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1. Lista publikacji wybranych jako podstawa rozprawy
doktorskiej

W zwiazku z ustawa 0 stopniach naukowych i tytule naukowym oraz o stopniach
I tytule w zakresie sztuki (Dz.U. 2003 Nr 65 poz. 595): 2. Rozprawa doktorska moze mie¢
form¢ maszynopisu, ksigzki wydanej lub spojnego tematycznie zbioru rozdziatow
w ksigzkach wydanych, spdjnego tematycznie zbioru artykutow opublikowanych lub
przyjetych do druku w czasopismach naukowych, okreslonych przez ministra wiasciwego
do spraw nauki na podstawie przepisow dotyczacych finansowania nauki (...). Cykl
publikacji stanowigcych podstawe pracy doktorskiej [P1-P6], obejmujacy badania
prowadzone w celu lepszego zrozumienia wplywu domieszkowania in situ na
wiasciwosci fizykochemiczne i aplikacyjne materiatdéw tlenkowych przedstawiono
w Tabeli 1.

W niniejszej dysertacji doktorskiej przedstawiono badania nad projektowaniem
funckjonalnych matryc na bazie tlenkow nieorganicznych — ZrOz, ZnO, TiO2-ZrO; oraz
Al>QOg, ich funkcjonalizacja wybranymi czynnikami modyfikujacymi, domieszkowaniem
zwigzkami wanadu i lantanu, a takze weryfikacjg mozliwosci ich uzycia w aspektach
srodowiskowych. Materialy otrzymano na drodze syntezy in situ, wprowadzajac
wyselekcjonowane domieszki lub modyfikatory w trakcie tworzenia odpowiedniej
matrycy nieorganicznej, lub w wyniku ich adsorpcji z roztworé6w modelowych oraz
rzeczywistych. Dla kazdego z otrzymanych materiatow przeprowadzono szczegbtowa
analize fizykochemiczng, w ktorej istotnym bylo potwierdzenie wbudowania czynnika
modyfikujacego W strukture matrycy. Podj¢to proby okreslenia oddzialywan pomigdzy
komponentami, w tym mechanizmu wbudowania modyfikatora/domieszki oraz jego
przetozenia na koncowe wiasciwos$ci fizykochemiczne i uzytkowe uzyskanych uktadow.
Otrzymane materiaty z powodzeniem wykorzystano w procesach s$rodowiskowych
obejmujacych adsorpcje i katalize, ktorych celem byta redukcja zanieczyszczen obecnych
w roztworach wodnych lub powietrzu, takich jak jony metali szkodliwych, farmaceutyki
oraz tlenki azotu. Analiza uzyskanych danych eksperymentalnych pozwolita stwierdzic,
ze wprowadzenie modyfikatorow/domieszek do materiatéw tlenkowych wptyngto na ich
parametry strukturalne, aktywnos$¢ powierzchniows i funkcjonalno$¢, czgsto poprawiajac
ich zdolnos¢ adsorpcyjng oraz aktywnos¢ Katalityczng, predysponujac je do zastosowan

srodowiskowych.
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Tabela 1. Publikacje wchodzgce w sktad monotematycznego cyklu bedgcego podstawg
rozprawy doktorskiej.

Symbol Publikacja IF 5'||eth PMmEIN

P1 Weidner E., Ciesielczyk F., Removal of hazardous oxyanions | 3,748 4,042 140
from the environment using metal-oxide-based materials,
Materials 12 (2019) 927. doi:10.3390/mal12060927

Moj udziat w przygotowaniu tej publikacji naukowej obejmowat
opracowanie koncepcji artykutu przegladowego, przeprowadzenie
studium literaturowego, analizg¢ i interpretacje zebranych danych
oraz napisanie oryginalnej wersji manuskryptu.

P2 Weidner E., Wojcik G., Kotodynska D., Jesionowski T., | 8,910 7,015 100
Ciesielczyk F., Insight into the removal of vanadium ions from
model and real wastewaters using surface grafted zirconia-based
adsorbents: batch experiments, equilibrium and mechanism study,
Journal of Environmental Management 324 (2022) 116306.
doi: 10.1016/j.jenvman.2022.116306

Moj udzial w przygotowaniu tej publikacji naukowej obejmowat
opracowanie koncepcji badan i ich metodologii, synteze
i modyfikacje adsorbentow na bazie ditlenku cyrkonu,
przeprowadzenie badan nad ich charakterystyka fizykochemiczna,
analizg i interpretacje zebranych danych eksperymentalnych oraz
napisanie oryginalnej wersji manuskryptu.

P3 Weidner E., Piasecki A., Siwinska-Ciesielczyk K., Jesionowski | 1,213 1,354 70
T., Ciesielczyk F., Synthesis of vanadium-enriched oxide materials
via modified sol-gel route with the use of waste solutions
contaminated with vanadium ions, Physicochemical Problems of
Mineral Processing 56 (2020) 60-75. doi: 10.37190/ppmp/126683

Moj udziat w przygotowaniu tej publikacji obejmowat
opracowanie koncepcji badan i ich metodologii, przeprowadzenie
eksperymentow W zakresie syntezy materiatow tlenkowych
domieszkowanych wanadem zmodyfikowang metoda zol-zel,
stosujac modelowe, jak i rzeczywiste roztwory zawierajace
prekursory wanadu, charakterystyke fizykochemiczng
otrzymanych materiatéw, analize i interpretacj¢ zebranych danych
eksperymentalnych  oraz  napisanie  oryginalnej  wersji
manuskryptu.

P4 Weidner E., Kurc B., Samojeden B., Piglowska M., | 5,876 5,805 100
Kotodziejczak-Radzimska A., Jesionowski T., Ciesielczyk F.,
Exploiting the multifunctionality of a designed vanadium-doped
ZnO hybrid for selective catalytic reduction of NOy and
electrochemical applications, Journal of Environmental Chemical
Engineering 10 (2022) 108780. doi: 10.1016/j.jece.2022.108780

Moéj udziat w przygotowaniu tej publikacji naukowej obejmowat
opracowanie koncepcji badan i ich metodologii, synteze
i charakterystyke fizykochemiczng otrzymanych matryc
nieorganicznych na bazie tlenku cynku domieszkowanych
wanadem, udzial w testach katalitycznych materiatow w zakresie
selektywnej Katalitycznej redukcji NOy, analiz¢ i interpretacje
zebranych danych eksperymentalnych oraz napisanie oryginalnej
wersji manuskryptu.
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P5

Weidner E., Siwinska-Ciesielczyk K., Moszynski D., Jesionowski
T., Ciesielczyk F., A comprehensive method for tetracycline
removal using a lanthanum-enriched titania—zirconia oxide system
with  tailored physicochemical properties, Environmental
Technology & Innovation 24 (2021) 102016.
doi: 10.1016/j.eti.2021.102016

Moj udziat w przygotowaniu tej publikacji naukowej obejmowat
opracowanie koncepcji badan i ich metodologii, synteze
i modyfikacje matryc nieorganicznych  TiO,-ZrO,, ich
charakterystyke fizykochemiczna, przeprowadzenie testow
adsorpcji tetracykliny, analiz¢ i interpretacj¢ zebranych danych
eksperymentalnych ~ oraz  napisanie  oryginalnej  wersji
manuskryptu.

7,758

5,263

70

P6

Weidner E., Dubadi R., Samojeden B., Piasecki A., Jesionowski
T., Jaroniec M., Ciesielczyk F., Mechanochemical synthesis of
alumina-based catalysts enriched with vanadia and lanthana for
selective catalytic reduction of nitrogen oxides, Scientific Reports
12 (2022) 21294. doi: 10.1038/s41598-022-25869-w

Moj udziat w przygotowaniu tej publikacji naukowej obejmowat
opracowanie koncepcji badan i ich metodologii, syntezg
i modyfikacje matryc nieorganicznych na bazie tlenku glinu, ich
charakterystyke fizykochemiczna, udziat w testach katalitycznych
materiatdw w zakresie selektywnej katalitycznej redukcji NOx,
analize i interpretacje zebranych danych eksperymentalnych oraz
napisanie oryginalnej wersji manuskryptu.

4,996

4,409

140

Suma:

32,502

27,888

620
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2. Abstract

Oxide materials, due to their unique properties, ease of production and
modification, are commonly used in various industries. It is based on the assumption that
surface modification with organic species or the incorporation of different elements, such
as e.g. metal ions, into their structure may contribute to the improvement of their
structural parameters, surface, and catalytic activity, predisposing them to environmental
applications in adsorption, and (photo)catalysis processes (e.g. in the selective catalytic
reduction of nitrogen oxides). Therefore, research of this dissertation was undertaken on
the design and synthesis of functional matrices based on inorganic oxides (ZrOz, ZnO,
TiO2, Al203) modified with selected organic modifiers or doped with V and La elements.
The idea behind the synthesis of such materials was to obtain active connections between
the components and the synergistic effect of their operation. The selection of the most
suitable synthesis technique and appropriate process conditions significantly affects the
physicochemical, structural and functional properties of the obtained materials.
Therefore, research of this work focused on the selection of the most favorable synthesis
route and process parameters, evaluation of its effectiveness, as well as physicochemical
characterization of resulting materials, with particular emphasis on confirmation of the
incorporation of modifiers into their structure. A key point of the research were attempts
made to define the mechanism of incorporation of modifiers into the structure of inorganic
matrices, the nature of interactions between components, as well as determination of their
impact on the physicochemical properties of fabricated products. Experimental work was
complemented by subjecting obtained inorganic matrices to utility tests, enabling the final
verification of the proposed synthesis route and the determination of their potential
application spectrum in environmental processes involving the removal of pollutants from
model and real wastewater, as well from air by adsorption and (photo)catalysis
techniques, respectively. The design and production of inorganic matrices for
environmental applications, presented in this work, contribute to the development of
knowledge of active, functional materials, as well as technologies for environmental
purification. The doctoral thesis was presented as a collection of six monothematic
publications P1-P6.

The initial stage of the work was to conduct a literature study, which resulted in

creation of publication P1 ""Removal of hazardous oxyanions from the environment

10
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using metal-oxide-based materials' (Weidner E., Ciesielczyk F., Materials 12 (2019)
927), which is a review article about the harmful metal oxyanions adsorption processes
onto inorganic oxide-based materials. Based on the papers published in the years
1989-2019, in five sections, the adsorption of arsenic, vanadium, boron, tungsten and
molybdenum oxyanions on mono- and multioxide systems, with particular emphasis on
materials based on iron, aluminum, titanium and manganese oxides, was discussed. Each
section treats about the problem of contamination with anions of a given metal, their
behavior in the aqueous environment and adsorbents used to eliminate them, with a proper
discussion of adsorption mechanisms. Due to the participation in the OPUS 15 project
no. 2018/29/B/ST8/01122 entitled “Design and production of functional inorganic
matrices by in situ methods and by neutralization of waste sewage containing vanadates:
properties, surface interactions, catalytic and electrochemical tests”, focusing on the
removal of vanadates from the aquatic environment, special attention was addressed to
a wider exploration of the behavior of vanadium oxyanions. That resulted in a better
understanding of the connections between them and inorganic oxides, and also
determined the study undertaken within publication P2.

In the publication P2 "Insight into the removal of vanadium ions from model
and real wastewaters using surface grafted zirconia-based adsorbents: batch
experiments, equilibrium and mechanism study (Weidner E., Wojcik G., Kotodynska
D., Jesionowski T., Ciesielczyk F., Journal of Environmental Management 324 (2022)
116306) the process of adsorption of vanadium oxyanions onto zirconia-based systems
was described. Zirconia and ZrO, systems modified in situ  with
hexadecyltrimethylammonium bromide (CTAB) or N,N-dimethyltetradecylamine were
obtained in the sol-gel process. Based on the performed physicochemical
characterization, with particular emphasis on energy dispersive X-ray spectroscopy and
Fourier transform infrared spectroscopy, the effectiveness of the synthesis and
functionalization of ZrO,, ZrO,-CTAB and ZrO,-NH* materials was proven. The
influence of the process parameters on adsorption efficiency was examined, taking into
account the assessment of the reaction equilibrium, kinetics and thermodynamics,
influence of competing ions, and effectiveness of desorption process. Obtained results
enabled proposal of a probable adsorption mechanism. Synthesized oxides system
revealed properties predispose them to be used in the removal of vanadium oxyanions

from model and real contaminated solutions.

11
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Publications P1 and P2 contributed significantly in understanding the mechanisms
of vanadium compounds behaviour in the aqueous environment and adsorption onto
oxide-based materials. Vanadium compounds demonstrate strong catalytic properties.
Therefore, the development of technologies which enable not only effective removal of
V ions, but also their reuse in further applications would be beneficial.

