanolu;

- logarytm wspoétczynnika podziatu (oktanol/woda) = 1,7.

Rysunek 1. Wzor strukturalny 3-trietoksysililopropan-1-aminy (APTES) [23]
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5.1.3. Barwniki organiczne jako modelowe zanieczyszczenia wody

Bioragc pod uwage, ze barwniki azowe stanowig najliczniejsza grupe barwnikow
syntetycznych, a ich udzial w przemysle szacuje si¢ az na okoto 60-70%, jako modelowe
zanieczyszczenia organiczne wody wybrano biekit metylenowy oraz Oranz II. Ta grupa srodkow
barwigcych charakteryzuje si¢ obecno$cig co najmniej jednej grupy azowej (—N=N-). Barwniki
azowe syntezowane sg gléwnie w reakcjach diazowania i sprzggania. Co wiecej ze wzgledu na
swoja ztozong strukture sg one na ogot odporne na biodegradacje [24, 25]. Oranz II zaliczany jest
do barwnikéw kwasowych (anionowych), dysocjujacych w roztworze wodnym z wytworzeniem
barwnych anionéw. Odporny na degradacje pod wplywem promieniowania stonecznego,
stosowany gtéwnie w przemysle wiokienniczym, spozywczym, farmaceutycznym [26]. Blekit
metylenowy nalezy do grupy barwnikéw zasadowych (kationowych), dysocjujacych w roztworze
wodnym z wytworzeniem barwnych kationow. Powszechnie stosowany w duzej ilosci jako
barwnik do papieru, wetny, jedwabiu 1 bawelny. Ponadto przemyst farmaceutyczny, kosmetyczny
i spozywczy nie pozostaje w tyle, zuzywajac duze ilosci BM do swoich potrzeb [27]. W Tabeli 1
zestawiono najwazniejsze informacje o wykorzystanych zwigzkach barwigcych, a na Rysunku 2

przedstawiono wzory strukturalne obu barwnikow.

Tabela 1. Charakterystyka wykorzystanych modelowych zanieczyszczen organicznych wody

Rodzaj barwnika Oranz 11 Blekit metylenowy
Wiasciwodé (Orange 11, Acid Orange 7) (Methylene Blue)
Charakter anionowy kationowy
Wz6r sumaryczny C16H11N2NaO4S C16H18CIN3sS
Masa molowa [g/mol] 350,3 319,9
Amax [nm] 486 664

[A] B] o
/N /N+\
z I
W )L _
I : N

o]
/
-

Rysunek 2. Wzor strukturalny Oranzu II [A] oraz bi¢kitu metylenowego [B] [28, 29]
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5.2. Charakterystyka stosowanych metod instrumentalnych
5.2.1. Spektroskopia w podczerwieni z transformacjg Fouriera i technikg rozproszonego odbicia
FT-IR/DRS

W celu identyfikacji grup funkcyjnych obecnych na powierzchni badanych nanomateriatow
wykorzystano spektrometr FT-IR-4200 (JASCO International Co. Ltd., Tokio, Japonia),
wyposazony w przystawke odbiciowa DiffuselR (PIKE Technologies, Fitchburg, Wisconsin,
USA). Widma zbierano w zakresie dtugosci fali 4000-400 cm™. Przedmiotem badan spektroskopii
w podczerwieni sg widma rotacyjne oraz oscylacyjne rejestrowane w postaci pasm i linii. Podczas
analizy probka poddawana jest dziataniu promieniowania podczerwonego, a zarejestrowane
widmo stanowi obraz jego charakterystycznej absorpcji przez obecne w czgsteczce uklady
atomow, ktorych energia oscylacyjno-rotacyjna ulegta zwigkszeniu. Polaczenie spektroskopii
w podczerwieni IR z transformacja Fouriera istotnie zwigksza czuto$¢ metody w poréwnaniu do
tradycyjnej metody dyspersyjnej. W przypadku techniki opartej na odbiciu rozproszonym (DRS)
istnieje mozliwos¢ prowadzenia bezposrednich analiz materialdw proszkowych, na ktorych

adsorpcji ulegajg okres$lone czasteczki reagenta [30, 31].

5.2.2. Spektroskopia UV-Vis i UV-Vis/DRS

Zmian¢ st¢zenia zanieczyszczen organicznych podczas testow aktywnosci fotokatalitycznej
okre$lono na podstawie widm absorpcyjnych, do rejestracji ktorych wykorzystano
spektrofotometr UV-Vis V-630 (JASCO International Co., Tokio, Japonia). Pomiary
przeprowadzono w §wietle przechodzgcym z wykorzystaniem kuwet kwarcowych o dtugosci drogi
optycznej 10 mm,

W celu okreslenia zdolnosci refleksji $wiatla przez otrzymane fotokatalizatory uzyto
spektrofotometru UV-Vis V-650 (JASCO International Co., Tokio, Japonia), wyposazonego
w przystawke ze sferg integrujaca PIV-756 do pomiaru widm DR (JASCO International Co.,
Tokio, Japonia). Aby okresli¢ wptyw modyfikacji APTES na wielko$¢ przerwy energetycznej
pomiedzy pasmem walencyjnym a pasem przewodnictwa, pomiary wykonano w $wietle odbitym,
natomiast jako materiat odniesienia zastosowano Spectralon® (Labsphere, Inc., North Sutton,
USA). Energie pasma wzbronionego (Eg) obliczono wykorzystujac przeksztalcenie Tauca
(réwnanie 1) [32, 33]:

(ah9)¥™ = A(h9 — E,) 1)
gdzie: o — wspotezynnik linowy absorbciji,
h — stata Plancka [J-S],

v — czgstos$¢ padajacej na materiat fali elektromagnetycznej [1/],
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Eg — wielkos¢ przerwy wzbronionej [eV],
A — stala zwana parametrem ogonowania pasma,
n — liczba catkowita opisujaca rodzaj przejscia elektronowego.
Warto$¢ energii pasma wzbronionego wyznacza si¢ wykreslajac zalezno$¢ (ohv)'"
w funkcji hv, oraz ekstrapolujac uzyskany wykres w zakresie zmiennosci liniowej. Warto$¢ Eg jest

miejscem zerowym uzyskanej w ten sposob zaleznosci [34].

5.2.3. Dyfrakcja promieniowania rentgenowskiego XRD

Strukture krystaliczng badanych fotokatalizatorow okreslono za pomoca analizy dyfrakcji
proszkowej promieniowania rentgenowskiego (Malvern PANalytical Ltd., Almelo, Holandia)
przy uzyciu promieniowania Cu Ka (A =1,54056 A). Dyfraktogramy zbierano w zakresie 20-80°
przy napieciu generatora 35 V oraz pradzie lampy 30 mA. Interpretacji dokonano poprzez
poroéwnanie dyfraktogramow analizowanych materiatow z kartami wzorcow (JCPDS - Joint
Committee for Powder Diffraction Studies, karta 04-002-8296 PDF4+ dla anatazu, karta 04-005-
5923 PDF4+ dla rutylu). Do obliczenia $redniej wielkosci krystalitow wykorzystano rownanie

Scherrera (réwnanie 2) [35, 36].
KA
Bhki-cos 6

)

Dpy =

gdzie: D — $rednia wielko$¢ krystalitow [nm],
K — stala Scherrera, wspotczynnik wynoszacy 0,94,
A — dtugo$¢ fali promieniowania rentgenowskiego [nm],
Brki — szeroko$¢ w potowie wysokosci analizowanego refleksu [rad],

0 — potowa kata ugiecia [rad].

5.2.4. Niskotemperaturowa adsorpcja-desorpcja azotu

Niskotemperaturowe pomiary adsorpcji-desorpcji azotu (przeprowadzone w temperaturze 77
K), wykonane na analizatorze sorpcji gazow QUADRASORB evo™ (Anton Paar GmbH, Graz,
Austria), wykorzystano do wyznaczenia powierzchni wlasciwej metoda Brunauer-Emmett-Teller
(BET) i objetosci porow. Wykorzystujac pomiary niskotemperaturowej adsorpcji-desorpcji azotu
catkowita objetos¢ porow (Vita) Wyznaczono z jednego punktu izotermy adsorpcji Na
odpowiadajacego cisnieniu wzglednemu p/po rownemu 0,99. Objetos¢ mikroporow (Vmicro)
wyznaczono przy wykorzystaniu metody Dubinina-Radushkevicha (DR), a objetos¢ mezoporow
(Vmeso) okreslono z réznicy Viotal | Vimicro. Przed wykonaniem pomiaréw wszystkie probki poddano
wstegpnemu oczyszczeniu poprzez odgazowanie (12 h, wysoka préznia, 100°C), aby usunaé

wszelkie pozostalosci zanieczyszczen obecnych na powierzchni | w porach badanych materiatow.

22



5.2.5. Skaningowa mikroskopia elektronowa z dyspersja energii promieniowania
rentgenowskiego

Morfologi¢ powierzchni otrzymanych fotokatalizatorow, zarowno przed, jak i po procesie
modyfikacji, analizowano za pomocg skaningowego mikroskopu elektronowego Hitachi SU8020
0 wysokiej rozdzielczosci z emisjg polowa (Hitachi Ltd., Tokio, Japonia), sprz¢zonego
z energetyczno-dyspersyjna spektroskopig rentgenowska EDS NSS 312 (Thermo Scientific,
Waltham, Massachusetts, USA), umozliwiajaca szybka identyfikacje pierwiastkow oraz uzyskanie
informacji o przyblizonym skladzie ilosciowym. Skaningowa mikroskopia elektronowa (SEM)
dostarcza szczegotowych obrazow probki poprzez skanowanie powierzchni zogniskowang wigzka
elektronow i wykrywanie sygnatu elektronéw wtornych lub wstecznie rozproszonych. Emitowane
sygnaly wlasciwe dla danego materiatu rejestrowane sa przez odpowiednie detektory i nastepnie
konwertowane na obraz probki [37, 38]. Zdjecia SEM prezentowane w publikacjach zostaty

uzyskane na podstawie wtornych elektronéw przy napigciu 5 kV oraz 15 kV.

5.2.6. Metoda dynamicznego rozpraszania swiatta (pomiar potencjatu zeta)

Pomiar potencjatu zeta {, zwanego inaczej potencjatem elektrokinetycznym, jest jednym
z wazniejszych parametrow w procesie fotokatalitycznego rozktadu barwnych zanieczyszczen
wody. Jest to potencjat obecny na powierzchni ciata statego lub innych czgstek rozproszonych,
ktore stykajg si¢ z roztworem elektrolitu. Powstaje w miejscu kontaktu jonow znajdujacych sie na
powierzchni fazy stalej z jonami fazy ptynnej, tak zwanej granicy poslizgu [39, 40]. Wartosci
potencjatu zeta nanomateriatow okreslono za pomocg urzadzenia ZetaSizer NanoSeries ZS
(Malvern Panalytical Ltd., Malvern, Wielka Brytania), wykorzystujac kuwete DTS1070. Badane
probki byly dyspergowane w wodzie, korekty pH dokonywano za pomocg mianowanych
roztworow HCI i NaOH.

5.2.7. Analiza elementarna (pomiar zawartosci wegla i azotu)

Do oznaczenia catkowitej zawartoSci wegla 1 azotu w badanych nanomateriatach
wykorzystano analizator elementarny CN 628 (LECO Corporation, St. Joseph, Michigan, USA).
Do sporzadzenia krzywych kalibracyjnych zastosowano certyfikowany wzorzec EDTA (LECO
Corporation, St. Joseph, Michigan, USA), zawierajacy 9,56+0,03% mas. azotu i 41,06+0,09%

mas. wegla. Zakres btedu pomiaru wynosit maksymalnie + 5%.

6. Omoéwienie wynikow badan
Przed przystapieniem do przeprowadzania testow aktywnosci fotokatalitycznej potwierdzono

skuteczno$¢ modyfikacji wyjsciowego TiO2 za pomocg APTES, wykorzystujac uzyskane widma
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FT-IR/DRS, na podstawie ktorych w otrzymanych probkach potwierdzono obecnos$¢ ugrupowan
charakterystycznych dla APTES, takich jak drgania rozciggajace —CH», drgania zginajace
pierwszorzgdowych amin, rozciggajace wigzan wegiel-azot, jak rowniez drgania rozciagajace Si—
O-Si, Si-O-C oraz Ti—O-Si. Dodatkowo na podstawie wynikéw analizy zawartosci wegla
i azotu oraz SEM-EDX potwierdzono obecnos¢ krzemu, wegla oraz azotu. Co wigcej odnotowano,
ze rozproszenie analizowanych pierwiastkbw na powierzchni bylo rownomierne. Uzyskane
wyniki opublikowane zostaly w publikacjach P1-P5 zgodnie z podpunktem 1 [Wykaz prac
naukowych wchodzgcych w sktad cyklu publikacji].

Stezenie fotokatalizatora niezbedne do przeprowadzenia testow aktywnos$ci fotokatalityczne;j
zostalo wyznaczone do$wiadczalnie [P5]. W tym celu przeprowadzono rozktad biekitu
metylenowego (BM) w warunkach naswietlania promieniowaniem UV dla wyjsciowego TiO:
i wybranej serii fotokatalizatorow modyfikowanych w roznej temperaturze za pomocg 250 mM
oraz 650 mM APTES. Testy aktywnos$ci fotokatalitycznej wykonano dla 5 wybranych stezen
fotokatalizatora, wynoszacych 0,05; 0,1; 0,25; 0,5 oraz 0,75 g/l. Przed wyznaczeniem
fotoaktywnosci, przeprowadzono testy majace na celu wyznaczenie czasu osiggnigcia rownowagi
adsorpcyjno-desorpcyjnej na granicy faz potprzewodnik-blekit metylenowy. Zaobserwowano, ze
stopien adsorpcji barwnika nie zalezal ani od dawki fotokatalizatora, ani od temperatury
modyfikacji, ani tez od stezenia APTES uzytego w procesie modyfikacji. Dla wszystkich
badanych probek rownowaga adsorpcyjno-desorpcyjna ustalita si¢ po 60 minutach cigglego
mieszania. Zgodnie z warto$ciami potencjatu zeta, wyjsciowy TiO2 oraz wszystkie nanomateriaty
APTES/TiO; charakteryzowaty si¢ dodatnio natadowang powierzchnia, a wiadomo, ze dodatnio
natadowana powierzchnia potprzewodnika ma niski potencjal kontaktu z dodatnio natadowanymi
czasteczkami kationowego barwnika, jakim jest biekit metylenowy [41-43]. Dlatego tez adsorpcja
BM byla znikoma i wynosita maksymalnie 4%. W przypadku wszystkich badanych
fotokatalizatorow, po ustaleniu si¢ rownowagi adsorpcyjno-desorpcyjnej nie odnotowano
desorpcji barwnika z powierzchni nanomateriatu. Na podstawie przeprowadzonych testow
okreslenia aktywnosci fotokatalitycznej ustalono, ze skuteczno$¢ usuwania BM wzrastata wraz ze
wzrostem stgzenia fotokatalizatora. Pomimo, iz najwigkszy stopien rozktadu barwnika
odnotowano w wigkszosci przypadkow dla stezenia 0,75 g/l, to biorgc pod uwage aspekt
ekonomiczny, zgodnie z ktorym im mniej fotokatalizatora zuzyjemy tym nizsze koszty procesu
oczyszczania, oraz niewielkg réznice w wydajnosci procesu rozktadu BM jaka uzyskano dla
dwoch najwyzszych stezen fotokatalizatora, to stezenie 0,5 g/l zostalo uznane za optymalne
i aktywnos$¢ wszystkich pozostatych probek wyznaczona byta dla tego stezenia badanych

fotokatalizatorow.
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W oparciu o rozktad bigkitu metylenowego w warunkach naswietlania promieniowaniem UV
dokonano takze optymalizacji temperaturowej. Optymalizacje przeprowadzono ponizej
temperatury wrzenia APTES, wynoszacej 217°C [45] oraz w zakresie mieszczacym sig
w granicach mozliwosci zastosowanego autoklawu cisnieniowego. Stad tez optymalizacji
dokonano od 120 do 180°C (dla At = 20°C) dla czterech wybranych stezen APTES, wynoszacych
50, 250, 450 oraz 650 mM. Na podstawie uzyskanych wynikéw odnotowano, ze przy statej ilosci
modyfikatora temperatura prowadzenia modyfikacji ponizej 180°C wiacznie nie miata znaczacego
wplywu na zmiang wydajnos$ci otrzymanych materiatlow [P5].

Nastepnie okreslono wplyw stezenia modyfikatora w zakresie od 50 do 650 mM (Ac = 200
mM) dla statej temperatury modyfikacji rowniej 140°C [P5] oraz 10, 100, 1000, 2000, 3000
i 4000 mM dla nanomateriatow modyfikowanych w 120°C [P1] na aktywnos$¢ fotokatalityczng
przygotowanych nanomateriatow. W obu przypadkach stwierdzono, ze wszystkie niekalcynowane
probki APTES/TIO; charakteryzowatly sie lepsza wydajnoscig w poréwnaniu do wyjéciowego
Ti0,. Co wiecej stopien rozktadu biekitu metylenowego wzrastat wraz ze wzrostem ilo$ci uzytego
APTES do stezenia 2000 mM. Powyzej tej wartosci fotoaktywno$¢ nanomateriatow malata. Na
podstawie wynikow zawartosci krzemu, jak rowniez wegla i azotu, mozna wnioskowaé, ze
poprawa wydajnosci zwigzana byla ze wzrostem zawartosci analizowanych pierwiastkow
w badanych nanomateriatach. Wzrost zawarto$ci Si, C oraz N w otrzymanych poétprzewodnikach
utatwia wzbudzenie elektronéw z pasma walencyjnego do pasma przewodnictwa oraz przyczynia
si¢ do zmniejszenia energii pasma wzbronionego TiO2, co przektada si¢ na zwigkszenie
aktywnosci fotokatalitycznej. Powyzej stezenia 2000 mM miato miejsce wysycenie powierzchni
TiO, czgsteczkami APTES, spadek zawarto$ci krzemu oraz powierzchni wilasciwej
W nanomateriatach APTES/Ti0O2, dodatkowo spadek zawartosci C i N powyzej 3000 mM, co
przyczynito si¢ do zmniejszenia wydajnosci fotokatalitycznej potprzewodnikow [46-50].

W przypadku nanomateriatlow niekalcynowanych modyfikowanych APTES, podczas rozktadu
Oranzu II po 60 minutach naswietlania promieniowaniem UV odnotowano znaczny stopien
desorpcji barwnika z powierzchni fotokatalizatora (32%), co zwiazane bylo z desorpcja grup
weglowych APTES stabo zwigzanych z powierzchnig TiO2, na ktorych zaadsorbowaly sie
czasteczki Oranzu II [P2]. Znaczacy wzrost ilosci uwolnionych czasteczek barwnika zaburzyt
proces fotokatalitycznego utleniania poprzez tzw. efekt ekranowania, ktory polega na pochtanianiu
przez czasteczki zanieczyszczenia znacznej ilosci promieniowania, w wyniku czego do
powierzchni TiO2 dociera mniejsza liczba fotondw, przez co generowanych jest mniej rodnikow

hydroksylowych bioracych udziat w procesie fotokatalitycznego rozktadu [51, 52].
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W celu poprawy aktywno$ci i stabilnosci otrzymanych fotokatalizatorow w procesach
usuwania zanieczyszczen barwnych pod wplywem naswietlania promieniowaniem UV,
przeprowadzono proces kalcynacji wybranej serii nanomateriatdéw w atmosferze argonu (przeptyw
gazu 180 ml/min) w czasie 4 h. Kalcynacji poddano probki modyfikowane w autoklawie
cisnieniowym w 120°C za pomocg 500 mM APTES [P2] oraz 2000 mM w 180°C [P3], w zakresie
temperatur 300-900°C (At = 200°C). W przypadku TiO2 modyfikowanego APTES proces obrobki
cieplnej powyzej temperatury 300°C przyczynit si¢ do poprawy wilasciwosci adsorpcyjnych,
a ujemnie naladowana powierzchnia nanomateriatu charakteryzowata si¢ wyzsza zdolno$cig do
kontaktu z dodatnio natadowanymi czgsteczkami, jak blekit metylenowy [41-44, 43]. Ujemna
warto$¢ potencjatu zeta, oznaczona dla badanej grupy potprzewodnikow, wptyneta na poprawe
wiasciwo$ci adsorpcyjnych nanomateriatéw APTES/TiO.. Natomiast dla probek o dodatnio
natadowanej powierzchni odnotowano niski stopien adsorpcji barwnika kationowego BM [41, 54].
Jednakze nanomaterialy kalcynowane w temperaturze 900°C, pomimo ze wykazywaly zblizone
do siebie wartosci potencjalu zeta, odznaczaty si¢ odmiennym stopniem adsorpcji BM. Dla
materiatu odniesienia TiO2-Ar-900°C stopien adsorpcji wynosit zaledwie 5%, natomiast dla
probek  TiO2-4h-180°C-2000mM-Ar-900°C i TiO2-4h-120°C-500mM-Ar-900°C  wynosit
odpowiednio 32 i 30%. Ogdlnie przyjmuje si¢, ze wlasciwosci adsorpcyjne przypisuje si¢
wigkszym warto$ciom powierzchni wlasciwej. W tym przypadku powierzchnia wlasciwa probki
referencyjnej (TiO2-Ar-900°C) wynosita zaledwie 3 m?/g, a dla materiatéw modyfikowanych
APTES odpowiednio 45 i 50 m?/g. Zatem zwiekszenie wlasciwosci adsorpcyjnych dla probki
kalcynowanej w 900°C byto zwigzane z zahamowaniem przemiany fazowej anatazu w rutyl oraz
spiekania krystalitow w zakresie wysokich temperatur procesu kalcynaciji.

Aby lepiej zrozumiec¢ proces adsorpcji, przeprowadzono dodatkowe badania w celu okreslenia
pojemnosci adsorpeyjnej badanych nanomateriatdéw. Na podstawie uzyskanych wspotczynnikow
korelacji dla adsorpcji BM wykazano, ze najlepsze dopasowanie danych doswiadczalnych do
modelu izotermy Langmuira-Freundlicha uzyskano dla wyjsciowego TiO2, materialow
referencyjnych oraz probek TiO. modyfikowanych APTES i dodatkowo kalcynowanych
w temperaturze 300-900°C (At = 200°C). Dopasowanie danych doswiadczalnych do modelu
izotermy Temkina uzyskano dla nanomateriatu TiO2-4h-120°C-500mM. Dla fotokatalizatorow,
ktére wykazaty najlepsze dopasowanie do modelu izotermy Langmuira-Freundlicha, mozna
przyjaé, ze powierzchnie potprzewodnikow sa heterogeniczne, energetycznie niejednorodne [55].
Ponadto zauwazono, ze warto$ci maksymalnej pojemnosci adsorpcyjnej wzrosty z 0,19 do 8,35
mg/g BM probki. Wzrost pojemnosci adsorpcyjnej dla bigkitu metylenowego mozna thumaczy¢

wplywem modyfikacji, ktéra obejmowata zarowno wzrost powierzchni wtasciwej, jaki i zmiane
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tadunku powierzchniowego =z dodatniego na ujemny, oraz mezoporowata strukturg
nanomateriatbw APTES/TiO2 [56, 57].

Po modyfikacji termicznej w temperaturze 300 i 500°C odnotowano niewielka zmiang
aktywnos$ci fotokatalitycznej wyjsciowego TiO.. Istotng poprawe wydajnosci (z 31 do 88%)
zaobserwowano jedynie dla probki kalcynowanej w 700°C, zawierajacej 88% anatazu i 12%
rutylu, o wartosci energii pasma wzbronionego wynoszacej 3,07 eV i powierzchni wiasciwe;j
rownej 16 m?/g [P3]. Odnotowane zaleznosci byly zgodne z wynikami uzyskanymi przez Luis
i in. [58] oraz Ohno i in. [59], wedtug ktorych wspotistnienie roznych form polimorficznych TiO:
jest jednym z najwazniejszych parametrow warunkujacych fotoaktywnos¢ TiO.. Zaobserwowali
oni, ze najbardziej efektywne wyniki podczas rozktadu bickitu metylenowego uzyskano dla
materiatbw o obnizonej energii przerwy energetycznej, bedacych mieszaning anatazu i rutylu.
Materialy te nie charakteryzowaly si¢ wcale najwigkszg powierzchng wiasciwag sposrod
wszystkich badanych probek [58, 59]. W przypadku probek modyfikowanych APTES, po procesie
kalcynacji praktycznie wszystkie modyfikowane fotokatalizatory TiO charakteryzowaly si¢
lepszym stopniem rozktadu blekitu metylenowego w poroéwnaniu z probkami referencyjnymi,
wygrzewanymi w tej samej temperaturze. Jedynie probka TiO2-4h-120°C-500mM-Ar-700°C
wykazalta nieznaczny (7%) spadek efektywnosci w poréwnaniu do probki TiOz-Ar-700°C.
Modyfikacja krzemem oraz weglem przyczynita si¢ do efektywnego zahamowanie przemiany
fazowej anatazu w rutyl (probka TiO2-Ar-900°C sktadata si¢ w 100% z rutylu, zas TiO2-4h-120°C-
500mM-Ar-900°C stanowita mieszaning 95% anatazu i 5% rutylu), a takze wzrostu wielkosci
krystalitow (52 nm anataz oraz >100 nm rutyl w przypadku probki TiO2-Ar-700°C, zas$ 17 nm
anataz oraz 45 nm rutyl dla probki TiO2-4h-120°C-500mM-Ar-700°C) [P2]. Redukcja defektow
sieciowych oraz opoznienie wzrostu wielkosci krystalitow fazy anatazu po kalcynacji zwigkszyty
szybkos¢ dyfuzji elektronéw do powierzchni poprzez zahamowanie rekombinacji par elektron-
dziura. Dodatkowo wysoka porowato$¢ utatwiala transfer masy reagentow, takich jak potprodukty
reakcji i tlen, przyczyniajac si¢ do wzrostu aktywnos$ci fotokatalitycznej otrzymanych
kalcynowanych nanomateriatow APTES/TiO> [60-62]. Fotokatalizatory modyfikowane APTES,
kalcynowane w 700°C, charakteryzowatly si¢ nie tylko najwyzsza aktywnoscia fotokatalityczna,
ale rébwniez najwyzszym stopniem adsorpcji btekitu metylenowego, a wiadomo, ze wlasciwosci
adsorpcyjne odgrywaja istotng role podczas reakcji fotokatalitycznej degradacji [62, 64].

W celu lepszego opisu procesu fotokatalitycznego rozktadu BM wyznaczono rowniez pozorne
state szybkosci reakcji dla serii nanomaterialow modyfikowanych w 180°C za pomocg 2000 mM
APTES i wygrzewanych w atmosferze argonu w zakresie temperatur 300°C-900°C (At = 200°C)
[P3]. W przypadku wyjsciowego TiO2, TiO2-Ar-300°C, TiO2-Ar-500°C, TiO2-Ar-700°C oraz
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Ti10,-4h-180°C-2000mM rozktad bigkitu metylenowego przebiegal zgodnie z modelem pseudo-
pierwszego rzedu Langmuira-Hinshelwooda, a dla TiO2-Ar-900°C i wszystkich kalcynowanych
nanomateriatow APTES/TiO- rozktad BM przebiegal zgodnie modelem pseudo-drugiego rze¢du.
Zaobserwowano wiec, ze kinetyka reakcji rozktadu barwnika ulegta zmianie po modyfikacji
APTES w potaczeniu z kalcynacja na skutek zmiany charakteru powierzchni otrzymanych
fotokatalizatorow APTES/TIOx.

W przypadku usuwania Oranzu II, po kalcynacji w 300 i 500°C, odnotowano niewielki spadek
aktywnosci fotokatalitycznej (odpowiednio o ok. 10 i 5%) w poréwnaniu z wyjsciowym TiO2 [P3].
Znaczne obnizenie stopnia rozktadu barwnika (ok. 95%) zaobserwowano dla materiatu
referencyjnego TiO2-Ar-900°C, co zwigzane bylo z catkowitg transformacja fazowa anatazu
W rutyl oraz wzrostem agregacji czgstek, wptywajacej na zmniejszenie powierzchni wlasciwe;j
Seet [65, 66]. W przypadku fotokatalizatoroéw TiO> modyfikowanych APTES wygrzewanych
w 300 i 500°C potwierdzono, ze odznaczaty si¢ One znacznie nizszym stopniem rozktadu Oranzu
II niz materiaty referencyjne, otrzymane w tej samej temperaturze. Probki TiO2-Ar-300°C 1 TiO»-
Ar-500°C wykazywaty wyraznie wyzszy stopien adsorpcji Oranzu II niz nanomateriaty TiO2-4h-
120°C-500mM-Ar-300°C i TiO2-4h-120°C-500mM-Ar-500°C. Probki referencyjne kalcynowane
w 300 1 500°C posiadaty niemal identyczny sktad fazowy oraz charakteryzowaty si¢ mniejsza
powierzchnig wlasciwg niz odpowiadajagce im nanomateriaty APTES/TiO2, a uzyskane wyniki
sugerujg, ze proces adsorpcji mial silny wplyw na degradacje barwnika, co jest zgodne
z doniesieniami innych badaczy [56, 63, 64]. Po 240 minutach ekspozycji na promieniowanie UV
jedynie probka TiO2-4h-120°C-500mM-Ar-900°C wykazata 92% wzrost fotoaktywnosci
w poréwnaniu do materiatu referencyjnego Ti102-Ar-900°C. Podobnie jak w przypadku rozktadu
btekitu metylenowego, poniewaz oba materialy wykazywaty prawie takie same wartosci
potencjatu zeta, odnotowany wzrost wydajnosci zwigzany byt ze skutecznym zahamowaniem
transformacji fazowej anatazu w rutyl oraz nadal stosunkowo duza powierzchnig wtasciwg probki
modyfikowanej APTES (50 m%/g) w poréwnaniu z materiatem referencyjnym (3 m?/g) [61, 65,
66]. Rowniez w przypadku Oranzu I1 w celu lepszego opisu procesu fotokatalitycznego rozktadu
barwnika wyznaczono pozorne state szybkos$ci reakcji. Degradacja Oranzu Il z wykorzystaniem
fotokatalizatorow TiO2-4h-120°C-500mM, TiO2-Ar-500°C oraz TiO2-4h-120°C-500mM-Ar-
300°C przebiegata zgodnie z modelem zerowego rz¢du, natomiast dla TiO2-Ar-900°C zgodnie
z modelem pseudo-drugiego rzedu. Dla wszystkich pozostatych nanomateriatow rozktad
przebiegal zgodnie z modelem pseudo-pierwszego rzegdu.