Research undertaken in publication P3 **Synthesis of vanadium-enriched oxide
materials via modified sol-gel route with the use of waste solutions contaminated with
vanadium ions™ (Weidner E., Piasecki A., Siwinska-Ciesielczyk K., Jesionowski T.,
Ciesielczyk F., Physicochemical Problems of Mineral Processing 56 (2020) 60-75)
focused on the possibility of modifying the sol-gel method used for the synthesis of
ZrO./V compounds by replacing the traditional hydrolysis promoter with solutions of real
sewage containing vanadium compounds. In the initial stage of the research, it was shown
that the type of basic precursor (NHz or NaOH) does not significantly affect the chemical
composition of created zirconia. Then, in a double role of a hydrolysis promoter and
a vanadium precursor — model and real solutions of vanadium ions were used.
Experimental tests proved that raw wastewater containing vanadium can be effectively
used in sol-gel synthesis leading to creation of a mesoporous ZrO./V material.
The research described in this paper sheds new light on the possibility of reusing
vanadium-containing waste solutions in fabrication of functional ZrO-based matrices.

The effectiveness of the incorporation of vanadium from real sewage in the sol-
gel process contributed to research on obtaining a useful material enriched with vanadium
in such synthesis route. Research described in the publication P4 "Exploiting the
multifunctionality of a designed vanadium-doped ZnO hybrid for selective catalytic
reduction of NOx and electrochemical applications' (Weidner E., Kurc B., Samojeden
B., Piglowska M., Kotodziejczak-Radzimska A., Jesionowski T., Ciesielczyk F., Journal
of Environmental Chemical Engineering 10 (2022) 108780) were focused on obtaining
a material synergistically effective both in catalysis and electrochemistry processes. This
was achieved in the sol-gel synthesis process, in which a vanadium precursor was
introduced into the reaction system in situ, which led to the formation of ZnO/V hybrids.
It was shown that doping ZnO with vanadium compounds leads to the formation of
systems with higher catalytic activity and improved electrochemical properties, as well

as that the type of vanadium precursor used has a significant impact on these properties.

12
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The experimental results presented in papers P3 and P4 confirmed the
effectiveness of the proposed modification of the sol-gel method, inspiring an attempt to
change the modifying agent to lanthanum elements, the introduction of which was
expected to improve the adhesion of organic/inorganic compounds to the surface of the
oxide material. This idea resulted in creation of publications P5 and P6.

Publication P5 "A comprehensive method for tetracycline removal using
a lanthanum-enriched titania-zirconia oxide system with tailored physicochemical
properties”™ (Weidner E., Siwinska-Ciesielczyk K., Moszynski D., Jesionowski T.,
Ciesielczyk F, Environmental Technology & Innovation 24 (2021) 102016) describes the
sol-gel synthesis of a TiO2-SiO. hybrid material additionally enriched with lanthanum
and its use in a comprehensive tetracycline removal process, combining adsorption and
photodegradation. The idea was to fabricate bifunctional material that would exhibit both
high sorption and photoactivity ability. The key element of this work was to determine
the most suitable conditions and kinetics of the adsorption and photocatalysis processes.
It enabled interpretation of the mechanisms of tertacycline recovery/degradation, and
their high rates obtained indicate that the TiO>-SiO2/La material has high adsorption
capacities and photocatalytic abilities.

Publication P6 discusses the research on the oxide materials based on
functionalized alumina, which is the result of a three-month internship at Kent State
University and working under the supervision of an outstanding specialist in the field of
porous materials, in particular Al,O3 — Professor Mietek Jaroniec. In publication P6
""Mechanochemical synthesis of alumina-based catalysts enriched with vanadia and
lanthana for selective catalytic reduction of nitrogen oxides ** (Weidner E., Dubadi R.,
Samojeden B., Piasecki A., Jesionowski T., Jaroniec M., Ciesielczyk F., Scientific
Reports 12 (2022) 21294) describes the effective mechanochemical synthesis of oxide
materials based on alumina and their enrichment with vanadium and lanthanum species,
through in situ modification and their use in the ammonia-induced selective catalytic
reduction of nitrogen oxides (NH3-SCR) process. The modification of Al,O3 with the use
of vanadium and lanthanum resulted in a synergistic effect of their action, leading to
creation of efficient catalytic materials. Doping the Al203/VV.Os compound with
lanthanum inhibited the re-production of nitrogen oxides by the catalytic material at
higher temperatures. The introduction of V and La also contributed to the reduction of
N20O emissions compared to pure Al,O3. Obtained experimental data proved that the

13
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modification of alumina with vanadium and lanthanum compounds contributed to the
improvement of the catalytic ability of the material in the ammonia-induced SCR process.

Analysis of collected experimental data unequivocally confirmed the
effectiveness of the modified sol-gel processes and the mechanochemically assisted soft-
template method in the synthesis of functional oxide-based matrices and justified their
use in similar environmental processes. Thus, the assumed research goals were achieved

and the hypotheses were proven.

14
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3. Streszczenie

Materiaty tlenkowe ze wzgledu na unikalne wtasciwosci, tatwos¢ otrzymywania
oraz modyfikacji sa powszechnie wykorzystywane w wielu dziedzinach przemystu.
Oparte jest to na zatozeniu, ze modyfikacja powierzchni wybranymi zwigzkami
organicznymi czy wprowadzenie w ich strukture takich elementow jak np. jony metali,
moze przyczyni¢ si¢ do poprawy ich parametrow strukturalnych, aktywnosci
powierzchniowej oraz Katalitycznej, predysponujac je do zastosowan Srodowiskowych
w procesach adsorpcji i (foto)katalizy (m.in. w selektywnej redukcji tlenkéw azotu).
Bioragc pod uwagg powyzsze, W niniejszej dysertacji podjeto si¢ badan nad
zaprojektowaniem i syntezg aktywnych matryc na bazie tlenkéw nieorganicznych (ZrOg,
ZnO, TiO2, Al,0z) funkcjonalizowanych wybranymi modyfikatorami organicznymi lub
domieszkowanych in situ wanadem i lantanem. Ideg syntezy takich materiatéw byto
uzyskanie aktywnych potaczen pomiedzy komponentami i synergistycznego efektu ich
dziatania. Dobor odpowiedniej techniki syntezy oraz odpowiednie warunki procesowe
znaczaco wplywaja na wlasciwosci fizykochemiczne, strukturalne i uzytkowe
uzyskiwanych materiatow. Dlatego tez, zakres przeprowadzonych prac obejmowat
badania nad doborem najkorzystniejszej metody i warunkow syntezy, a takze
charakterystyka fizykochemiczna, ze szczegdlnym uwzglednieniem potwierdzenia
skutecznosci wprowadzenia modyfikatorow/domieszek w strukture uzyskanych matryc.
Istotnym elementem badan byty proby zdefiniowania mechanizmu wbudowania
modyfikatorow W strukture matryc nieorganicznych, charakteru oddziatywan pomiedzy
komponentami oraz okreslenie ich wptywu na wlasciwosci fizykochemiczne i uzytkowe
otrzymywanych produktow. Dopelnieniem prac eksperymentalnych byto poddanie
otrzymanych matryc nieorganicznych testom uzytkowym, umozliwiajacym weryfikacje
zaproponowanej metody syntezy oraz okreslenie ich potencjalnego spektrum
aplikacyjnego w procesach srodowiskowych. Wspomniane testy obejmowaty usuwanie
zanieczyszczen z modelowych i rzeczywistych roztworéw wodnych oraz powietrza
metodami adsorpcji i (foto)katalizy. Zaprojektowanie i wytworzenie funkcjonalnych
matryc nieorganicznych do zastosowan srodowiskowych zaprezentowane w niniejszej
pracy, przyczynia si¢ do rozwoju badan nad funckjonalnymi materiatami, a takze
technologiami oczyszczania srodowiska zgodnie z zasadami zréwnowazonej chemii.
Praca doktorska zostata przedstawiona jako zbior szesciu monotematycznych publikacji
P1-P6.
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Poczatkowym etapem prac bylo przeprowadzenie studium literaturowego,
w wyniku ktorego powstata publikacja P1 ,,Removal of hazardous oxyanions from the
environment using metal-oxide-based materials” (Weidner E., Ciesielczyk F.,
Materials 12 (2019) 927), bedaca artykutem przegladowym na temat procesu adsorpcji
szkodliwych oksyanionéw metali na materiatach tlenkowych. Na podstawie prac
opublikowanych w latach 1989-2019, w pigciu sekcjach omowiono adsorpcje
oksyanionéw arsenu, wanadu, boru, wolframu i molibdenu na uktadach mono- oraz
wielotlenkowych, ze szczegdlnym uwzglednieniem materialow bazujacych na tlenkach
zelaza, glinu, tytanu oraz manganu. W kazdej z sekcji opisano problem zanieczyszczenia
srodowiska oksyanionami danego metalu, ich zachowanie w $rodowisku wodnym,
adsorbenty stosowane do ich eliminacji oraz oméwiono mechanizmy ich adsorpcji.
Ze wzgledu na udziat w projekcie OPUS 15 nr. 2018/29/B/ST8/01122 zatytulowanym
., Projektowanie | wytwarzanie funkcjonalnych matryc nieorganicznych metodami in situ
oraz przez neutralizacje odpadowych sciekow zawierajgcych wanadany: wlasciwosci,
oddziatywania powierzchniowe, testy katalityczne i elektrochemiczne”, ktorego tematyka
dotyczyta usuwania wanadanow ze srodowiska wodnego, szczegblng uwage poswigcono
szerszemu zglgbieniu zachowan oksyanionéw wanadu, co zaowocowalo lepszym
zrozumieniem potaczen pomigdzy nimi a tlenkami nieorganicznymi, a takze

zdeterminowato tematyke badan podjgtych w ramach publikacji P2.

W publikacji P2 ,,Insight into the removal of vanadium ions from model and
real wastewaters using surface grafted zirconia-based adsorbents: batch experiments,
equilibrium and mechanism study” (Weidner E., Wojcik G., Kotodynska D.,
Jesionowski T., Ciesielczyk F., Journal of Environmental Management 324 (2022)
116306) opisano proces adsorpcji oksyanionow wanadu na ditlenku cyrkonu oraz
uktadach ZrO, modyfikowanych in situ w procesie syntezy zol-zel bromkiem
heksadecylotrimetyloamoniowym  (CTAB) lub  N,N-dimetylotetradecyloaming.
Na podstawie przeprowadzonej charakterystyki fizykochemicznej, ze szczegélnym
uwzglednieniem energodyspersyjnej spektroskopii rentgenowskiej i spektroskopii
w podczerwieni z transformacjg Fouriera, udowodniono skuteczno$¢ syntezy
i funkcjonalizacji materiatow ZrOz, ZrO,-CTAB oraz ZrO»-NH*. Zbadano wplyw
parametréw procesu na skuteczno$¢ adsorpcji, uwzgledniajac ocene rownowagi, kinetyki
i termodynamiki reakcji, obecnos¢ jonéw konkurencyjnych, a takze przeprowadzono

testy desorpcji, co umozliwito zaproponowanie prawdopodobnego mechanizmu
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usuwania oksyanionow wanadu. Zsyntetyzowana matryca tlenkowa wykazata
wlasciwos$ci predestynujace go do wykorzystania w procesach usuwaniu oksyanionow

wanadu z modelowych i rzeczywistych roztworow.

Analiza materialu eksperymentalnego zebranego w publikacjach P1 i P2
przyczynita si¢ znaczaco do poznania mechanizméw zachowan zwigzkéw wanadu
w srodowisku wodnym oraz ich adsorpcji na matrycach tlenkowych. Zwiagzki wanadu
wykazujg wlasciwosci katalityczne, dlatego korzystne bytoby opracowanie technologii,
ktore umozliwig nie tylko skuteczne usuwanie jonow V ze $rodowiska, ale rowniez ich

ponowne wykorzystanie w innych sektorach gospodarki.

W publikacji P3 ,,Synthesis of vanadium-enriched oxide materials via modified
sol-gel route with the use of waste solutions contaminated with vanadium ions”
(Weidner E., Piasecki A., Siwinska-Ciesielczyk K., Jesionowski T., Ciesielczyk F.,
Physicochemical Problems of Mineral Processing 56 (2020) 60-75) podjeto badania nad
mozliwoscig modyfikacji metody zol-zel uzytej do syntezy zwigzkoéw ZrOo/V,
polegajacej na zastgpieniu tradycyjnego promotora hydrolizy, roztworami s$ciekoéw
rzeczywistych zawierajacych zwigzki wanadu. W poczatkowym stadium badan
wykazano, ze rodzaj tradycyjnego prekursora (NHsz czy NaOH) nie wptywa znaczaco na
sktad chemiczny i wlasciwosci fizykochemiczne ditlenku cyrkonu. Nastepnie,
w podwojnej roli — promotora hydrolizy oraz prekursora wanadu — zastosowano
modelowe i rzeczywiste roztwory soli wanadu. Udowodniono, ze S$cieki surowe
zawierajace wanad moga by¢ skutecznie stosowane w syntezie zol-zel, prowadzac do
otrzymania mezoporowatego uktadu ZrO/V. Badania przeprowadzone w ramach
niniejszej pracy rzucaja nowe s$wiatlo na mozliwos¢ ponownego wykorzystania
roztworow odpadowych zawierajgcych wanad do projektowania funkcjonalnych matryc

na bazie ZrO,.

Skuteczno$¢ wbudowania wanadu ze $ciekow rzeczywistych w strukture ZrO»
w procesie zol-zel, przyczynita si¢ do podjecia badan nad otrzymaniem kolejnego
funkcjonalnego materiatu wzbogaconego wanadem. Badania opisane w publikacji P4
»EXploiting the multifunctionality of a designed vanadium-doped ZnO hybrid for
selective catalytic reduction of NOx and electrochemical applications” (Weidner E.,
Kurc B., Samojeden B., Piglowska M., Kotodziejczak-Radzimska A., Jesionowski T.,

Ciesielczyk F., Journal of Environmental Chemical Engineering 10 (2022) 108780) byty
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skoncentrowane na otrzymaniu materialu efektywnego zaréwno w Kkatalizie jak
I elektrochemii. Osiagnigto to syntezujac tlenek cynku metoda zol-zel, w ktorej in situ
wprowadzono prekursor wanadu do uktadu reakcyjnego, co doprowadzito do powstania
uktadu ZnO/V. Wykazano, ze domieszkowanie ZnO zwigzkami wanadu prowadzi do
powstania uktadow 0 wyzszej aktywnosci Katalitycznej i ulepszonych wtasciwosciach
elektrochemicznych, oraz ze rodzaj zastosowanego prekursora wanadu ma znaczacy

wptyw na te wlasciwosci.

Analiza wynikow prac eksperymentalnych zaprezentowanych w pracach P3 i P4
potwierdzita skuteczno$¢ zaproponowanej modyfikacji metody zol-zel, inspirujac do
podjecia proby zmiany czynnika domieszkujacego na lantan, po ktorego wprowadzeniu
oczekiwano poprawy adhezji zwigzkéw organicznych/nieorganicznych do powierzchni

matrycy tlenkowej. Zaowocowato to powstaniem publikacji P5 oraz P6.

Publikacja P5 ,,A comprehensive method for tetracycline removal using
a lanthanum-enriched titania—zirconia oxide system with tailored physicochemical
properties” (Weidner E., Siwinska-Ciesielczyk K., Moszynski D., Jesionowski T.,
Ciesielczyk F, Environmental Technology & Innovation 24 (2021) 102016) opisuje
syntez¢ zol-zel matrycy tlenkowej TiO2-SiO2 dodatkowo wzbogacanej lantanem
| zastosowanie otrzymanego materiatu w kompleksowym procesie usuwania tetracykliny,
taczacym adsorpcje | fotodegradacje. Ideg byto wytworzenie materiatu bifunkcyjnego,
ktory wykazywalby zarowno wysoka skutecznos¢ sorpcji, jak i zdolnosci
fotokatalityczne. Kluczowym elementem prac byto zdefiniowanie najkorzystniejszych
warunkow realizacji procesu usuwania substancji aktywnej farmaceutycznie, ze
szczegdlnym uwzglednieniem Kinetyki adsorpcji i fotokatalizy. Umozliwito to
zaproponowanie mechanizméw usuwania/degradacji tetracykliny z modelowych
roztworow wodnych, a uzyskane wysokie wydajnosci procesu wskazuja, ze materiat

Ti0,-Si02/La wykazuje znaczaca pojemnos¢ adsorpcyjna i aktywnos¢ fotokatalityczna.

Publikacja P6 traktuje o badaniach nad materiatami na bazie domieszkowanego
tlenku glinu, ktore sa poktosiem trzymiesigcznego stazu na Kent Stane University
I pracami pod kierownictwem wybitnego specjalisty w dziedzinie materiatlow
porowatych, a w szczegolnosci Al,O3 — profesora Mietka Jaronca. W publikacji P6
""Mechanochemical synthesis of alumina-based catalysts enriched with vanadia and

lanthana for selective catalytic reduction of nitrogen oxides ** (Weidner E., Dubadi R.,
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Samojeden B., Piasecki A., Jesionowski T., Jaroniec M., Ciesielczyk F., Scientific
Reports 12 (2022) 21294) opisano syntez¢ mechanochemiczng matryc na bazie tlenku
glinu, ich wzbogacenie wanadem i lantanem, realizowane in situ oraz zastosowanie
w procesie indukowanej amoniakiem selektywnej katalitycznej redukcji tlenkéw azotu
(z ang. Ammonia-Induced Selective Catalytic Reduction — NH3-SCR). Domieszkowanie
Al;03 wanadem i lantanem zaowocowalo synergistycznym efektem dziatania
komponentow uktadu, prowadzac do powstania wydajnych materiatow Kkatalitycznych.
Dodatkowe wprowadzenie lantanu w strukture uktadu Al,03/V20s zahamowato ponowne
generowanie tlenkow azotu przez material katalityczny w wyzszych temperaturach, co
nalezy uzna¢ za pozytywny efekt. Wprowadzenie V i La przyczynito si¢ takze do
zmniejszenia emisji N2O wzgledem czystego Al2Os. Analiza uzyskanych danych
eksperymentalnych dowiodta, ze domieszkowanie tlenku glinu wanadem i lantanem
przyczynito si¢ do poprawy wydajnosci Katalitycznej materialu w reakcji SCR

wspomaganej amoniakiem.

Analiza zebranego materialu eksperymentalnego potwierdzita skutecznosc¢
procesow  zol-zel oraz  metody migkkiego odwzorowania  wspomaganej
mechanochemicznie w syntezie aktywnych i funkcjonalnych matryc nieorganicznych.
Wskazata ponadto na mozliwos$¢ stosowania szerokiej gamy materiatdéw tlenkowych
w aspektach $rodowiskowych skoncentrowanych na usuwaniu wybranej grupy
zanieczyszczen. W ten sposob zalozone cele badawcze zostaly zrealizowane,

a postawione hipotezy udowodnione.
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4. Wprowadzenie teoretyczne

W latach 20. XXI wieku, w zwigzku z nieustajacym rozwojem technologii, a takze
samoswiadomoscia spoteczenstwa w zakresie ekologii i ochrony srodowiska wciaz ro$nie
zapotrzebowanie na wytwarzanie nowych materiatéw 0 specyficznych wiasciwosciach,
umozliwiajacych udoskonalenie przestarzatych technologii. Materialy tlenkowe, ze
wzgledu na unikalne wtasciwos$ci, zroznicowane mozliwosci syntezy i szerokie spektrum
zastosowan sg zwigzkami, W ktorych poktadane sg duze nadzieje srodowisk naukowych.
Byly one syntezowane i badane pod katem praktycznych zastosowan przez zespotly
badawcze z calego $wiata przez ostatnie dziesigciolecia. Dziedzina ta daje badaczom
szerokie pole do eksploracji trudnych probleméw w badaniach teoretycznych
I eksperymentalnych. W kolejnych podrozdziatach wnikliwie scharakteryzowano
materialty tlenkowe pod wzglgdem wiasciwosci  fizykochemicznych, metod
otrzymywania i modyfikacji, a takze przeprowadzono studium literaturowe na temat ich
zastosowan S$rodowiskowych w procesach adsorpcji zanieczyszczen Z roztworow
wodnych i katalizie srodowiskowej obejmujacej procesy fotokatalityczne i selektywna

redukcje tlenkow azotu.

4.1. Tlenkowe materialy nieorganiczne — stan wiedzy

Materiatem tlenkowym nazywa si¢ material 0 zdefiniowanym sktadzie, ktorego
glowny komponent stanowi tlenek nieorganiczny. Wykorzystuje si¢ zarowno uklady
proste — sktadajace si¢ z jednego tlenku, jak i ztozone — bedace kombinacjg dwoch lub
wiecej tlenkow nieorganicznych. Najczesciej materiaty te wystepuja w formie state;,
a rodzaj jonu metalu i forma tlenu determinuja ich wiasciwosci fizykochemiczne [1].
Czynniki decydujace 0 wlasciwosciach chemicznych i powierzchniowych tlenkéw metali

dzielg si¢ na:

e zwigzane Z materialem, determinowane sktadem chemicznym;
e zwigzane ze strukturg, determinowane budowg ciata stalego, W szczegolnosci

z obecnoscig defektow strukturalnych [2].

Substancje te stanowig bardzo zroznicowang strukturalnie grupe materiatow —
w zaleznos$ci od sktadu wykazuja szereg wilasciwosci fizykochemicznych, takich jak
rozwinigcie powierzchni  wiasciwej, struktura porowata, stabilno$¢ termiczna

I chemiczna, wytrzymato$¢ mechaniczna, a takze wlasciwosci magnetyczne, optyczne,
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powierzchniowe, katalityczne i elektrochemiczne, dzigki czemu sa to zwigzki Sszeroko
stosowane w przemysle i nauce. Na schemacie przedstawionym na Rysunku 1
przedstawiono uogoélnione, najwazniejsze pod katem zastosowan $rodowiskowych

wilasciwos$ci fizykochemiczne materiatow tlenkowych.

Odpornosé
chemiczna

MATERIALY
TLENKOWE

Wiasciwosci S - Struktura
katalityczne porowata

Odpornosé
termiczna

Rysunek 1. Najwazniejsze wiasciwosci fizykochemiczne materiatow tlenkowych.

W temperaturze pokojowej sa to z reguty substancje kruche, dlatego tez czesto
wystepuja W postaci proszkowej [3]. Materiaty tlenkowe wykazuja szeroki zakres
wilasciwosci  elektrycznych, od izolatorow po nadprzewodniki, potprzewodniki
i przewodniki [1]. Jesli za kryterium wzia¢ whasciwosci fizyczne, tlenki metali mozna
podzieli¢ na dwie gtowne grupy — tlenki metali nieprzejsciowych (np. MgO, SiO., Al203)
i tlenki metali przej$sciowych (np.V20s, ZrO,, Zn0O, TiO2, WO3). W tlenkach metali
nieprzejsciowych W petni zapetnione pasmo walencyjne i puste pasmo przewodnictwa sa
oddzielone duzg przerwa wzbroniona, dlatego tez w normalnych warunkach beda dziatac
one jako izolatory diamagnetyczne. W wysokich temperaturach wewnetrzna energia
aktywacji jest wyzsza niz energia wymagana do powstania i migracji defektow, stad
przewodnictwo jonowe bedzie dominujgce wzgledem przewodnictwa elektronowego.
Natomiast w przypadku tlenkéw metali przejsciowych tworza si¢ nietypowe struktury
elektronowe, determinowane wystepujacym metalem przejsciowym i sposobem jego
wigzania z tlenem, przez co wykazujg bardzo zréznicowane wihasciwosci strukturalne,

optyczne, elektryczne, katalityczne i magnetyczne [1].
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Tlenki metali sa szeroko stosowane jako no$niki katalizatorow metali, a niektore
z nich same sa dobrymi katalizatorami wybranych reakcji, co ma zwiazek z ich
wlasciwo$ciami powierzchniowymi. Obecno$é zaréwno kationdow, jak i anionéw na
powierzchni prowadzi do przewagi oddzialywan kwas/zasada lub donor/akceptor.
Miejscami kationowymi sa kwasy Lewisa, ktére moga wchodzi¢ w interakcje
z czasteczkami donorowymi, takimi jak H.O. Natomiast jony tlenkowe dziataja jako
miejsca zasadowe i moga wchodzi¢ w interakcje z akceptorami, takimi jak H™.
Oddziatywania kwas/zasada przewazaja w przypadku tlenkéw metali nieprzejsciowych,
w ktorych kation wystepuje tylko na jednym stopniu utlenienia. Natomiast tlenki metali
przejsciowych, ze wzglgdu na mozliwos¢ zmiany stopnia utlenienia z uwolnieniem lub
wychwytem elektronéw, moga rowniez oddziatywac z adsorbatami poprzez reakcje
utleniania/redukcji (redoks). Unikalng cechg adsorpcji na tlenkach metali jest udziat tlenu
sieciowego, dzigki czemu mozliwe sg reakcje redoks, w ktoérych powierzchnia wymienia
z adsorbatem nie tylko elektrony, ale rowniez atomy tlenu [4]. Zjawisko to umozliwia
prowadzenie wysoce selektywnych reakcji utleniania, w ktorych tlen moze by¢ dodany
do adsorbatu w postaci obojetnego atomu O. Utlenianie adsorbatu musi by¢
zbalansowane odpowiednig redukcja substratu — co najczesciej prowadzi do miejscowego
obnizenia stopnia utlenienia jonow metali na powierzchni. W reakcjach katalitycznych
powierzchnia musi zosta¢ ponownie utleniona, zwykle poprzez dysocjacyjna adsorpcje
O2. Reaktywno$¢ powierzchni tlenku metalu w stosunku do adsorbatu determinowana
jest konfiguracja elektronowa jego kationéw. Dlatego w tlenkach metali
nieprzejSciowych, w ktorych kation moze mie¢ tylko jeden stan walencyjny, oraz
w przypadku tlenkow metali przejsciowych, w ktorych dalsze utlenianie kationow nie jest

mozliwe, powierzchnie stechiometryczne sa niereaktywne [4].