Aby lepiej zrozumie¢ proces adsorpcji, przeprowadzono réwniez dodatkowe badania, majace

na celu okreslenie pojemnosci adsorpcyjnej wybranych materiatéw [P3]. Zgodnie z uzyskanymi
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wspolczynnikami korelacji, eksperymentalne dane rownowagi dla adsorpcji Oranzu II dla probek
wyjsciowy TiO2, TiO2-Ar-300°C, TiO2-Ar-500°C i TiO2-Ar-700°C wykazywaly najwicksze
dopasowanie do izotermy Freundlicha. Dla probek TiO2-4h-120°C-500mM-Ar-900°C i TiO.-Ar-
900°C najlepsze dopasowanie uzyskano dla modelu izotermy Redlicha-Petersona. Natomiast dla
Ti02-4h-120°C-500mM oraz TiO2 modyfikowanego APTES kalcynowanego w 300, 500 i 700°C
najlepsza symulacj¢ danych eksperymentalnych zapewnit model izotermy Langmuira-
Freundlicha. Dla materiatéw, ktéore wykazaly najlepsze dopasowanie do modelu izotermy
Freundlicha i Langmuira-Freundlicha, mozna stwierdzi¢, ze powierzchnie potprzewodnikow sg
heterogeniczne [55, 56]. Odnotowany wzrost wartosci pojemnos$ci adsorpcyjnej z 197 do 638 mg/g
zwigzany byl ze zmiang tadunku powierzchniowego z ujemnego na dodatni, uzyskanego w wyniku
modyfikacji TiOx.

Kolejny etap badan obejmowal okreslenie stabilno$ci wybranej serii nanomateriatow
w warunkach naswietlania promieniowaniem UV w czterech nast¢pujacych po sobie cyklach
fotokatalitycznego rozktadu barwnikoéw. W przypadku biekitu metylenowego wybrano w tym celu
fotokatalizatory TiO.-4h-120°C-2000mM [P1], modyfikowane w autoklawie ciSnieniowym
w 120°C za pomocg 500 mM APTES [P2], oraz 2000 mM w 180°C [P3] kalcynowane w zakresie
temperatur 300-900°C (At = 200°C). Odnotowano, ze nanomateriaty niekalcynowane odznaczaty
si¢ brakiem stabilno$ci fotokatalitycznej (po pierwszym cyklu stopien rozktadu BM zmalat o okoto
30%). Na podstawie widm FT-IR/DRS zaobserwowano, brak ugrupowan pochodzacych od —CH>
oraz Si—O-C na powierzchni badanych nanomateriatlow. Destrukcji nie ulegly jedynie wigzania
pomig¢dzy Si oraz Ti. Meroni i in. [67] roéwniez odnotowali, ze $wiatlo powoduje utlenienie
tancucha alkilowego 1 odigczenie grup aminowych APTES. Zaobserwowali réwniez, ze
na$wietlanie nie niszczy wigzan pomiedzy krzemem i tytanem. W celu wyjas$nienia powyzszych
obserwacji przeprowadzono dodatkowe testy obejmujace pomiar zawartosci wegla i azotu
w probce po kazdym cyklu fotokatalitycznym. Doswiadczenia przeprowadzono w roztworze
wodnym w ciemno$ci oraz W warunkach naswietlania promieniowaniem UV [P1]. Analiza
elementarna oraz test stabilnosci przeprowadzony w wodzie potwierdzity, ze czasteczki APTES
nie byly w sposob trwaty zwiazane z powierzchnig TiO2. Odnotowano, ze tancuch alkilowy
APTES ulegat destrukcji pod wptywem promieniowania UV, co wigcej wegiel oraz azot byty
usuwane podczas mieszania, co przyczynito si¢ do zaobserwowanego spadku fotoaktywnosci juz
w drugim cyklu fotokatalitycznego rozktadu barwnika. Stad tez najwyzsza wydajno$¢ rozktadu
BM w pierwszym cyklu skorelowana byta z obecnosciag C i N w probce. Podobne wnioski
odnotowali rowniez Zamiri i Giahi [68], ktorzy wykorzystali mocznik jako zrodto wegla i azotu
do modyfikacji TiO2. Po kalcynacji w temperaturze 300°C [P3] oraz 500 i 700°C [P2, P3] na
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skutek zwickszenia powierzchni wlasciwej oraz objgtosci poréw w porownaniu do probek
niekalcynowanych, odnotowano poprawe stabilnosci badanych nanomateriatow. Dodatkowo na
podstawie widm FT-IR/DRS oraz analizy zawarto$ci wegla 1 azotu odnotowano brak C i N,
wymywanie ktorych przyczynito si¢ do spadku stabilnosci fotokatalizatoréw niewygrzewanych.
Aby wytlumaczy¢ spadek wydajnosci nanomaterialow kalcynowanych w kolejnych cyklach
fotokatalitycznych zmierzono widma FT-IR/DRS probek po ostatnim 4 cyklu. Odnotowany
znaczny wzrost intensywnosci pasma zlokalizowanego pomiedzy 1200 a 1600 cm™ wskazuje na
to, ze w kolejnych cyklach depozyty weglowe pochodzace od BM pojawiajg si¢ na powierzchni
TiO., powodujac spadek wydajnosci nanomateriatdow APTES/Ti0- [69].

W przypadku nanomateriatow TiO2-4h-120°C-500mM oraz TiO2-4h-120°C-500mM-Ar-
300°C odnotowano wyrazny wzrost wydajnosci w kolejnych cyklach fotokatalitycznego rozktadu
Oranzu II [P2]. W poréwnaniu do 1 cyklu stopien rozktadu zwigkszyt si¢ z 38% do 100% juz po
2 cyklu i pozostal na tym poziomie az do ostatniego 4 cyklu. Dla probki kalcynowanej w 300°C
zaobserwowano wyrazny stopniowy wzrost w miar¢ uptywu kolejnych cykli fotokatalitycznych.
Nanomateriaty kalcynowane w 500 oraz 900°C charakteryzowatly si¢ dobrg stabilnoscig. Jedynie
probka TiO2-4h-120°C-500mM-Ar-700°C wykazywata niewielki spadek wydajno$ci po 4 cyklach
z 100 do 80% w poréwnaniu do pierwszego cyklu. Wzrost wydajnosci w kolejnych nastepujacych
po sobie cyklach fotokatalitycznego rozktadu Oranzu II zwigzany byt z pojawieniem si¢ na
powierzchni nanomaterialdéw grup —SO3z pochodzacych od barwnika, ktére odnotowano na
widmach FT-IR/DRS przy dtugosci fali 1175 cm™. Obecnoéé grup —SOs™ przyczynita sie do
poprawy fotoaktywno$ci badanych nanomaterialow [56, 70]. Wzrost intensywno$ci pasma
zlokalizowanego pomiedzy 1200 a 1600 cm™ wskazuje na pojawiajace si¢ potprodukty rozkltadu
Oranzu II w kolejnych cyklach procesu, co przyczynito si¢ do spadku wydajno$ci nanomateriatu
kalcynowanego w 700°C. Poza potwierdzonym znaczacym wpltywem skladu fazowego na
aktywnos$¢ fotokatalityczng uzyskane widma FT-IR/DRS wykazaly, ze proces rozktadu
barwnikow byt silnie zalezny od procesu adsorpcji. Ujemnie natadowana powierzchnia
fotokatalizatorow APTES/TiO2 wptywa na sorpcje produktow rozktadu BM w kazdym kolejnym
cyklu, zmniejszajgc tym samym fotoaktywnos¢. Z drugiej strony obecnos¢ ujemnie natadowanych
grup na powierzchni badanych potprzewodnikow (tj. grup —SiOs’) hamuje sorpcje potproduktow
degradacji Oranzu |l. Dlatego proces adsorpcji odgrywa rowniez istotna role w fotokatalitycznym
rozktadzie zanieczyszczen [56, 63, 69, 70].

Ostatni etap prac obejmowat okreslenie aktywnosci fotokatalitycznej wybranej serii

nanomateriatbw ~w  warunkach sztucznego promieniowania stonecznego (natgzenie

promieniowania 837 W/m? dla zakresu 300-2800 nm i 0,3 W/m? dla zakresu 280-400 nm).
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W tym celu wykorzystano TiO, modyfikowany za pomoca 100, 500 oraz 1000 mM APTES
kalcynowany przez 4 h w zakresie temperatur 800-1000°C (At = 100°C) [P4]. Wydajnos¢
potprzewodnikéw wyznaczono na podstawie rozktadu BM. Degradacja barwnika w warunkach
braku fotokatalizatora byta znikoma i wynosita jedynie 2%, z tego wzgledu mozna pomina¢ efekt
fotosensybilizacji. W przypadku nanomateriatow na bazie TiO, modyfikowanych APTES, proces
kalcynacji przyczynit si¢ do poprawy aktywnosci fotokatalitycznej. Obecnos¢ Si oraz C
w probkach APTES/TiO2 przyczynita si¢ do efektywnego opo6znienia transformacji fazowe;j
anatazu w rutyl oraz spiekania krystalitow podczas kalcynacji [73-75]. W pordéwnaniu
z probkami referencyjnymi wygrzewanymi w tej samej temperaturze, kalcynowane
fotokatalizatory APTES/TiO, wykazywaly wyzsze wartosci powierzchni whasciwej i objetosci
pordw, a takze wigkszg zawarto$¢ bardziej aktywnej fazy anatazu, co przyczynito si¢ do wyzszego
stopnia rozktadu bi¢kitu metylenowego [74, 75]. Dla wszystkich trzech przebadanych stezen
APTES najlepszy stopien rozktadu BM zaobserwowano dla probek APTES/TiO, wygrzewanych
w 900°C. Aby wyjaséni¢ najwyzszg wydajno$¢ nanomateriatow wykonano widma FT-IR/DRS
wybranych probek po procesie ustalenia si¢ rownowagi adsorpcyjno-desorpcyjnej na granicy faz
fotokatalizator-barwnik. Wzrost intensywnosci pasma zlokalizowanego pomig¢dzy 1200-1600
cm* wskazuje na to, ze depozyty weglowe pochodzace od barwnika pojawity sie na powierzchni
nanomateriatow po procesie adsorpcji, ograniczajgc wydajnos¢ fotokatalityczng [69, 76]. Pomimo
ze probki APTES/TiO; kalcynowane w 800°C charakteryzowaly si¢ najwigkszg warto$cig
powierzchni wlasciwej i objetoscia porow wykazywaly rowniez najwiekszy stopien adsorpcji BM.
W wyniki czego najwicksza liczba miejsc aktywnych na powierzchni TiO2 byta blokowana przez
czasteczki barwnika, co prowadzito do spadku aktywnosci [52]. Fotokatalizatory wygrzewane
w 1000°C odznaczaly si¢ bardzo malg powierzchnig wtasciwg oraz objetoscig porow, sktadaty sie
rowniez w wigkszym stopniu z mniej aktywnej fazy rutylu (94% dla probki modyfikowanej za
pomocg 100 mM APTES, oraz odpowiednio 88 i 84% dla stezenia modyfikatora rownego 500
i 1000 mM) [77]. Dlatego nanomateriaty na bazie TiO, modyfikowanego APTES kalcynowane
w 900°C wykazywaly najwyzszy stopien rozktadu BM. Dla stalej temperatury wygrzewania
rownej 900°C fotokatalizator TiO2-4h-180°C-500mM-Ar-900°C odznaczat si¢ najwyzsza
wydajnosciag w procesie fotokatalitycznego rozktadu BM. Nanomaterialy modyfikowane za
pomoca 100 oraz 1000 mM APTES wykazywaly wyzszy stopien adsorpcji barwnika
w porownaniu do probki TiO.-4h-180°C-500mM-Ar-900°C, przez co wigksza liczba miejsc
aktywnych byta blokowana przez zaadsorbowane czasteczki barwnika na powierzchni

potprzewodnika, co przyczynito sie do spadku wydajnosci fotokatalitycznej.
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1)

2)

3)

4)

5)

6)

7)

8)

9)

Whioski

Otrzymano seri¢ nowych nanokrystalicznych fotokatalizatorow w wyniku modyfikacji
wyjsciowego TiOz, stanowigcego potprodukt do produkc;ji bieli tytanowej, wytwarzanej przez
Grupg Azoty Zaktady Chemiczne ,,Police” S.A., za pomoca 3-trietoksysililopropan-1-aminy.
Uzyskane nanomaterialy charakteryzowaly si¢ wyzsza aktywnoscig fotokatalityczng
w zakresie promieniowania UV oraz sztucznego promieniowania stonecznego W odniesieniu
do wyjsciowego TiOx.

Zawarto$¢ azotu, krzemu i wegla rosta wraz ze wzrostem stezenia APTES uzytego do
modyfikacji. Przy stalym st¢zeniu modyfikatora zawartos¢ C i N malata wraz ze wzrostem
temperatury kalcynacji. Ze wzgledu na $ladowe ilosci C i N w zakresie wysokich temperatur
wygrzewania nie mialy one istotnego wplywu na wtasciwosci fotokatalizatorow.

Wraz ze wzrostem st¢zenia uzytego modyfikatora, a tym samym wzrostem zawartosci Si, C
i N w probkach APTES/TiO, wydajnos¢ fotokatalitycznego rozktadu biekitu metylenowego
rosta.

Temperatura modyfikacji w warunkach podwyzszonego ci$nienia W zakresie 120-180°C
(At = 20°C) nie miata istotnego wptywu na aktywno$¢ fotokatalityczng.

Powierzchnia wtasciwa oraz catkowita objetos¢ poréw niekalcynowanych nanomateriatow
APTES/TiO, malata w wyniku obecnosci czgsteczek aminy zar6wno na powierzchni
i porach TiOo.

Niekalcynowane fotokatalizatory APTES/TIO, odznaczaly si¢ brakiem stabilno$ci podczas
kolejnych cykli rozktadu btekitu metylenowego ze wzgledu na destrukcje tancucha czasteczki
APTES pod wplywem promieniowania UV oraz usuwania C i N z powierzchni
fotokatalizatorow podczas mieszania wodnej zawiesiny.

Modyfikacja za pomoca APTES przyczynita si¢ do wyraznego opdznienia transformacji
fazowej anatazu w rutyl oraz spowolnienia wzrostu wielkos$ci krystalitow podczas kalcynacji
(w porownaniu do materiatow referencyjnych).

Dla nanomateriatow APTES/TiO> spadek wielko$ci powierzchni wlasciwej i objetosci poroéw
po wygrzewaniu byl znacznie nizszy niz dla kalcynowanych materialow odniesienia, ze
wzgledu na opdznienie transformacji fazowej oraz spowolnienie wzrostu wielkosci krystalitow
obu faz.

Proces kalcynacji zmienit charakter powierzchni fotokatalizatorow TiO2 modyfikowanych

APTES (wartos$¢ potencjatu zeta zmienita si¢ z dodatniego na ujemny).
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10) Kalcynacja wptyneta na zmniejszenie energii pasma wzbronionego (Eg) TiO2 w przypadku
kalcynowanych probek referencyjnych (3,01 eV dla TiO2-Ar-1000°C) w poréwnaniu do
wyjsciowego TiO2 (3,29 eV). Dla nanomateriatdw APTES/TIO, w zakresie niskich stgzen
modyfikatora spadek wartosci Eg do poziomu prébek odniesienia odnotowano dla materiatlow
wygrzewanych powyzej 800°C, natomiast dla wysokich stezen modyfikatora jedynie dla
prébek kalcynowanych w 1000°C (przewaga fazowy rutylowej).

11) Odnotowane zmiany pojemnosci adsorpcyjnej wzgledem bigkitu metylenowego oraz Oranzu
Il zwigzane byly ze zmiang fadunku powierzchniowego oraz wartoscig Sger fotokatalizatorow
APTES/TIOz.

12) Kalcynacja w temperaturze 500 i 700°C przyczynita si¢ do poprawy stabilnosci
nanomateriatow w kolejnych cyklach rozktadu biekitu metylenowego w poréwnaniu do probki
niekalcynowanej.

13) W przypadku Oranzu II wszystkie badane potprzewodniki odznaczaty si¢ wysoka stabilnoscia
podczas testow ponownego uzycia.

14) Biorgc pod uwage wszystkie przebadane stezenia APTES, za optymalne uznane zostato
stezenie 500 mM ze wzgledu na wysoka aktywnos¢ fotokatalityczng zar6wno w warunkach

promieniowania UV oraz UV-Vis.
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ARTICLE INFO ABSTRACT

In this paper, titanium dioxide modification with 3-aminopropyltriethoxysilane as a silicon source is presented.
The TiO,/APTES photocatalysts were obtained utilizing a solvothermal method. Different concentrations of
APTES dissolved in ethanol were used for materials preparation (10 —3000 mM). The samples were character-
ized by different analytical methods such as FT-IR/DRS, UV-vis/DRS, XRD, SEM. The carbon and nitrogen
content to confirm, as well as the BET specific surface area, were also measured. The analysis confirmed the
presence of silicon, carbon and nitrogen in the TiO, structure, suggesting that modification was carried out
successfully. The carbon and nitrogen were also indications in the sample after the reusability test in water. The
photocatalytic activity of the nanomaterials was investigated on the basis of methylene blue decomposition
under UV light irradiation. Photocatalytic activity increases with the increase of APTES concentration used for
modification. The novelty of research was to check the possibility of photocatalysts reuse. In this case, the
sample with the highest decomposition degree was subjected to the reusability test. It it was found that the
samples after this type of modification are not stable due to destruction of the APTES alkyl chains and de-

Editor: G.L. Dotto

Keywords:

Photocatalysis

Titanium dioxide
3-aminopropyltriethoxysilane
Methylene blue decomposition

tachment the amine groups during UV irradiation.

1. Introduction

A serious problem facing modern societies, threatening the life and
health of future generations is water pollutions. Every day industrial,
civil and militaries activities create an enormous amount of organic
pollutants that end up in our lakes, rivers and [1]. Thus, scientists are
interested in searching for new alternative methods for removing en-
vironmental contaminants [2]. The researches on photocatalysis show
that it is a promising method for the decomposition of pollutants
without producing any harmful by-products [3,4].

One of the most often used photocatalysts is titanium dioxide
(TiO,), large bandgap semiconductor that exhibits photocatalytic ac-
tivity primarily in the UV region [5]. TiO, due to its non-toxicity, high
oxidation efficiency and photostability, chemical inertness and low cost
remains one of the most promising materials. Currently, many re-
searchers tried to add various additives to TiO, in order to improve its
photocatalytic activity and physicochemical properties. Much attention
has been focused on the doping of pure TiO, with either cations (i.e. Al,
Ag, Pt, Co, Fe or Si) or anions (i.e. N, C, I or S) [6-8].

Currently, one of the very promising approaches involves using
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silicon for TiO, surface modification. Xu et al. [9] and Tobaldi et al.
[10] reported that the incorporation of silicon into the TiO, would
enhance the specific surface area, decrease particles size, and repress
the phase transformation from anatase to rutile. The most recent way
involves using as precursors of silicon, organosilane coupling agents for
titanium dioxide surface modification. The general formula of organo-
silanes is R,SiX(4—n), Where X is a hydrolyzable group, i.e. ethoxy or
methoxy group, and R is a nonhydrolyzable organic functional group
[11]. While the surface modification, hydrolysis of silanes to silanols
takes place at first, and then there is a condensation reaction between
OH groups on the substrate surface and the silanols. The formation of
covalent bonds or non-covalent hydrogen bonds between OH groups
and different molecular groups of silanes is the pivotal chemical process
of surface modification. But, when the organic functional groups de-
rived from the silane interact with the particle surface in a different way
than the interaction between surface OH groups and silanols. The
chemical image of particle surface modified by organosilanes is still
unclear [12]. 3-aminopropyltriethoxysilane (APTES) is an aminosilane
which consists of one aminopropyl and three ethoxy functional groups,
attached to the central silicon atom, which is frequently used as a silane
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Fig. 1. Schematic illustration of the photocatalysts synthesis.
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Fig. 2. FT-IR/DR spectra of starting-TiO, and APTES-modified TiO,.

coupling agent [13]. APTES-functionalized TiO, nanomaterials can be
used in a different area. For example, Andrzejewska et al. [14] studied a
result of modifications that were executed to received pigments by
adsorption of organic dyes on a modified surface of a TiO, pigment
system. In this research, organosilanes were used as a TiO, surface
modification agent. Shakeri et al. [15] studied the self-cleaning cap-
ability of the surface of ceramic tiles covered by APTES-functionalized
TiO, nanoparticles. They have shown that the obtained coating was
stable, and the surface was able to degrade the dye, which was used as
an organic pollutant. Lépez-Zamora et al. [16] studied the improvement
of the colloidal stability of TiO, particles in water through organosilane
coupling agents. They proved that APTES-modified TiO, exhibit higher
colloidal stability in water than unmodified titanium dioxide. Klaysri
et al. [17] proposed a one-step synthesis method of APTES-functiona-
lized TiO, surface. They showed that obtained nanomaterials are cap-
able of photocatalytic decolorization of methylene blue. Despite the
enlarging interest in APTES-modified TiO, photocatalysts, no possible
general mechanism of the formation of a covalent linkage between
anchoring group of APTES and oxide metal surface has been proposed.
One of the possible mechanisms says that OH groups on the titanium
dioxide surface reacted with the ethoxy groups of aminosilane to form
the primary Ti—O—Si [17]. In general, APTES-functionalized TiO,
surface is linked as Si—N co-doped titanium dioxide [18]. The partial
monolayer of N- and Si-doped TiO, can additionally increase the

adsorption and degradation of methylene blue under UV light irradia-
tion [17].

The primary purpose of the present paper was a preparation method
of titanium dioxide nanomaterials modified with 3-aminopropyl-
triethoxysilane. APTES-modified TiO, photocatalysts were obtained by
a solvothermal process using ethanol as a solvent. The photocatalytic
activity of gained samples was measured based on methylene blue de-
composition under UV irradiation. The relation between APTES content
and the photocatalytic activity of new nanomaterials is discussed. To
the best of our knowledge, this is the first paper presenting the results
on multicycle photostability measurements of APTES-modified TiO,
photocatalysts. The recoverability, hence the reusability of utilizing
photocatalysts is one of the most crucial key factors due to the reduc-
tion of the costs of the photocatalytic process.

2. Experimental
2.1. Materials and reagents

The new photocatalysts were obtained by modification of raw TiO,
slurry gained by sulphate technology, provided by chemical plant
Grupa Azoty Zakltady Chemiczne “Police” S.A. (Poland). Before mod-
ification, a crude TiO, containing residual sulphur from post-produc-
tion sulphuric acid was rinsed with an aqueous solution of NH,OH (25
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Fig. 3. XRD patterns of starting-TiO, and APTES-modified TiO,.

% pure p.a., Firma Chempur®, Poland) to remove the residues of sul-
phuric compounds through the formation of (NH4),SO,4 as a well-dis-
solved salt in water, and then was rinsed with distilled water to
pH = 6.8. The received material was dried for 24 h at 105 °C in a muffle
furnace to remove water molecules adsorbed on the surface TiO,. The
obtained material was named as starting-TiO,. Ethanol (96 % from
P.P.H. “STANLAB” Sp.J., Poland) was used as an APTES solvent, and
Sigma-Aldrich® APTES (Merck KGaA, Germany) was used as a modifier.
As an organic dye in photocatalytic tests methylene blue (Firma
Chempur®, Poland) was used.

2.2. Surface modification of titanium dioxide

In this research, different amount of APTES was used to titanium
dioxide surface modification, and the concentrations of 3-aminopro-
pyltriethoxysilane in ethanol were 10, 100, 1000, 2000, 3000 and
4000 mM. First, 5 g of starting-TiO, powder was dispersed in 25 mL of
APTES solution and then modified in a pressure autoclave for 4h at
120 °C with continuous stirring at 500 rpm. The obtained slurry was
rinsed with ethanol and distilled water to remove residual chemicals.
Finally, the received material was dried at 105 °C for 24 h in a muffle
furnace. Schematic illustration of the photocatalysts synthesis is pre-
sented in Fig. 1.

2.3. Characterization

FT-IR/DRS spectrophotometer FT-IR 4200 (Jasco International Co.
Ltd., Japan) provided with a diffuse reflectance accessory (PIKE
Technologies, USA) was used to identify the surface functional groups
of the APTES-modified TiO,. The FT-IR bands were examined in the
range of 400 —4000 cm ~'. The morphology of the surface of obtained
photocatalysts was examined via scanning electron microscopy (SEM).
For this purpose, Hitachi SU8020 Ultra-High Resolution Field Emission
Scanning Electron Microscope (Hitachi Ltd., Japan) was utilized. The
crystalline phase of received nanomaterials was identified by means of
XRD analysis (PANalytical Empyrean X-ray diffractometer, USA) using
Cu Ka radiation (A =0.154056 nm). The XRD diffractograms were
collected in the range 2 —80° of 26 scale. For specification of the phase
composition, the PDF-4 + 2014 International Centre for Diffraction

Data database (04-002-8296 PDF4 + card for anatase and 04-005-5923
PDF4+ card for rutile identification) was used. To calculate the
average anatase crystallite size the Scherrer’s equation was used.
According to a simple peak intensity-based method, the anatase per-
centage content was calculated. The percentage of anatase in the
crystalline phase [%A] was calculated, as shown in Eq. (1), where I,
and I are the diffraction intensities of the anatase peak at 25.4° and
rutile peak at 27.5°, respectively:

=1 009
In+ I (@)

%A

The Brunauer-Emmett-Teller (BET) surface area and pore volume
distribution of the tested photocatalysts were carried out by nitrogen
adsorption-desorption measurements at 77 K conducted by QUADRA-
SORB evoTM Gas Sorption analyzer (Anton Paar GmbH, Austria), pre-
viously Quantachrome Instruments, USA) device. Prior to measure-
ments, all samples were degassed for 12 h at 100 °C under high vacuum
to pre-clean the surface of tested sample. Total nitrogen and carbon
content in studied materials were determined using CN 628 elemental
analyzer (LECO Corporation, USA). The certified EDTAstandard (LECO
Corporation, USA) containing 41.06 = 0.09wt.% of carbon and
9.56 + 0.03wt.% of nitrogen was used for the preparation of a cali-
bration curve. The error range for measurements was + 0.1 %.