Ze wzglgdu na wysoka réznorodnos¢ wiasciwosci wykazywanych przez tlenki
nieorganiczne, niemozliwym byloby doktadne przestudiowanie wszystkich waznych
w nauce i przemysle zwigzkoéw. Dlatego tez, ponizej pokrotce omowiono whasciwosci
czterech tlenkow szczegodlnie istotnych z punktu widzenia przeprowadzonych w dalszej

czesci tej dysertacji prac badawczych — ZrO», ZnO, TiO; oraz Al>Os.

Ditlenek cyrkonu charakteryzuje si¢ wysokg twardoscia, stabilno$cig termiczng
I chemiczng, wytrzymalo$cig mechaniczna, a takze duzg odpornoscia na $cieranie [5,6].

Ze wzgledu na unikalne wiasciwosci mikrostrukturalne, obejmujace obecnos¢ fazy
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krystalicznej, ksztalt i rozmiar czastek, jest szeroko wykorzystywany w wielu gateziach
przemyslu m.in. w zaawansowanej ceramice, materiatach kompozytowych oraz
w réznych fotochemicznych reakcjach heterogenicznych [7,8]. W zalezno$ci od metody
syntezy ZrO, wystepuje W fazie jednoskosnej, tetragonalnej i szeScienne;j.
W temperaturze pokojowej stabilno$¢ termodynamiczng wykazuje forma jednoskosna.
Wysoka temperatura procesu (powyzej 1170 °C) prowadzi do przeksztalcenia fazy
jednosko$nej W tetragonalng, a przy dalszym ogrzewaniu (powyzej 2370 °C) w forme
szescienng [9]. Tlenek ten stosowano zaréwno jako nosnik katalizatora, jak i sam
katalizator, gltéwnie ze wzgledu na jego staby odczyn kwasowy, a takze stabilno$¢
w warunkach utleniajacych oraz redukujacych. ZrO> jest skutecznym katalizatorem m.in.
w procesach Water Gas Shift — konwersji CO z parg wodng, w ktorej wytwarzany jest
wodor, reakcjach wymiany grupy metylowej zaadsorbowanego alkoholu izopropylowego
z powierzchniowa grupa OH, syntezy a-olefin z alkoholi drugorzgdowych, uwodornienia
butadienu oraz syntezy metanolu lub izobutenu [10]. Powierzchnia tlenku cyrkonu
zawiera r6zne miejsca aktywne katalitycznie — nalezg do nich kwasowe i zasadowe grupy
hydroksylowe Bronsteda oraz koordynacyjnie nienasycone pary kwasowo-zasadowe
Lewisa Zr**O? [11]. Materialy na bazie ZrO; s atrakcyjnymi kandydatami do usuwania
jonoéw wanadu. Ponadto, osadzajac na jego powierzchni wanad na drodze adsorpcji (P2)
czy wbudowujagc go w struktur¢ (P3), spodziewano si¢ wzmocnienia efektu

katalitycznego otrzymanego uktadu.

Tlenek cynku podobnie jak tlenek cyrkonu wystepuje w trzech formach
krystalicznych o strukturze jedno-, dwu- lub tréjwymiarowej. ZnO jest wyjatkowy wsrod
tlenkow metali, poniewaz wszystkie jego kationy i aniony sa w masie skoordynowane
tetraedrycznie, podczas gdy prawie wszystkie inne tlenki metali majg oktaedryczng
koordynacje kationow [4]. Zwiagzek ten charakteryzuje si¢ wysoka energia wigzania (60
meV), szerokim pasmem wzbronionym (3,37 eV), wysoka stabilno$cig termiczna,
chemiczng oraz mechaniczng [12]. Ze wzgledu na interesujace wlasciwosci ZnO,
a zwlaszcza porowata mikro/nanostrukture o stosunkowo duzej powierzchni wlasciwej
I duzg ruchliwo$¢ elektronow [13,14], wcigz podejmowane sg proby projektowania
nowych materialow na bazie tego zwigzku. ZnO jest nietoksyczny, biokompatybilny
I biodegradowalny, co wptywa na mozliwos¢ jego wykorzystania w biomedycynie oraz
w systemach srodowiskowych [15]. Wykorzystanie tlenku cynku jest takze korzystne pod

wzgledem ekonomicznym, gdyz stosunkowo tatwo jest go przygotowac i przetworzy¢,
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a operacje te wymagaja relatywnie niskich naktadow finansowych. Ponadto, wiele
wlasciwosci tlenku cynku mozna ulepszy¢ 1 wzmocni¢ poprzez domieszkowanie
np. zwigzkami wanadu, co prowadzi¢ ma do otrzymania materialu 0 istotnych

wilasciwos$ciach Katalitycznych i elektrochemicznych (P4).

Sposrod materiatow  tlenkowych, ditlenek tytanu jest najpowszechnigj
wykorzystywanym fotokatalizatorem. Tradycyjnie TiO. jest stosowany jako no$nik
glownie w reakcjach selektywnego utleniania na heterogenicznych Kkatalizatorach
wanadowo-tytanowych [16]. Zawdzigcza to istotnej przerwie energetycznej (3,0-3,2 eV),
wysokiemu wspotczynnikowi zatamania $wiatta (2,616-2,903), niskiej absorpcji
optycznej w zakresie widzialnym oraz dobrej stabilnosci chemicznej [17]. Naturalnie
wystepuje W trzech odmianach polimorficznych: rutylu, anatazu (struktura tetragonalna)
I brukitu (struktura rombowa). Ogrzewanie brukitu lub anatazu do temperatur powyzej
800 °C powoduje ich przejscie w strukture rutylu [18]. TiO2 jest powszechnie
wykorzystywany do produkcji ogniw stonecznych, katalizatorow heterogenicznych,
powlok samoczyszczacych, pigmentow, filtrow antybakteryjnych, sensoréw i wielu
innych. TiO2 moze by¢ wykorzystywany w roli komponenta uktadow di-
I politlenkowych wykazujacych poprawione wzgledem substratow wlasciwosci.
Przyktadowo, uktad tlenkowy TiO.-ZrO. wykazuje poprawione wiasciwosci strukturalne
(powierzchnia wilasciwa, porowato$¢) i mechaniczne wzgledem czystego TiO2 [19],

dzieki czemu moze wykazywacé lepsze zdolnosci sorpcyjne (P5).

Ostatnim z analizowanych w niniejszej dysertacji zwigzkow jest Al2Oa.
Zainteresowanie tym jedynym w zestawieniu tlenkiem metalu nieprzejsciowego wynika
z potrzeby znalezienia jeszcze skuteczniejszego materialu do  zastosowan
srodowiskowych oraz z badan prowadzonych podczas stazu na Kent State University,
w wyniku ktorego powstata publikacja wchodzaca w sktad monotematycznego cyklu prac
(P6). Tlenek glinu jest jednym z najczgséciej wykorzystywanych w oczyszczaniu $ciekow
tlenkow nieorganicznych. Zawdzigcza to swojej stosunkowo duzej powierzchni
wlasciwej (ok. 200 m?/g) oraz zréznicowanemu rozkladowi makro- i mikroporow.
Zwiazek ten moze wystepowac¢ W wielu odmianach polimorficznych, takich jak a-Al.O3
I v-Al203. Forma wystepowania zalezna jest od warunkéw procesowych jego
otrzymywania, w gtéwnej mierze od temperatury. Forme a-AlO3z charakteryzuje

struktura krystaliczna, a otrzymuje si¢ ja przez ogrzewanie uwodnionego Al.O3 powyzej
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1000 °C. Forma ta nie ulega hydrolizie. Natomiast y-Al.O3 posiada zdefektowana
struktur¢ z wakancjami kationowymi, dlatego jego powierzchnia wykazuje znaczne
powinowactwo do kationéw. Mozna go otrzymacé poprzez podgrzanie uwodnionego
Al>03 do temperatury ok. 4500 °C. Nanomateriaty na bazie tlenku glinu sg intensywnie
wykorzystywane w biomedycynie, w systemach dostarczania lekéw, optyce,
urzadzeniach elektronicznych, katalizatorach do réznych syntez przemystowych i wielu
innych [20].

Ostateczne wlasciwosci matryc nieorganicznych determinowane sa gtownie przez
ich sktad chemiczny oraz strukture. Latwos¢ syntezy i modyfikacji tych zwigzkow
powoduje wzmozone zainteresowanie srodowisk naukowych, a réznorodno$é
I fizykochemia tlenkow metali predysponuja je do rozmaitych zastosowan — w tym ich
wykorzystania w aspektach srodowiskowych ze szczegdlnym uwzglednieniem procesow
adsorpcji oraz katalizy. Wtasciwosci strukturalno-morfologiczne oraz fizykochemiczne
tych materialbw moga by¢ kontrolowane na etapie syntezy, uwzgledniajac przede
wszystkim dobor substratow, metody i warunkow procesowych. Dodatkowa przewaga
materiatow tlenkowych jest mozliwos¢ ich wzajemnego taczenia, co moze prowadzi¢ do
uzyskania efektu synergicznego dziatania komponentow, a takze daje mozliwosé
wprowadzenia domieszek w ich strukture. Metody otrzymywania i modyfikacji matryc
tlenkowych szczegoétowo omoéwiono w kolejnych rozdziatach niniejszej dysertacji.
Podsumowujac, dobor odpowiedniej matrycy nieorganicznej ma znaczacy wplyw na
powodzenie i efektywno$¢ procesu adsorpcji lub katalizy, dlatego do badan
przeprowadzonych w niniejszej dysertacji wybrano tlenki nieorganiczne wykazujace
wlasciwos$ci pozadane do zastosowan srodowiskowych. Wykorzystane matryce w postaci
ZrO,, ZnO, TiO2 oraz Al0s byly dotychczas z powodzeniem stosowane
w aspektach srodowiskowych, co szerzej opisano w podrozdziale 4.2 niniejszej
dysertacji. Mozliwos$¢ odniesienia si¢ do literatury pozwolita na doktadniejsze zbadanie
wplywu przeprowadzanych in situ modyfikacji na aktywnos¢ adsorpcyjng i katalityczna
badanych materiatow tlenkowych. Stad, idea prac eksperymentalnych prowadzonych
w niniejszej rozprawie doktorskiej byto zaprojektowanie i otrzymanie nowej grupy
funkcjonalnych  matryc  nieorganicznych  przeznaczonych do  zastosowan

srodowiskowych.
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4.1.1. Wybrane metody otrzymywania materialéw tlenkowych

Wiasciwosci  fizykochemiczne produktu koncowego takie jak morfologia
i charakter dyspersyjny, stabilnos¢ elektrokinetyczna oraz termiczna, parametry struktury
porowatej oraz charakter hydrofobowo-hydrofilowy sa determinowane poprzez jego
sktad chemiczny, metode syntezy oraz obrobke koncows, a W szczegolnosci obrobke
termiczng [21,22]. W zaleznosci 0od pozgdanych parametréw materiaty tlenkowe mozna
otrzymywa¢ na wiele réznych sposoboéw. Do najpopularniejszych metod syntezy
zwigzkow opartych na tlenkach nieorganicznych nalezg koprecypitacja (wspotstracanie)
oraz metoda zol-zel. Istotng ze wzgledu na aspekt ekologiczny jest takze metoda

mechanochemiczna bez lub z wykorzystaniem wzorca.

Metoda wspotstracania jest niewatpliwie bezkonkurencyjna pod wzgledem
ekonomii i prostoty procesu [23]. Stracanie, w przypadku monotlenkowow, czy tez
wspotstracanie W przypadku uktadéw multitlenkowych, odbywa sie w roztworach
wodnych, a jego gtéwnym zatozeniem jest wykorzystanie prostych zwigzkoéw
chemicznych takich jak sole nieorganiczne czy kwasy mineralne w matych stezeniach.
Proces przebiega w tagodnych warunkach, generujac odpad w postaci rozcienczonych
roztworow substratow, ktore po zatezeniu mogg by¢ zawrocone do reakcji. Proces ten nie
jest skomplikowany, jednak prowadzi do uzyskania zwigzkow 0 niskiej czystosci. Aby
calkowicie wytraci¢ wszystkie kationy i kontrolowaé¢ stechiometri¢ materiatu
koncowego, proces wytrgcania nalezy prowadzi¢ z duza doktadnoscig [24], co jest
problematyczne, a czesto nawet niemozliwe w skali przemystowej. Stad nieustannie
poszukuje si¢ alternatywnych sposobow syntezy materiatow tlenkowych, ktorych

ograniczenia sg zminimalizowane.

Aktualnie proces zol-zel jest jednym z najpopularniejszych sposobow syntezy
nieorganicznych materiatow tlenkowych [25], gdyz w porownaniu z innymi metodami
syntezy technika ta pozwala na doktadng kontrole rozwinigcia powierzchni i objetosci
poréw, a takze daje mozliwos¢ uzyskania materiatdéw 0 mikro- i nanostrukturze oraz
wysokiej czystosci [26]. Metoda zol-zel jest stosunkowo prosta — opiera si¢ na
nastepujacych po sobie reakcjach hydrolizy i kondensacji, ktore prowadza do powstania
mostkow metal-tlen-metal, a nastepnie zelowaniu materialu, co schematycznie
przedstawiono na Rysunku 2 [25]. Podstawowymi substratami sg alkoholany i/lub

acetyloacetoniany metali stosowane jako prekursory tlenkow metali. Synteza przebiega
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w roztworze alkoholu — czgsto izopropanolu. Aby mogta zaj$¢ reakcja hydrolizy,
konieczne jest wprowadzenie do uktadu promotora hydrolizy — silnie kwasowego lub
zasadowego roztworu. Najczesciej w tej roli stosuje sie kwas chlorowodorowy lub
amoniak. Doborem odpowiedniego promotora hydrolizy mozna wptywa¢ na finalne
wlasciwosci fizykochemiczne produktu np. na morfologig¢ i strukturg porowatg. Dlatego
warunki pracy i parametry takie jak: obecnos¢ rozpuszczalnikow bezwodnych, atmosfera,
ilo$¢ wody, szybkos¢ dozowania reagentéw oraz pH muszg by¢ doktadnie kontrolowane
[24]. Reakcje hydrolizy i kondensacji przebiegaja w temperaturze zblizonej do
pokojowej, tworzac zol, w ktérym rozproszone sg polimery lub drobne czastki. Dalsza
reakcja taczy, zestala zol w mokry zel, wciaz zawierajacy wodg i rozpuszczalniki
wymagajace usuni¢cia. W tym celu uktad pozostawia si¢ do starzenia w temperaturze
otoczenia lub wyzszej, w wyniku czego powstaje wysuszony zel wymagajacy
rozdrobnienia. Aby doktadniej oczysci¢ finalny produkt, mozna poddaé¢ go procesowi
kalcynacji, ktory usunie pozostalosci po wodzie i rozpuszczalnikach, a takze moze
wplyng¢ na uzyskanie struktury Krystalicznej materiatu. Jednak kalcynacja nie jest
konieczna, szczeg6lnie gdy celem jest otrzymanie materiatu amorficznego o dobrze
rozwinigtej strukturze porowatej [25]. Dodatkowym atutem metody jest mozliwos¢ jej
modyfikacji i bezproblemowego wprowadzenia in situ domieszki do struktury
syntezowanego materiatu. Dzigki tatwosci sterowania mikrostrukturg produktu poprzez
dobor odpowiednich warunkow procesowych mozna otrzymywaé roznego rodzaju
materiaty — mikrostruktury geste, porowate, hybrydowe, organiczno-nieorganiczne,
amorficzne, krystaliczne [25]. W ten sposob mozliwym jest uzyskanie szerokiego
wachlarza materiatow funkcjonalnych o pozadanych wtasciwosciach optycznych,
elektronicznych,  mechanicznych, chemicznych, a takze Dbiochemicznych

I biomedycznych.

Promotor hydrolizy
Substraty > Zat - 27 Produktkoncowy:
alkoholany metali > elowanie, matryca nieorganiczna
( d ,_) Hydroliza dojrzewanie u i
lub starzenie
utworzenie mostka -metal-tlen-metal-
(-Me-O-Me-)

Rysunek 2. Schematyczne przedstawienie zafozer metody zol-zel.
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Synteza mechanochemiczna jawi si¢ jako ekologiczna alternatywa otrzymywania
materiatow tlenkowych wzgledem tradycyjnych metod mokrych, wykorzystujacych
drogie i czesto niebezpieczne substraty i rozpuszczalniki, a ponadto wymagajacych
ogrzewania i wieloetapowej obrobki koncowej [27]. W konwencjonalnej syntezie
chemicznej rozpuszczalnik bierze udziat w dystrybucji energii oraz transporcie
substratow  umozliwiajac  zajscie  reakcji  chemicznej.  Proces  mieszania
wysokoobrotowego moze niemal catkowicie wyeliminowa¢ problem zuzycia
rozpuszczalnika, umozliwiajac reakcj¢ w fazie statej tylko przy uzyciu jego minimalnych
ilosci np. w procesach mielenia kulowego na mokro lub mielenia ze wspomaganiem
ciecza. Unikalnym zjawiskiem zachodzacym w metodzie mechanochemicznej jest
reakcja w stanie statym pomiedzy dwoma lub wieloma sktadnikami, bez ogrzewania,
prowadzaca do powstania zwigzku [28]. Metoda ta wywotuje przemiany chemiczne
srodkami mechanicznymi, takimi jak sciskanie, §cinanie czy tarcie [29]. Przebieg reakcji
mechanochemicznej zalezy od zmiany swobodnej energii Gibbsa badanej probki oraz
zdolnosci urzadzenia do akumulacji i skupienia docelowej energii naprezen na reakcji,
celem jej inicjacji [28]. Proszkowe substraty zostajg uwiezione W naczyniu mielagcym i Sa
konsekwentnie zgniatane przez obecne w nim kule mielgce, zderzajace si¢ migedzy soba,
przez co ulegaja odksztatceniu plastycznemu i sa wielokrotnie sptaszczane, zgrzewane na
zimno, tamane i ponownie spawane. Sita uderzen powoduje zerwanie wigzan
krystalograficznych i wytworzenie nowych powierzchni, umozliwiajacych tatwe
zgrzewanie si¢ czastek, przez co zwigksza si¢ szybkos$¢ rozpuszczania materiatu statego,
a ciagle odksztatcenia mechaniczne wptywaja na koncowy rozmiar ziaren. Ponadto, wraz
ze wzrostem energii powierzchniowej zachodza glebokie zmiany wplywajace na
powierzchnig, wlasciwosci fizykochemiczne i strukturalne materiatu, co prowadzi do
powstawania defektow krystalicznych, takich jak zwigkszona liczba granic ziaren,
dyslokacje, luki i atomy mig¢dzyweztowe, bledy utozenia oraz zdeformowane i/lub
zerwane wigzania chemiczne [28]. W zwiazku z powstaniem takiej zdefektowanej
struktury dyfuzyjnos¢ pierwiastkow rozpuszczonych zwigksza si¢, a co za tym idzie,
rozdrabnianie mieszaniny dwoch lub  wiecej substancji statych  powoduje
mikrohomogenizacje  sktadnikow  wyjSciowych, prowadzagc do powstawania
drobnoziarnistych proszkow materiatu finalnego [28]. Proces ten moze by¢ dodatkowo
zmodyfikowany poprzez wprowadzenie mi¢ckkiego lub twardego wzorca. Wykorzystanie

metody opartej na mickkich szablonach ma na celu wspdlne sktadanie czasteczek wzorca
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(czgsto surfaktantu) i wilasciwego zwigzku koncowego W uporzadkowang strukture
mezoporowatg, ktorag uzyskuje si¢ po usunigciu szablonu w procesie kalcynacji [30].
Natomiast w przypadku stosowania twardych szablonow protektorowa porowata macierz
finalnego zwiazku jest infiltrowana czasteczkami prekursora (tj. roztworem glukozy lub
celulozy), po czym nastepuje karbonizacja hydrotermiczna wewnatrz porow macierzy
protektorowej 1 usunigcie Szablonu [31]. W zakresie materialow tlenkowych
mechanochemia umozliwia ekologiczne wytwarzanie porowatych nanomaterialow
tlenkowych o duzej r6znorodnosci, stajac si¢ niezwykle potezng i uniwersalng metoda ich
syntezy [27].

Wszystkie omowione powyzej Sposoby syntezy pozwalaja na skuteczne
otrzymywanie materiatow 0 duzej réznorodnosci i okreslonych wiasciwosciach
strukturalno-morfologicznych. Kazda z zaprezentowanych metod ma zarowno wady, jak
I zalety, a wybor najodpowiedniejszej z nich powinien by¢ podyktowany ekonomig
I pozadanymi wlasciwos$ciami strukturalnymi oraz fizykochemicznymi materiatu

koncowego, ktore sg niezbedne dla konkretnego zastosowania.

4.1.2. Modyfikacje materialow tlenkowych

W celu poprawy wilasciwosci fizykochemicznych oraz  aktywnosci
powierzchniowej uktady tlenkowe moga by¢ dodatkowo modyfikowane np. poprzez
modyfikacj¢ powierzchni, immobilizacje, o0sadzanie elektroforetyczne, a takze
domieszkowanie. Modyfikacja powierzchni  jest czesto stosowana celem
zminimalizowania energii powierzchniowej czastek i zmniejszenia ich tendencji do
tworzenia agregatow [32,33]. Odpowiednio przeprowadzona modyfikacja prowadzi do
poprawy wiasciwosci powierzchniowych czastek bez zmiany ich wtasciwosci w masie
[34]. Wyr6znia si¢ modyfikacje fizyczng i chemiczng. Metoda fizyczng jest fizysorpcja
srodkow powierzchniowo czynnych lub makroczasteczek na powierzchni materiatu,
zachodzaca w wyniku oddziatywan elektrostatycznych grup polarnych [35]. Natomiast
modyfikacja chemiczna zachodzi poprzez wigzanie kowalencyjne modyfikatora
z powierzchnig czgstek materiatu [36]. Wykorzystuje si¢ do tego roznego rodzaju srodki
sprzegajace  takie jak kwasy karboksylowe, polimery, silany, czasteczki

fosforoorganiczne i bioorganiczne [37].

Immobilizacja (unieruchomienie) to proces prowadzacy do czesciowego lub

catkowitego ograniczenia mozliwosci ruchu, poprzez zwiagzanie zZ nosnikiem czgsteczek,
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substancji, czy tez materialow biologicznych [38,39]. Zaleznie od czynnika
immobilizowanego, materiat zyskuje nowe funkcje lub tez uwypuklaja si¢ jego juz
istnicjgce zdolnosci. Termin immobilizacja najczesciej jest stosowany w kontekscie
unieruchomienia na powierzchni nosnikéw enzymoéw, bedgcych katalizatorami wielu
reakcji biochemicznych, co wykorzystuje si¢ m.in. w sensorach, katalizie srodowiskowej,
czy produkcji biopaliw [38,40]. W wyniku immobilizacji dochodzi do zmiany stanu
katalizatora i przejscia z fazy homogenicznej (enzym) w heterogeniczng
(enzym + nosnik). Do immobilizacji enzyméw mozna wykorzystaé rézne rodzaje
nos$nikow, ktorych typ determinowany jest gtownie rodzajem enzymu i przeznaczeniem
uktadu biokatalitycznego [39]. Ze wzgledu na rozwinigtg strukture porowata,
przezroczysto$¢ optyczng (przerwa wzbroniona typowo ponizej 400 nm),
nietoksyczno$¢, tatwos¢  wytwarzania, stabilnos¢ mechaniczng, chemiczng
I fotochemiczng oraz aktywnos$¢ elektrochemiczna, tlenki nieorganiczne sa jednymi

z najczesciej wykorzystywanych nosnikéw w immobilizacji enzymow [41].

Proces nanoszenia elektroforetycznego polega na osadzaniu na powierzchni
nosnika czgstek innej substancji z wodnego uktadu dyspersyjnego, organicznego uktadu
dyspersyjnego lub z roztworu koloidalnego, pod wptywem przylozonego pola
elektrycznego. Podobnie jak w przypadku innych procesow wytwarzania powtok,
szybko$¢ osadzania i jako$¢ powtoki to dwa Kluczowe kryteria oceny skuteczno$ci
I przydatnosci nanoszenia elektroforetycznego. Czastki tlenku metalu mogg miec
potencjal do wytwarzania wielowarstwowych uktadéw polprzewodnikowych lub
przewodnikowych, ktoére rozciaggaja si¢ na duzych obszarach, co moze by¢ przydatne

w aplikacjach elektronicznych [42].