2.4. Photocatalytic activity test

The degradation process of methylene blue under UV-vis light with
high UV intensity was used to determine the photocatalytic activity of
APTES-modified TiO, photocatalysts. The light was provided by 6
lamps with the power of 20 W each with the radiation intensity of about
110 W/m? for UV (measured in the range of 280 — 400 nm) and 5 W/m?
for the range of 300 — 2800 nm. The utilized type of irradiation source
was named as UV light, in view of the low intensity of Vis irradiation.
All photocatalytic experiments were carried out in a glass beakers
containing 0.5 L of methylene blue solution with the initial concentra-
tion of 15mg/L, and 0.5g/L of the appropriate photocatalyst. Before
the photocatalytic experiment, the suspension was stirred in a magnetic
stirrer in the darkness for 60 min to provide the establishment of the
adsorption-desorption equilibrium between methylene blue molecules
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3 and TiO, surface. Next, the solution was exposed to UV light irradia-
g tion. After 240 min, 10 mL of suspension solution was taken and cen-
E trifuged to separate the TiO, nanoparticles from the methylene blue
‘g ZzZz5gag solution. V-630 UV-vis spectrometer (Jasco International Co., Japan)
.| sssssss was used to measure the methylene blue absorbance, which value was
?%:° : ;' : :‘ ;' ;' ;' then used to calculate the dye concentration. The reusability test of the
= i R IV selected sample was investigated based on the degradation of methy-
lene blue under UV light during 240 min of irradiation. After each
a cycle, the photocatalyst was separated by filtration and dried at 100 °C
2 and then added to a new portion of the methylene blue solution.
g E § § § E E 3. Results and discussion
_§ :,I ; : ;I :,,I : 3.1. Characterization of the photocatalysts
S| 222533
Fig. 2 shows the FT-IR/DRS spectra of starting and organosilane-
= modified TiO,. The comparison among the spectra of unmodified and
"E § g g 5 E g § modified TiO, shows some new characteristics peaks derived from
03 WO HHH 4 H APTES. This indicates that APTES was successfully coupled to TiO,
é an8g9eas surface. The peaks around 2900 and 2882 cm ™! can be assigned the
N I asymmetric and symmetric stretches of —CH, groups on the alkyl chain
4 [19,20]. It can be observed that the intensity of the mentioned peaks
By grows with the increasing amount of APTES used for modification. The
S| = 0090999 . . . . .
kS E $22%:s¢28 N—H bending vibrations of primary amine are observed at around
Sla | w4 h44 4 1600 cm ™! [21,22]. Another slight peak located around 1360 cm ™'
& £ 55838359 confirms the presence of C—N bands [19]. Moreover, the peak at
B " ScSsSesss . around 920 cm ™! indicates that the reaction of condensation between
% § hydroxyl groups on TiO, surface and silanol groups occurred [23].
g N P I According to Li et al. [24] band presented at 960-910 cm ~ ! is assigned
é’ 1358883838 & to the stretching vibrations of Ti—O—Si bonds. The peak at around
2 fi HOHCH H H 4 S 1160cm ™' corresponds to the asymmetric stretching vibrations of
2 >§ § E § 5 5 E E g Si—0—Si, which indicates the reaction of condensation between silanol
e o groups [19,24]. In addition, the Si—O—C stretching modes are also
-8 _ ; present at around 1070 cm ™! [19]. As can be seen in Fig. 2, the in-
ol ¥l oo E=! tensity of the upper-mentioned bands increases with the increase of
ElE| wwwx TI :'I : E APTES amount used for TiO, modification. All of the presented spectra
K uLSE § § g § 8 Qq § also exhibit some bands typical for TiO,-based nanomaterials. A broad
S g band at 3700-2600 cm ™' is assigned to O—H stretching vibrations
g _ % [25,26]. Peak located around 1630 cm ™! corresponds to the molecular
S E 2 water bending mode [27]. In turn, the intensive band at 960 em s
S| ¢ _E attributed to the O—Ti—O stretching modes [28].
%o Zj % The XRD patterns of the starting and APTES-modified TiO, are
Bl = g . g shown in Fig. 3. The percentage and crystallite size of anatase in tested
g S\ et g ;‘é o= samples are listed in Table 1. After APTES modification tested samples
S| g| sSssssss :’o:’ £ 2 show similar patterns to starting-TiO,. As can be observed, all tested
'% g :fr‘ :" L’;‘ :fr‘ :r' :r' :! E g NE samples exhibit reflections characteristic for anatase phase: (101),
:, R B 2 RS (004), (200), (105), (211), (204), (116), (220), (215) located at 25.3,
g g é g 37.6, 47.8, 53.7, 54.8, 62.6, 68.7, 70.2 and 75.0°, respectively (JCPDS
3 g £ —§ % 01-070-7348) and one small reflection located at 27.1° characteristic
{55 3 EXZ for rutile (110) phase (JCPDS 01-076-0318). It can be noted that pre-
2 & & :E 2 pared photocatalysts contain mainly of anatase phase (95-96 %) with a
F| 8 %S 5 small amount of rutile. The presence of rutile in the materials is asso-
§ E| & a % ciated with the titania white production process via sulphate tech-
g g £ i 2 nology. From Table 1 can be seen that the APTES modification did not
i f R - % contribute to phase transformation, what is typical matter because
g § HoH 4 H 4 H 4 'q‘g ,;’ ] anatase-to-rutile transformation takes place above 600 °C [29]. No
g fl8RLeLrR g % E significant changes in the crystalline structure of TiO, are observed.
g g é B The crystallite size of anatase is similar for all tested nanomaterials and
g sss=s |20 equals 14 —15nm.
k= s E & E EE § g g In Fig. 4 the adsorption-desorption isotherms of all tested nano-
2 ‘5 § § § § § ERE 3 materials are shown. It can be observed that photocatalysts show two
g gl s ; g g ; ; g g g ; kinds of isotherm type. Starting-TiO,, as well as samples modified with
2| g g So388% | aag APTES concentration between 10 and 1000 mM, present a type IV
— % 2| 2SS9 |28 2 isotherm (according to IUPAC classification) characteristic for meso-
_':‘; al & E .‘5 .QN .QN .‘5 .QN § B2 porous materials [30]. These materials also exhibit the same H3 type of
CRS1 S I hysteresis loops which characterise by slit-shaped pores (they do not
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Fig. 5. The SEM image of (a) starting-TiO,, (b) TiO»—4h - 120°C-2000 mM, and
EDX spectrum and EDX mappings of (c¢) TiO,—4h - 120°C-2000 mM.

show any limiting adsorption at high p/py) [31,32]. As the APTES
concentration increases above 1000 mM, the samples demonstrate II
type isotherm typical for non-porous materials [32]. In this case, the

hysteresis loop is not observed. It should be noted that the presence of
different types of isotherms is related to pore volume changes (see
Table 1). The decrease of total pore volume from 0.36 to 0.16 cm>/g
after a modification indicates that APTES molecules are located in TiO,
external surface as well as captured in pores. Our observations comply
with results obtained by Zhuang et al. [21] and Ukaji et al. [22]. Table 1
summarizes the structural properties of BET specific surface area (Sggt),
total pore volume (Viya1), micro (Viicro) and mesopores volume (Viyeso),
as well as including nitrogen and carbon content in all obtained na-
nomaterials. The specific surface area for starting-TiO, equals 207 m?/
g, while for APTES-modified TiO, is in a range from 202 to 40 m?/g. It
can also be observed that carbon and nitrogen contents increase with
the increase of APTES concentration used to modification. Furthermore,
the correlation between specific surface area, total pore volume and
APTES concentration is observed. Thus, the increase of APTES con-
centrations causes a significant reduction of the specific surface area
and pore size volume of tested nanomaterials.

Representative SEM images of starting-TiO, and TiO-4h-
120°C-2000 mM photocatalysts are presented in Fig. 5a and b. Starting-
TiO, consists of particles aggregated to a larger size. The morphology of
this sample is quite homogenous, but the grains form aggregates. The
particles of the photocatalysts after APTES modification are also char-
acterized by not regular and undefined shape, but it can be observed
that modification causes the increase of aggregates size. The elemental
composition of obtained samples was confirmed by EDX mapping
analysis, which results are shown in Fig. 5c, including the element
stratification and the distribution diagram of an appropriate tested
element. The images show that the obtained sample contains Ti, O, Si, C
and N elements. It can also be observed that all elements are homo-
geneously dispersed throughout the surface. In Fig. 6, the intensity of
the Si peak for each obtained samples is shown. On the basis of the ratio
of the peaks, it can be noted that silicon content increases with the
increase of APTES concentration used during modification. Thus, the
highest silicon content is noted for TiO5-4h-120°C-2000 mM photo-
catalyst. This result also suggests that 2000 mM of APTES concentration
was found to be an optimal value for modification. The APTES con-
centration of 3000 and 4000 mM is too high, and probably some
amount of the component could separate during rinsing with ethanol
and water.
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3.2. Photocatalytic degradation of methylene blue

The photocatalytic activity of the starting-TiO, and new APTES-
modified titania nanomaterials was tested during decomposition of
methylene blue under UV irradiation. The results of the photocatalytic
test are shown in Fig. 7. It can be seen that the decomposition degree
increases with the increase of the APTES concentration up to 2000 mM.
Furthermore, all modified photocatalysts show higher decomposition
degree than the starting-TiO». The highest photoactivity is observed for
Ti02-4h-120°C-2000 mM sample. It should also be mentioned that
photoefficiency for photocatalysts with modified with 1000, 2000,
3000 and 4000 mM of APTES is similar, and the value is between
83.1-88.5 %, which differences are negligible.

From the application point of view, the photocatalytic stability of
semiconductors during subsequent photocatalytic cycles is a significant

factor. The long-term efficiency of TiO,-4h-120°C-2000 mM sample
was conducted for four consecutive photocatalytic cycles (the experi-
ment in detail is described in the experimental section). After the first
cycle (see Fig. 8), the activity decreased about 30 % and after the fourth
about 55 %. In order to explain this phenomenon, before and after each
cycle, the FT-IR/DRS spectra were measured (Fig. 9). It is noted that the
shape of spectra after cycles is slightly different than it is shown in
Fig. 2. Thus, the photocatalyst structure was changed during the pho-
tocatalytic reaction. After the first cycle, the peaks around 2900 and
2882 cm ! attributed to the —CH, groups, as well as located around
1070 ecm ™! (and assigned to the Si—O—C stretching modes) have not
already been observed. It can be suggested that APTES molecules were
disintegrated and only bond between Si and Ti was not destroyed what
is possible to observe on the FT-IR/DRS spectra. These conclusions are
consistent with the results obtained by Meroni et al. [19]. They found
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article).

that solar light causes oxidation of the alkyl chains in APTES and de-
tachment of the amine groups. Moreover, they noted that irradiation
does not destroy the bond between Ti and Si.

In order to verify the above observations, the test of the composition
stability of studied material was carried out. The test involved the
measurements of carbon and nitrogen content in the sample after each
irradiation cycle (experiment similar to photostability tests). The ex-
periment was performed in an aqueous suspension without methylene
blue compound. Additionally, to confirm the role of UV irradiation in
APTES particles disintegration, the same experiment was also con-
ducted without light. Based on results shown in Fig. 10, a significant
decrease in carbon and nitrogen content after the first cycle, carried out
both in darkness and under UV irradiation, can be observed. This in-
dicates the leaching of these elements from the surface of the sample. It
should be stressed that higher amount of carbon and nitrogen was re-
moved during a test conducted under UV irradiation. During the next

Journal of Environmental Chemical Engineering 8 (2020) 103917

cycles of the test of composition stability, the lower decrease in carbon
and nitrogen was noted in comparison with results from the first cycle.
It is worth mentioning that after the fourth cycle, the sample did not
contain any carbon, while nitrogen was present in negligible amount.
Based on the obtained results, it was confirmed that APTES molecules
are not sustainably bonded with TiO, surface. On the one hand, it is
caused by leaching of compounds during stirring (results from the test
without UV irradiation). On the other hand, it was confirmed that UV
radiation destroys the APTES molecules, what is related to the rapid
decrease in photocatalytic efficiency already observed in the second
cycle. The high photoefficiency observed in the first cycle of methylene
blue decomposition is correlated with the presence of carbon and ni-
trogen in the sample. The similar conclusions were drawn by Zamiri
and Giahi [33], which used urea as a carbon and nitrogen source in
TiO, modification.

4. Conclusions

The APTES-modified TiO, photocatalysts were obtained by sol-
vothermal process at 120 °C with different APTES concentration. The
presence of APTES was confirmed by the analysis of carbon and ni-
trogen content and the FT-IR/DRS analysis. It was found that APTES
inserts in both TiO, external surface and pores, causing a decrease of
Sper values and total pore volume. It was generally found that the
APTES modification of TiO, caused the improvement of photocatalytic
activity. It was observed that nanomaterials modified with at least
100 mM of APTES exhibit higher activity in comparison with starting-
TiO,. Furthermore, photocatalytic activity increases with the increase
of APTES concentration. The highest decomposition degree of methy-
lene blue was noted for the sample containing 2000 mM of APTES. The
high efficiency in the first cycle was related to carbon and nitrogen
presence in the sample. However, the tested sample was not chemically
stable. After the first cycle, the decomposition degree decreased by
about 30 % what was caused by destabilization of APTES molecule. The
FT-IR/DRS spectrum of TiO»-4h-120°C-2000 mM sample after the first
cycle of irradiation confirmed changes in the photocatalyst structure.
The reusability test in water and elemental analysis confirmed that
APTES molecules are not sustainably bonded with TiO, surface. It was
found that the chain of APTES molecule was destroyed under UV ir-
radiation and then carbon and nitrogen were removed during stirring of
an aqueous suspension.
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Fig. 9. FT-IR/DR spectra of TiO»—4h —120°C-2000 mM sample before and after each cycle.
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Abstract: This work investigated for the first time the role of adsorption in the photocatalytic deg-
radation of methylene blue and Orange II dyes in the presence of 3-aminopropyltriethoxysilane
(APTES)-modified TiO2 nanomaterials. It has been demonstrated that the decrease in adsorption
has a detrimental effect on photocatalytic activity. APTES/TiO2 photocatalysts were successfully
prepared by solvothermal modification of TiOz in a pressure autoclave, followed by heat treatment
in an inert gas atmosphere at the temperature range from 300 °C to 900 °C. It was observed that
functionalization of TiO2 via APTES effectively suppressed the anatase-to-rutile phase transfor-
mation, as well as the growth of crystallites size during calcination, and reduction of specific sur-
face area (APTES modification inhibits sintering of crystallites). The noted alterations in the ad-
sorption properties, observed after the calcination, were generally related to changes in the surface
characteristics, mainly surface charges expressed by the zeta potential. Positively charged surface
enhances adsorption of anionic dye (Orange II), while negatively charged surface was better for
adsorption of cationic dye (methylene blue). The adsorption process substantially affects the effi-
ciency of the photocatalytic oxidation of both dyes. The methylene blue decomposition proceeded
according to the pseudo-first and pseudo-second-order kinetic models, while the degradation of
Orange II followed the zero, pseudo-first, and pseudo-second order kinetic models.

Keywords: titanium dioxide; 3-aminopropyltriethoxysilane; calcination; dyes photodegradation;
adsorption capacity

1. Introduction

In addition to consuming large amounts of water, the textile industry also uses a
wide range of synthetic dyes, as a result of which it contributes to the discharge of a large
quantity of wastewater. In the states of Gujarat and Maharashtra, India, the annual
production of synthetic dyes for textiles and other industries is about 130,000 tons, and
due to the high toxicity, solubility, mutagenicity and lack of biodegradability, these col-
ourants are one of the most problematic and hazardous water pollutants [1]. Therefore,
many researchers are trying to develop the best method to remove different types of dye
from water.

Currently, the elimination of this organic contaminant is carried out using various
techniques such as flocculation and coagulation [2,3], biological oxidation [4,5], adsorp-
tion [6,7], and membrane filtration [5,8]. Recent studies also focus on using advanced
oxidation processes (AOPs) to decompose synthetic dyes present in water. Among
AOPs, for example, H2Oq/ultraviolet (UV) processes [9] or Fenton and photo-Fenton
catalytic reactions [10,11], heterogeneous photocatalysis using titanium dioxide as a
photocatalyst appear to be one of the most influential technologies [12,13]. The main
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advantages are that photocatalysis could be carried out under ambient conditions, does
not involve mass transfer, and can also lead to total transformation of organic carbon to
CO2 [14]. Additionally, TiO2 is widely used due to its low cost, chemical and biological
stability, low toxicity, and high photoactivity [15].

It is commonly known that photocatalytic reactions occur primarily on the surface of
the semiconductor. Therefore, the adsorption of contaminants on the surface of the ma-
terial plays a crucial role in affecting the photodegradation efficiency [16]. Many exper-
iments measured the adsorption and the kinetics of photodecomposition of various dyes
on TiOy, for instance, Reactive Black [17], Rhodamine B [18,19], Orange II [20], methylene
blue [17,21], Direct Green 99 [22] and thionine [19]. In all presented research, organic
compounds are adsorbed on the surface of the semiconductor, until the adsorp-
tion-desorption equilibrium between the dye molecules and the TiO2 surface is reached.
After that, the lamps are turned on, and the photooxidation is carried out [22]. Moreover,
Zhu et al. [23] noted that the high adsorption capacity of polythiophene/TiOz photocata-
lyst could potentially increase the rate of photocatalytic decomposition of methyl orange.
Wang et al. [24] also reported that the enhancement of the degradation kinetics of dyes
after fluorination of TiO:2 was due to increased adsorption and decreased flat band po-
tential.

Additionally, TiO: surface properties are also crucial for the effectiveness of pho-
tooxidation. Therefore, photocatalytic studies' significant field concentrates on modifying
TiO2 to improve its physicochemical properties and photocatalytic activity [21]. In recent
years, organosilanes such as 3-aminopropyltriethoxysilane (APTES), as surface modifi-
ers, have received increasing research interest, since most applications of modified na-
nomaterials require them to be chemically and thermally stable, well dispersed in the
media and characterized by a large specific surface area [25,26]. For example, APT-
ES-modified TiO: nanoparticles have been used to induce the self-cleaning capability of
ceramic tiles [27] or-enhance the decomposition degree of Reactive Brilliant Red X-3B
[28]. Moreover, the adsorption properties of organic dyes (Acid Orange 7 and Reactive
Blue 19) on the APTES-functionalized TiO:z pigment surface was also investigated [29]. In
this case, the modified rutile titanium oxide was used as an adsorbent, and due to the
weak photoactivity of this polymorphous form of TiO2 no photocatalytic degradation of
tested dyes was performed.

In the present study, the APTES-modified TiO2 nanomaterials were obtained by a
solvothermal process, and then calcination in an inert gas atmosphere. This combined
method has been proposed for the first time by our research group [30]. Other prepara-
tion methods described in the literature, where APTES-modified TiO:2 were utilized in the
removal process of dyes by adsorption or photooxidation, involve the sol-gel method [28]
and simple mixing of TiO:z slurry with aminosilane coupling agents [29]. Here, two
commercial textile dyes: cationic methylene blue and anionic Orange II, were removed
from aqueous solution. To the best of our knowledge, this is the first paper presenting the
results of research on the role of adsorption in the photocatalytic degradation of meth-
ylene blue and Orange II in the presence of APTES-modified TiO: photocatalysts. The
novelty of the presented studies was also to establish the impact of modifying the effi-
ciency and potential reuse of the prepared photocatalysts during subsequent dye de-
composition cycles.

2. Results and Discussion
2.1. Characterization of Materials

X-ray diffraction (XRD) patterns of APTES/TiO2 nanomaterials are presented in
Figure 1. The structural characteristics of the starting-TiO2 and calcined reference sam-
ples were discussed in detail in our previously published work [30]. Except for the sam-
ple calcined at 900 °C, all tested nanomaterials showed reflections characteristic of the
anatase phase located at 25.3, 37.8, 48.1, 53.9, 55.1, 62.7, 68.9, 70.3 and 75.1°, which cor-
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respond to (101), (004), (200), (105), (211), (204), (116), (220), (215) indexed by JCPDS
01-070-7348, and certain reflections characteristic of the rutile phase located in 27.4, 36.0
and 41.2°, corresponding to (110), (101) and (111) indexed by JCPDS 01-076-0318. While
the TiO2-Ar-900°C sample demonstrated only reflections characteristic for the rutile
phase located at 27.4, 36.0, 39.1, 41.2, 44.0, 54.3, 56.6, 62.7, 64.0, 69.0 and 69.7°, which cor-
respond to (110), (101), (200), (111), (210), (211), (220), (002), (310), (301) and (112), re-
spectively. The presence of rutile in the starting-TiO:resulted from the addition of rutile
nuclei during the production process of TiOz pulp via sulphate technology. For start-
ing-TiO, the anatase-to-rutile phase transformation typically occurs between 600 °C and
700 °C [31,32]. In our case, the phase transformation started above 500 °C, and starting
TiO:z was fully transformed into rutile at 900 °C [30]. According to the XRD phase com-
position and the crystallites size data shown in Table 1, the amount of anatase in APT-
ES-modified TiO:2 samples was constant, and its content was about 96%. Moreover, it is
important to note that after calcination at 900 °C, the TiO2-4h-120°C-500mM-Ar-900°C
sample still contained 95% of anatase phase. Silicon present in the APTES contributed to
the effective suppression of anatase-to-rutile phase transformation during thermal mod-
ification [33-35]. For all tested photocatalysts, the crystallites size enhanced with the in-
crease of the modification temperature. For starting-TiO2 and calcined reference samples,
the crystallites size of anatase was in the range of 14-52 nm [30], and 14-30 nm for
APTES/TiO2 nanomaterials. Whereas, the crystallites size of rutile for starting-TiOz and
reference samples was from 21 nm to >100 nm, and from 46 nm to 79 nm for APTES/TiO:
nanomaterials. Nevertheless, comparing the crystallites size of photocatalysts calcined at
the same temperature with and without APTES, the crystallites size of both polymor-
phous forms of TiO2 was significantly smaller for APTES-modified samples than for the
reference  materials. For example, the anatase crystallite size for
TiO2-4h-120°C-500mM-Ar-700°C sample equalled only 17 nm, while for TiO>-Ar-700°C
it was 52 nm [30]. According to Dalod et al. [33], the use of such stabilizers as APTES can
lead to the formation of an amorphous SiOz layer on the surface, derived from the orga-
nosilane coupling agent, and leading to TiO2-SiO: core-shell nanostructures, so that,
during the thermal modification both the growth of the crystallites size and phase
transformation can be successfully inhibited. Furthermore, the results presented by Lu et
al. [35] and Xu et al. [36] also showed that silicon could effectively suppress the growth of
titania grains over the calcination process.

A

A-anatase
R-rutile

—Ti04h-120°C-500mM-Ar-900°C
— Ti0.-4h-120°C-500mM-Ar-700°C

Ti0Oz4h-120°C-500mM-Ar-500°C
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Figure 1. X-ray diffraction (XRD) patterns of 3-aminopropyltriethoxysilane (APTES)-modified TiO2
before and after the calcination process.
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Table 1. Structural parameters of starting TiO2 and APTES-modified photocatalysts prior and after
the calcination process.

Anatasein Anatase Rutilein  Rutile
Sample Name Crystallite Crystallite Crystallite Crystallite
Phase (%) Size (nm) Phase (%) Size (nm)

SBET Viotal Vmicro Vmeso
(m?%/g) (ecm®/g) (cm3/g) (cm¥/g)

starting TiO» 95 14 5 21 207 0370  0.070  0.300
TiO2—4h-120°C-500mM 96 14 4 46 140 0272 0.053  0.219
Tioz_g‘;f;&igoomM 95 14 5 36 158 0242 0058  0.184
Tioz_4_h[;rli%;c; CS 00mM - g¢ 15 4 51 170 0272 0062 0210
Tioz“*f‘;fggé‘goomM 9 17 4 45 140 0267  0.053 0.214
TiOz—4{11;1-290(;’ gfc‘soomM 95 30 5 79 50 0150 0019  0.131

In Figure 2 the adsorption-desorption isotherms of the obtained photocatalysts were
shown. Most of them presented a type IV isotherm in IUPAC classification, characteristic
for mesoporous materials [37]. Other nanomaterials presented the H3 type of the hyste-
resis loops. The H3 loops have characteristic desorption shoulders, lower closure points,
and no plateau in the high p/po value [38,39]. The pore size distribution was presented in
Figure S1 (in the Supplementary Materials section).
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Figure 2. Adsorption/desorption isotherms of APTES-modified TiO: prior and after calcination
process.

Furthermore, according to the data exhibited in Table 1, most of the tested semi-
conductors were mesoporous materials with a small number of micropores (except for
the TiO2-Ar-900°C sample that was a non-porous material, as presented in our previous
paper [30]). In starting TiO, after modification with 500 mM of APTES, a significant de-
crease of the specific surface area and total pore volume was noted. Compared to the
starting-TiOz, the Sser of TiO2-4h-120°C-500mM reduced by 67 m?/g and Vit by 0.098
cm?/g. Dalod et al. [33] observed that TiO:z surface functionalization using different silane
coupling agents such as 3-aminopropyltriethoxysilane, 3-(2-aminoethylamino)propyl-
dimethoxy-methylsilane and n-decyltriethoxysilane decreased the specific surface area,
from 195 m?/g for unmodified TiO:2 to 178 m?/g, 149 m?/g and 114 m?/g, respectively.
Siwinska-Stefaniska et al. [40] also noted that modification via different alkoxysilanes
compounds such as vinyltrimethoxysilane, n-2-(aminoethyl)-3-aminopropyltrimethoxy-
silane and 3-methacryloxypropyltrimethoxysilane, caused a decrease of the Sger and Viotal
of obtained nanomaterials. This was most likely because the modifier particles blocked
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the active centers on the TiO2-5iO2 surface. Zhuang et al. [41] also found that the specific
surface area and the pore volume were smaller for the nanocomposites than for the un-
modified TiO2 because APTES also penetrated inside the pores, rather than only dis-
persing on the external surface.

After calcination, the Sser of APTES-modified TiO: increased from 140 m?/g for
TiO2-4 h-120 °C-500mM through 158 m?/g for the sample calcined at 300 °C to 170 m?/g
for heated at 500 °C. Diminishing and eventually disappearing APTES-characteristic
peaks with the increase of the modification temperature, observed on diffuse reflectance
Fourier-transform infrared spectra (DRIFTS), presented in Figure 3, as well as the ob-
served significant decrease in carbon and nitrogen content (see Table 2) indicated the
unblocking of the surface of the nanomaterials. Therefore, the increase in the specific
surface area was related to the decomposition of APTES molecules during the calcination
process. The increase of Vil value from 0.242 cm?®/g (for sample calcined at 300 °C) to
0.272 cm?/g after thermal modification at 500 °C, also pointed out that the modifier mol-
ecules unblocked both the external surface of TiO: and the pores. As shown in Table 1, a
further increase in the modification temperature above 500 °C caused a decrease in the
specific surface area and pore volume of the tested photocatalysts, which resulted in the
increase of the anatase and rutile crystallites size and sintering of photocatalysts particles
[42].

3700-2500cm -
P

1620cm -

—>=950 cm -’

—— Ti0,-4h-120°C-500mM-Ar-900°C

S S

—TiO;-4h-120°C-500mM-Ar-700°C

— TiO;-4h-120°C-500mM-Ar-500°C

Absorbance

— Ti0,-4h-120°C-500mM-Ar-300°C

—TiO,-4h-120°C-500mM

3700 2900 2100 1300 500
Wavenumber [cm™]

Figure 3. Diffuse refletrance Fourier transform infrared spectra (DRIFTS) of and APTES-modified
TiO:2 before and after calcination process.

The DRIFTS measurements were utilized to determine the surface characteristics of
the prepared photocatalysts. All spectra presented in Figure 3 showed a narrow band at
1620 cm™, as well as a wide band from 3700 cm™ to 2500 cm!, associated with the mo-
lecular water and stretching vibrations of surface hydroxyl groups [28,43,44]. An increase
of the modification temperature of APTES/TiOz samples resulted in a decrease of the in-
tensity of these bands, due to the changes in the amount of surface -OH groups [45,46].
All materials exhibited the intensive band at around 950 cm™ assigned to the
self-absorption of titania [46,47]. Some new characteristic bands of APTES were observed
in the spectra, shown in Figure 3, which indicates that the modified photocatalysts were
prepared successfully. The bands detected at 2900 cm™ and 2885 cm, which belongs to
the bending and stretching contributions of the alkyl groups [(CHn)] [48-50]. The asym-
metric -NHs* deformation modes were observed near 1600 cm™ [49,51,52]. Another
low-intensity band at 1360 cm™, indicating the existence of C-N bonds [51,53]. Bands
noted 960-910 cm™ ascribe the stretching vibrations of Ti-O-Si chemical interactions
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[54,55]. Additionally, the band localized at 920 cm™ indicated the condensation reaction
between silanol and ~OH groups on the surface of the semiconductor [54]. Above 300 °C,
bands characteristic for APTES assigned to alkyl groups, -NHs*, C-N and Ti-O-5i bonds
were no longer observed. Furthermore, the band at around 1165 cm™ corresponds to the
Si-O-Si stretching vibrations, created by the condensation reaction between silanol
groups [43,51]. The presence of Si-O—C stretching mode was noted at around 1085 cm™!
[51,53].

From the ultraviolet—visible diffuse reflectance spectra (UV-Vis/DRS) of all APTES-
modified TiOz, shown in Figure 4, it was noted that TiO2—4h-120°C-500mM exhibited the
characteristic absorption in the UV region due to the intrinsic band gap absorption of Ti
[56,57]. Moreover, for all APTES/TiO:z photocatalysts calcined in an inert gas conditions,
the f reflectance in the visible range decreased as the heating temperature increased, due
to the change of colour from white for TiO2-4h-120°C-500mM through greyish for
TiO2-4h-120°C-500mM-Ar-500°C, to dark grey for TiO:-4h-120°C-500mM-Ar-900°C
material [58,59]. Interestingly, the bang gap energy values determined for all calcined
APTES-modified TiO: samples did not change in comparison to starting titania sample,
including nanomaterials calcined at 700 and 900 °C. These results also provide the evi-
dence of the inhibition of phase transition.

100

80 A
< —— Ti0,-4h-120°C-500mM-Ar-900°C
g 607 | —— TiO,-4h-120°C-500mM-Ar-700°C
=
2 —— Ti0,-4h-120°C-500mM-Ar-500°C
D 40 -
4 — Ti0,-4h-120°C-500mM-Ar-300°C

20 A ——Ti0,-4h-120°C-500mM

0 . .
200 400 600 800

Wawelength [nm]

Figure 4. Ultraviolet—visible diffuse reflectance spectra (UV-Vis/DRS) of and APTES-modified TiO:
prior and after calcination process.

Table 2. The carbon and nitrogen content, and zeta potential values of starting TiOz, reference
samples and APTES-modified photocatalysts prior to and after the calcination process.

. Carbon Nitrogen
Zeta Potential
Sample Name 5 (mV) Content Content
(Wf.o/o) (Wt.o/o)
starting TiOz +11.00 - 0.18
TiO2-Ar-300°C +12.34 - -
TiO2-Ar-500°C +12.43 - -
TiO2-Ar-700°C +24.77 - -
TiO2-Ar-900°C -29.67 - -
TiO2—4h-120°C-500mM +4.43 3.34 1.24
TiO2-4h-120°C-500mM-Ar-300°C +19.43 2.33 0.66
TiO2-4h-120°C-500mM-Ar-500°C -25.63 0.50 0.14
TiO2—4h-120°C-500mM-Ar-700°C -25.57 0.30 0.11
Ti02—4h-120°C-500mM-Ar-900°C -36.13 0.16 0.07

Following the data presented in Table 2, the occurrence of carbon (3.34 wt.%) and
nitrogen (1.24 wt.%) in TiO2-4h-120°C-500mM sample, confirmed the presence of APTES
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in the material obtained after TiO: modification. Additionally, it was found that the con-
tent of the analyzed elements decreased with the increase of calcination temperature,
most probably as a result of nitrogen and carbon decomposition from the solid phase
[46,60]. The data obtained from DRIFT spectra (see Figure 3) agreed with the analysis of
carbon and nitrogen content, which showed a continued decrease of carbon and nitrogen
in APTES-modified TiO:z samples as the calcination temperature increases. The prepara-
tion procedure can explain the presence of nitrogen in the starting-TiO: (preliminary
rinsing with NH«OH), used to eliminate the residual sulfuric acid from the raw slurry of
TiO:z obtained by sulphate technology [61].

Based on the data shown in Table 2, the zeta potential values of APTES/TiO: pho-
tocatalysts changed from +4.43 mV for TiO>-4h-120°C-500mM to -36.13 mV for
Ti02-4h-120°C-500mM-Ar-900°C. Goscianska et al. [62], Ukaji et al. [54] and Tala-
vera-Pech et al. [63] found that the amine groups of APTES tend to gain protons, and
thus, NHs* species can be formed. The NHs* can easily be attached to the TiO2 surface,
which results in a positive surface charge of the semiconductor. The FT-IR/DR spectra
presented in Figure 3, as well as the noted significant decrease of the nitrogen content
(see Table 2), showed that the positively charged amino groups were not observed on the
TiOz surface when the calcination temperature exceeded 300 °C. Above this temperature,
mostly silicon groups were found on the TiO: surface. Wilhelm et al. [64] and Fer-
reira-Neto et al. [65] noted that silica-modified TiO: exhibited negative zeta potential
values. The zeta potential of APTES/TiO: nanomaterials prepared via calcination at
temperature above 300 °C, changed from positive to negative.

2.2. Adsorption Experiments

Before the photocatalytic activity test, studies on determination of the adsorp-
tion-desorption equilibrium were performed. The adsorption degree of methylene blue
was shown in Figure 5 while the adsorption degree of Orange II was presented in Figure
6A,B. For methylene blue the adsorption-desorption equilibrium was established after 60
min for starting TiO2 and TiO2—4 h-120 °C-500mM samples, whereas after 180 min for
calcined reference materials and APTES-modified TiO2 nanomaterials received after the
calcination. Different adsorption-desorption equilibrium time is associated with the sur-
face characteristics of semiconductors (see Table 2). For starting TiO, all calcined refer-
ence materials [30], TiO2—4 h-120 °C-500mM and TiO>—4 h-120 °C-500mM-Ar-300°C, the
adsorption degree of methylene blue reached c.a. 5%. For other APTES/TiO: nano-
materials, an increase of the calcination temperature above 300 °C resulted in the notable
improvement of adsorption properties. Based on zeta potential values (shown in Table 2),
for materials with positively charged surface, the low adsorption of a cationic dye was
observed. While, photocatalysts with the negatively charged surface exhibited a good
adsorption efficiency, due to the higher potential of contact with the positively charged
methylene blue molecules. The highest adsorption degree of methylene blue equalled
30%, was found for the TiO2-4h-120°C-500mM-Ar-900°C sample with the most negative
zeta potential value of -36.13 mV and the lowest value for specific surface area. There-
fore, the change in TiO: surface charge after calcination from positive to negative was
found to be the main factor that enhances the adsorption properties of the APT-
ES-modified TiO2 [66-68]. It can be additionally noted that both photocatalysts calcined
at 900 °C exhibited a different dye adsorption degree, although almost the same zeta
potential value characterized them (for TiO2-Ar-900°C was only 5%). For this reason, the
noted enhancement of the adsorption properties at the highest temperature of modifica-
tion was mainly associated with the values of specific surface area (50 m?%/g for
Ti02-4h-120°C-500mM-Ar-900°C and 3 m?/g for TiO>-Ar-900°C [30]). It was confirmed
that APTES modification successfully prevents the anatase-to-rutile transformation and
sintering of the crystallites at a higher temperature of calcination process.
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Figure 5. Adsorption degree of methylene blue dye on the surface of APTES-modified TiO:z before
and after calcination.
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Figure 6. Adsorption degree of Orange II dye on the surface of starting TiO2 and calcined reference
samples (A), and APTES-modified TiO:z before and after calcination process (B).
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For Orange II, the adsorption-desorption equilibrium was established after 90 min
for all calcined reference materials, whereas after 60 min for starting and calcined APT-
ES-modified TiO: photocatalysts. In case of TiO2-4h-120°C-500mM sample, significant
Orange II desorption (approximately 23%) was observed prior to the adsorp-
tion-desorption equilibrium established after 240 min. For APTES/TiO: photocatalysts,
the increase of the calcination temperature resulted in a decrease of adsorption properties
related to the change of the TiO: surface charge from positive to negative (see Table 2).
The positively charged surface of the semiconductor has a higher potential of contact
with the negatively charged dye molecules like Orange II. Therefore, for nanomaterials
with a negatively charged surface, the low adsorption efficiency of anionic dye was noted
[20,66-69].

Adsorption Capacity

To better understand the adsorption process, additional tests were conducted to
determine the adsorption capacity of examined materials. The values of constants and
correlation coefficients for Freundlich, Langmuir, Langmuir-Freundlich, and Temkin
isotherm models are listed in Table S1 for methylene blue and in Table S2 for Orange II
dye.

Based on the correlation coefficients obtained for methylene blue adsorption, it was
revealed that the Langmuir and Langmuir-Freundlich isotherm models gave similar and
the best simulation of the experimental data with the highest R? for all APTES-modified
TiO:2 samples. The Langmuir-Freundlich isotherm model describes most accurately the
adsorption properties of starting-TiO2 and all calcined reference photocatalysts, while for
Ti02-4h-120°C-500mM the best simulation of the experimental data provided the Tem-
kin isotherm. For photocatalysts that have shown the best fit to the Langmuir-Freundlich
isotherm model, it can be assumed that the surface of the semiconductors is heteroge-
neous [70]. The increase of the adsorption capacity for methylene blue can be explained
as the effects of modification, including an increase of the specific surface area (see Table
1), a change in surface charge (see Table 2), and mesoporous structure of APTES/TiO2
nanomaterials [20,71].

Following the calculated correlation coefficients, the experimental equilibrium data
for the adsorption of Orange II for starting TiO: and reference samples calcined at
300-700 °C were most closely fitted to the Freundlich isotherm. TiO:-Ar-900°C and
Ti0O2-4 h-120°C-500mM-Ar-900°C samples were found to be the weakest adsorbents of
Orange II dye due to the negative character of the surface (see Table 2), and characterized
by negligible adsorption of anionic dye (see Figure 6A,B), which effectively made it very
difficult to match the appropriate model of adsorption isotherm. For
TiO2—-4h-120°C-500mM and APTES-modified TiO: calcined at 300-700 °C, the best sim-
ulation of the experimental data was provided by the Freundlich or Lang-
muir-Freundlich isotherm model. It can be concluded that the surfaces of APT-
ES-modified semiconductors are heterogeneous [20,71]. The noted increase of the n and
gm values was related to the change of surface charge from negative to positive due to
TiO2 modification (see Table 2) [20,71,72].

2.3. Photocatalytic Activity Test

The photocatalytic activity of the examined nanomaterials was calculated based on
the degradation of methylene blue and Orange II dyes under UV light irradiation. Tests
performed in the absence of the photocatalyst (see Figures 7A and 8A) revealed that, for
both methylene blue and Orange II, the decomposition due to the photolysis process was
insignificant compared to the photocatalysis process. After 360 min of exposure under
the same conditions as in the photocatalytic activity tests, about 2.5% decomposition of
dyes was recorded.

For methylene blue, a significant improvement of the photoactivity from 39% to 95%
for starting TiO2 was noted only for the nanomaterial calcined at 700 °C, consisting of
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88% of anatase and 12% of rutile phase, and the band gap energy value of 3.07 eV [30].
Ohno et al. [73] observed that TiO:, being an optimal mixture of anatase and rutile
phases, exhibited higher photocatalytic activity than TiO2 composed of only one phase.
Moreover, the co-existence of various-forms of TiO: is essential for determining the TiO:z
photoactivity, and the most effective performance during methylene blue degradation
was achieved for photocatalysts with slightly reduced Eg (3.04 eV) and a mixture of both
phases. Additionally, these samples did not have the largest Sser among all examined
materials. After 240 min of exposure to UV light, the methylene blue removal degree
determined in the presence of TiO2-4h-120°C-500mM sample compared to starting TiOz,
enhanced from 39% to 82% (see Figure 9). After modification of TiO:z via APTES, the in-
crease of the efficiency was essentially associated with the presence of nitrogen and car-
bon in the materials obtained (see Table 2) [74]. After thermal modification, almost all
APTES/TiO2 photocatalysts showed an improved methylene blue decomposition degree
in comparison to reference materials heat treated at the same temperature. Only
TiO2-4h-120°C-500mM-Ar-700°C sample showed a slight 7% decrease in efficiency
compared to TiO2-Ar-700°C. The reported increase in the activity was related to the fact
that the modification with APTES, which is a good source of silicon, effectively sup-
pressed the anatase-to-rutile phase transformation, as well as the growth of crystallites
size (see Table 1). The growth of the anatase phase crystallinity and the decrease of the
bulk defects after thermal modification resulted in an increase of the electron diffusion
rate to the surface of the semiconductor by inhibiting electron-hole recombination.

[Al 1 g

3 —2—Ti0,-Ar-900°C
—5—TiO,-Ar-700°C
X ——Ti0,-Ar-500°C
—e—Ti0,-Ar-300°C
—¥—starting-TiO,
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0 . . . - i
0 60 120 180 240 300 360

Time [min]

Bl 4

—&—Ti0,-4h-120°C-500mM-Ar-900°C

—&—TiO,;-4h-120°C-500mM-Ar-700°C

——Ti0,-4h-120°C-500mM-Ar-500°C
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R

2 —%— TiO,-4h-120°C-500mM

0 T T T T T 1
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Figure 7. Methylene blue decomposition under UV irradiation for starting TiO2 and calcined ref-
erence samples (A), and APTES-modified TiO:z before and after calcination (B).
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Figure 9. Methylene blue decomposition degree after 240 min of UV light irradiation for starting
TiOz, calcined reference samples, and APTES-modified TiO2 prior to and after process.
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Furthermore, the high porosity facilitated the mass transfer of reagents such as re-
action by-products or oxygen, contributing to enhancing the photoactivity of the tested
calcined APTES-functionalized TiO: photocatalysts [75,76]. Moreover, it was found that
APTES-modified TiO2 samples calcined at 500-900 °C were characterized not only by a
high dye decomposition degree (see Figure 9), but also by excellent adsorption properties
(see Figure 5). These observations were consistent with the reports indicating that the
adsorption process strongly influences the photocatalytic degradation reaction [20,24,77].
Furthermore, it was noted that APTES/TiO2 nanomaterial calcined at 900 °C showed the
highest efficiency enhancement concerning the reference material. Methylene blue de-
composition degree of TiO2-4h-120°C-500mM-Ar-900°C increased by 58% compared to
TiO2-Ar-900°C. Since both photocatalysts showed similar zeta potential values (see Table
2), the noticed gain of activity was mostly related to the suppression of anatase-to-rutile
phase transformation, thus the higher value of the Sger of the modified samples (see Table
1).

In the case of Orange 1I, after calcination at 300 °C and 500 °C, a slight decrease
(approximately 10% and 5%, respectively) in the photocatalytic activity was noted in
comparison to starting TiO:. Significant reduction of the decomposition degree (ap-
proximately 95%) was observed for TiO:-Ar-900°C, which was associated with the com-
plete formation of the rutile phase and an increase in the aggregation of molecules, which
reduced the specific surface area [30]. After TiO2 modification with APTES, the photo-
catalytic activity of TiO2-4h—120°C-500mM decreased by 90% after 240 min of irradiation
compared to the starting TiO2. For TiO>-4h-120°C-500mM sample, after 60 min of UV
light irradiation, significant desorption of dye molecules from the surface of the photo-
catalyst was noted (see Figure 8B), which may be related to the increase of the tempera-
ture of the reaction suspension, caused by the heat generated by the 6 lamps used in the
experiments. The significant amount of the Orange II molecules released effectively dis-
rupted the photocatalytic decomposition, causing a decrease in the activity. It was noted
that APTES-modified TiO: calcined at 300 °C and 500 °C exhibited a significantly lower
decomposition degree of Orange II than the reference materials prepared at the same
temperature. The TiO2-Ar-300 °C and TiO2-Ar-500 °C samples (see Figure 6A) exhibited
a higher adsorption degree of Orange II than TiO2-4h-120°C-500mM-Ar-300°C and
Ti02-4h-120°C-500mM-Ar-500°C materials (see Figure 6B). The reference samples cal-
cined at 300 °C and 500 °C showed almost identical phase composition and were char-
acterized by a smaller specific surface area than the corresponding APTES-modified TiO:
nanomaterials (see Table 1), the obtained results imply that the adsorption process had a
strong influence on the Orange II degradation. Our observations were consistent with the
reports indicating that the adsorption process has a substantial impact on the photo-
catalytic oxidation process and may improve the efficiency of the studied materials
[20,24,77]. As the modification temperature increased, the difference between the dye
decomposition degree achieved by the reference materials and those modified with
APTES decreased. For photocatalysts calcined at 300 °C, the difference in yield was 58%,
and at 500 °C it equaled 34%, while at 700 °C the difference in efficiency was only 4%.
Only for TiO2-4h-120°C-500mM-Ar-900°C did the sample show a 92% increase in pho-
toactivity after 240 min of exposure to UV light compared to the TiO2-Ar-900 °C (see
Figure 10). Similar to the methylene blue decomposition, because both materials exhib-
ited almost the same zeta potential values, the noted increase in the photoactivity was
connected with the effective suppression of anatase-to-rutile phase transformation (see
Table 1) and still the relatively high specific surface area of
TiO2-4h-120°C-500mM-Ar-900°C sample (50 m?/g) in comparison to TiO2-Ar-900°C (3
m?/g) [30,75].

The apparent reaction rate constants were established to better understand the
photocatalytic decomposition process of both methylene blue and Orange II. The zero-
order, pseudo-first order, and pseudo-second order linear transformations are presented
for methylene blue in Figures S2A,B, and for Orange II in Figures S3A-C, respectively.
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The reaction rate constants were determined after 240 min of exposure to UV light, due to
the fact that when the irradiation time was extended to 360 min, after 240 min the points
in the graph start to deviate from the typical linear course of the curve (see Figures S2B
and S3C). The reported reduction in the reaction rate was related to the formation of in-
termediates during the decomposition of dyes and the adsorption of these carbon de-
posits on the surface of the semiconductor. To avoid impairing the visibility of all graphs,
the kinetics of the decomposition after 360 min of irradiation were presented only for the
pseudo-second order reactions.
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Figure 10. Orange II decomposition degree after 240 min of UV light irradiation for starting TiO,
calcined reference samples, and APTES-modified TiO2 before and after calcination.

It was found that the degradation of methylene blue in the case of starting-TiOz, the
reference materials calcined at 300-700 °C [30] and TiO>—4h-120°C-500mM followed the
Langmuir-Hinshelwood pseudo-first order model. According to the pseudo-second-
order model for TiO2-Ar-900°C and all APTES/TiO: nanomaterials after calcination pro-
ceeds. It was noted that after TiO: functionalization via APTES combined with thermal
modification, the kinetics of the methylene blue decomposition changed from pseu-
do-first to the pseudo-second order. The calculated reaction rate constants were listed in
Table S3.

The degradation of Orange II in the case of TiO2—4h-120°C-500mM, TiO:-Ar-500°C
and Ti02-4h-120°C-500mM-Ar-300°C followed the zero-order model, while for
TiO2-Ar-900°C proceeds according to the pseudo-second-order model. For all other
photocatalysts, the decomposition was in accordance with the pseudo-first order model.
Based on the data shown in Table 54, the obtained values of ko were 0.0171 mg/(L-min) for
Ti02-4h-120°C-500mM sample, 0.0337 mg/(L-min) for the reference material and 0.0175
mg/(L-min) for TiO>-modified APTES calcined at 300 °C. The noted values of k1 were
between 0.0019 L/min and 0.0143 L/min. For TiO2-Ar-900°C sample, k2 equalled 0.0001
L/(min‘mg).

The Reusability Tests

Determining the stability of photocatalysts in subsequent cycles of pollutants de-
composition plays a crucial role in assessing the possibility of their industrial use. The
performance of the studied nanomaterials was tested for four subsequent photocatalytic
cycles. For methylene blue decomposition, the results obtained were shown in Figure
11A-E, and for Orange Il in Figure 12A-E. In the case of methylene blue, the modification
in the Ar atmosphere at 500 °C (TiO2>—4h-120°C-500mM-Ar-500°C) and 700 °C
(TiO2-4h-120°C-500mM-Ar-700°C) contributed to an improvement in the stability com-
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Methylene blue decomposition
degree [%]
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pared to TiO2—4h-120°C-500mM sample. After the first cycle, the decomposition degree
of TiO2-4h-120°C-500mM reduced by about 31%, whereas after calcination the photo-
catalytic activity decreased by about 21% and 26%, respectively. The increase in Sser and
Vil after calcination (see Table 1) improved the performance of subsequent dye de-
composition cycles. Moreover, DRIFT spectra presented in Figure 3, as well as the results
of the C and N content shown in Table 2, confirmed the absence of carbon and nitrogen in
the materials obtained after the calcination process, the leaching of which reduced the

effectiveness of TiO2-4h-120°C-500mM sample [74].
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Figure 11. Photocatalytic activity in subsequent cycles of methylene blue degradation of TiO>-4h-120°C-500mM (A),
Ti02—4h-120°C-500mM-Ar-300°C (B), TiO2—4h-120°C-500mM-Ar-500°C (C), TiO2-4h-120°C-500mM-Ar-700°C (D), and
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Figure 12. Photocatalytic activity in subsequent cycles of Orange II degradation of TiO:-4h-120°C-500mM (A),
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Additionally, to explain the decrease in the efficiency of calcined materials, after the
last fourth cycle of methylene blue decomposition, DRIFT spectra of selected photocata-
lysts were measured and shown in Figure 13A in combination with the spectra of sam-
ples before the exposure process. The observed change in the shape of the spectra after
four cycles indicates that the structure of the semiconductor has changed during the
photocatalytic reaction. An apparent increase in the intensity of the band located from
1200 cm™ to 1600 cm™ suggested that in subsequent cycles carbon deposits originating
from methylene blue appeared, which caused a decrease in the photocatalytic activity

[78].
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Figure 13. DRIFT spectra of TiO2—4h-120°C-50 mM and TiO>—4h-120°C-500mM-Ar-700°C photo-
catalysts before the first cycle and after the fourth cycle for methylene blue (A), and Orange II (B)
decomposition.

For TiOz-4h-120°C-500mM and TiO2-4h-120°C-500mM-Ar-300°C samples, a sig-
nificant enhancement in yield was noted in the subsequent cycles of Orange II decom-
position (see Figure 12A,B). Compared to the first cycle, the decomposition degree of
TiO2—4h-120°C-500mM increased from 38% to 100% after the second cycle and remained
at this level even after the last cycle. For TiO>—4h-120°C-500mM-Ar-300°C there was a
gradual increase in activity from 49% after the first cycle, through 82% after the second to
96% after the fourth cycle. The materials calcined at 500 °C and 900 °C had relatively high
stability, because after four cycles only a slight decrease in the activity of 9% and 5%,
respectively, was recorded. Only a TiO>-4h-120°C-500mM-Ar-700°C sample exhibited a
slight reduction in the activity during the reusability test, for which the decomposition
degree decreased from 100% after the first cycle to 80% after the fourth cycle. The in-
crease in the activity and high stability of photocatalysts in the subsequent cycles of Or-
ange II decomposition resulted from the appearance of -SiOs- groups on the TiO:z surface,
which were observed on DRIFT spectra at 1175 cm™ (see Figure 13B) [78]. According to
the literature [17], the presence of the -5Os- group could be assumed to improve the re-
moval efficiency. An increase in the intensity of the band located from 1200 cm™ to 1600
cm™ indicated that in subsequent cycles semiproducts originating from Orange II de-
composition appeared, which contributed to a slight decrease in the efficiency of the
sample calcined at 700 °C. Apart from the confirmed significant influence of the phase
composition on the photocatalytic efficiency, the obtained FT-IR/DR spectra demon-
strated that the reduction of the dye decomposition degree was strongly influenced by
the adsorption of methylene blue on the surface of the tested nanomaterials. A negatively
charged surface of APTES-modified photocatalysts impacts the sorption of degradation
co-products of methylene blue in each next cycle, thus decreasing the photoactivity. On
the other hand, the presence of the negative-loaded groups on the surface of tested ma-
terials (i.e. SiOs~ groups) inhibits sorption of Orange II degradation semiproducts.
Therefore, the adsorption process also plays an essential role in the photocatalytic de-
composition of pollutants [17,79,80].

3. Materials and Methods
3.1. Materials and Reagents

Crude TiO: pulp, purchased from the chemical plant Grupa Azoty Zaklady
Chemiczne “Police” S.A. (Police, Poland), was used as a TiO2 source. Before modification,
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the raw pulp was pre-prepared to reach pH equal to 6.8 due to the presence of
post-production sulphuric acid remains. This stage was described in detail in our pre-
vious article [61]. The received material was named as starting TiOz.
3-aminopropyltriethoxysilane (APTES, CoH2sNOsSi, 298%) from Merck KGaA (Darm-
stadt, Germany) was used as a modifier of the TiOz. Ethyl alcohol (purity 96%, pure p.a.)
purchased from P.P.H. “STANLAB” Sp.J. (Lublin, Poland) was used as a solvent of
APTES. During photocatalytic decomposition tests, Orange II (CisHi1iN2NaOsS, >85%,
Firma Chempur®, Piekary élqskie, Poland) and methylene blue (CisHisCINsS, >82%, Fir-
ma Chempur®, Piekary élqskie, Poland) were used as model organic water pollution.

3.2. Synthesis of 3-Aminopropyltriethoxysilane (APTES)-Modified TiO:

The APTES/TiO2 nanomaterials were obtained by the solvothermal process and cal-
cination. In the beginning, 5 g of starting TiOz was dispersed in 25 mL of APTES solution.
The concentration of the modifier in ethanol was 500 mM. Next, the prepared mixture
was modified in a pressure autoclave for 4 h at 120 °C, ensuring continuous stirring at 500
rpm. Then, the suspension obtained was rinsed with ethanol and distilled water to
eliminate all residual chemicals. The sample was dried at 105 °C for 24 h in a lab dryer.
The material obtained was denoted as TiO2-4h-120°C-500mM. Finally, the prepared
material was heated in argon atmosphere (purity 5.0, Messer Polska Sp. z 0.0., Chorzéw,
Poland). The quartz crucible containing the obtained photocatalyst was placed inside a
quartz tube in the middle of the GHC 12/900 horizontal furnace (Carbolite Gero, Ltd.,
Sheffield, UK). Calcination was conducted in the range of 300-900 °C (At = 200 °C). Prior
to the heating step, the argon was passed through the quartz tube for 30 min to remove
the air present in the quartz pipe. After that, the furnace was heated up to the set tem-
perature in the argon flow of 180 mL/min. The calcination time was 4 h. After the set
time, the furnace was slowly cooled down to room temperature. Nanomaterials received
after the thermal modification of starting TiO: in the Ar atmosphere were named as ref-
erence samples denoted as TiO>Ar-t, while APTES/TiO: materials obtained after heat
treatment were marked as TiO2—4h-120°C-500mM-Ar-t, where t is the calcination tem-
perature.

3.3. Characterization Methods

The low-temperature nitrogen adsorption-desorption measurements (conducted at
77K) carried out on the QUADRASORB evo™ Gas Sorption analyzer (Anton Paar
GmbH, Graz, Austria) were used to calculate the Brunauer-Emmett-Teller (BET) specific
surface area and pore volume. Before the measurements, all samples were degassed for
12 h at 100 °C under high vacuum to remove any residual contaminants present on the
surface of tested materials. The single-point value determined the total pore volume from
the nitrogen adsorption isotherms at relative pressure p/po= 0.99. Micropore volume was
estimated using the Dubinin—-Radushkevich method, while mesopore volume was de-
termined as the difference between Vil and Vmico. The zeta potential values were de-
termined with the ZetaSizer NanoSeries ZS (Malvern PANalytical Ltd., Malvern, UK).
The crystalline structure of the tested photocatalysts was identified by the X-ray powder
diffraction analysis (Malvern PANalytical B.V., Almelo, Netherlands) using Cu Ka radi-
ation (A =1.54056 A). Scherrer's equation was used to calculate the mean crystallites size.
To identify the phase composition, the PDF-4+ 2014 International Centre for Diffraction
Data database (for anatase: 04-002-8296 PDF4+ card, and for rutile: 04-005-5923 PDF4+
card) was applied. The FT-IR-4200 spectrometer (number of scans 100, resolution 4.0
cm, JASCO International Co. Ltd., Tokyo, Japan) equipped with DiffuselR accessory
(PIKE Technologies, Fitchburg, WI, USA) was utilized to determine the surface func-
tional groups and to notice the surface changes during the reusability test. The V-650
UV-Vis spectrophotometer (JASCO International Co., Tokyo, Japan) equipped with a
PIV-756 integrating sphere accessory for measuring DR spectra (JASCO International
Co., Tokyo, Japan) was used to examine the light reflectance abilities of the new APT-
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ES/TiO:2 samples. Spectralon® Diffuse Reflectance Material (Labsphere, New Hampshire,
NE, USA) was applied as the reference material. The optical bandgap energy (Eg) of the
samples was calculated by plotting [F(R)hv]”? as a function of photon energy and next
extrapolating the linear parts to [F(R)hv]2=0 [81]. The CN 628 elemental analyzer (LECO
Corporation, St. Joseph, MI, USA) was used to determine the total carbon and nitrogen
content in the studied nanomaterials. The certified ethylenediaminetetraacetic acid
(EDTA) standard (LECO Corporation, St. Joseph, MI, USA) containing 9.56 + 0.03 wt.% of
nitrogen and 41.06 + 0.09 wt.% of carbon was utilized to prepare the calibration curve for
preparing calibration curves. The error range for measurements was maximally +0.1%.

3.4. Adsorption Capacity

To determine the adsorption capacity, the adsorption experiments were carried out
in Erlenmeyer flask with starting-TiOz, reference samples and APTES-modified TiO:
nanomaterials, by stirring at 150 rpm 0.125 g of the photocatalyst in 0.25 L of methylene
blue and Orange II aqueous solutions with concentrations of 1, 2, 4, 6, 8, 10, 12 and 15
mg/L, under light-free conditions in a thermostatic chamber at 20 °C (Pol-Eko-Aparatura
sp.j., Wiodzistaw Slaski, Poland). This process continued for 240 min to establish the
adsorption-desorption equilibrium between the dye and photocatalysts surface. Ul-
trapure water (Merck Millipore Sp. z 0.0., Warszawa, Poland) was used to prepare all
solutions. After 240 min, 10 mL of the withdrawn suspension was centrifuged to separate
all suspended nanoparticles. The concentration of methylene blue and Orange II was
analyzed by the V-630 UV-Vis spectrometer (JASCO International Co., Tokyo, Japan).
The experimental equilibrium adsorption data were analyzed using Freundlich [82],
Langmuir [72], Langmuir-Freundlich [70], and Temkin [71] isotherm models. The Statis-
tica software (version 13.1) was used to plot the adsorption isotherms.

3.5. Photocatalytic Activity Test

Methylene blue and Orange II were selected for the photocatalytic activity and re-
usability tests. Photocatalytic decomposition was carried out under UV-Vis light with the
radiation intensity of 65 W/m? for 300-2800 nm and 36 W/m? for the 280-400 nm region,
supplied by a series of 6 lamps of 20 W each (Philips, Amsterdam, Netherlands). Because
of the low intensity of visible (Vis) irradiation used, this type of light was named as UV
light. The experiments were performed in a 0.6 L glass beaker using 0.5 L of dye solution,
with an initial concentration of 15 mg/L and the concentration of photocatalyst equalled
0.5 g/L. The experimental procedure consisted of two steps. Firstly, before the irradiation
stage, the prepared suspension was magnetically stirred under dark conditions to estab-
lish the adsorption-desorption equilibrium between the TiO: surface and dye molecules.
The time necessary to achieve the adsorption-desorption equilibrium was determined
based on research on the sorption properties of the photocatalysts. Secondly, the sus-
pension was exposed to UV light irradiation. The total exposure time was 360 min. The
dye concentration was measured every 60 min with the V-630 UV-Vis spectrometer
(JASCO International Co., Tokyo, Japan). Prior to each measurement, 10 mL of the with-
drawn suspension was centrifuged to remove all suspended photocatalyst nanoparticles.
Additionally, the reusability test was determined based on the decomposition of dyes
under UV light after 360 min of irradiation. After each cycle, the material was separated
by filtration and dried for 12 h at 105 °C and then added to a new dose of the dye solution
with appropriate initial concentration. Based on the results obtained, the reaction rates of
model organic pollutants decomposition were determined by adjusting the appropriate
order of the reaction. The zero reaction rate constant was established according to the
zero-order model [47].

The pseudo-first reaction rate constant was calculated using the Langmuir- Hin-
shelwood pseudo-first order model and the pseudo-second reaction rate constant was
determined following the pseudo-second order model [83].
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4. Conclusions

The APTES/TiOz nanomaterials were obtained by a solvothermal process at 120 °C,
and subsequent calcination in Ar atmosphere in the range of 300 °C-900 °C. In the pre-
sent article, for the first time, the role of adsorption in the photocatalytic decomposition
of dyes on APTES-modified TiO: nanomaterials, as well as the influence of calcination in
the inert gas atmosphere on the adsorption capacity and stability of APTES/TiO2 samples
were determined. The presence of the modifier on the TiO: surface was confirmed by
DRIFTS measurements and carbon and nitrogen content analysis. It was found that the
Langmuir and Langmuir-Freundlich isotherm models, due to their highest fit, best de-
scribe the adsorption of methylene blue on the surface of the examined APTES-modified
photocatalysts, while for the Orange II adsorption process, the best fit was found for
Freundlich and Langmuir-Freundlich isotherm models. The recorded alterations in the
adsorption capacity were related to the changes in the surface charge and the Sser of the
APTES-modified TiOz. It was also observed that the adsorption process had a significant
impact on the photooxidation of dyes. The APTES/TiO: photocatalysts calcined at 900 °C,
showed a markedly higher methylene blue and Orange II degradation degree in com-
parison to calcined reference materials, which was related to the fact that functionaliza-
tion via APTES, which is a good source of silicon, effectively suppressed anatase-to-rutile
phase transition, as well as the growth of crystallites size. Furthermore, in the case of
methylene blue, thermal modification at 500 °C and 700 °C contributed to an improve-
ment in the stability compared to TiO2-4h-120°C-500mM sample for Orange II, all pho-
tocatalysts showed high efficiency during the reusability test.

Supplementary Materials: The following are available online at
www.mdpi.com/2073-4344/11/2/172/s1, Figure S1: Pore size distribution plots of starting-TiO», cal-
cined reference samples (A), and APTES-modified TiO: photocatalysts (B)., Figure S2: The pseu-
do-first-order plot (A), and the pseudo-second-order plot (B) of methylene blue decomposition.,
Figure S3: The zero-order plot (A), the pseudo-first-order plot (B), and the pseudo-second-order
plot (C) of Orange II decomposition., Table S1: Isotherm constants for the adsorption process of
methylene blue on starting TiOz, calcined reference samples and APTES-modified photocatalysts.,
Table S2: Isotherm constants for the adsorption process of Orange II on starting TiOz, calcined ref-
erence samples and APTES-modified photocatalysts., Table S3: The fitting parameters, the pseu-
do-first and pseudo-second reaction rate constants for methylene blue photoremoval (after 240 min
of UV radiation)., Table 54: The fitting parameters, zero, pseudo-first, and pseudo-second reaction
rate constants for Orange II photoremoval (after 240 min of UV radiation).
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Figure S2. The pseudo-first-order plot (A), and the pseudo-second-order plot (B) of methylene
blue decomposition.
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Table S1. Isotherm constants for the adsorption process of methylene blue on starting TiOz, calcined reference samples and APTES-modified photocatalysts.