Domieszkowanie jest czesto stosowang metoda zmiany wiasciwosci materiatu,
w ktorej jeden lub wiecej pierwiastkow lub zwigzkow jest domieszkowanych do podtoza
w celu uzyskania okreslonych witasciwosci np. elektrycznych i/lub optycznych [43].
Proces ten moze by¢ przeprowadzony podczas praktycznie kazdej metody syntezy,
uwzgledniajgc wspolstragcanie, metode zol-zel, syntezy z wykorzystaniem wzorca i inne.
Wprowadzenie domieszki w strukture tlenkéw nieorganicznych w procesach in situ
polega na dodaniu czynnika modyfikujacego na etapie syntezy, umozliwiajac mu
swobodng reakcje ze zwigzkiem macierzystym i wytworzenie trwatych potagczen migdzy

nimi. Procedura ta moze wywotywaé zmiany w strukturze Kkrystalicznej metalu
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macierzystego, co powoduje m.in. zmiany w przerwie wzbronionej [44]. W wigkszosci
przypadkoéw domieszkowanie powoduje zmniejszenie pasma wzbronionego, co zostato
opisane miedzy innymi w przypadku ZnO wzbogacanego jonami Mn?* czy zwiazkami
miedzi, oraz TiO2 z r6znymi domieszkami [45]. Zarowno metale, jak i niemetale moga
by¢ stosowane jako domieszki do regulacji pasma wzbronionego tlenkow metali [46].
Sposrod domieszek niemetalicznych najczesciej stosuje sie azot, wegiel, fosfor, fluor,
chlor, jod, siarke i inne tellurki, takie jak selen i tellur. Domieszki te mogg zastepowaé
miejsca atomowe tlenu lub metalu macierzystego, a takze wystepowac¢ jako domieszka
srodmigzszowa. Wprowadzenie czynnika modyfikujacego moze prowadzi¢ do uzyskania
dodatkowych stanow energetycznych domieszki pomigdzy pierwotng przerwa
wzbroniona, ktore powoduja znaczace nowe wzbudzenia odpowiadajace dtugosciom fal
$wiatta widzialnego. Domieszki dziataja dodatkowo jako zanieczyszczenie, co prowadzi
do powstania defektow, ktore moga wywolywaé dodatkowe cechy optyczne.
Przyktadowo luki tlenowe, powstate w wyniku wprowadzenia w strukturg tlenkéw metali
azotu i siarki, czgsto powoduja zwickszong aktywnos¢ w $wietle widzialnym [46].
Najczesciej wykorzystywanymi domieszkami metalicznymi sag metale przejsciowe,
metale potransformacyjne, metale ziem alkalicznych i metale ziem rzadkich. Domieszki
metaliczne moga powodowac¢ powstanie defektow i zmian w zachowaniu dyfuzyjnym,
ktore moga przyczyni¢ si¢ do zwigkszenia transportu tadunku i ruchliwosci elektronow,
zwigkszajac wydajnos¢ elektryczng. Ponadto, wprowadzenie kationow moze rowniez

dodatkowo spowodowaé wzbudzenie aktywnosci katalitycznej materiatu [44].

Istotny wptyw na finalne wiasciwosci materiatu tlenkowego ma takze etap
obrobki koncowej, a szczegdlnie proces kalcynacji, czyli obrobki termicznej. Parametry
procesu termicznego majg wptyw na wyksztalcenie okre$lonej struktury porowatej,
charakteru hydrofilowo-hydrofobowego, charakterystyki dyspersyjnej,
a co najwazniejsze budowy krystalicznej uktadow tlenkowych. Metoda ta daje mozliwos¢
zmiany wlasciwosci, bez prowadzenia modyfikacji kosztownymi odczynnikami,
a takze jest procesem bezodpadowym. Wyodrebniona i zdefiniowana struktura
krystaliczna jest pozadang cecha materiatow do zastosowan w konkretnych aspektach

technologicznych takich jak kataliza czy elektrochemia.
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4.2. Zastosowanie materialow tlenkowych w aspektach srodowiskowych
Intensywny rozwo6j przemystu, medycyny i wzrost zaludnienia ziemi przyczynit
si¢ do zwigkszonego zanieczyszczenia srodowiska. Jednak idacy za tym rozwdj naukowy
zwigkszyl swiadomos¢ spoteczng w zakresie form zanieczyszczen i na NOwo rozbudzit
potrzebe ich skutecznej eliminacji. Uproszczony schemat dziatania w oczyszczaniu

srodowiska przedstawiono na Rysunku 3.

Rozwoj
przemystu

Zanieczyszczenia
srodowiska

Testy na
roztworach
rzeczywistych

Poszukiwanie

wydajnej metody
oczyszczania

Rysunek 3. Uproszczony schemat cyklu usuwania zanieczyszczen.

Jednym z bardziej eksploatowanych zastosowan materiatow tlenkowych jest ich
wykorzystanie w aspektach srodowiskowych — gtownie w procesach oczyszczania wod
I powietrza. Ze wzgledu na wczesniej opisywane whasciwosci fizykochemiczne takie jak
rozwinigta powierzchnia wiasciwa, obecno$¢ grup funkcyjnych na powierzchni
(aktywno$¢ powierzchniowa), a takze wykazywane zdolno$ci katalityczne, sg one chetnie
stosowane w procesach adsorpcji i (foto)katalizy.

4.2.1. Adsorpcja zanieczyszczen z roztworow wodnych

Zbiorniki i cieki wodne sg powaznie zanieczyszczone z powodu rozwoju
przemystu, nieplanowanej urbanizacji i wzrostu zaludnienia. Wsréd zanieczyszczen
znajdujg si¢ zarbwno zwigzki organiczne, jak i nieorganiczne. Szczegodlnie ucigzliwymi

zanieczyszczeniami sa barwniki, substancje farmaceutyczne, jony metali cig¢zkich
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I szkodliwych, pestycydy czy detergenty. Wiele z tych substancji wykazuje tendencje do
gromadzenia si¢ W zywych organizmach, wywotujac rozne choroby i zaburzenia [47].
Dotychczas z powodzeniem zastosowanych zostato wiele metod oczyszczania wod, m.in.
wymiana jonowa, procesy membranowe, metody stragceniowe, ekstrakcja, utlenianie
chemiczne czy adsorpcja. Adsorpcja ze wzgledu na prostote, tagodne warunki i niskie
koszty procesu jest jedng z szerzej wykorzystywanych technik eliminacji zanieczyszczen
ze $rodowisk wodnych. Niewrazliwos¢ na zwigzki toksyczne, brak zanieczyszczen
wtornych oraz wysoka wydajnos¢ sa dodatkowymi atutami tej metody [48]. Powodzenie
procesu adsorpcji jest w duzej mierze determinowane zastosowaniem odpowiedniego
adsorbentu, dlatego badania nad tym procesem opieraja si¢ przede wszystkim na selekcji
odpowiednich materiatow adsorpcyjnych. Istotnymi cechami idealnego adsorbentu sa
biokompatybilnos¢, nietoksycznos$¢, dostgpnosé, odnawialnosé, biodegradowalnose,
rozwinigta powierzchnia wiasciwa, a takze stabilno$¢ termiczna i1 odpornosc

mechaniczna, co przedstawiono schematycznie na Rysunku 4.

Rozwinieta
powierzchnia
wiasciwa

(porowatosc)

Obecnos¢ grup
funkcyjnych na
powierzchni

(aktywnosc)

Stabilnosc
_ termiczna
i mechaniczna

Rysunek 4. Cechy uniwersalnego adsorbentu.

Tlenki metali sg bardzo efektywne w procesach adsorpcyjnych w stosunku do
innych sorbentéw m.in. ze wzgledu na wysoki stosunek powierzchni do objetosci,
strukture porowata, niska toksycznos¢, stabilno$¢ chemiczng i termiczna, wysoka
aktywno$¢, tatwosé odzysku, wysokie powinowactwo do adsorbatow przez obecnosc

w ich strukturach miejsc kwasowo-zasadowych Lewisa [49,50]. Dlatego tez sg szeroko
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stosowane do usuwania jonow metali ci¢zkich, barwnikow oraz farmaceutykow ze
sciekéw. Dotychczas zwiagzki takie jak TiOz, FesOs, MnO2, MgO, CdO, ZnO, CuO,
Al>O3, CeOy, ZrO> i wiele innych zostato przebadanych w procesach adsorpcji [49,50].
Adsorbenty oparte na tlenkach metali zawierajg grupy funkcyjne, np. -OH oraz miejsca
aktywne, ktoére moga adsorbowac szeroki zakres zanieczyszczen [51,52]. Stad tez, tlenki
metali, ktore jako materiaty krystaliczne zawieraja kation metalu i anion tlenkowy,
np. MgO, Al;Os3, Fe203, Fe304, CuO i ZnO sg w stanie osiagng¢ zwigkszong skutecznosé
adsorpcji [50,53,54].

Jony metali takich jak arsen, otoéw, rte¢, chrom, nikiel, kadm, wanad czy cynk,
nalezag do jednych z najniebezpieczniejszych zanieczyszczen naturalnych zasobow
wodnych [55]. Za ich Zrédta uznawane sg glownie przemyst chemiczny, tekstylny,
motoryzacyjny oraz wysypiska $mieci. Jony te wraz ze $ciekami przemystowymi lub
opadami atmosferycznymi w postaci tzw. kwasnych deszczy, przedostajg si¢ do
zbiornikow wodnych, zanieczyszczajac je. Z uwagi na mozliwos¢ kumulacji metali
w organizmach zywych, a takze duza trudnos¢ ich degradacji, zanieczyszczenie to
stanowi jeden z kluczowych wyzwan dzisiejszej ochrony srodowiska. Poniewaz
adsorbenty na bazie tlenkow metali zawieraja na powierzchni rézne grupy funkcyjne,
znajduja one szerokie zastosowanie w sorpcji jonéw metali szkodliwych. Obecnie Al2O3
jest klasyfikowany przez Agencje Ochrony Srodowiska Stanéw Zjednoczonych USEPA
(z ang. United States Environmental Protection Agency) jako jeden z najlepszych
dostepnych materiatow stosowanych w technologii usuwania arsenu z wody pitnej
[56,57]. Aktywowany tlenek glinu wykazuje silng selektywnos¢ wzgledem jonow As(V),
nie jest szkodliwy i moze by¢ bezpiecznie deponowany na wysypiskach $mieci. Materiaty
oparte na tlenku glinu byty takze z powodzeniem stosowane w oczyszczaniu wod Z jonow
boru oraz wanadu [55]. MnO2 w postaci mineralnej jest stosowany w uzdatnianiu wody
od ponad 75 lat, skutecznie usuwajac zelazo, mangan i arsen w pH z zakresu 5-9 [58].
Hematyt (a-Fe203) jest najtrwalszym tlenkiem Zelaza i jest stosowany w adsorpcji metali
cigzkich takich jak arsen — wykazuje pojemnosci adsorpcji 4,1 mg/g dla As(V) i 2,9 mg/g
dla As(l1) [59]. Magnetyt (FesOs) jest skutecznym adsorbentem jonéw Pb(l1), Cr(111)
oraz Cd(Il) osiagajac pojemnosci sorpcyjne odpowiednio 617, 277 oraz 224 mg/g [60].
Nanoczastki TiO2 wykazuja silng zdolnos$¢ adsorpcji, rozwinigtg powierzchnie wtasciwag
oraz odpornos¢ na media kwasne | zasadowe, dzigki czemu z powodzeniem byty

stosowane do eliminacji jonow wanadu (pojemnos¢ adsorpcji — 10 mg/g) [61,62].
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Ponadto, podejmowano réwniez proby adsorpcji wanadu na powierzchni TiO2 w celu
otrzymania katalizatora wanadowo-tytanowego [61]. Przyktadow zastosowania
materiatdéw tlenkowych w adsorpcji jonow metali jest bardzo wiele. Szczegdtowe
studium literaturowe na temat adsorpcji jonéow As, V, B, w i Mo na materiatach
tlenkowych przeprowadzono w publikacji P1 stanowiacej cze$¢ niniejszej dysertacji

I zalaczonej w catosci w rozdziale 9.