Isotherm models

Freundlich Langmuir Langmuir-Freundlich Temkin

Sample name

Kr KL qm Kvr qm Kr R
((mg/g)-(L/mg)¥/r) (L/mg)  (mg/g) (L/mg)  (mg/g) (L/mg)

starting TiOz 0.12 252 071 042 035 0.69 0.00 187 045 071 0.10 0.08 0.71
TiO2-Ar-300°C 0.13 499 030 093 023 0.35 0.93 023 112 035 012 0.04 032
TiO2-Ar-500°C 0.12 712 0.09 393 0.13  0.02 0.10 022 454 076 0.28 0.08 0.50
TiO2-Ar-700°C 0.33 327 081 0.64 075 073  0.001 377 035 081 032 0.15 0.79
TiO2-Ar-900°C 0.67 454 058 1.00 122 0.70 0.87 125 1.83 0.88 0.64 029 0.78
TiO2-4h-120°C-500mM 0.29 1644 024 433 034 0.29 1.48 037 228 024 028 0.01 073
TiO2-4h-120°C-500mM-Ar-300°C 0.53 3.67 093 0.78 1.10 0.98 0.88 1.01 143 099 050 0.21 0.96
TiO2-4h-120°C-500mM-Ar-500°C 2.98 364 091 150 521 099 1.49 522 1.00 099 3.05 0.93 091
TiO2-4h-120°C-500mM-Ar-700°C 5.17 425 092 356 7.64  0.99 3.11 8.02 0.81 1.00 525 1.16 097
TiO2-4h-120°C-500mM-Ar-900°C 6.43 704 0.82 19.29 792 093  24.19 761 078 091 6.70 0.89 0.89

Table S2. Isotherm constants for the adsorption process of Orange II onstarting TiOz, calcined reference samples and APTES-modified photocatalysts.

Isotherm models

Freundlich Langmuir Langmuir-Freundlich Temkin

Sample name

KEr R2 KL qm Kir qm ) Kr Re
((mg/g)-(L/mg)Vr) (L/mg) (mg/g) (L/mg) (mg/g) (L/mg)

starting-TiO: 0.003 031 1.00 0.0002 1847 075 0.027 3.65 331 1.00 085 184 0.70
TiO2-Ar-300°C 0.08 051 098 0.0004 1869 095 0.004 1949 197 098 068 186 0.77
TiO2-Ar-500°C 0.02 039 1.00 0.0002 2370 0.85 0.061 4287 291 1.00 3.67 386 0.79
TiO2-Ar-700°C 0.0006 0.01 095 0.0006 930 001 0194 0.02 177 038 0.01 0.004 0.05
TiO2-Ar-900°C 0.18 385 023 1.19 034 012 0.001 262 036 052 019 0.06 0.19
Ti02-4h-120°C-500mM 0.25 0.66 098 0.0006 10.78 0.96 0.003 1358 152 098 098 193 0.83
Ti02-4h-120°C-500mM-Ar-300°C 1.07 238 098 0.04 11.85 095 0.001 5113 058 094 116 067 094
TiO2-4h-120°C-500mM-Ar-500°C 0.84 372 099 094 170 090 0.001 775 032 099 085 031 097
TiO2-4h-120°C-500mM-Ar-700°C 0.67 779 082 332 090 057 0.001 286 018 081 067 010 0.79
Ti02-4h-120°C-500mM-Ar-900°C 0.18 385 023 1.19 034 012 0.001 262 036 052 019 0.06 0.19
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Table S3. The fitting parameters, the pseudo-first and pseudo-second reaction rate constants for methylene blue photoremoval (after 240 min of UV radiation).

Sample name ki1 (L/min) R2 Sample name k: (L/(min-mg)) R2
TiO2-Ar-300°C 0.0019 0.99 TiO2-Ar-900°C 0.0001 0.92
starting TiO: 0.0021 0.99 TiO2-4h-120°C-500mM-Ar-300°C 0.0009 0.99
TiO2-Ar-500°C 0.0030 0.99 TiO2-4h-120°C-500mM-Ar-500°C 0.0011 0.99
Ti02-4h-120°C-500mM 0.0072 0.99 TiO2-4h-120°C-500mM-Ar-900°C 0.0019 0.94
TiO2-Ar-700°C 0.0124 0.99 Ti02-4h-120°C-500mM-Ar-700°C 0.0025 0.99

Table S4. The fitting parameters, zero, pseudo-first, and pseudo-second reaction rate constants for Orange II photoremoval (after 240 min of UV radiation).

ko k2
. 2 2
Sample name (mg/(L-min)) Sample name ki (1/min) R Sample name (L/(min-mg))
TiO2-4h-120 °C-500mM 0.0171 0.99 TiO:-Ar-300 °C 0.0019 0.99 TiO2>-Ar-900 °C 0.0001 0.92
TiOz-4h-120 °C-500mM- . .
Ar-300 °C 0.0175 0.99 starting-TiO: 0.0021 0.99
. o TiO2-4h-120 °C-500mM-
TiO2-Ar-500 °C 0.0337 0.99 Ar-500 °C 0.0039 0.99
TiO2-4h-120 °C-500mM-
Ar-700 °C 0.0114 0.99
TiO2-Ar-700 °C 0.0124 0.99
TiOz-4h-120 °C-500mM- 0.0143 0.99

Ar-900 °C
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ARTICLE INFO ABSTRACT

Editor: Zhang Xiwang In this article, the influence of calcination temperature on the photocatalytic properties and stability of titanium
dioxide modified with 3-aminopropyltriethoxysilane (APTES) was presented. The new APTES-functionalized
TiO, nanomaterials were obtained by solvothermal process and thermal modification in the argon atmo-
sphere. The obtained photocatalysts were characterized via various techniques including diffuse reflectance
spectroscopy (UV-vis/DRS), X-ray diffraction (XRD), Fourier transform infrared (FT-IR/DRS), SEM, BET surface
area measurement and zeta potential analyses. Modification with APTES suppressed phase transformation and
the growth of crystallite size of anatase and rutile during heating. The crystallites size of anatase was in the range
of 14—52nm for heat-treated starting-TiO, and 14—31 nm for APTES-modified TiO,. Calcination process
influenced the surface characteristics i.e. zeta potential of APTES-modified TiO, nanomaterials. The photo-
catalytic activity of obtained samples was investigated during the decomposition of methylene blue using as a
model water contaminant under UV light irradiation. Thermal modification in the argon atmosphere significantly
enhanced adsorption properties and photocatalytic activity of obtained nanomaterials. Furthermore, calcination
up to 700 °C improved photocatalytic stability of the examined photocatalysts. It is also worth mentioning that
APTES modification significantly improved photocatalytic performance of nanomaterials calcined at 900 °C. In
this case the decomposition degree of TiO2-4h-180 °C-2000 mM-Ar-900 °C in comparison to TiO2-Ar-900 °C
increased by 50 %.

Keywords:

Titanium dioxide
3-Aminopropyltriethoxysilane
Methylene blue decomposition
Reusability test

removal of dyes from wastewaters, due to the capability of this process
to mineralize the target pollutants completely [1]. Titanium dioxide is

1. Introduction

Over the past few decades, economic and social development has
been accelerating significantly. The increasing demand leads to the
faster expansion of industry and the creation of more factories. Waste-
waters from different industries, laboratories and factories, are harmful
to the general well-being of people and the environmental condition.
The effluents containing different dyes are toxic not only to microor-
ganisms but also for human and aquatic life. Nowadays, this harmful
influence of chemicals on earth ecosystems is the cause of serious con-
cerns [1]. For that reason, the degradation of dyes in industrial waste-
waters has received increasing attention. Traditional physical methods,
e.g. adsorption, coagulation, reverse osmosis and ultrafiltration, have
been used for the removal of dye pollutants [1,2]. Unfortunately, most of
these methods generate a lot of sludge constituting a major problem
with their utilization. The solution would be to use photocatalysis in the

* Corresponding author.

E-mail addresses: awanag@zut.edu.pl, agnieszka.wanag@zut.edu.pl (A. Wanag).

https://doi.org/10.1016/j.jece.2020.104794

the most widely used photocatalyst due to its low toxicity, chemical
stability, relatively high oxidation efficiency and low cost [3]. Unfor-
tunately, TiO3 also has some disadvantages, for instance, the presence of
a large band gap (3.2 eV) and substantial recombination of photo-
generated hole-electron pairs reduces general photocatalytic efficiency
of the semiconductor [4]. Therefore, to improve its photocatalytic ac-
tivity and physicochemical properties, many solutions have been
intensively studied such as non-metal or metal ions doping, dye sensi-
tization or semiconductor coupling. Lately, much attention has been
paid to TiO3 co-doping [5-7]. One of the new approaches involves using
organic silane coupling agents for modifying TiO, surface. For this
purpose, alkoxysilane compounds, such as 3-aminopropyltriethoxysi-
lane (APTES) are used. APTES consists of two functional groups
ethoxy and aminopropyl that are attached to the central silicon atom.
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Alkylsilanes such as APTES are well known from self-organization at the
surface of oxide materials [8-11]. Despite the growing interest in
APTES-modified TiO5 nanomaterials, no general agreement exists on the
possible mechanism of the formation of a covalent linkage between the
anchoring group of APTES and TiO, surface. Meroni et al. [9] suggested
that chemisorption of APTES on TiO5 surface mostly implies one or two
Si-O-Ti bonds involving the silicon headgroup. The tripod configura-
tions, due to the high strained seems infeasible. Different interactions,
for instance, physisorption via terminal amino groups are expected to be
significantly more unstable. Nevertheless, dimerization of the silane at
the surface via Si-O-Si bonds is feasible. However, further polymeriza-
tion appears to be not so much possible. Generally, APTES-modified
TiO4 surface liked as Si-N co-doped TiOs. Thus, the advantage of using
APTES is that it is possible to create a partial monolayer of N- and Si
doped titanium dioxide which can increase the adsorption and degra-
dation of methylene blue during the photocatalysis process [12].

In order to improve the photocatalytic activity and physicochemical
properties of TiOy-based nanomaterials bestides doping, the calcination
process is also commonly used. The literature on the study of the effect
of the calcination process on photocatalytic and physicochemical
properties of APTES-functionalized TiO5 nanomaterials is very limited.
Dalod et al. [13] proposed a new method of in situ aqueous hydro-
thermal synthesis of TiO, materials using different silane coupling
agents such as APTES, DTES and AEAPS as a modifiers, where photo-
catalysts were calcined at 700 °C in synthetic air. They noted that, due to
the formation of an amorphous SiO; layer, the increase in the crystallites
size and the effect of inhibition of the phase transformation during the
calcination.

The novelty of the presented research was to determine the influence
of the calcination temperature on photocatalytic properties and stability
of APTES-modified TiO2 nanomaterials obtained in the argon atmo-
sphere. To the best of our knowledge, this is the first paper presenting
the results of the influence of calcination temperature on photocatalytic
and physicochemical properties of APTES-functionalized TiO5 nano-
materials prepared in an inert gas atmosphere

2. Experimental
2.1. Materials and reagents

Raw TiOs slurry containing post-production residues of sulphuric acid,
produced with the use of the sulphate technology by chemical plant Grupa
Azoty Zaktady Chemiczne “Police” S.A. (Poland), was used as a TiOy
source. Prior to modification, a crude TiOy pulp was rinsed with an
aqueous solution of ammonia water (25 % pure p.a., Firma Chempur®,
Poland), in order to remove the residues of sulphuric compounds by
creating (NH4)2SO4 easily dissolved in water. The suspension was then
rinsed with distilled water to pH = 6.8 [14]. The obtained material was
named as starting-TiO,. 3-aminopropyltriethoxysilane  (APTES)
(C9H23NO3Si, purity >98 %, 221.37 g/mol, Merck KGaA, Germany) was
used as a modifier. Ethanol (purity 96 % from P.P.H. “STANLAB” Sp.J.,
Poland) was used as a solvent of APTES. Methylene blue (C;6H;5CIN3S,
purity min 82 %, 319.86 g/mol, Firma Chempur®, Poland) was used as an
organic dye during photocatalytic decomposition tests.

2.2. Surface modification of titanium dioxide

In these studies, the new nanomaterials were obtained from TiO5 and
APTES by the solvothermal process and calcination. Firstly, 5 g of starting-
TiO, powder was dispersed in 25 mL of APTES solution, the concentration
of APTES in ethanol was 2000 mM and then modified in a pressure
autoclave for 4 h at 180 °C ensuring continuous stirring at 500 rpm. Next,
to remove any remaining chemicals, the received slurry was rinsed with
ethanol and distilled water. After that, the material was dried for 24 h at
105 °C in a muffle furnace. Finally, the sample was subjected to thermal
modification in an argon atmosphere (purity 5.0, Messer Polska Sp. z o.0.,
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Poland). The obtained photocatalyst placed in a quartz crucible was put
inside a quartz tube in a middle part of the GHC 12/900 horizontal furnace
(Carbolite Gero, Ltd., UK). The calcination of nanomaterials was carried
out in the range of 300 °C-900 °C (At = 200 °C). First, the argon was
passed through the quartz tube for 30 min to remove all present air.
Secondly, the furnace was heated up to the programmed temperature in
the argon flow of 180 mL/min. Then, the nanomaterial was calcined at a
set temperature in argon flow for 4 h. After all of that, the furnace was
slowly cooled to the room temperature in the argon atmosphere. Photo-
catalysts obtained after the calcination of starting-TiO; in the argon at-
mosphere were named as a reference sample.

2.3. Characterization

The XRD analysis (Malvern PANalytical Ltd., Netherlands) using Cu Ko
radiation (. = 1.54056 A) was used for identifying the crystalline struc-
ture of received nanomaterials. The PDF-4 + 2014 International Centre
for Diffraction Data database (04-002-8296 PDF4+ card for anatase and
04-005-5923 PDF4+ card for rutile) was used for identification of the
phase composition. The mean crystallite sizes of the photocatalysts were
calculated according to Scherrer’s equation. The light abilities of the new
nanomaterials were examined on a V-650 UV-vis spectrophotometer
(JASCO International Co., Japan) equipped with a PIV-756 integrating
sphere accessory for examining DR spectra (JASCO International Co.,
Japan). Spectralon (Spectralon® Diffuse Reflectance Material) was used
as the standard sample. The band gap energy was calculated by plotting [F
(R)hv]"? as a function of photon energy (hv), taking into account the
linear portion of the basic absorption edge of the UV-vis spectra and then
extrapolating the straight parts of these relations to [F(R)hu]l/ 2-0[15].
The Brunauer-Emmett-Teller (BET) surface area and pore volume of
photocatalysts were calculated from the nitrogen adsorption-desorption
measurements at 77 K carried out in QUADRASORB evo™ Gas Sorption
analyzer (Anton Paar GmbH, Austria). Before the measurements, in order
to pre-clean the surface of tested samples all materials were degassed at
100 °C for 12 h under high vacuum. To identify the surface functional
groups of the APTES-functionalized TiO2 and to observe the surface
changes during reusability test, the FT-IR/DRS analysis was recorded on
FT-IR-4200 spectrometer (JASCO International Co. Ltd., Japan) equipped
with DiffuselR accessory (PIKE Technologies, USA). The FT-IR spectra
were collected in the range of 4000-400 cm™! with a resolution of
4.0 cm™!, by averaging 100 scans. ZetaSizer NanoSeries ZS (Malvern
Panalytical Ltd., UK) was used to determine the zeta potential values. The
surface morphology of the obtained photocatalysts was analyzed using a
Hitachi SU8020 Ultra-High Resolution Field Emission Scanning Electron
Microscope (Hitachi Ltd., Japan). The pseudo-first reaction rate constant
was determined based on the Langmuir-Hinshelwood pseudo-first order
model, described by [16,17]:

1“<C“/C,) = kKt = kit (@9)]

While the pseudo-second reaction rate constant was established
based on the pseudo-second order model, described by [18,19]:

Ve, = ey = ot @

where Cp is the initial concentration of dye (mg/L), C; is the concen-
tration of the methylene blue at time t (mg/L), k; and k are the pseudo-
first and the pseudo-second reaction rate constants [1/min, L/
(min mg)], t is the time of illumination (min) and K is the adsorption
coefficient of the reactant (L/mg).

2.4. Measurement of photocatalytic activity
2.4.1. Photocatalytic activity test

In order to determine the photocatalytic properties of APTES-
modified TiOp nanomaterials, the degradation process of the
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methylene blue under the UV-vis light, provided by a set of 6 lamps with
the power of 20 W each (Philips, Netherlands) with the radiation in-
tensity of 110 W/m?2 UV and 5 W/m? Vis, was carried out. Due to the
low Vis irradiation intensity used type of radiation was named as UV
light. The experiments were carried out in a 0.6 L glass beaker con-
taining 0.5 L of methylene blue solution. The concentration of photo-
catalyst was 0.5 g/L and the initial concentration of dye was 15 mg/L.
Before irradiation, the prepared suspension was stirred on a magnetic
stirrer under light-free conditions for 30, 60, 90 or 180 min, to ensure
the establishment of the adsorption-desorption equilibrium between the
dye and semiconductor surface. Then, the suspension was exposed to UV
light irradiation. During the photocatalytic activity test, the concentra-
tion of the methylene blue was measured every 60 min by means of the
V-630 UV-vis spectrometer (Jasco International Co., Japan). 10 mL of
withdrawn suspension was centrifuged in order to remove suspended
TiO4 nanoparticles before each measurement. The degradation degree of
MB was calculated as follows:

N = (Cop — Cp/Cy x 100 % 3

where 1 is the depcgradation degree of MB, Cy is the initial concentra-
tion of the non-degraded MB solution, and C; is the concentration of the
MB solution after illumination for t min.

2.4.2. Reusability test

The reusability test of the selected photocatalyst was examined based
on the decomposition of methylene blue under UV light after 360 min of
irradiation. After each cycle, the sample was separated by filtration and
dried at 100 °C for 12 h and next added to a new portion of the dye
solution.

3. Results and discussion
3.1. Characterization of the photocatalysts

3.1.1. FT-IR/DRS measurements

The FT-IR/DR spectra of starting-TiO;, reference samples and
APTES-modified TiO, were presented in Fig. 1A and B, respectively. All
spectra showed some peaks typical for TiOy-based nanomaterials. A
wide band in the region of 3700-2500 cm™! is assigned to —OH
stretching vibrations [20] and the narrow band at around 1620 cm s
associated with the molecular water bending mode [21]. The increase of
the calcination temperature of APTES-modified TiO, samples (see
Fig. 1B) causes the reduction of the intensity of these two above
mentioned bands, due to the changes in the content of hydroxyl groups
on the semiconductor surface [22,23]. A strong band at 950 cm!
attributed to the self-absorption of titania also characterizes all samples
[18,19]. The starting-TiO; calcined from 500 °C showed the weak band
at 3690 cm ! characteristic for stretching mode of different types of free
hydroxyl groups, which generated by condensation of water and silanol
groups present in the APTES molecule [24-26]. The comparison of
starting-TiO2 and TiO2-4h-180 °C-2000 mM spectra showed some new
characteristic bands coming from APTES, which indicated that the
modification of TiO, surface was carried out successfully. According to
Razmjou et al. [27] bands around 2900 cm™! and 2882 em™ are ascribed
to the alkyl groups [(CHz2),]. The low-intensity band around 1600 cm!
is assigned to the -NH bending vibrations of primary amine [27,28]. One
more slight-intensity band, located at 1360 cm™?, indicated the presence
of C—N bonds [9,29]. The bands showed in the region of 960-910 cm!
are assigned to the stretching vibrations of Ti-O-Si bonds [28].
Furthermore, the band located at 920 cm™! indicated that the reaction
of condensation between silanol and —OH groups on TiO, surface took
place [28]. All five latest mentioned band characteristic for APTES were
not observed above the temperature 300 °C. The stretching mode of
Si-O-Si bonds was noted at around 1160 cm L. These bands are related
to the reaction of condensation between silanol groups [9,30]. Besides,
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Fig. 1. FT-IR/DR spectra of starting-TiO, and reference samples [A] and
APTES-modified TiO, prior and after heat treatment [B].
the Si-O-C stretching modes were also observed at around 1080 cm™!

[9].

3.1.2. X-ray diffraction analysis

In Fig. 2A and B, XRD diffraction patterns of the starting-TiO,,
reference samples calcined in an argon atmosphere and APTES-
functionalized TiO, were presented. According to the data presented
in Table 1, almost all analyzed samples showed reflections characteristic
for anatase phase located at 25.3, 37.8, 48.1, 53.9, 55.1, 62.7, 68.9, 70.3
and 75.1°, which correspond to (101), (004), (200), (105), (211), (204),
(116), (220), (215) (JCPDS 01-070-7348) and some characteristic re-
flections for rutile phase located at 27.4, 36.0 and 41.2°, corresponding
to (110), (101) and (111) respectively. Merely one tested TiOo-Ar-
900 °C sample had reflections characteristic for rutile phase (JCPDS 01-
076-0318): (110), (101), (200), (111), (210), (211), (220), (002), (310),
(301), (112) located at 27.4, 36.0, 39.1, 41.2, 44.0, 54.3, 56.6, 62.7,
64.0, 69.0 and 69.7°, respectively. The anatase phase starts transforming
into the rutile phase when the temperature is above 600 °C [31]. In this
case, the starting-TiO, was completely transformed into rutile at 900 °C.
Based on the phase composition and the crystallites size data presented
in Table 2, it is remarkable to note that after calcination at 900 °C the
TiO2-4h-180 °C-2000 mM-Ar-900 °C sample still contained 93 % of
anatase. The amount of anatase phase in APTES/TiO, nanomaterials
was quite constant, and its share is about 96 % at 300 °C. Modification
via APTES, which is the source of silicon, caused that the transformation
of anatase to rutile phase during the thermal modification was effec-
tively suppressed [32,33]. The crystallites size of anatase was in the
range of 14-52 nm for heat-treated starting-TiO and 14-31 nm for
APTES-modified TiO,. The crystallites size of rutile was from 21 to
>100nm for heat-treated starting-TiO, and 33-68nm for
APTES-functionalized TiO,. For all examined nanomaterials, the crys-
tallites size increased with the increase of the modification temperature.
However, comparing the crystallites size of samples with and without
APTES modification, the crystallite size of the anatase and rutile was
smaller for APTES-modified samples than that of materials without



A. Sienkiewicz et al.

[A]
R A-anatase

R-rutile
—_ —— Ti0,-Ar-900°C
P Al R R
£ —— TiO,-Ar-700°C
2 R 1 °
= R R —— Ti0,-Ar-500°C
g R| R RR [R R :
= —— TiO,-Ar-300°C
£ A 2

R A AA
A AA
RIR A — starting-TiO,
A AT .
20 40 60 80
2 theta [degree]
[B]
4 A-anatase

R-rutile
I —— TiO,-4h-180°C-2000mM-Ar-800°C
£ —— TiO,-4h-180°C-2000mM-Ar-700°C
> R LA AA
% R) R A AA A —— TiO,-4h-180°C-2000mM-Ar-500°C
% _—
£ L %\x —— TiO,-4h-180°C-2000mM-Ar-300°C

]t : 2 : —— TiO,-4h-180°C-2000mM
20 40 60 80

2 theta [degree]

Fig. 2. XRD patterns of starting-TiO, and reference samples [A] and APTES-
modified TiO, prior and after heat treatment [B].

Table 1
Position of the diffraction peaks on the XRD patterns and Miller indices of the
anatase and rutile phase.

Anatase phase Rutile phase

2 theta [degree] Miller indices 2 theta [degree] Miller indices

25.3 (101) 27.4 (110)
37.8 (004) 36.0 (101)
48.1 (200) 39.1 (200)
53.9 (105) 41.2 (111)
55.1 (211) 44.0 (210)
62.7 (204) 54.3 (211)
68.9 (116) 56.6 (220)
70.3 (220) 62.7 (002)
75.1 (215) 64.0 (310)

69.0 (301)

69.7 (112)

APTES. For example, the anatase crystallite size for TiO3-Ar-700 °C
equalled 52 nm, while for TiO-4h-180 °C-2000 mM-Ar-700 °C sample
was only 16 nm. According to Xu et al. [34] silicon can effectively
prevent the growth of titania grains over thermal modification. More-
over, based on the results presented by Dalod et al. [13], the use of such
stabilizers as APTES for TiO, modification can result in the formation of
an amorphous SiOy layer on the surface, originating from the
silane-coupling agents, and leading to TiO2-SiO2 core-shell nano-
particles. Thus, during the calcination process both the increase in the
crystallites size and phase transformation can be effectively inhibited.

3.1.3. BET analysis

Based on the adsorption-desorption isotherms of starting-TiO, and
reference samples (Fig. 3A) and APTES-modified TiO2 (Fig. 3B), two
types of isotherms can be observed. According to IUPAC classification,
most of the photocatalysts demonstrated a type IV of isotherm, charac-
teristic for mesoporous materials [35]. Only TiO»-Ar-900 °C sample
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demonstrated type II of isotherm characteristic for non-porous mate-
rials. Except for this sample, all nanomaterials also showed the same H3
type of the hysteresis loops, which is characterized by the presence of
typical desorption shoulders and lower closure points, also does not
have a plateau at high p/py range [36,37]. The isotherm of
TiO2-Ar-700 °C sample exhibited the narrow and limited type H4 of
hysteresis loop, which indicated the existence of a small slit mesopores
in the material [38]. For TiO2-Ar-900 °C material the hysteresis loop has
not appeared. It is worth noting that the size of the hysteresis loops,
exhibited in Fig. 3A, decreased with the increasing temperature of
modification, which was associated with the decreasing amount of
mesopores in the material [39].

Based on the data presented in the Table 2, most of the examined
photocatalysts were mesoporous materials with the small amount of the
micropores. Only TiO2-Ar-900 °C sample turned out to be non-porous
material. The specific surface area and total pore volume (see Table 2)
of starting-TiO5 photocatalyst significantly decreased after TiOy modifi-
cation with 2000 mM of APTES. For starting-TiO5 the Sggr was 207 rnz/g,
and Vi equalled 0.37 cm®/g, while for TiO2-4h-180 °C-2000 mM was
125 mz/g, and Viota equalled 0.174 cm3/g. Other researcher also obtained
similar results. Siwinska-Stefanska et al. [40] observed that the specific
surface area and total pore volume decreased after TiO, modification via
different alkoxysilanes compounds. They noted that, modification with
3-methacryloxypropyltrimethoxysilane,  vinyltrimethoxysilane  and
n-2-(aminoethyl)-3-aminopropyltrimethoxysilane, caused decrease of the
Sger of the unmodified sample from 10 mz/g to 7.1 mz/g, 7.4 mz/g and
4.9 mz/g, respectively. Whereas, Vioy reduced from 0.020 cm3/g for
untreated TiOy to 0.005 cm®/g and 0.004 cm®/g, respectively. Most
probably this was due to the active centers on the surface of TiO, and
TiO,-SiO2 were blocked by modifier particles. Zhuang et al. [41] also
noted that APTES molecules could penetrate the TiO5 pores causing the
decrease of both the Sgrr and Vi After heat treating of APTES-modified
TiO, photocatalysts, the Spgr increased from 125 m2/g to 170 mz/g at
500 °C, and decreased with increasing temperature to 140 m2/g at 700 °C
and subsequent to 45 m?/g at 900 °C. The increase of the specific surface
area at low modification temperatures was associated with the decom-
position of APTES molecules. Decreasing and ultimately-disappearing
peaks with the increasing temperature of modification characteristic for
APTES on the FT-IR/DR spectra, shown in Fig. 1B, indicate that the sur-
face of nanomaterials was unblocked. The total pore volume also
increased from 0.174 cm®/g to 0.306 cm®/g after heat treatment at
300 °C, which indicates that APTES molecules unblock not only external
surface of TiO, but also pores. The decrease of the specific surface area
and total pore volume above 500 °C was associated with an increase of the
crystallites size of the anatase and rutile (see Table 2). The specific surface
area and total pore volume of the reference samples decreased with the
increasing calcination temperature. The Spgr and Viy, were found to
change from 112 m?/g and 0.288 cm®/g for TiO,-Ar-300 °C to 3 m%/g and
0.008 cm?>/g for TiO,-Ar-900 °C, which can be explained by the higher
amount of rutile and the increase of crystallite size of anatase and rutile
enhancing the degree of crystallites agglomeration during the calcination
[42-44].

3.1.4. UV-vis diffuse absorbance spectroscopy

The UV-vis/DR spectra of starting-TiO,, reference samples and
APTES-modified TiO5 were presented in Fig. 4A and B, respectively. It was
observed that the starting-TiO2 did not show absorption in the visible
region but show the characteristic absorption in the ultraviolet region, due
to intrinsic band gap absorption of titania [45]. The negligible effect of
calcination on the absorption abilities was found for most reference
samples. Significant changes in band gap energy were observed only for
reference samples calcined at 700 °C and 900 °C. The band gap energy for
these photocatalysts was 3.07 eV and 3.03 eV, respectively. The decrease
in band gap energy was mostly attributed to the partial transformation of
the anatase to rutile at 700 °C and the complete formation of the rutile
phase at 900 °C [46]. It was also found that for all APTES-modified TiO»
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Table 2
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XRD phase composition, average crystallites size, specific surface area, pore volume distribution of starting-TiO., reference samples and APTES-modified photo-

catalysts prior and after heat treatment.

b

Sample name Anatase in crystallite Anatase crystallite Rutile in crystallite Rutile crystallite SpET Viotal Viicro Vieso
phase [%] size [nm] phase [%] size [nm] [mz/g] [cm3/g] [cms/g] [cmB/g]

starting-TiO, 95 14 5 21 207 0.370 0.070 0.300

TiO,-Ar-300 °C 96 18 4 51 112 0.288 0.041 0.247

TiO,-Ar-500 °C 95 22 5 41 75 0.223 0.030 0.193

TiO,-Ar-700 °C 88 52 12 >100 16 0.089 0.007 0.082

TiO,-Ar-900 °C - - 100 >100 3 0.008 0.002 0.006

TiO,-4h-180 °C- 95 14 5 38 125 0.174 0.049 0.125
2000 mM

TiO,-4h-180 °C 96 15 4 39 154 0.306 0.060 0.246
-2000 mM-Ar-300 °C

TiO2-4h-180 °C 96 15 4 38 170 0.275 0.066 0.209
-2000 mM-Ar-500 °C

TiO,-4h-180 °C 96 16 4 89 140 0.234 0.054 0.180
-2000 mM-Ar-700 °C

TiO,-4h-180 °C 93 31 7 68 45 0.124 0.018 0.106

-2000 mM-Ar-900 °C

@ Total pore volume determined by the single point from the nitrogen adsorption isotherms at relative pressure p/po = 0.99.

b Micropore volume estimated using the Dubinin-Radushkevich method.
¢ Mesopore volume determined as the difference between Vo1 and Viyicro-

after thermal modification in the argon atmosphere the intensity of
reflectance in the visible region decreased with the increase of heat
treatment temperature. These results were feasible to observe due to the
color changes from white for TiO2-4h-180 °C-2000 mM through greyish
for  TiO2-4h-180 °C-2000 mM-Ar-500 °C, to dark grey for
TiO2-4h-180 °C-2000 mM-Ar-900 °C samples [47].

3.1.5. Zeta potential analysis

According to data presented in Table 3, the zeta potential of APTES-
modified TiO, nanomaterials changed from +17.88 mV for TiO»-4h-
180 °C-2000 mM to -36.25mV for TiO5-4h-180 °C-2000 mM-Ar-
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Fig. 3. Adsorption-desorption isotherms of starting-TiO, and reference samples
[A] and APTES-modified TiO, prior and after heat treatment [B].

900 °C. Rokicka-Konieczna et al. [48] and Ukaji et al. [27] found that
the cationic amino groups from APTES can easily link to TiO5 surface,
whereby, the surface charge of the materials become positive. After
calcination above 300 °C, the positively charged amino groups were not
observed on the TiOy surface, which was confirmed by FT-IR/DRS
measurements (see Fig. 1B). Mainly the silicon groups were observed
on the surface of the examined samples. Ferreira-Neto et al. [49] and
Huang et al. [50] proved that the silica-modified TiO, photocatalysts
exhibit negative values of zeta potential. Therefore, the zeta potential of
the APTES-modified TiO» obtained after calcination process changed
from positive to negative.

[A]

100

80
- —— Ti0,-A-900°C
X
= 60 )
8 ——TiO,-Ar-700°C
=
2 401 —— Ti0,-Ar-500°C
2
& ——Ti0,-Ar-300°C

20

— starting-TiO,
0 . .
200 400 600 800
Wavwelength [nm]

B
. ]100

80
- —— Ti0,-4h-180°C-2000mM-Ar-900°C
= 60
8 —— TiO,-4h-180°C-2000mM-Ar-700°C
C
§ 40 4 —— Ti0,-4h-180°C-2000mM-Ar-500°C
2
& —— Ti0,-4h-180°C-2000mM-Ar-300°C

201 —— Ti0,-4h-180°C-2000mM

0

200 400 600 800
Wavwelength [nm]

Fig. 4. UV-vis/DR spectra of starting-TiO, and reference samples [A] and
APTES-modified TiO, prior and after heat treatment [B].
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Table 3
The band gap energy and zeta potential values of starting-TiO,, reference
samples and APTES-modified photocatalysts prior and after heat treatment.

Sample name Eg [eV] pH Zeta potential & [mV]
starting-TiOy 3.29 4.3 +12.80
TiO2-Ar-300 °C 3.29 4.1 +14.08
TiO,-Ar-500 °C 3.29 4.4 +15.01
TiO,-Ar-700 °C 3.07 4.6 +16.50
TiO,-Ar-900 °C 3.03 4.9 -30.25
TiO2-4h-180 °C-2000 mM 3.31 7.4 +17.88
TiO,-4h-180 °C-2000 mM-Ar-300 °C 3.32 5.5 +19.92
TiO»-4h-180 °C-2000 mM-Ar-500 °C 3.29 4.7 -12.40
TiO2-4h-180 °C-2000 mM-Ar-700 °C 3.27 4.1 —22.58
TiO,-4h-180 °C-2000 mM-Ar-900 °C 3.22 4.3 —36.25

3.1.6. SEM images-analysis

The SEM images of starting-TiOy, TiO2-4h-180 °C-2000 mM and
TiO2-4h-180 °C-2000 mM-Ar-500 °C samples were presented in Fig. 5A,
B and C, respectively. It was observed that the morphology of the
starting-TiO, photocatalyst was homogeneous. However, with formed
aggregates. After APTES modification (see Fig. 5B) and calcination in
the Ar atmosphere (see Fig. 5C), the particles of photocatalysts were also
characterized by unspecified and irregular shape. However, it was noted
that after modification, the size of the aggregates of TiO,-4h-180 °C-
2000 mM and TiO2-4h-180 °C-2000 mM-Ar-500 °C materials increased.
In Fig. 6, the elemental composition of the TiO2-4h-180 °C-2000 mM-
Ar-500 °C photocatalyst, confirmed by EDX mapping analysis with the
element stratification and distribution diagram of examined appropriate
element, was presented. The images exhibited that the tested sample
contained Ti, O and Si elements. Furthermore, all elements were ho-
mogeneously dispersed throughout the examined surface.

3.2. Adsorption test

Prior the photocatalytic activity test, studies were carried out to
determine the adsorption-desorption equilibrium at the interface be-
tween semiconductor and colorful contaminant. The adsorption degree
of methylene blue in the darkness for different nanomaterials were
showed in Fig. 7A and B. The adsorption-desorption equilibrium
established after 60 min for starting-TiO, and after 180 min for refer-
ence samples. For APTES-modified samples, the equilibrium was
generally reached after 30 min. In the case of TiO2-4h-180 °C-2000 mM-
Ar-700 °C sample, a slight MB desorption (approx. 5%) was noted,
before the adsorption-desorption equilibrium established after 150 min.
Different adsorption-desorption equilibrium time is related to surface
characteristics of individual photocatalyst (see Table 3). For starting-
TiOg, all reference samples, TiO2-4h-180 °C-2000 mM and TiO»-4h-
180 °C-2000 mM-Ar-300 °C the adsorption of the methylene blue
reached 5 %. In the case of APTES-modified TiO, the heat treatment
process above the temperature of 300 °C resulted in the improvement of
adsorption properties. It is commonly known that the negatively
charged surface of the nanomaterial has a higher potential of contact
with the positively charged molecules such as methylene blue [51-53].
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Therefore, according to the zeta potential values presented in Table 3,
the change in TiO; surface charge after thermal modification improved
the adsorption properties of the APTES-functionalized TiO5. While, for
samples with a positively charged surface, low adsorption capacity of
cationic dye was noted [54,55]. Nanomaterials calcined at 900 °C
showed different adsorption degree of the methylene blue, even though
they exhibited nearly the same zeta potential values (see Table 3). For
TiO2-Ar-900 °C sample the adsorption degree equaled only 5 %, whereas
for TiO2-4h-180 °C-2000 mM-Ar-900 °C reached 32 %. It is widely
known that adsorption properties are attributed to higher Sggr values
and porous structure of the sample. In this case Sggr area for
Ti05-4h-180 °C -2000 mM-Ar-900 °C is 45 m?/g and for TiO,-Ar-900 °C
is 3 mz/g.

3.3. Photocatalytic activity test

3.3.1. Photoactivity test

The photocatalytic activity of the starting-TiO, and new APTES-
modified TiO, nanomaterials was determined based on decomposition
of methylene blue under UV light irradiation. Experiments carried out in
the absence of a photocatalyst (see Fig. 8) showed that methylene blue
decomposition as a result of photolysis process was negligible in relation
to the corresponding photocatalysis process, which resulted in about 2.5
% dye decomposition after 360 min of irradiation, using the same lamps
as during the photocatalytic activity tests. The results of dye decomposi-
tion degree after 180 min of UV light irradiation for starting-TiO,, refer-
ence samples and APTES-modified TiO, prior and after heat treatment
were presented in Fig. 9. After thermal modification at 300 °C and 500 °C
a slight change of the photocatalytic activity of starting-TiO, was noted.
The major improvement in the activity from 31 % to 88 % was only
observed for sample calcined at 700 °C, containing 88 % of anatase and 12
% of rutile phase with 3.07 eV of band gap energy. Our observations were
consistent with the results obtained by Luis et al. [43], according to which
the co-existence of different polymorphous forms of TiO; is one of the
most important parameters to conditioning the TiO, photoactivity. They
observed that the most efficient results during methylene blue decompo-
sition were obtained for materials with reduced band gap energy
(3.04 eV) and being a mixture of anatase and rutile. What is more, these
materials did not have the largest specific surface area among all tested
samples. After APTES modification the photocatalytic activity of
TiO2-4h-180 °C-2000 mM sample in comparison to starting-TiOg
increased by 44 % after 180 min of irradiation. Basically, the enhance-
ment of the efficiency was related to the nitrogen and carbon presence in
tested material, but the influence of modification via APTES on TiO5
photocatalytic activity was described in detail in our previous work [56].
After calcination, all APTES-functionalized TiOy photocatalysts were
characterized by improved methylene blue decomposition degree in
comparison to reference samples prepared at the same temperature.
Modification with silicon suppressed both anatase-to-rutile the phase
transformation of TiO,, and the growth of crystallites. The enhancement
of the crystallinity of anatase phase after calcination resulted in the high
rate of electron diffusion to the surface through inhibition the

Fig. 5. The SEM image of [A] starting-TiO2, [B] TiO2-4h-180 °C-2000 mM, [C] TiO,-4h-180 °C-2000 mM-Ar-500 °C.
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Fig. 6. The EDX spectrum and EDX mappings of [C] TiO2-4h-180 °C-2000 mM-Ar-500 °C.

electron-hole recombination. Additionally, the high porosity simplified
the mass transfer of reactants, like reaction intermediates or oxygen, and
contributed to the increase of the photocatalytic activity of obtained
calcined APTES/TiO5 nanomaterials [57,58]. Moreover, it was observed
that TiO2-4h-180 °C-2000 mM-Ar-700 °C sample characterized only by
not the highest photocatalytic activity, but also the highest adsorption
degree of methylene blue (equaled 41 %). It is commonly known that the
adsorption properties play significant role in the photocatalytic degrada-
tion reaction [59,60]. It is also worth mentioning that APTES modification
significantly improved photocatalytic performance of nanomaterials
calcined at 900 °C, notably extending the possibilities of their
use. Methylene blue decomposition degree of
TiO2-4h-180 °C-2000 mM-Ar-900 °C in comparison to TiO2-Ar-900 °C
increased by 50 %. Both samples calcined at 900 °C were characterized by

almost the same zeta potential values (see Table 3), therefore the observed
improvement of the photoactivity was associated with the suppression of
the phase transformation of anatase to rutile. It is commonly known that
rutile is less active phase of TiO, than anatase due to less number of active
sites and hydroxyl groups on the surface [61].

3.3.2. Reaction rate

In order to better understand the photocatalytic dye decomposition
process, the apparent reaction rate constants were determined. It was
noted that methylene blue degradation in the case of starting-TiOo,
TiO2-Ar-300 °C, TiO2-Ar-500 °C, TiO,-Ar-700 °C and TiO2-4h-180 °C-
2000 mM proceeds according to the Langmuir-Hinshelwood pseudo-
first order model. While for TiO3-Ar-700 °C and all APTES-modified
TiO; after thermal modification methylene blue decomposition follows
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Fig. 7. Adsorption of methylene blue on the surface of starting-TiO, and
reference samples [A] and APTES-modified TiO, prior and after heat treat-
ment [B].
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Fig. 8. Methylene blue photolysis curve after 360 min of UV light irradiation
(Co = 15 mg/L).

the pseudo-second order model. The pseudo-first order and the pseudo-
second order linear transforms are presented in Fig. 10A and B,
respectively. Based on the data presented in Table 4, the obtained values
of the k; for methylene blue decomposition for APTES/TiO5 nano-
materials were between 0.0019 1/min and 0.0119 1/min, whereas the
noted values of k, were between 0.0001 L/(min mg) and 0.0047 L/
(min mg). It was also observed that the kinetics of the dye decomposi-
tion reaction changed after modification with APTES in combination
with calcination from the pseudo-first to the pseudo-second order what
is related to changes of the surface characteristics i.e. zeta potential
values. When extending the irradiation time to 360 min, it was possible
to observe that after 180 min, the points in the graph start diverging
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Table 4
The fitting parameters, the pseudo-first and the pseudo-second reaction rate
constants for methylene blue decomposition.

Sample name ky R? Sample name ko R?
[1/ [L/
min] (min mg)]
starting-TiO, 0.0021 0.99 TiO2-Ar-900 °C 0.0001 0.99
TiO2-Ar-300 °C 0.0019 0.99 TiO,-4h-180 °C- 0.0007 0.99
2000 mM-Ar-300 °C
TiO5-Ar-500 °C 0.0029 0.99 TiO,-4h-180 °C- 0.0020 0.99
2000 mM-Ar-500 °C
TiO2-Ar-700 °C 0.0119 0.99 TiO,-4h-180 °C- 0.0047 0.99
2000 mM-Ar-700 °C
TiO,-4h- 0.0080 0.93 TiO,-4h-180 °C- 0.0022 0.90
180 °C- 2000 mM-Ar-900 °C

2000 mM
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Fig. 11. Methylene blue decomposition under UV irradiation [A] and the
pseudo-first order plot and the pseudo-second order plot of MB decomposi-
tion [B].

from the normal linear course of the curve (see Fig. 11B). The observed
decrease in the reaction rate was associated with the creation of inter-
mediate products during the decomposition of methylene blue and
sorption of these carbon deposits on the surface of TiO».

3.3.3. Photocatalytic stability test

The photocatalytic stability of materials is very important parameter
from the application point of view. In our previous paper [56] we pre-
sented that before thermal modification APTES-modified TiOo
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photocatalysts were not stable due to the destruction of the alkyl chains
and detachment of the amine groups during UV irradiation. Therefore,
to improve the efficiency and stability in following dye decomposition
cycles, the calcination process of the obtained nanomaterials was carried
out. The efficiency of examined photocatalysts was conducted for four
subsequent photocatalytic cycles. The obtained results were presented
in Fig. from 12 A-E. Modification in the argon atmosphere at 300 °C,
500 °C and 700 °C resulted in improved stability of the tested samples in
comparison to solvothermally prepared TiO2-4h-180 °C-2000 mM
sample. After the first cycle, the activity of TiO2-4h-180 °C-2000 mM
decreased about 41 %, while for calcined samples the activity reduced
only for approx. 22 %. The increase of the specific surface area and total
pore volume after calcination (see Table 2) influenced the increase in the
efficiency of obtained nanomaterials. The FT-IR/DR spectra, presented
in Fig. 1B, confirmed that APTES-modified TiO, photocatalysts obtained
via calcination were characterized by the absence of carbon and nitro-
gen, whose leaching caused a decrease in stability in the next cycles of
methylene blue decomposition, in the case of not calcined
TiO2-4h-180 °C-2000 mM sample. However, in order to explain the
decrease in the photoactivity of calcined materials, before the first cycle
and after the last fourth cycle, the FT-IR/DR spectra of selected samples
were measured and presented in Fig. 13. It was observed that the shape
of spectra after four cycles was little different than it was shown in
Fig. 1B. Thus, the structure of photocatalyst was changed throughout the
photocatalytic reaction. Significant increase of the intensity of the band
located at 1360 cm ™! (noted for the
TiO2-4h-180 °C-2000 mM-Ar-500 °C sample after fourth cycle) indi-
cated that during subsequent cycles, carbon deposits, derived from
methylene blue, occurred on the surface of the semiconductor, which
resulted in the decrease of the photocatalytic activity. These FT-IR/DRS
results showed that the reduction in the degree of dye decomposition
were strongly affected by adsorption of the methylene blue on the sur-
face of the modified titanium dioxide [62,63]. In addition to the
confirmed significant influence of phase composition on photocatalytic
activity of the obtained nanomaterials, the adsorption process also
played a crucial role.

3.3.4. Photocatalytic reaction mechanism
A photocatalytic activity enhanced mechanism has been proposed in
Fig. 14. When a photocatalyst absorbs a photon of energy, the valance
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Fig. 12. Photocatalytic activity in subsequent cycles of methylene blue decomposition of [A] TiO2-4h-180 °C-2000 mM, [B] TiO,-4h-180 °C-2000 mM-Ar-300 °C,
[C] TiO2-4h-180 °C-2000 mM-Ar-500 °C, [D] TiO»-4h-180 °C-2000 mM-Ar-700 °C and [E] TiO»-4h-180 °C-2000 mM-Ar-900 °C samples.
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Fig. 14. Scheme of mechanism of TiO, photocatalysis with modifications
by APTES.

band electrons migrate to the conduction band causing the electron-hole
generation. Generally, the electron-hole pairs recombine very fast.
However, after TiO, modification with silicon, it was noted that
electron-hole recombination was successfully supressed. According to
the Su et al. [64] suppression of recombination is related to increase of
the rate of electron diffusion related to the enhancement of the anatase
crystallinity and decrease of bulk defected caused by high-temperature
calcination. Summarizing, the enhanced photocatalytic activity of
APTES-modified TiO is correlated to phase content, character of the
modified TiO, surface, specific surface area as well as suppression of
electron-hole recombination rate.

4. Conclusions

In summary, this paper presents the physicochemical characteriza-
tion and photocatalytic properties of TiO, nanomaterials modified with
3-aminopropyltriethoxysilane (APTES). The photocatalysts were ob-
tained by solvothermal process at 180 °C with the concentration of
APTES equal 2000 mM and calcination in the range form 300 °C-900 °C
in the argon atmosphere. Application of the calcination step in the argon
atmosphere as well as describe influence the influence of the tempera-
ture on the photocatalytic properties and stability are a novelty of the
presented research. The silanol groups after APTES modification were
confirmed by the FT-IR/DRS analysis. The influence of crystallite size,
changes of the phase content, and specific surface area as well as zeta
potential for photoactivity was determined. It was found that modifi-
cation via APTES suppressed phase transformation and the growth of
crystallite size of anatase and rutile during thermal modification.
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Calcination process changed the surface characteristics i.e. zeta poten-
tial of APTES-modified TiO2 photocatalysts. Additionally, thermal
modification up to a maximum of 500 °C resulted in partial unblocking
of pores and the TiO, surface by releasing some of the APTES particles
from the surface of the tested nanomaterials. The adsorption effect after
thermal modification was also noted. The samples showed enhanced
adsorption properties, which was related to the change in the character
of the TiO, surface. The obtained photocatalysts were tested under UV
irradiation during methylene blue decomposition. It was found that
calcination above 300 °C increased photocatalytic properties of APTES-
modified TiOy photocatalysts. Furthermore, the calcination up to 700 °C
improved stability of the examined photocatalysts. Taking into account
improved photocatalytic stability in subsequent cycles of dye decom-
position and the increased removal of methylene blue after calcination
by 40 % compared with TiO2-4h-180 °C-2000 mM sample, the TiO5-4h-
180 °C-2000 mM-Ar-500 °C photocatalyst was considered the most
promising sample.
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Abstract: A visible-light photocatalytic performance of 3-aminopropyltriethoxysilane (APTES)-
modified TiO, nanomaterials obtained by solvothermal modification under elevated pressure, fol-
lowed by calcination in an argon atmosphere at 800-1000 °C, is presented for the first time. The pres-
ence of silicon and carbon in the APTES/TiO, photocatalysts contributed to the effective delay of the
anatase-to-rutile phase transformation and the growth of the crystallites size of both polymorphous
forms of TiO, during heating. Thus, the calcined APTES-modified TiO, exhibited higher pore volume
and specific surface area compared with the reference materials. The change of TiO, surface charge
from positive to negative after the heat treatment increased the adsorption of the methylene blue
compound. Consequently, due to the blocking of active sites on the TiO, surface, the adsorption
process negatively affected the photocatalytic properties. All calcined photocatalysts obtained after
modification via APTES showed a higher dye decomposition degree than the reference samples.
For all 3 modifier concentrations tested, the best photoactivity was noted for nanomaterials calcined
at 900 °C due to a higher specific surface area than materials calcined at 1000 °C, and a larger number
of active sites available on the TiO; surface compared with samples annealed at 800 °C. It was found
that the optimum concentration for TiO, modification, at which the highest dye decomposition
degree was noted, was 500 mM.

Keywords: photocatalytic water treatment; titanium dioxide; APTES; artificial solar light; methylene
blue decomposition

1. Introduction

In the past decades, photocatalysis has been proven to be an effective approach for
degrading organic compounds. Due to its advantages, such as good chemical stability and
low cost, TiO; as a photocatalyst is widely and successfully used in different fields, such as
water and wastewater treatment, air cleaning, automotive, buildings materials, agriculture,
and antiseptics production [1,2]. Nevertheless, it requires the use of relatively high photon
energy for its activation (3.23 eV for the most photoactive anatase phase). For this reason,
many methods have been proposed to reduce the band gap energy of TiO, [3-5]. Among
them, doping TiO; with non-metals, such as nitrogen or carbon, is frequently described
as one of the most effective ways to enhance its photoactivity under visible light [6,7].
In addition, TiO, doping with non-metals results in changes in the electronic band structure,
lowering the band gap energy [8].

Additionally, the beneficial effects of single-, co-, and tri-doping on characteristics,
photocatalytic activity, and the possible applications of the doped TiO; have been discussed
in various publications over the years [8-11]. One promising solution for the modification
of TiO, with tri-doping is an application of C, N, and Si [12]. Incorporating silicon into the
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titanium dioxide surface would increase the specific surface area, reduce the particle size,
and hinder the anatase-to-rutile phase transition [13,14], while modification with C and N
would commonly improve the photocatalysts’ efficiency in sunlight [15,16]. The most recent
method involves using organosilane coupling agents to modify the surface of TiO, [17,18].
One of them is 3-aminopropyltriethoxysilane (APTES), which contains one aminopropyl
and three ethoxy functional groups attached to the central Si atom [12,19]. APTES/TiO,
nanomaterials can be successfully applied in many different fields. Shakeri et al. [20] inves-
tigated the self-cleaning ability of ceramic tile surfaces coated with APTES-modified TiO,.
They noted that the resulting coating was stable, and the surface could effectively photode-
grade the pink food dye selected as an organic pollutant. Nadzirah et al. [21] obtained an
APTES/TiO; nanoparticle biosensor-based transducer successfully applied as a sensing
platform for E. coli. Andrzejewska et al. [22] reported the results of TiO, modification with
various aminosilanes that was carried out to obtain pigments via adsorption of organic
dyes on modified TiO; surface. Lee et al. [23] successfully prepared APTES-modified TiO,
materials by simultaneous amination of TiO, nanoparticles in the gas phase synthesis for
possible biomedical applications. Bao et al. [24] also proposed a production method of
aminosilane-functionalized TiO, nanomaterials. They reported that prepared samples were
capable of photocatalytic decolorization of brilliant red X-3B under UV and visible-light
irradiation. Lopez-Zamora et al. [25] presented a new method of TiO, modification with
organosilane coupling agents to improve the dispersion of the particles in aqueous systems.
They observed that APTES/TiO, samples showed better colloidal stability in water than
untreated TiO,.

The novelty of the present research was in investigating the photocatalytic activity of
APTES-modified TiO, nanomaterials under artificial solar radiation. For the first time, pho-
tocatalysts were synthesized by solvothermal modification of TiO; in a pressure autoclave
at 180 °C followed by calcination in an argon atmosphere in the temperature range from
800 to 1000 °C. A cationic dye methylene blue was chosen as a model organic pollutant
of water.

2. Results and Discussion
2.1. Characterization of the APTES-Modified TiO,
2.1.1. XRD Analysis

According to Figure 1A-D, in the presented X-ray diffraction patterns, all examined
photocatalysts except TiO,-Ar-900 °C and TiO;-Ar-1000 °C showed reflections characteristic
for the anatase (04-002-8296 PDF4+ card) and certain reflections characteristic for the rutile
phase [26]. Only materials obtained by calcination of the starting TiO, at 900 °C and 1000 °C
were characterized exclusively by reflections characteristic for the rutile (04-005-5923 PDF4+
card) [27,28]. The rutile presence in the starting TiO, was due to the addition of rutile nuclei
during the raw TiO, pulp production process by the sulphate method [26]. The anatase-to-
rutile phase transition starts generally above 600 °C [29]. Therefore, all reference materials
consisted of the rutile phase.

Following the data listed in Table 1, the amount of anatase in all non-calcined APTES/TiO,
materials was constant at about 96%. Furthermore, it should be noted that, after heating
at 900 °C, the APTES-modified TiO, samples still had a very high amount of anatase
phase (87-94%). Moreover, even nanomaterials calcined at 1000 °C did not consist ex-
clusively of the rutile phase, as they contained 6-16% anatase phase. The silicon and
carbon derived from APTES contributed to the successful delay of the anatase-to-rutile
phase transformation during heating [14,30-32], so that the higher the concentration of
the used modifier, the better effect of phase transformation inhibition. The crystallite size
of both polymorphous forms of TiO, grew with increasing calcination temperature (see
Table 1); although, when comparing the crystallites size of nanomaterials heated at the
same temperature with and without the modifier, the crystallites of both rutile and anatase
were smaller for the APTES/TiO, materials with respect to calcined reference samples.
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For instance, the crystallite size of anatase for TiO;-Ar-800 °C was >100 nm, while for
TiO,-4 h-180 °C-1000 mM-Ar-800 °C equalled merely 19 nm.
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Figure 1. X-ray diffraction patterns of starting TiO,, reference photocatalysts (A), and APTES/TiO,
nanomaterials (B-D).

Table 1. Physicochemical properties of starting TiO,, reference samples and APTES-modified
TiO; nanomaterials.

Sample N Swer Vi Vo Ve ol Gt GoCalite  Crystalit
ample ame stallite stallite Sstallite Sstallite
P [mzlg] [cm3/g] [cm3/g] [cm"’/g] Pi“l};se [%] SIiZe [nm] P;};se [%] SIiZe [nm]
starting TiO, 207 0.370 0.070 0.300 95 14 5 21
TiO,-Ar-800 °C 6 0.020 0.002 0.018 1 >100 99 >100
TiO,-Ar-900 °C 3 0.008 0.002 0.006 - - 100 >100
TiO,-Ar-1000 °C 4 0.009 0.001 0.008 - - 100 >100
TiO,-4 h-180 °C-100 mM 169 0.226 0.065 0.161 9% 15 4 51
TiO,-4 h-180 °C-100 mM-Ar-800 °C 70 0.201 0.026 0.175 9% 23 4 62
TiO,-4 h-180 °C-100 mM-Ar-900 °C 35 0.113 0.041 0.072 87 34 13 >100
TiO,-4 h-180 °C-100 mM-Ar-1000 °C 8 0.044 0.003 0.041 6 48 94 >100
TiO,-4 h-180 °C-500 mM 124 0.162 0.048 0.114 9% 15 4 48
TiO,-4 h-180 °C-500 mM-Ar-800 °C 95 0.221 0.038 0.183 9% 20 4 58
TiO,-4 h-180 °C-500 mM-Ar-900 °C 46 0.192 0.017 0.175 94 30 6 55
TiO,-4 h-180 °C-500 mM-Ar-1000 °C 16 0.069 0.006 0.063 12 47 88 >100
TiO,-4 h-180 °C-1000 mM 121 0.174 0.049 0.125 9% 15 4 51
TiO,-4 h-180 °C-1000 mM-Ar-800 °C 104 0.215 0.039 0.176 9% 19 4 67
TiO,-4 h-180 °C-1000 mM-Ar-900 °C 55 0.166 0.021 0.145 94 30 6 54
TiO-4 h-180 °C-1000 mM-Ar- 12 0.046 0.005 0.041 16 45 84 >100

1000 °C

The results reported by Xu et al. [13], Okada et al. [30], and Cheng et al. [33] were
consistent with ours, and showed that, with the addition of Si to TiO, causes, during
thermal modification, the increase in crystallite size of both polymorphous forms of TiO,
was effectively inhibited. According to Wu et al. [34], replacement of surface hydroxyl
groups prior to calcination stage with another functional group that does not condense
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like -OH, such as methyl siloxyl surface group, and can produce small secondary phase
particles, results in inhibition of grain boundary broadening at elevated temperatures.
The FT-IR/DRS measurements (see Figure 2A-D) confirmed the presence of silicon
groups on the surface of APTES/TiO, nanomaterials after annealing, which could suppress
the increase in crystallite size compared with the reference samples without silicon groups.
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Figure 2. Diffuse reflectance Fourier transform infrared spectra of starting TiO2, reference photocata-
lysts (A), and APTES/TiO2 nanomaterials (B-D).