Jak wspomniano na poczatku tego podrozdziatu, rozwoj rolnictwa i przemystu
doprowadzit do skazenia zbiornikéw wodnych $rodkami farmaceutycznymi,
pestycydami i innymi ksenobiotykami [50]. Dotychczas w literaturze pojawito si¢ wiele
doniesien opisujacych usuwanie tych substancji z roztworu za pomoca materiatlow
tlenkowych takich jak Fe20s, ZnO, Al:03 and ZnO-MgO na drodze adsorpcji.
Szczegodlnie zwigzki zelaza byty intensywnie studiowane w zakresie usuwania substancji
farmaceutycznych. Zmodyfikowane ekstraktami z todygi Nelumbo nucifera, bulw
Colocasia esculenta i lisci Piper betle nanoczastki tlenku zelaza wykazuja wysoka
skuteczno$¢ adsorpcji karbamazepiny — 52% z roztworu 0 stezeniu poczatkowym
0.005 g/dm® [63]. Nanoczastki FesOs zsyntezowane przy uzyciu ekstraktu z lisci
Excoecaria cochinchinensis zastosowano do eliminacji ryfampicyny [64]. Na goetycie
skutecznie adsorbowano kwas oksolinowy, lewofloksacyne, diklofenak, ketoprofen,
naproksen i tetracykling [50]. Sorbenty oparte na tlenku zelaza moga by¢ z powodzeniem
wykorzystane do eliminacji acetamiprydu, atrazyny, chloropiryfosu i tiametoksamu
z wody rzecznej [65]. Tlenek cynku stosowano w adsorpcji chlorowodorku
cyprofloksacyny, osiagajac wydajnos¢ 85% w pH 4, a takze adsorpcji konkurencyjnej
w uktadach chlorowodorek ofloksacyny + chlorowodorek cyprofloksacyny oraz
paracetamol + diklofenak osiagajac pojemno$¢ adsorpcji na poziomie okoto 2 mg/g [50].
We wszystkich przypadkach ZnO wykazywat dobrg skuteczno$¢ adsorpcji badanych
lekow w roztworach pierwotnych, a pH odgrywato wazna rolg w tym procesie. Pomimo
dobrej wydajnosci monotlenkow metali, kompozyty sktadajace si¢ z dwoch lub wigcej
tlenkow metali wykazuja lepsza skutecznos¢ w usuwaniu zanieczyszczen organicznych
dzigki synergicznemu dziataniu tlenkow metali uczestniczacych w ich strukturach.
Dlatego tez uktady takie jak MgFe2O4, NiFe20s4, ZnO-MgO, uktady tlenkow zelaza
I miedzi i wiele innych hybryd bylo z powodzeniem wykorzystywanych w procesach
usuwania farmaceutykow [50]. Doskonate wydajnosci adsorpcji wykazywane przez

najczesciej stosowane tlenki metali i ich kompozyty w procesach usuwania réznych
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lekow/pestycydow stanowig solidng podstawe dalszych badan nad nowymi adsorbentami

I ulepszaniem ich wydajnosci w procesach srodowiskowych.

4.2.2. Kataliza srodowiskowa

Jak wspomniano w poprzednim rozdziale, czysta woda pitna jest kluczowym
elementem dla przezywalnos$ci organizméw zywych, a zwigzana z dziatalno$ciag
cztowieka produkcja scickow przemystowych stanowi ogromny problem srodowiskowy.
Wody odpadowe powstajagce podczas proceséw technologicznych zawierajg
m.in. toksyczne zwiazki organiczne, ktore poddaje si¢ konwencjonalnym metodom
biologicznego oczyszczania. Jednym z rozwigzan postepujacego problemu
zanieczyszczenia $rodowiska naturalnego moze by¢é stosowanie  procesow
(foto)katalitycznych. Kataliza s$rodowiskowa jest skuteczng metodg eliminacji
barwnikow, fenoli, bifenyli, pestycydéw, nawozow, weglowodorow, plastyfikatorow,
detergentow, olejow, smardéw, farmaceutykow, bialek, weglowodanow i wielu innych
zanieczyszczen organicznych [45]. Najwazniejszym elementem w reakcjach
katalitycznych jest katalizator, ktory odpowiada za zmniejszenie energii aktywacji reakcji
chemicznej, a w przypadku reakcji wieloproduktowej — faworyzowanie najwazniejszej,
[66]. Do najbardziej pozadanych cech katalizatora naleza: rozwinigta powierzchnia
wlasciwa, odporno$¢ na zatrucia oraz stabilno$¢ i mozliwos¢ ponownego uzycia. Procesy
fotokatalityczne sg szeroko praktykowane w ochronie $rodowiska celem osiagnigcia
degradacji i mineralizacji niebezpiecznych zwigzkow organicznych do CO2 i H20,
redukcji toksycznych jonéw metali do stanéw nietoksycznych, dezaktywacji i zniszczenia
mikroorganizméw przenoszonych przez wode, rozkladu zanieczyszczen powietrza
(takich jak NO2, CO i NHs), degradacji odpadowych tworzyw sztucznych, a takze
zielonej syntezy chemikaliow waznych dla przemystu [67]. Wsrod wielu zalet procesow
fotokatalitycznych nalezy wymieni¢ ich wysoka wydajno$é, prostote, dobra
odtwarzalnos$¢ i tatwos¢ realizacji [68]. Ponadto, procesy fotokatalityczne przebiegaja
w temperaturze otoczenia oraz umozliwiajg catkowita mineralizacj¢ zanieczyszczen i ich
zwigzkow posrednich, w wickszosci bez generowania zanieczyszczen wtornych [45].

Fotokatalityczna degradacja zanieczyszczen organicznych jest jednym
z gléwnych zastosowan tlenkow metali [45]. Pasmo wzbronione tlenkow metali ma
kluczowy wptyw na ich aktywnos¢ fotokatalityczng — tlenki metali potprzewodnikowych
z pasmem wzbronionym okoto 3,2 eV sa aktywne w swietle UV, podczas gdy tlenki
metali potprzewodnikowych z pasmem wzbronionym bliskim 2,7 eV sg takze aktywne
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w $wietle widzialnym [45]. Do tlenkoéw metali wykazujacych zdolnosci fotokatalityczne
nalezg zwiazki takie jak tlenki wanadu, chromu, tytanu, cynku, cyny i ceru. Podlegaja
one pierwotnym procesom fotokatalitycznym, takim jak absorpcja swiatta, indukujaca
proces separacji tadunku z utworzeniem dodatnich dziur zdolnych do utleniania
zwigzkow organicznych. Tlenek metalu jest aktywowany swiattem UV, S$wiatlem
widzialnym lub ich kombinacja, przez co wzbudzone elektrony sg transportowane
z pasma walencyjnego do pasma przewodnictwa, tworzac pare elektron/dziura (e/h*).
Ekspozycja na foton o energii przekraczajacej energi¢ pasma wzbronionego (hv > Eg),
powoduje przeskok elektronu z pasma wzbronionego do pasma przewodnictwa, tworzac
dziur¢ w pasmie wzbronionym, co schematycznie przedstawiono na Rysunku 5. Dziury
generowane w pasmie wzbronionym maja duze zdolnosci utleniajace, natomiast
elektrony w pasmie walencyjnym wykazuja wysoki potencjat redukcyjny. Zdolnosci
fotokatalityczne tlenkow metali sg rezultatem [69]:
e tworzenia rodnikow -OH przez utlenianie anionéw OH";

e tworzenia rodnikow Oz przez redukcje tlenu atmosferycznego.

Eg

Rekombinacja ‘

— —

Pasmo walencyjne

Rysunek 5. Schematyczne przedstawienie mechanizmu fotokatalizy z udziatem tlenkéw metali,

opracowanie wilasne na podstawie [45].

Zarowno rodniki, jak i aniony moga reagowac z zanieczyszczeniami, catkowicie je
rozktadajac lub przeksztatcajac w mniej szkodliwe produkty uboczne [70]. Wydajnos¢
statego katalizatora tlenkowego zalezy od wielu czynnikéw, sposrod ktorych nalezy
wyrozni¢ wielko$¢ i ksztalt ziaren, sktad chemiczny i sposob jego przygotowania [66].
Ponadto, zastosowanie no$nika (krzemionka, tlenek glinu, krzemionka-tlenek glinu,

wegle itp.) moze istotnie wptynaé na synergistyczna aktywacjg substratow, wzmocnienie
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przewodnictwa elektronowego w reakcjach redoks, czy wzmocnienie przewodnictwa
cieplnego w reakcjach egzo/endotermicznych. Dotychczas z powodzeniem stosowano
heterogeniczne fotokatalizatory oparte na wielu tlenkach metali. Do najwazniejszych
nalezg TiO2, ZnO, SnO; i CeOy, ktorych skuteczno$ci W rozktadaniu szerokiej gamy
zanieczyszczen na zwiazki biodegradowalne i ostatecznie mineralizacj¢ ich do
nieszkodliwego ditlenku wegla i wody, zostaty szeroko opisane w literaturze [71-74].
ZnO jest jednym z najpowszechniejszych i najskuteczniejszych fotokatalizatorow
wykorzystywanych m.in. w procesach fotodegradacji organicznych zanieczyszczen
takich jak: bitekit metylenowy, oranz metylowy, rodamina B, bisfenol A czy diazepam
[45]. Rownie eksploatowanym w tej dziedzinie jest TiO2 stosowany intensywnie
w procesach fotokatalitycznej degradacji biekitu metylowego, oranzu metylenowego,
rodaminy B, bisfenolu A i wielu innych [45]. Ponadto, tlenki takie jak MoQOgz, ZrOz, WOs3,
a-Fe;03 i SrTiOs mogag by¢ wykorzystywane jako fotokatalizatory, nad czym obecnie
prowadzi si¢ intensywne badania na catym $wiecie [67]. Znajomos¢ mechanizméw
dziatania 1 procedur prowadzacych do uzyskania zwigzkéw 0 zdefiniowanych
wilasciwo$ciach fizykochemicznych prowadzi do projektowania i syntezy nowych
fotokatalizatorow 0 pozadanych wtasciwosciach indukujacych reakcje utleniania
substratow organicznych lub zanieczyszczen pod wptywem promieniowania UV lub
nawet $wiatta widzialnego, co ma ogromny wpltyw na skuteczno$¢ 0czyszczania

srodowiska.

Rozwoj przemystu i dziatalno$¢ cztowieka majg takze negatywny wptyw na
czystos¢ powietrza. Sposrod wielu substancji zanieczyszczajacych atmosferg tlenki azotu
stanowig powszechny problem. Tlenki azotu, czyli NOx (NO, NO2, N20), sag emitowane
do atmosfery ze Zrodet stacjonarnych (np. elektrocieptownie) oraz mobilnych (np. spaliny
samochodowe). Wysoki poziom zanieczyszczenia tlenkami azotu niezaprzeczalnie
wykazuje negatywny wptyw na srodowisko i zdrowie publiczne, przyczyniajac si¢ do
zwigkszonego wystgpowania smogu fotochemicznego, kwasnych deszczy oraz
zubozenia warstwy ozonowej [75,76]. Z tego powodu projektowanie i rozwdj
skutecznych metod ich eliminacji ze srodowiska jest kwestig kluczowa. Obecnie
technologia selektywnej redukcji katalitycznej (SCR) jest pod wzgledem wydajnosci,
selektywnos$ci i ekonomii najlepsza dostgpng metoda kontroli emisji NOx ze zrodet
stacjonarnych [77]. ,,Selektywna redukcja katalityczna” to termin uzywany w branzy

kontroli zanieczyszczen powietrza, oznaczajacy proces katalityczny ukierunkowany na
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eliminacj¢ wybranego zanieczyszczenia ze strumienia spalin. Technologia SCR jest
szeroko stosowana w bojlerach rafineryjnych w przemysle przetworstwa chemicznego,
spalarniach odpadow komunalnych, kottach, piecach i innych przemystowych
urzadzeniach opalanych weglem. Ponadto SCR indukowany amoniakiem (NH3-SCR) jest
jedna z najskuteczniejszych technologii usuwania NOy z silnikéw Diesla [78]. Nadmiar
tlenu, pary wodnej i tlenkow siarki w spalinach stwarza trudne warunki do usuwania NOx
[79]. Najwazniejszym elementem procesu SCR jest katalizator, ktory musi by¢ wydajny
w tak trudnych warunkach. Reakcja SCR jest determinowana potencjatem redoks
katalizatora, dlatego tlenki metali 0 zmiennej wartosciowosci sa W niej wysoce aktywne,
szczegoblnie tlenki oparte na V, Mn, Fe i Ce moga wykazywa¢ wysoka skuteczno$é
eliminacji NOx w NH3-SCR. Nalezy takze pamigtaé, ze do zajscia reakcji konieczny jest
sktadnik kwasowy, a miejsca aktywne redoks i kwasowe musza ze sobg wspotpracowaé
[80]. Dlatego duze rozproszenie miejsc o tej samej funkcji i Sciste sprzezenie miejsc
0 r6znych funkcjach sg kluczowymi czynnikami przy projektowaniu wysoce wydajnego
katalizatora NH3-SCR [79]. Na przestrzeni lat rozne materiaty wykazywaty aktywnos¢

katalityczng w procesach SCR. Materiaty te mozna podzieli¢ na trzy gtéwne grupy:

o Kkatalizatory tlenkowe oparte na zwigzkach wanadu;
o katalizatory zeolitowe zawierajace Cu lub Fe;

o Kkatalizatory tlenkowe wolne od wanadu.