2.1.2. DRIFTS Measurements

The FT-IR/DRS measurements were used to identify the surface characteristics of
all prepared samples. All spectra shown in Figure 2A-D exhibited certain peaks char-
acteristic of TiO,-based photocatalysts. A strong band located at 950 cm ™! is ascribed
to the self-absorption of titania [35]. The narrow band at around 1620 cm~! and a wide
band from 3750 cm ™! to 2500 cm ! attributed to the molecular water bending modes and
stretching vibrations of surface -OH groups [14,35,36], respectively, which were observed
for starting TiO;, all non-calcined APTES-modified TiO;, as well as for the reference ma-
terials and APTES/TiO, photocatalysts heated below 1000 °C. All reference samples also
exhibited the low intensity band at 3650 cm ™!, ascribed to the stretching mode of various
free -OH groups. This implies that the elimination of adsorbed water molecules followed
by the removal of bridged -OH groups result in the formation of free -OH groups [37,38].
Moreover, enhancement of the annealing temperature caused a reduction in the intensity
of these three aforementioned bands because of alterations in the amount of surface hy-
droxyl groups [39,40]. Additionally, for all reference materials and APTES-modified TiO,
calcined at 1000 °C, a band located around 450 cm™~! attributed to the rutile phase was
observed [41,42]. Several new characteristic bands from APTES were noted in the spectra
presented in Figure 2C,D, indicating that the synthesis of new nanomaterials utilizing the
solvothermal method was carried out successfully. The low-intensity bands at around
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2881 cm ! and 2920 cm ! belong to the asymmetric and symmetric stretching vibration
of alkyl groups [19,20,36,43]. The asymmetric -NH3" deformation modes were noticed
at 1552 cm ! [19,39,44]. The next low-intensity band located at 1363 cm~! falls in the
characteristic region of C—N bonds [19,45]. In addition, the bands at about 1155 cm ! and
1070 cm ! correspond to the Si—O—Si stretching vibrations and Si-O-C stretching mode,
respectively [19,46,47]. Furthermore, the bands located between 960 cm land 910 cm ! are
characteristic for the stretching vibrations of Ti-O-Si bonds. However, the band recorded
at around 920 cm ! suggests that the condensation reaction occurred between silanol and
surface -OH groups [36,48]. For all APTES/TiO, photocatalysts, bands characteristic for
APTES assigned to alkyl groups, -NH3" and C-N bonds did not occur after calcination.
These groups were not permanently bonded to the TiO, surface. Therefore, annealing at
high temperature contributed to the destruction of these bonds.

2.1.3. BET Measurements

In Figure 3A-D, the adsorption—desorption isotherms of all the prepared materials are
presented. Based on the IUPAC classification, all reference samples and APTES/TiO, nano-
materials calcined at 1000 °C showed a type Il isotherm typical for non-porous samples [49].
The other prepared photocatalysts exhibited a type IV isotherm specific for mesoporous
materials, and they also showed the H3 type of hysteresis loops [49,50]. The isotherms
revealing type H3 do not show limiting adsorption at high p/py value and have specific
desorption shoulders and lower closure points [49-51].
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Figure 3. Adsorption—desorption isotherms of starting TiO,, reference photocatalysts (A), and
APTES/TiO; nanomaterials (B-D).

Confirmation of the observations that all calcined reference materials and APTES-
modified TiO; heated at 1000 °C were non-porous materials, while all other photocatalysts
were mesoporous materials with a small proportion of micropores, as shown by the data
presented in Table 1. After modification with APTES, a significant decrease in the total pore
volume and specific surface area was observed. Moreover, the higher the concentration
of the organosilane modifier, the greater the reduction in the Sggy and V1. For example,
in comparison to the starting TiO,, the Sggr of TiO,-4 h-180 °C-1000 mM decreased by



Molecules 2022, 27,947

60of 17

86 m?/ g and Vi, by 0.196 cm?/ g. Cheng et al. [52] noted that the specific surface area of
APTES-modified TiO, was smaller than that of the unmodified photocatalyst due to the
coating of modifier on the surface of P25 TiO; nanoparticles. Zhuang et al. [53] reported that
the Sgpr and the pore volume were smaller for APTES/TiO, materials than for untreated
TiO, because APTES molecules could penetrate the pores of TiO;, leading to a reduction
in both Sggpr and Vi,1. Additionally, Hou et al. [54] observed that as the concentration of
APTES increases (over 2 wt.%), both the specific surface area and pore volume drastically
decrease, due to the formation of a thick coating layer on the TiO, surface, thus, blocking
the access of adsorption gas to pores.

After calcination, a significant decrease in Sgpt and Votq was reported for all photocat-
alysts (see Table 1) due to the increase in crystallites size of the rutile and anatase phase and
sintering of nanomaterials particles [55]. However, for the samples modified with APTES,
the observed decrease was significantly lower than for the calcined reference materials pre-
pared at the same temperature due to the effective inhibition of the anatase-to-rutile phase
transition and the growth of the crystallites size of both TiO, polymorphous forms [13].
For example, for the TiO,-Ar-900 °C, the Sggt was 3 m?2/ g and Vi1 equalled 0.008 cm?/ g,
while for the TiO,-4 h-180 °C-1000 mM-Ar-900 °C the Spgr and Vi, were 55 m?/g and
0.166 cm? /g, respectively. Moreover, the higher concentration of APTES used for modifica-
tion, the better the inhibition of the crystallite size growth and, thus, the larger the specific
surface area of the obtained nanomaterials [14]. So, for TiO,-4 h-180 °C-100 mM-Ar-800 °C
the Spgr was 70 m?/g, for TiO»-4 h-180 °C-500 mM-Ar-800 °C it was 95 m? /g, while for
TiO,-4 h-180 °C-1000 mM-Ar-800 °C it equalled 104 m?/g.

2.1.4. UV-Vis Diffuse Absorbance Spectroscopy

From the UV-Vis/DR spectra of all tested photocatalysts, presented in Figure 4A-D,
it was noted that starting TiO,, reference materials, and all non-calcined APTES/TiO,
samples showed the typical absorption in the UV region because of the intrinsic band gap
absorption of titanium [56]. However, after calcination, the reflectance of all examined nano-
materials decreased with the increase in the heating temperature due to the color change of
photocatalysts from white (non-calcined samples), through to grey (materials calcined at
800 °C), to dark grey (semiconductors modified above 800 °C) [57,58]. The change of color
was related to the presence of carbon in the studied samples. Additionally, the spectra of
all reference samples and APTES-modified TiO, calcined at 1000 °C showed the absorption
peak from 200 to 400 nm with the maximum at 226 and 305 nm. The absorption band
at around 305 nm is associated with the charge transfer from O?~ to Ti**, related to the
excitation from the valence to the conduction band [59-61]. After calcination, there was
a red shift of the absorption edge towards visible light. The increased absorption was
most likely due to the presence of rutile phase, which has an intrinsically smaller band
gap energy compared with the pure anatase phase [62,63]. Moreover, the intensity of
these bands decreased with increasing concentration of modifier due to the delay of the
anatase-to-rutile phase transformation.

According to the band gap energy values of all the studied samples shown in Table 2,
it was noted that after calcination in an inert atmosphere, the Eg of starting TiO; of 3.29 eV
decreased to 3.03 eV for TiO,-Ar-800 °C and TiO;-Ar-900 °C samples and 3.01 eV for
TiO,-Ar-1000 °C. While for APTES/TiO, nanomaterials significant changes in Eg were
reported only for photocatalysts calcined at 1000 °C. This was mainly attributed to the
anatase-to-rutile phase transformation [64,65].
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Figure 4. UV-Vis diffuse reflectance spectra of starting TiO,, reference photocatalysts (A), and
APTES/TiO, nanomaterials (B-D).

Table 2. The zeta potential values, carbon and nitrogen contents, and band gap energy (Eg) of starting
TiO,, reference samples, and APTES-modified TiO; nanomaterials.

Sample Name Zeta Potential 6§ [mV] Carb[(;l\: tS/:]rl tent Nltrog[;:vrtl'f/i (])ntent [eE‘g/]

starting TiO, +12.8 - 0.18 3.29
TiO,-Ar-800 °C —35.9 - - 3.03
TiO,-Ar-900 °C —36.7 - - 3.03
TiO,-Ar-1000 °C —41.3 - - 3.01

TiO,-4 h-180 °C-100 mM +13.6 2.10 0.79 3.27
TiO-4 h-180 °C-100 mM-Ar-800 °C —38.5 0.17 0.08 3.27
TiO,-4 h-180 °C-100 mM-Ar-900 °C —45.8 0.08 - 3.21
TiO5-4 h-180 °C-100 mM-Ar-1000 °C —49.1 0.03 - 3.02
TiO-4 h-180 °C-500 mM +22.8 3.82 1.41 3.27
TiO,-4 h-180 °C-500 mM-Ar-800 °C —47.4 0.26 0.08 3.24
TiO,-4 h-180 °C-500 mM-Ar-900 °C —51.0 0.22 - 3.24
TiO,-4 h-180 °C-500 mM-Ar-1000 °C —41.3 0.11 - 2.97
TiO,-4 h-180 °C-1000 mM +12.1 4.10 1.47 3.27
TiO5-4 h-180 °C-1000 mM-Ar-800 °C —51.6 0.27 0.11 3.23
TiO,-4 h-180 °C-1000 mM-Ar-900 °C —60.0 0.22 - 3.22
TiO,-4 h-180 °C-1000 mM-Ar-1000 °C —54.4 0.08 - 2.95

2.1.5. SEM and EDX Mapping Analysis

From the SEM image shown in Figure 5A, it was noted that the starting TiO, mor-
phology was relatively homogenous, but the particles formed aggregates. For TiO,-4 h-
180 °C-500 mM-Ar-900 °C sample (see Figure 5B), it was observed that functionalization
contributed to the increase in aggregates size. The results of EDX mapping analysis, pre-
sented in Figure 5C,D, confirmed the presence of Ti and O, as well as 5i and C expected
after modification, and exhibited that all studied elements were uniformly dispersed on
the TiO, surface. The results of EDX mapping analysis are the average of measurements
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taken at 5 different points. As expected, it was noted that the silicon content increased
with an increasing amount of APTES. Thus, the TiO,-4 h-180 °C-100 mM-Ar-900 °C sample
contained 1.25 wt.% Si, while TiO,-4 h-180 °C-500 mM-Ar-900 °C and TiO,-4 h-180 °C-
1000 mM-Ar-900 °C had 2.13 and 2.26 wt.% Si, respectively.

2021103 010 Carsor: 4.300 hev.
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Figure 5. The SEM images of starting TiO, (A), TiO,-4 h-180 °C-500 mM-Ar-900 °C (B), EDX spectrum (C),
and EDX mappings of TiO;-4 h-180 °C-500 mM-Ar-900 °C (D).

2.1.6. Carbon and Nitrogen Content Analysis

Based on the carbon and nitrogen content analysis (see Table 2), the existence of C and
N in the non-calcined APTES/TiO, materials confirmed the APTES presence in the samples
received after functionalization of starting TiO,. As expected, it was also observed that
the higher the amount of modifier, the higher the content of the analyzed elements [12,66].
Moreover, it was noted that the quantity of carbon and nitrogen reduced drastically after
calcination and kept decreasing with increasing temperature of modification because of
the N- and C-containing functional groups decomposition and removal them from the
photocatalysts surface [35,67]. Unfortunately, the N content in the APTES/TiO, nanoma-
terials annealed above 800 °C was below the detection level of the device. The results
derived from the C and N content analysis agreed with the data obtained from FT-IR/DR
spectra (see Figure 2B-D), which demonstrated a significant decrease in the amount of both
analyzed elements in APTES-modified TiO; after the calcination. The presence of 0.18 wt.%
of nitrogen could be explained by the preparation procedure of the starting TiO, involving
pretreatment with ammonia water, used to remove residual sulfuric acid from the crude
TiO; slurry produced by the sulfate method [68].

2.1.7. Zeta Potential Measurements

The zeta potential measurements confirmed the change of surface character from
positively to negatively charged after APTES modification (see Table 2). For the reference
materials, the change in the TiO, surface charge was most likely related to the anatase-
to-rutile phase transformation and total transition to rutile phase. Our observations were
consistent with Haider et al. [69], Pinheiro Pinton et al. [70], and Chellappah et al. [71],
who reported that the pure rutile exhibits negative zeta potential values. In the case
of organosilane/TiO; nanomaterials, Talavera-Pech et al. [72] and Goscianska et al. [73]
observed that the cationic amino groups from aminosilane readily link the TiO, surface
groups resulting in the positively charged surface. However, the FT-IR/DR spectra shown
in Figure 2B-D, and the reduction in nitrogen content (see Table 2), indicated that amino
groups were not present on the TiO, surface after calcination. The silicon groups were
mainly found on the calcined APTES/TiO; surface. Li et al. [74], Ferreira-Neto et al. [75],
and Worathanakul et al. [76] noted that silica-modified titanium dioxide materials were
characterized by a negative value of zeta potential.
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2.2. Adsorption and Photocatalytic Studies

Before studying the photocatalytic activity of the prepared samples, tests were con-
ducted to establish the adsorption—desorption equilibrium at the photocatalyst—dye inter-
face. The results are presented in Figure 6A-D. For all examined nanomaterials, equilibrium
was reached after 60 min. It was also observed that calcination enhanced the adsorption
abilities of the obtained materials. From the zeta potential values (see Table 2), it can
be concluded that transformation of TiO, surface charge from positive to negative af-
ter annealing increased the adsorption abilities of the tested samples. The negatively
charged semiconductor surface has a higher potential of contact with the positively charged
methylene blue molecules, due to the attractive electrostatic interactions [77-79]. Cal-
cined APTES/TiO, nanomaterials showed clearly dissimilar adsorption degrees of the
methylene blue compound; although, they demonstrated similar zeta potential values
(i-e., 19% for TiO,-4 h-180 °C-500 mM-Ar-1000 °C but 75% of adsorbed dye for TiO,-4 h-
180 °C-500 mM-Ar-800 °C). It is generally agreed that adsorption properties are ascribed to
larger specific surface area values. In this case, among all calcined APTES/TiO, samples,
nanomaterials heated at 800 °C were characterized by the highest Sggt area value, i.e.,
for TiO,-4 h-180 °C-1000 mM-Ar-800 °C the value reached 104 m?/ g, while for TiO,-4 h-
180 °C-1000 mM-Ar-1000 °C it was only 12 m?/g.

Photodegradation of methylene blue in the presence of APTES/TiO, photocatalysts
was investigated under artificial solar light. The results are presented in Figure 7A-D as a
plot of C¢/Cy versus irradiation time, where Cy is the initial concentration of dye and C; is
the concentration at time t.

Methylene blue decomposition in the absence of photocatalyst (photolysis test) was
negligible (about 2%). Therefore, the effect of photosensitization can be neglected. After
thermal modification of starting TiO, no significant changes were observed regarding the
improvement of the dye decomposition by the reference materials (see Figure 7A). For the
TiO,-Ar-900 °C sample, only about 6% methylene blue decomposition degree was achieved
(see Figure 8) after 360 min of irradiation.

For APTES-modified TiO, samples obtained after calcination, a marked improve-
ment in photocatalytic activity was noted. The presence of silicon and carbon in the
nanomaterials effectively delays the anatase-to-rutile phase transformation, as well as
inhibit the growth of the crystallites size of both TiO, polymorphous forms during calcina-
tion [14,30,31]. Thus, compared with the reference samples heated at the same temperature,
calcined APTES/TiO, photocatalysts exhibited higher values of specific surface area and
pore volume, as well as a larger content of a more active anatase phase, which contributed
to a higher methylene blue decomposition degree [12,80]. For all three modifier concen-
trations used for preparation (100 mM, 500 mM, and 1000 mM), the best methylene blue
decomposition degree was received for samples annealed at 900 °C. To explain the highest
activity of this nanomaterials, the FT-IR/DR spectra of selected materials were determined
after the adsorption process (see Figure 9).
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Figure 9. FT-IR/DR spectra of the selected samples before and after adsorption of methylene blue.

The noticeable enhancement in the intensity of the band localized at 1200-1600 cm !
suggested that carbon deposits from methylene blue appeared on the photocatalyst surface
after adsorption, which strongly limited the photocatalytic efficiency [81,82]. Although
APTES-modified TiO, photocatalysts calcined at 800 °C showed the highest specific surface
area and pore volume, they also showed the highest dye adsorption. As a result, the highest
number of active sites on the TiO, surface was blocked by methylene blue molecules.
Since presumably at high dye concentrations, the generation of hydroxyl radicals on the
photocatalyst surface is limited due to the active sites being covered by dye ions, leading
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to a decrease in activity [83]. Photocatalysts heated at 1000 °C were characterized by very
small specific surface area and pore volume. They also contained a higher amount of
rutile than the anatase phase resulting the low photoactivity [84]. Therefore, TiO, modified
with APTES calcined at 900 °C showed the highest methylene blue decomposition degree.
Furthermore, at a constant annealing temperature of 900 °C, after 360 min of artificial
solar light radiation, the methylene blue degradation degree was 23%, 28%, and 31% for
nanomaterials modified with 1000 mM, 100 mM, and 500 mM, respectively. Although
the TiO,-4 h-180 °C-1000 mM-Ar-900 °C photocatalyst exhibited a larger specific surface
area than the TiO,-4 h-180 °C-500 mM-Ar-900 °C and TiO,-4 h-180 °C-100 mM-Ar-900 °C
samples, it showed the highest dye adsorption degree. For the TiO, modified with 1000 mM
of APTES, the methylene blue adsorption degree was 59%, while for 500 mM was 55%,
and for 100 mM it equaled 53%. Therefore, most of active sites were blocked by adsorbed
dye molecules on the surface of the TiO-4 h-180 °C-1000 mM-Ar-900 °C sample, resulting
in a decrease in photocatalytic activity. Besides the confirmed influence of physicochemical
properties on photocatalytic efficiency of the prepared semiconductors, the crucial role of
adsorption process was also proved. Considering the highest photoactivity and economic
aspects according to which the less modifier the better, TiO,-4 h-180 °C-500 mM-Ar-900 °C
was selected as the most prospective material.

3. Experimental
3.1. Materials and Reagents

All photocatalysts were obtained based on the crude TiO; slurry, delivered from the
chemical plant Grupa Azoty Zaktady Chemiczne “Police” S.A. (Police, Poland). Before
modification, raw TiO, pulp was pre-treated to reach a pH of 6.8. This step was described
in detail in our previous article [26]. The received sample was denoted as starting TiO,.
The modifier of the starting TiO, was 3-aminopropyltriethoxysilane (APTES, >98%) from
Merck KGaA (Darmstadt, Germany). Ethanol from P.P.H. “STANLAB” Sp.J., (96%, Poland)
was utilized as a solvent of APTES. For photocatalytic activity tests, the methylene blue
(Firma Chempur®, Piekary Slaskie, Poland) was used as a model organic water pollutant.

3.2. Preparation Procedure of APTES/TiO, Nanomaterials

The APTES-modified TiO, nanomaterials were prepared via the solvothermal method
and calcination process. To modify the TiO, surface, various amounts of modifier were used
and the concentrations of APTES in the solvent were 100, 500, and 1000 mM. In the first step,
5 g of starting TiO, was mixed with 25 mL solution of APTES and modified in a pressure
autoclave at 180 °C for 4 h, providing continuous stirring at 500 rpm. Next, the obtained
suspension was rinsed with ethanol and distilled water to remove all remaining chemicals.
Then, the material was dried in a lab dryer for 24 h at 105 °C. The obtained samples
were denoted as TiO,-4 h-180 °C-XmM, where X is the concentration of modifier in a
solvent. In the second stage, the photocatalyst was annealed in an argon atmosphere
(purity 5.0, Messer Polska Sp. z o.0., Poland). The calcination process was carried out
in a range of temperatures from 800 to 1000 °C, where At = 100 °C. The quartz crucible
with the resulting material was inserted into a quartz tube in the central section of the
GHC 12/900 horizontal furnace (Carbolite Gero, Ltd., UK). Before heating, Ar was run
through a tube for 30 min to eliminate residual air. Afterwards, the furnace was heated to
the desired temperature at an Ar flow rate of 180 mL/min, with a calcination time of 4 h.
Next, the furnace cooled gradually to room temperature. Samples received after annealing
of starting TiO, in the inert gas atmosphere were named reference materials, denoted as
TiOy-4 h-Ar-Y °C, while APTES-modified TiO, received after calcination were denoted as
TiO;-4 h-180 °C-XmM-Ar-Y °C, where Y is the temperature of annealing.

3.3. Characterization of Photocatalysts

The X-ray powder diffraction analysis (Malvern PANalytical B.V., Almelo, the Nether-
lands, utilizing Cu K« radiation (A = 1.54056 A), applied to determine the crystalline
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structure of the prepared samples. The PDF-4+ 2014 International Centre for Diffraction
Data database was used to specify the phase composition (for rutile: 04-005-5923 PDF4+
card; for anatase: 04-002-8296 PDF4+ card) and to calculate the mean crystallites size the
Scherrer’s equation was used. The spectrometer FI-IR-4200 (JASCO International Co. Ltd.,
Tokyo, Japan), fitted with DiffuselR accessory (PIKE Technologies, USA), was used to detect
the functional groups on the surface of the tested nanomaterials. A CN628 elemental ana-
lyzer (LECO Corporation, St. Joseph, MI, USA) was selected to measure total carbon and
nitrogen in photocatalysts” samples. For non-calcined APTES/TiO, nanomaterials, the certi-
fied ethylenediaminetetraacetic acid (EDTA) standard (Elemental Microanalysis Ltd., Oke-
hampton, UK) containing 41.04 £ 0.15 wt.% of carbon and 9.56 &£ 0.11 wt.% of nitrogen
was utilized to prepare the calibration curves. While for calcined APTES-modified TiO,
a certified soil standard (Elemental Microanalysis Ltd., Okehampton, UK) containing
0.043 wt.% = 0.01 of nitrogen and 0.46 wt.% = 0.15 of carbon, was used. The zeta poten-
tial values were measured using a ZetaSizer NanoSeries ZS (Malvern PANalytical Ltd.,
Malvern, UK) instrument. In order to calculate the Brunauer-Emmett-Teller (BET) specific
surface area and pore volume, the low-temperature nitrogen adsorption—desorption mea-
surements at 77 K were performed on the QUADRASORB evoTM Gas Sorption analyzer
(Anton Paar GmbH, Graz, Austria). All materials were degassed for 12 h at 100 °C under a
high vacuum prior to measurements to eliminate all remaining contaminants on the tested
samples’ surface. The total pore volume (V1) was derived from the single-point value
from the nitrogen adsorption isotherms at relative pressure p/pg = 0.99, while micropore
volume (Vmicro) was calculated using the Dubinin—-Radushkevich method, and the meso-
pore volume (Vmeso) Was derived from the difference between Vg, and Vipicro. The Hitachi
SU8020 Ultra-High Resolution Field Emission Scanning Electron Microscope (Hitachi Ltd.,
Tokyo, Japan) was used to characterize the surface morphology of synthesized photocat-
alysts. The spectrophotometer UV-Vis V-650 (JASCO International Co., Tokyo, Japan),
fitted with a PIV-756 integrating sphere accessory, allowing measurement of DR spectra
(JASCO International Co., Tokyo, Japan), was utilized to investigate the light reflectance
abilities of the prepared samples. Spectralon® Diffuse Reflectance Material (Labsphere,
New Hampshire, NE, USA) was selected as the reference material. The Tauc transformation
was used to calculate the band gap energy (Eg) [85].

3.4. Photocatalytic Activity Measurements

The methylene blue decomposition process under artificial solar light irradiation
(radiation intensity of 837 W/ m? for 300-2800 nm and 0.3 W/m?2 for the 280—400 nm
regions) was carried out to determine the photocatalytic properties of all the prepared
samples. All experiments were conducted in a glass beaker using 0.5 L of dye solution with
the initial concentration of 5 mg/L and 0.5 g/L of the appropriate semiconductor. Before
irradiation, the suspension was magnetically stirred in light-free conditions for 60 min
to establish the adsorption-desorption equilibrium at the photocatalyst-methylene blue
interface. Then, the mixture was subjected to artificial solar light radiation, and the total
exposure time was 360 min. The absorbance value of methylene blue, from which the dye
concentration was calculated, was measured every 60 min using a spectrometer UV-Vis
V-630 (Jasco International Co., Tokyo, Japan), at the maximum wavelength of 663 nm. Prior
to each measurement, 10 mL of the collected suspension was centrifuged to eliminate the
suspended TiO; nanoparticles. The methylene blue decomposition degree was calculated
according to the following equation:

Co — Gt

D:
Co

x 100% 1)

where D is dye decomposition degree (%), Cy is the initial concentration of the methylene
blue solution after the adsorption process (mg/L), and C; is the concentration of the dye
after illumination for t min (mg/L).
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4. Conclusions

The effect of solvothermal modification of TiO, via APTES, combined with the heat
treatment at 800-1000 °C, on the photocatalytic activity of APTES/TiO, nanomaterials
under artificial solar light irradiation, was a novelty of the presented study. The presence
of APTES on the surface of TiO, was proved via FT-IR/DRS measurements, nitrogen and
carbon analyses, and the EDX mapping. It was noted that the presence of Si and C in the
APTES-modified TiO; contributed to the effective inhibition of the anatase-to-rutile phase
transformation and the growth of the crystallites size of both polymorphous forms of TiO,
during calcination at high temperature. Thus, the calcined APTES/TiO, photocatalysts
exhibited higher values of Spgr and pore volume compared with unmodified reference
samples. Changing the surface charge of modified TiO, from positive to negative after
calcination increased the methylene blue adsorption degree. However, due to blocking
of active sites on the semiconductor surface by APTES molecules, the adsorption process
negatively affected the photocatalytic properties. The calcination process increased the
artificial solar light-driven photoactivity of all APTES/TiO, materials. For all three tested
APTES concentrations, the best dye decomposition degree was received for nanomaterials
calcined at 900 °C due to higher Sggt values than materials calcined at 1000 °C and larger
number of active sites available on the TiO, surface in comparison with samples heated
at 800 °C. Considering the highest photocatalytic activity and economic aspects, TiO,-4 h-
180 °C-500 mM-Ar-900 °C was found to be the most promising photocatalyst.
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ABSTRACT

In this work, the influence of the modifier concentration and the temperature of modification
on the antibacterial and photocatalytic properties of titanium dioxide (TiO,) functionalized with
3-aminopropyltriethoxysilane (APTES) was investigated. The new APTES/TiO, nanomaterials
were obtained by the solvothermal method. The studies confirmed the presence of N, C and Si
in the TiO, structure, indicating that the modification was performed successfully. Furthermore,
the antibacterial properties of the samples were investigated based on Escherichia coli inactivation
in saline solution. The decomposition of methylene blue determined the photocatalytic activity
under UV irradiation. For the E. coli inactivation process, the best concentration of the photocat-
alyst was 0.1 g/L, while for dye degradation tests, the optimum semiconductor dose was 0.5 g/L.
The best antibacterial properties presented photocatalysts obtained by modification with 250 mM
of APTES solution. In the case of methylene blue decomposition, the photoactivity increased
with the increase of APTES concentration, while the modification temperature from 120°C to
180°C had no significant impact on the activity of the tested samples.

Keywords: Photocatalysis; Titanium dioxide; 3-aminopropyltriethoxysilane; Methylene blue;

Escherichia coli

1. Introduction

The world is facing a major challenge: providing safe
and clean drinking water. Therefore, water security is con-
sidered the overarching goal of water management [1].
However, numerous places in the world are still struggling
to solve problems of water contaminated by biological and
chemical compounds. For example, pathogenic bacteria
like Escherichia coli are responsible for many diseases (e.g.,
diarrhoea, urethritis or bladder infection) and even human
death [2,3]. In addition, many water bodies are contaminated
with chemical pollutants, including organic dyes, which are

* Corresponding author.

one of the primary contaminants of industrial wastewater
[4,5]. Therefore, the important challenge is to develop alter-
native methods of water purification and disinfection that
are effective against a wide range of contaminants (both
microbial and chemical).

According to Ismail et al. [4], a method based on nan-
otechnology (e.g., photocatalysis) is an excellent alternative
to conventional water treatment techniques. In the available
literature, there are many reports which confirm the high
disinfectant effect of various photocatalysts (like WO,, ZnO,
SnO,, BiVO,, TiO,) against bacteria [6-9]. Bekkali et al. [7],
for example, obtained ZnO/hydroxyapatite nanomaterials

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.
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which presented good antibacterial properties against
E. coli, Pseudomonas aeruginosa, Staphylococcus aureus and
Enterococcus faecalis. Gnanamoorthy et al. [8] synthesized
SnO, nanorods, which showed good antibacterial activity
against Staphylococcus aureus, E. coli and Pseudomonas aeru-
ginosa. In turn, Sharma et al. [9] observed satisfactory bio-
cidal properties of monoclinic bismuth vanadate (m-BiVO,)
nanostructures toward E. coli. Numerous studies have also
confirmed excellent antibacterial properties of TiO, based
nanomaterials [10,11]. TiO, is considered the most widely
applied oxide in photocatalysis, and its biocidal proper-
ties have been demonstrated on a wide range of bacteria
[12-14]. Unfortunately, TiO, presents also some limitations
like rapid recombination of photogenerated electron-hole
pairs. Consequently, one of the widely investigated subjects
in photocatalysis is a modification of pure TiO, to overcome
the mentioned problem. To improve the photocatalytic pro-
cess efficiency, many different ways of TiO, modification
are applied (e.g., surface modification or co-modification,
dye sensitization, combining TiO, with other semiconduc-
tors) [15,16]. One method involves using organosilanes such
as 3-aminopropyltriethoxysilane (APTES) for TiO, surface
modification [17]. Silica modification can improve TiO,
photocatalytic activity, among others, by decreasing parti-
cles size, enhancing the specific surface area, or repressing
the phase transformation from anatase to rutile [18,19]. Our
previous study also confirmed that APTES modification
enhanced adsorption properties and photocatalytic activity
of obtained TiO, nanomaterials [20].

In our previous reports, the impact of APTES/TiO, nano-
materials obtained by utilizing different concentrations of
APTES on antibacterial properties [21] or methylene blue
decomposition were examined [22]. In the present work,
modification of TiO, with APTES was also performed. The
research idea was to determine an optimal dose of mod-
ifier (APTES) related to photocatalytic activity. However,
the simultaneous effect of the two parameters: APTES con-
centration and modification temperature on the photocat-
alytic inactivation of bacteria E. coli and methylene blue
degradation was investigated for the first time. In addition,
in this paper, optimization towards the appropriate dose
of APTES/TiO, photocatalyst, necessary to determine both
antibacterial properties and yield of dye decomposition,
was presented for the first time. Moreover, it was decided
to evaluate the effect of low-temperature modification in the
range of 120°C-180°C on the photoefficiency of the prepared
nanomaterials.

2. Experimental
2.1. Materials and reagents

Crude TiO, slurry prepared by sulfate technology,
supplied from the chemical plant Grupa Azoty Zaklady
Chemiczne “Police” S.A. (Poland), was selected as a TiO,
source. Before modification, the raw TiO, was rinsed with an
aqueous solution of NH,OH (purity 25%, Firma Chempur®,
Poland) to remove sulphuric compounds’ residues form-
ing ammonium sulfate that is easily soluble in water [22].
In the next step, the suspension was rinsed with distilled
water until pH equalled 6.8. The prepared material was
named starting-TiO,. 3-aminopropyltriethoxysilane (APTES,

purity 298%) purchased from Merck KGaA (Germany) was
utilized as a modifier of TiO,. Ethyl alcohol (purity 96%)
from PPH. “STANLAB” Sp.J., (Poland) was selected as a
solvent of APTES. E. coli K12 (ATCC 29425, LGC Ltd., USA)
was selected as model microbial contamination of water.
Methylene blue (purity >82%, Firma Chempur®, Poland) was
chosen as a model organic water pollutant.

2.2. APTES/TiO, nanomaterials preparation technique

The APTES-modified TiO, photocatalysts were pre-
pared by the solvothermal method. The modifier concen-
trations in ethanol were 50, 250, 450, and 650 mM. At first,
5 g of starting-TiO, was dispersed in 25 mL of APTES solu-
tion. Next, a sample was modified in a pressure autoclave
for 4 h at 120°C, 140°C, 160°C and 180°C with provided
continuous stirring at 500 rpm. Afterwards, the obtained
suspension was rinsed with ethanol and distilled water to
remove any residual chemicals. Finally, the prepared mate-
rial was dried for 24 h at 105°C in a lab dryer. The gained
photocatalysts were denoted as TiO,-4h-X°C-YmM, where
X is the modification temperature, and Y is the concentra-
tion of APTES in ethanol.

2.3. Characterization

The X-ray powder diffraction analysis (Melvern
PANalytical B.V.,, Netherlands) using Cu Ko radiation
(A = 154056 A) was used to identify the crystalline struc-
ture of the examined samples. To calculate the mean crys-
tallites size, Scherrer’s equation was used. The PDF-4+ 2014
International Centre for Diffraction Data database (04-005-
5923 PDF4+ card for rutile and 04-002-8296 PDF4+ card for
anatase) was applied to identify the phase composition. In
order to calculate the Brunauer-Emmett-Teller (BET) spe-
cific surface area and pore volume, the low-temperature
N, adsorption-desorption measurements, carried out at
77 K, were performed with the QUADRASORB evoTM Gas
Sorption analyzer (Anton Paar GmbH, Austria). Before each
measurement, all materials were degassed under a high vac-
uum for 12 h at 100°C to eliminate any remaining impuri-
ties on the examined samples’ surface. The total pore volume
(Vo) Was determined by the single point from the nitrogen
adsorption isotherms at relative pressure p/p, = 0.99. The
Dubinin-Radushkevich method was used to estimate the
volume of micropores (V_,_ ), while the volume of meso-
pores (V) was calculated as the difference between V,_
and V_._ . The Fourier-transform infrared spectroscopy (FT-
IR) 4200 spectrometer (JASCO International Co. Ltd., Japan)
supplied with DiffuseIR accessory (PIKE Technologies,
USA) was applied to identify the surface functional groups
of APTES/TiO, nanomaterials. The ZetaSizer NanoSeries ZS
(Malvern PANalytical Ltd.,, UK) was used to measure the
zeta potential values. A CN628 elemental analyzer (LECO
Corporation, USA) was used to determine total carbon and
nitrogen content in tested samples. To prepare the calibration
curve, a certified ethylenediaminetetraacetic acid (EDTA)
standard (Elemental Microanalysis Ltd., UK), containing
41.04+0.15wt.% carbon and 9.56 +0.11 wt.% nitrogen was uti-
lized. The surface morphology of the APTES/TiO, photocat-
alysts was observed via scanning electron microscopy (SEM)
using a Hitachi SU8020 ultra-high resolution field emission
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scanning electron microscope (Hitachi Ltd., Japan). The ener-
gy-dispersive X-ray spectroscopy (EDX) from Thermo Fisher
Scientific Inc. (USA) was used to perform EDX mapping anal-
ysis of the tested samples.

The analysis of hydroxyl radical formation on pho-
tocatalysts surface was determined by fluorescence tech-
nique using terephthalic acid (Acros Organics B.V.B.A,
Belgium). The fluorescence product of terephthalic acid
hydroxylation, 2-hydroxyterephthalic acid (2-HTA), was
detected as an emission peak at the maximum wavelength
of 420 nm, with the 314 nm excitation wavelength and ana-
lysed on a Hitachi F-2500 fluorescence spectrophotometer
(Hitachi Ltd., Japan).

2.4. Light source

Both antibacterial tests and photocatalytic activity studies
were conducted under UV-Vis light with the radiation inten-
sity of 65 W/m? for 300-2800 nm and 36 W/m? for the 280-
400 nm region, provided by 6 lamps of 20 W each (Philips,
Amsterdam, Netherlands). The radiation source used was
called UV light due to the low intensity of visible radiation.

2.5. Antibacterial tests

The antibacterial properties of photocatalysts were deter-
mined using the standard plate count method toward the
gram-negative E. coli K12 (ATCC 29425, LGC Ltd, USA).
Before the experiments, bacteria were inoculated into
Enriched Broth (BioMaxima S.A., Poland) and cultured at
37°C for 24 h. Next, bacteria were harvested through centrif-
ugation (4,000 rpm, 10 min) and then re-suspended in ster-
ile saline solution (0.9% NaCl, Firma Chempur® Poland).
The concentration of the bacteria was adjusted to approx.
1.5 x 10 CFU/mL by optical density measurement at a wave-
length of 600 nm.

The antibacterial experiments were carried out in a steril-
ized 150 ml glass beaker containing 90 mL of saline solution,
10 mL of the bacterial suspension (1.5 x 10" CFU/mL) and
appropriate photocatalyst (in a concentration of 0.05, 0.1, 0.25,
0.5 or 0.75 g/L). The suspension was continuously stirred to
ensure homogeneity and irradiated with UV light for 90 min
at room temperature. The distance between the reactor and
the light source was fixed at approx. 35 cm. At given time
intervals, 1 ml of bacterial suspension was collected and
diluted by decimal dilution method in saline solution. Next,
suspensions were spread on the Petri dish containing Plate
Count Agar (BioMaxima S.A., Poland) and incubated at 37°C
for 24 h. After incubation, the number of viable colonies was
counted and depicted as log CFU/mL. Control experiments
(under the dark conditions and for the saline solution) were
also conducted. All measurements were performed in tripli-
cates. The standard error of the measurements amounted less
than 10%.

2.6. Photocatalytic activity studies

Before the photocatalytic activity studies, adsorption
measurements were performed. A 0.6 L glass beaker con-
taining 0.5 L of methylene blue solution with an initial con-
centration of 15 mg/L and 0.05, 0.1, 0.25, 0.5 or 0.75 g/L of
the appropriate photocatalyst was placed in a thermostatic

chamber at 20°C (Pol-Eko-Aparatura sp.j., Poland) in light-
free conditions and stirred for 60 min to provide the adsorp-
tion—-desorption equilibrium between dye molecules and
the surface of the tested sample. After that, the solution was
irradiated with UV light. The methylene blue concentration
was analyzed every 60 min during photoactivity tests by the
V-630 UV-Vis spectrometer (JASCO International Co., Japan).
Before each measurement, 10 mL of the taken suspension
was centrifuged to eliminate all suspended nanoparticles.
Methylene blue decomposition degree was calculated based
on the equation:

R[%] =%xloo% (1)

t

where R is methylene blue decomposition degree (%), C, is
the initial concentration of methylene blue measured after
adsorption (mg/L), and C, is the methylene blue concentra-
tion at the time ¢ (mg/L).

3. Results and discussion
3.1. Characterization of the nanomaterials
3.1.1. X-ray powder diffraction analysis

X-ray diffraction (XRD) patterns of starting-TiO, and
APTES-modified TiO, photocatalysts are shown in Fig.
1A-D. All nanomaterials exhibited reflections character-
istic for anatase phase located at 25.3°, 37.8°, 48.1°, 53.9°,
55.1°, 62.7°, 68.9°, 70.3° and 75.1°, and some reflections
characteristic for rutile phase: located at 27.4°, 36.0° and
41.2° [20]. The presence of rutile in the starting-TiO, is
due to the addition of rutile nuclei during the manufac-
turing process of crude TiO, pulp via the sulfate method.
According to the data presented in Table 1, all photocat-
alysts consist mainly of the anatase phase (94%-96%)
with a small amount of a rutile phase (4-6%). Moreover,
modification in the temperature range from 120°C to
180°C did not cause the anatase-to-rutile phase transfor-
mation, which is typical because anatase transforms into a
rutile phase above 600°C [23]. Additionally, no significant
changes in the crystalline structure of the tested samples
were noted, which was consistent with the results obtained
by Klaysri et al. [17]. They observed that the surface func-
tionalization with APTES in the concentration range of
0.1-100 mM did not influence the phase structure and
the crystalline size of titanium dioxide, which were about
17-19 nm, where in our case the crystallite size of ana-
tase was in the range of 14 to 16 nm and rutile from 21 to
62 nm. Due to the low content of the rutile phase (4%—6%),
the noted changes in the rutile crystallites size may have
resulted from the conversion error of the method.

3.1.2. FT-IR/DRS (differential reflectance spectroscopy)
measurements

All FT-IR/differential reflectance spectroscopy (DRS)
(Fig. 2A-D) were characterized by a narrow band at around
1,628 cm™ and a wide band from 3,750 to 2,500 cm™, ascribed
to the molecular water and stretching mode of surface
—-OH groups, respectively [24,25]. On the spectra of the
modified photocatalysts, characteristic bands originating
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Fig. 1. X-ray diffraction (XRD) patterns of starting-TiO, and TiO, nanomaterials modified with APTES concentration of 50 mM
(A), 250 mM (B), 450 mM (C), and 650 mM (D), where A-anatase, R-rutile.

Table 1

Physico-chemical properties of starting-TiO, and APTES-modified TiO, nanomaterials

Sample name Seer Votal V iero Voo Anatase in Anatase Rutile in Rutile
(m%/g) (cm®/g) (cm¥/g) (cm®/g) crystallite crystallite crystallite crystallite
phase (%) size (nm) phase (%) size (nm)
Starting-TiO, 207 0.370 0.070 0.300 95 14 5 21
TiO,-4h-120°C-50mM 185 0.280 0.070 0.210 95 15 5 40
TiO,-4h-140°C-50mM 194 0.380 0.068 0.312 95 15 5 54
TiO,-4h-160°C-50mM 189 0.386 0.066 0.320 94 15 6 27
TiO,-4h-180°C-50mM 188 0.358 0.060 0.298 96 16 4 48
TiO,-4h-120°C-250mM 148 0.290 0.060 0.230 95 15 5 56
TiO,-4h-140°C-250mM 144 0.298 0.052 0.246 95 15 5 48
TiO,-4h-160°C-250mM 150 0.304 0.054 0.249 95 15 5 48
TiO,-4h-180°C-250mM 135 0.223 0.051 0.172 96 15 4 37
TiO,-4h-120°C-450mM 133 0.195 0.051 0.140 95 15 5 31
TiO,-4h-140°C-450mM 137 0.232 0.052 0.180 95 15 5 36
TiO,-4h-160°C-450mM 137 0.226 0.052 0.174 96 15 4 48
TiO,-4h-180°C-450mM 133 0.216 0.050 0.166 95 14 5 62
TiO,-4h-120°C-650mM 128 0.199 0.050 0.149 96 15 4 39
TiO,-4h-140°C-650mM 125 0.279 0.047 0.232 96 15 4 36
TiO,-4h-160°C-650mM 131 0.218 0.049 0.159 96 15 4 45
TiO,-4h-180°C-650mM 135 0.281 0.049 0.232 96 15 4 41
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Fig. 2. FT-IR/DR spectra of starting-TiO, and TiO, nanomaterials modified with APTES concentration of 50 mM (A), 250 mM (B),

450 mM (C), and 650 mM (D).

from APTES were observed, which indicates that APTES/
TiO, nanomaterials were prepared successfully. As the mod-
ification temperature increased, there were no significant
changes in the surface characteristics of the tested materials.
However, the amount and intensity of bands characteristic
for APTES increased with increasing modifier concentration.
In Fig. 2A, showing spectra of samples functionalized with
50 mM of APTES, the scissor vibrations of primary amine
groups at around 1,536 cm™ and Si-O-C groups at around
1,070 cm™ were noted [26,27]. In Fig. 2B-D, additional
bands typical for APTES were also noted — the bending and
stretching modes of the alkyl groups detected at 2,929 and
2,879 cm™ [27,28]. Bands at 1,370 and 1,125 cm™ correspond to
the symmetric C-H bending modes and asymmetric stretch-
ing vibrations of Si-O-Si, respectively [27,29-31]. Bands
observed in the range from 960 to 910 cm™ are attributed
to the stretching vibrations of Ti-O-Si bonds. Moreover,
the bond at around 916 cm™ indicates that the condensa-
tion between surface hydroxyl groups and silanol groups
occurred [32,33].

3.1.3. BET specific surface area and pore volume analysis

According to Fig. S1A-D, the adsorption-desorption
isotherms of all tested photocatalysts based on the IUPAC

classification, showed a type IV nitrogen isotherm. Typical
features of this type of isotherm are its hysteresis loop,
associated with capillary condensation occurring in mes-
opores, and the limitation of uptake in the range of high
p/p, values [34]. Moreover, these nanomaterials presented
the same H, type of hysteresis loop which is marked by
slit-shaped pores and often continue into the low-pressure
region [35,36]. It is worth mentioning that the size of the
hysteresis loops presented in Fig. SIA-D decreased with
increasing APTES concentration related to the decreas-
ing amount of mesopores in the materials (Table 1) [37].
However, there was no significant effect of the modifica-
tion temperature between 120°C and 180°C on the change
in the size of the hysteresis loops. Thus no significant effect
on the change of the specific surface area and total pore
volume of the tested samples was noted. The specific sur-
face area for starting-TiO, was 207 m?/g, while APTES/TiO,
nanomaterials ranged from 194 to 125 m?/g. Furthermore,
based on the data listed in Table 1, it was found that the
decrease not only of S, butalsoof V_, V __ and a slight
decrease of V. with increasing APTES concentration sug-
gests that modifier molecules are not only placed on the
TiO, outer surface but also captured in the pores. A similar
effect was observed by Dalod et al. [28], Ukaji et al. [32],
Zhuang et al. [38] and Pontén et al. [39].
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Table 2

The zeta potential values and carbon and nitrogen content of starting-TiO, and APTES-modified TiO, nanomaterials

Sample name Zeta potential

Carbon content Nitrogen content

o (mV) (Wt.%) (Wt.%)
Starting-TiO, +12.80 - 0.18
TiO,-4h-120°C-50mM +15.75 1.16 0.43
TiO,-4h-140°C-50mM +13.83 1.14 0.44
TiO,-4h-160°C-50mM +15.02 1.17 0.43
TiO,-4h-180°C-50mM +15.70 1.25 0.44
TiO,-4h-120°C-250mM +17.89 3.22 1.13
TiO,-4h-140°C-250mM +20.26 3.49 1.24
TiO,-4h-160°C-250mM +21.96 3.53 1.25
TiO,-4h-180°C-250mM +22.34 3.64 1.27
TiO,-4h-120°C-450mM +23.12 3.76 1.32
TiO,-4h-140°C-450mM +25.53 3.70 1.28
TiO,-4h-160°C-450mM +26.18 3.72 1.31
TiO,-4h-180°C-450mM +26.73 3.87 1.35
TiO,-4h-120°C-650mM +26.18 3.34 1.30
TiO,-4h-140°C-650mM +24.90 410 1.39
TiO,-4h-160°C-650mM +27.11 3.98 1.31
TiO,-4h-180°C-650mM +26.95 415 1.76

3.1.4. Zeta potential analysis

Based on the data presented in Table 2, all photocat-
alysts were characterized by positive surface charge, and
the zeta potential values changed from +12.80 mV for start-
ing-TiO, to +27.11 mV for TiO,-4h-160°C-650 mM sample.
According to Talavera-Pech et al. [40], Youssef et al. [41],
and Zhao et al. [42], APTES has cationic amino groups,
which can easily bond to the semiconductor surface.
Thus, the zeta potential values of the amino-functional-
ized TiO, nanomaterials enhanced with increasing con-
centration of APTES used for the modification, which was
due to the higher presence of -NH, groups on the surface
of the obtained samples. The presence of the positively
charged amino groups on the TiO, surface was confirmed
by FT-IR/DRS measurements and the nitrogen content
analysis shown in Fig. 2A-D and Table 2, respectively.

3.1.5. Carbon and nitrogen content analysis

According to the results presented in Table 2, carbon
and nitrogen content in the tested materials grew with
the increasing concentration of APTES modifier, and
the largest amount of the analyzed elements was found
for photocatalysts modified with the 650 mM of APTES.
However, the highest growth was observed when the con-
centration increased from 50 to 250 mM. Further increase
contributed to slight growth in the amount of the tested
elements. Moreover, the data derived from the FT-IR/DR
spectra (Fig. 2A-D) agreed with the carbon and nitrogen
elemental analysis, which showed a continued increase
of C and N in APTES/TiO, nanomaterials as the amount
of modifier increases. Additionally, at constant APTES
concentration, no significant effect of the modification
temperature in the range of 120°C to 180°C on carbon

and nitrogen contents in the tested materials was found.
The presence of 0.18 wt.% nitrogen in the starting-TiO,
can be explained by the preparation procedure, involv-
ing preliminary rinsing with ammonia water, applied to
remove residual sulfuric acid from the raw TiO, slurry
prepared by sulfate technology.

3.1.6. SEM images and EDX mapping

Following the SEM images of the starting-TiO, and
TiO,-4h-180°C-650mM sample exhibited in Fig. 3A and
B, respectively, it was observed that on the surface of the
starting-TiO, the grains formed small uniformly distrib-
uted aggregates. After TiO, functionalization with APTES
(Fig. 3B), it was noted that modification increased the
size of the aggregates. However, the nanomaterial parti-
cles were still characterized by irregular and unspecified
shapes. Based on the results of EDX mapping analysis,
along with the element stratification and the distribution
diagram of an appropriate examined element shown in
Fig. 3C and D, it was found that the tested nanomaterials
contained Ti, O, C, N and Si elements. Furthermore, it was
noted that all elements were homogeneously dispersed
over the entire surface of the photocatalyst. The data pre-
sented in Table 3 shows that the Si content tends to increase
with increasing concentration of the used modifier. Hence,
the highest Si content was observed for photocatalyst
modified with the APTES concentration of 650 mM.

3.2. Optimization of antibacterial studies

In the first stage of the study, the optimum concentra-
tion of photocatalyst for bacteria inactivation in water was
determined. Optimization of photocatalyst concentration
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Fig. 4. Inactivation of E. coli in the presence of various concentrations of starting-TiO, (A), TiO,-4h-120°C-250mM

(B) and TiO,-4h-160°C-650mM (C) under UV irradiation.

was performed using 3 randomly selected photocata-
lysts (starting-TiO,, TiO,-4h-120°C-250mM and TiO,-4h-
160°C-650 mM) in five concentration (0.05, 0.1, 0.25, 0.5
or 0.75 g/L). In turn, the initial E. coli concentration in the
reaction mixture amounted approx. 1.5 x 10° CFU/mL,
according to our previous studies [21,43], was an optimal
concentration of bacteria. The fastest bacteria inactivation
was observed for all examined samples for a photocata-
lyst dose of 0.1 g/L (Fig. 4A-C). Therefore, a concentration
of 0.1 g/L has been selected as the optimal dose for photo-
catalytic antibacterial tests. It was also observed that both
an increase and a decrease in photocatalysts dose caused
extension of time needed for total bacteria inactivation.
The dose of 0.05 g/L could be insufficient. In turn, at higher
photocatalyst concentration, the activation of TiO, particles
may be hindered. The increased turbidity of the suspension
caused a screening effect and impeded radiation access [44].

A control experiment in the darkness showed that the
bacterial number remained unchanged after 90 min of
incubation (Fig. S2A-D). Thus, this indicated no toxic effect
of the APTES/TiO, samples to E. coli. Furthermore, the influ-
ence of the photolysis on bacterial cells under UV irradia-
tion was also not found (results for NaCl solution presented
in Fig. 5A-D).

The bacteria inactivation was observed only in exper-
iments conducted in the presence of APTES/TiO, under
UV irradiation. As was presented in Fig. 5A-D, APTES/
TiO, presented better antibacterial properties than start-
ing-TiO,. The better antibacterial activity was presented
for photocatalysts obtained by modification with a 250 mM
modifier solution. For this group of photocatalysts, 100%
of bacteria were inactivated after 65 min UV irradiation.

Studies have shown that the antibacterial properties
strongly depended on the amount of APTES in a solution
used for modification and the amount of silica (confirmed
by EDX analysis see Table 3), carbon and nitrogen in sam-
ples. This, in turn, contributes to changes in the zeta poten-
tial of APTES/TiO, samples. As shown in Table 2, the zeta

potential value increased with increasing carbon and nitro-
gen content from +12.80 mV for starting-TiO, to +27.11 mV
for TiO,-4h-160°C-650 mM, respectively. Therefore, the
positively charged surface of APTES/TiO, presented a
higher potential of contact with the negatively charged
E. coli cells (-44.2 mV), which led to faster bacteria inacti-
vation. However, the group of samples presented the better
antimicrobial properties (TiO,-4h-120°C-250 mM - TiO,-
4h-180°C-250 mM) were characterized by the less positive
zeta potential (from +17.89 to +22.34 mV) in comparison
to samples modified by 450 (from +23.12 to +26.73 mV) or
650 mM (from +24.90 to +27.11 mV) of modifier. A similar
observation was presented in our previous works [21,43],
where this phenomenon was explained by the amount
of photogenerated hydroxyl radicals (*OH) produced on
nanomaterials surface during the photocatalytic process. It
is recognized that *OH radicals play a crucial role in the
photocatalytic inactivation of microorganisms, especially
bacteria [13,45,46]. In this case, the amount of ‘OH pro-
duced on photocatalysts surface during UV radiation was
also examined and obtained results were presented in Fig.
6A-D. The hydroxyl radicals” formation analysis showed
that the highest amounts of *OH radicals were observed
for a group of samples modified by 250 mM of APTES
solution (Fig. 6B). Therefore, a large number of hydroxyl
radicals generated during the photocatalytic process led to
faster inactivation of E. coli in water. Additionally, a two-
step mechanism of bacteria destruction in the presence
of APTES-modified photocatalyst was observed, which
was in accordance with results presented by Desai and
Kowshik [47]. As shown from Figs. 4 and 5, the bacteria
inactivation proceeded in two phases. In the first phase, the
number of live E. coli bacteria after the first 80 min of the
photocatalytic process was relatively high. Bacteria could
trigger some self-repair and self-defence mechanisms
[43,47]. In the second stage of the photocatalytic process,
many highly reactive radicals led to disturbances and
damages in bacteria cells. The cell membranes and walls
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Fig. 5. Inactivation of E. coli in the presence of starting-TiO, and TiO, nanomaterials modified with various APTES concentration:
50 mM (A), 250 mM (B), 450 mM (C), and 650 mM (D) under UV irradiation.

Table 3
Silicon EDX mapping results for APTES/TiO, nanomaterials

Sample name TiO,-4h-180°C-50mM TiO,-4h-180°C-250mM  TiO,-4h-180°C-450mM  TiO,-4h-180°C-650mM

Element

Si (at.%) 0.33 0.74

1.15 1.35

became permeable, and intracellular cytoplasmic com-
ponents began to leak from the cells. As a consequence,
a rapid bacteria inactivation was observed.

It should also be mentioned that increasing the modifi-
cation temperature from 120°C to 180°C had no significant
effect on the antibacterial properties of samples. The tem-
perature did not affect the antimicrobial properties in sam-
ples modified with 50 and 250 mM of the modifier solution.
In turn, in the case samples modified with 450 and 650 mM

of APTES solution at 160°C and 180°C, the time needed to
total bacteria inactivation slightly increased (by 5 min) in
comparison to lower temperatures of modification.

3.3. Optimization of photocatalytic activity studies

Prior to the photocatalytic activity studies, tests
were conducted to investigate the adsorption-desorp-
tion equilibrium at the semiconductor-methylene blue
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Fig. 6. The amount of generated 2-hydroxyterephthalic acid expressed as the peak area of the fluorescent product during UV irradiation.

interface. Based on the results shown in Figs. S3A-C and
S4A-D, it was observed that the dye adsorption degree
under light-free conditions was not dependent on either
the dose of photocatalyst or the modification tempera-
ture or the APTES concentration. For all tested samples,
the adsorption—desorption equilibrium was established
after 60 min. According to the zeta potential values pre-
sented in Table 2, starting-TiO, and all APTES-modified
TiO, nanomaterials exhibited positively charged surfaces.
Moreover, it is well known that the positively charged
semiconductor surface has a low potential of contact with
methylene blue molecules, which is a positively charged
cationic dye. Therefore, the adsorption of the dye was
negligible, with a maximum of 4% [48-51].

The photocatalytic activity of the starting-TiO, and
APTES/TiO, nanomaterials was evaluated by the methy-
lene blue decomposition under exposure to UV light. To
determine the appropriate dose of photocatalyst, three

random samples were selected from the entire series of
prepared materials and tested for five different concen-
trations: 0.05, 0.1, 0.25, 0.5 and 0.75 g/L. From the results
shown in Fig. 7A-C, it was found that, in general, the
photocatalytic activity increased with the increase of the
photocatalyst concentration. Although the highest degree
of dye decomposition for most samples was observed for
0.75 g/L, a concentration of 0.2 g/L lower, that is, 0.5 g/L,
was suitable for further photocatalytic activity tests. For
all the materials tested, the difference in the efficiency
achieved for the two highest dosages after 360 min of
UV irradiation was minor and ranged from 4% to 9%.
Considering the slight difference in yield and economic
considerations, the less nanomaterial needed, the better,
0.5 g/L was an appropriate sample dosage. Therefore, the
photocatalytic activity of all remaining nanomaterials was
determined only for the best semiconductor concentration
of 0.5 g/L.
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According to Fig. 8A, tests performed without photo-
catalyst demonstrated that dye degradation by photolysis
was marginal compared to the photocatalysis processes,
resulting in about 2% methylene blue degradation after
360 min of exposure same conditions as in the photoactiv-
ity measurements. It was noted that all prepared APTES-
functionalized TiO, samples exhibited a higher dye
decomposition degree than starting-TiO,. Furthermore,
the amount of utilized modifier influenced the photo-
catalytic performance significantly. It was observed that
the photoactivity increased with the increasing concen-
tration of APTES used for modification. The highest
decomposition degree of about 92% was noted for mate-
rials modified with 650 mM modifier solution, while it
was only 52% for starting-TiO, (Fig. 9). Our observations
were consistent with the results obtained by Kassir et al.
[52], who also noted that the higher the amount of orga-
nosilane used for modification, the better the efficiency of
the pollutants decomposition process. Based on the silicon
EDX mapping results for APTES/TiO, samples (Table 3)
and the carbon and nitrogen content analysis (Table 2), it
can be concluded that the enhancement of photoactivity
with the increase of APTES concentration can be related
to the increase of Si, N and C content in the prepared
nanomaterials. According to Bui et al. [53], the effect of Si
modification on the photoactivity can be attributed to the
easy transfer and separation of photogenerated holes and
electrons. Also, Viet et al. [54] observed that the perfor-
mance of silicon-modified TiO, was enhanced by adding
increasing numbers of Si atoms in the crystal structure.
In contrast, Zamiri et al. [55] observed that an increase
in the amount of C and N in the modified TiO, particles
will enhance the number of absorbed photons, result-
ing in improved degradation efficiency of pollutants.
Moreover, it was also noted that increasing the modifica-
tion temperature from 120°C to 180°C had no significant
influence on the activity of the tested samples (Fig. 8A-D).

Summarizing, it was generally concluded that the tem-
perature of modification in the range from 120°C to 180°C
was too low to significantly affect the photocatalytic inacti-
vation of bacteria E. coli and the efficiency of the methylene
decomposition. In contrast, the APTES concentration used

for a modification had a key influence on the efficiency of
the obtained nanomaterials.

4. Conclusions

The APTES-modified TiO, nanomaterials were obtained
via solvothermal process at 120°C, 140°C, 160°C and 180°C
with the concentrations of APTES equal 50, 250, 450, or
650 mM. The studies confirmed the presence of C, N and
Si in the TiO, structure, indicating that the modification
was carried out successfully. It was noted that APTES
inserts into both the external surface of the semiconduc-
tor and the pores, resulting in reduced S, . values and
pore volumes. It was found that for photocatalytic inac-
tivation of bacteria E. coli studies, the best concentration
of the photocatalyst was 0.1 g/L, while for methylene blue
degradation tests, the best dose of the sample was 0.5 g/L.
It was generally observed that all APTES/TiO, nanomate-
rials exhibited higher activity than starting-TiO,. The best
antibacterial properties were observed for a group of sam-
ples modified by 250 mM of APTES, attributed to the high-
est amount of *OH radicals generated from the surface and
positive zeta potential (from +17.89 to +22.34 mV). In the
case of methylene blue decomposition, the photoactivity
increased with increasing concentration of APTES used for
modification which can be related to the growth of Si, N
and C content in the nanomaterials. After 360 min of UV
irradiation, the highest methylene blue decomposition
degree was noted for samples modified with 650 mM of
APTES. The temperature of modification in the range from
120°C to 180°C had no significant effect on antibacterial
properties and the efficiency of the dye decomposition.
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Fig. S2. Inactivation of E. coli in the presence of starting-TiO, and TiO, nanomaterials
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Fig. S3. Methylene blue adsorption degree on the surface of selected photocatalysts: starting-TiO, (A), TiO,-4h-120°C-250mM (B)

and TiO,-4h-160°C-650mM (C).
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Fig. S4. Methylene blue adsorption degree on the surface of starting-TiO, and APTES/TiO, photocatalysts (concentration of semicon-
ductor 0.5 g/L)
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