Wanad jest najwazniejszym metalem stosowanym w katalizatorach opartych na tlenkach
metali, dlatego katalizatorom wanadowym poswigecono najwigcej uwagi. Zeolity
z podstawionymi atomami Fe lub Cu zostatly opracowane do zastosowania w pojazdach
z silnikami wysokoprgznymi ze wzgledu na ich wilasciwosci hydrotermiczne. Wsrod
katalizatorow tlenkowych wolnych od wanadu na najwigksza uwage zastuguja trzy
reprezentatywne typy materiatlow opartych na Mn, Fe i Ce [79]. Jednak jak juz
wspomniano, wciaz ze wzgledu na wysoka reduktywnos¢ NOyx, obecnie najczgsciej
stosowane sa katalizatory tlenkowe na bazie wanadu, ze szczegélnym uwzglgdnieniem
komercyjnych V20s5-WO3/TiO2 i V205-MoOs/TiO, [81,82]. Komercyjne katalizatory
wanadowe wykorzystuja V20s jako aktywng substancje¢ katalizujacg, TiO2 w roli nosnika
oraz WO3 i M0oOs jako promotory. Pentatlenek wanadu wykazuje wtasciwosci redoks
i kwasowe, a obecno$¢ wanadu w formie V°* stanowi miejsca aktywne dla reakcji SCR.

Dodatkowo V.Os jest nadzwyczajnie odporny na zatrucie zwigzkami siarki, do tego
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stopnia, ze jest wykorzystywany jako katalizator procesow utleniania SOz do SOs
w technologii H2SO4. W roli nosnika najchetniej wykorzystuje si¢ TiO2, poniewaz przez
niskotemperaturowy rozktad TiOSO4 jest on naturalnie odporny na zatrucie siarka.
Ponadto, forma anatazu sprzyja dobrej dyspersji aktywnego V20s i moze dostarczac
dodatkowych miejsc kwasowych w reakcjach NH3-SCR [83]. Wprowadzenie WOz
hamuje przemiany fazowe anatazu w rutyl, co sprzyja poprawie stabilno$ci termicznej,
a takze dziata jako promotor chemiczny zwigkszajac liczbe miejsc kwasowych. To z kolei
hamuje nadmierne utlenianie NH3 i niepozadane utlenianie SO, a tym samym zwigksza
skuteczno$¢ wysokotemperaturowej konwersji NOx, powinowactwo wzglgdem No
I odporno$¢ na SO. [79]. Natomiast MoOs wprowadza si¢, by wyeliminowac efekty
zatrucia zwigzkami arsenu [83]. Mimo wszystko, wymienione zwigzki wykazujg Szereg
wad, w tym niska odporno$¢ na zatrucie H2O oraz waski zakres pracy (300-400 °C)
w przypadku NH3-SCR [84]. W zwiagzku z tym wcigz prowadzi si¢ badania nad poprawa
wlasciwo$ci katalizatorow wanadowych poprzez zmiane metody syntezy, rodzaju
nos$nikéw i promotorow, co skutkuje powstawaniem catej gamy nowych materiatow
katalitycznych. Wiekszos¢ modyfikacji jest przeprowadzanych, aby wzmocnié
wlasciwosci kwasowe i/lub wiasciwosci redoks. Zastosowanie nosnika 0 wysokiej
mezoporowatosci moze skutkowaé zwickszeniem powierzchni kontaktu, co powinno
przyczyni¢ si¢ do zwiekszenia liczby miejsc aktywnych umozliwiajacych wigksza
dyspersje zwigzkéw wanadu, a co za tym idzie wzmocnienie ich wtasciwosci
katalitycznych. W roli takiego nosnika stosowano migdzy innymi mikroporowaty TiO»,
SiO2, wegiel aktywny czy nanorurki weglowe [85]. Katalizatory na bazie wanadu
osadzone na mezoporowatym tlenku glinu w temperaturach dochodzacych do 400 °C
I przy niskich stezeniach SO, rowniez wykazuja duzg odpornos¢ na dezaktywacje przez
zatrucie SOz [85]. Wzbogacenie V205 innymi pierwiastkami takimi jak Fe, Ce, Mn,
W, Zr czy Sb przeprowadzano by otrzyma¢ katalizatory o podwdjnej funkcji redoks.
Wraz ze wzrostem stezenia V2Os poprawia sie¢ wydajnos¢ katalityczna uktadu, jednak
wysoka zawartos¢ V20s moze jednoczesnie zmniejsza¢ stabilno$¢ termiczng
I selektywnos$¢ N2 oraz utatwiaé katalityczne utlenianie SO, do SOz [86]. Z tego powodu
tadunek wanadu w komercyjnych katalizatorach opartych na tlenkach metali miesci si¢
zwykle w zakresie 0,5-1,5% wagowych [87]. Ogdlnie przyjety mechanizm reakcji SCR

na katalizatorze V,Os przedstawiono na Rysunku 6.
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Rysunek 6. Mechanizm katalitycznego usuwania srodowiskowego NOy na katalizatorze

wanadowym, na podstawie [88].

Podsumowujac, W procesie projektowania i syntezy nowych materiatow
katalitycznych nalezy zadba¢ o odpowiedni dobor technologii otrzymywania,
wplywajacy na liczbe miejsc aktywnych redoks oraz kwasowych, zadbac¢ o szeroki zakres
temperatur pracy, a takze odporno$¢ na zatrucia zwigzkami siarki, woda czy nadmiarem
tlenu. Dlatego tez projektowanie katalizatorow SCR jest skomplikowana, ciagle

rozwijajaca si¢ dziedzing o duzym znaczeniu srodowiskowym.

W czgsci teoretycznej zwrocono uwage na rosngce znaczenie matryc tlenkowych
w technologii nowatorskich funkcjonalnych materiatow do zastosowan srodowiskowych.
Materiaty tlenkowe wykazuja szereg unikalnych wilasciwosci, takich jak rozwinigta
powierzchnia wiasciwa, porowato$¢, odpornos¢ chemiczna i termiczna, stabilnosé
mechaniczna, a takze wtasciwosci katalityczne. Wtasciwos$ci te mogg by¢ kontrolowane
na etapie syntezy poprzez dobor substratow, metody i warunkow procesowych, gdyz
zalezg gltéwnie od sktadu chemicznego i parametrow strukturalnych materiatu. fatwosc¢
syntezy, modyfikacji oraz zroznicowane wtasciwosci tlenkow metali predysponuja je do
rozmaitych zastosowan — m.in. w aspekcie srodowiskowym, w procesach adsorpcji oraz
katalizy. Jednak, aby zwickszy¢ efektywnos¢ ich dziatania w procesach srodowiskowych,
nalezy poszukiwaé¢ nowych systemow charakteryzujacych si¢ wysoka pojemnoscia

sorpcyjng I aktywnoscia katalityczna.
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5. Cel i zakres pracy

Nadrzednym celem prac eksperymentalnych niniejszej dysertacji byto
zaprojektowanie i synteza funkcjonalnych matryc na bazie tlenkéw nieorganicznych i ich
zmodyfikowanych form, o okreslonej aktywno$ci powierzchniowej i rozwinigtej
strukturze porowatej, z wykorzystaniem zmodyfikowanej metody zol-zel czy mi¢kkiego
odwzorowania wspomaganej mechanochemicznie. Ideg syntezy tych materiatow byto
uzyskanie aktywnych potaczen, w ktorych wlasciwosci wybranych matryc
nieorganicznych (m.in. ZrOz, ZnO i Al203), W potaczeniu z wilasciwosciami takich
pierwiastkow jak wanad czy lantan, moga okaza¢ si¢ interesujacymi uktadami do
zastosowan $rodowiskowych. Zalozenia podjetych badan oparto na nastepujacej
hipotezie:

Biorgc pod uwage specyficzne wlasciwosci fizykochemiczne licznej grupy materiatow
tlenkowych, zakfada sie, ze ich funkcjonalizacja/domieszkowanie na drodze adsorpcji
oraz in situ, takimi elementami jak m.in. lantan czy wanad, w istotny sposob wplynie na
parametry strukturalne, aktywnosé powierzchniowg i funkcjonalnosé, predysponujgc je
do zastosowan srodowiskowych, uwzgledniajgcych procesy adsorpcyjne i katalityczne

(fotokatalityczne).
Probujac uzasadnic¢ postawiong hipoteze badawczg, zdefiniowano pytania szczegotowe:

e Czy mozliwym bedzie skuteczne wbudowanie domieszek w strukturg syntezowanych
matryc nieorganicznych zaproponowanymi metodami?

e Czy przeprowadzony proces funkcjonalizacji/domieszkowania w istotny sposob
wplynie na aktywnos¢ wytwarzanych materiatow w stosunku do wyjsciowych
komponentow?

e Czy wybrane komponenty funkcjonalnych matryc nieorganicznych okaza si¢

skuteczne w zastosowaniach srodowiskowych?

Poszukujac odpowiedzi na postawione pytania jednym z kluczowych elementéw
badan byta ocena wpltywu zastosowanej metody syntezy i funkcjonalizacji i/lub
domieszkowania na wtasciwosci fizykochemiczne i uzytkowe wytwarzanych materiatow
— spodziewanym byto ich istotne wzmocnienie poprzez wprowadzenie w strukture i/lub
na powierzchnie matryc wybranych domieszek/modyfikatoréow. Jednym z istotnych

zagadnien bylo rowniez zdefiniowanie mechanizmu wbudowania wybranych domieszek
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I bedacych  nastgpstwem  tego  zmian  strukturalnych  zachodzacych
w materiatach. Stad wazne bylo znalezienie Korelacji pomigdzy metoda
syntezy/domieszkowania, wykazywanymi  wiasciwosciami  strukturalnymi  oraz
aktywno$cig powierzchniowa, ktore z kolei powinny przetozy¢ si¢ na potencjat

aplikacyjny zaprojektowanych uktadow.

Utylitarny etap badan dotyczyl oceny przydatnosci zsyntezowanych matryc
nieorganicznych w wybranych aspektach srodowiskowych, obejmujgcych procesy
adsorpcji i katalizy srodowiskowej. Nadrzednym celem tego etapu prac bylo
zweryfikowanie,  jak  rodzaj = materialu  oraz  zaproponowana  metoda
syntezy/domieszkowania przetozyly si¢ na aktywno$¢ i mechanizm dziatania
zsyntezowanych materiatow w uktadach adsorpcyjnych i (foto)katalitycznych. W tym
celu zsyntezowano konkretne potaczenia wykazujace istotng aktywno$¢ w adsorpcji
wybranych oksyanionéw metali, materiaty 0 synergistycznym dziataniu adsorpcyjnym
i fotokatalitycznym w kierunku usuwania wybranych zanieczyszczen organicznych czy
w selektywnej redukcji tlenkow azotu w uktadzie heterogenicznym. Istotne byto
okreslenie najkorzystniejszych warunkow realizacji wymienionych proceséw oraz
w oparciu 0 uzyskane zaleznosci eksperymetalne, zdefniowanie i zaproponowanie
mechanizmu oddziatywan matryc nieorganicznych na granicy faz w uktadach
adsorpcyjnych i katalitycznych. Glowne zatozenia niniejszej pracy przedstawiono

schematycznie na Rysunku 7.

Zakres badan zostat podzielony na kilka etapow, z ktorych kazdy zawiera szczegétowe
prace eksperymentalne umozliwiajace rozwigzanie postawionego problemu badawczego

| osiggniecie zalozonego celu pracy:

1. Dobér warunkéw syntezy oraz domieszkowania/funckjonalizacji wybranych
matryc nieorganicznych (ZrO., TiO2, ZnO, Al:0Os3) stosujac zatozenia
zmodyfikowanej metody zol-zel czy metody migkkiego odwzorowania
wspomaganej mechanochemicznie.

2. Ocena wptywu warunkow syntezy (stosunek molowy/masowy reagentow,
metoda syntezy, metoda domieszkowania/funkcjonalizacji — in situ czy na drodze
adsorpcji) na  wilasciwosci  fizykochemiczne  syntezowanych  matryc

nieorganicznych.
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Charakterystyka wlasciwosci fizykochemicznych, strukturalnych
I morfologicznych uzyskanych, funkcjonalnych matryc nieorganicznych
z wykorzystaniem szerokiego wachlarza technik analitycznych.

Zdefiniowanie mechanizmu powierzchniowej modyfikacji oraz wbudowania
domieszek w strukture wybranych matryc nieorganicznych na podstawie
wynikéw przeprowadzonej analizy fizykochemicznej.

Testy aplikacyjne zsyntezowanych matryc nieorganicznych w wybranych
aspektach srodowiskowych, uwzgledniajgce ocene wplywu rodzaju materiatu
oraz zaproponowanej metody syntezy/domieszkowania i ich przetozenie na
aktywno$¢ 1 mechanizm dziatania materiatow w uktadach adsorpcyjnych
i katalitycznych (fotokatalitycznych).

Zdefiniowanie i zaproponowanie mechanizmu oddzialywan zsyntezowanych
matryc nieorganicznych na granicy faz w uktadach adsorpcyjnych
I katalitycznych.

@ ) Otrzymanie funkcjonalnych materiatéw na bazie tlenkéw nieorganicznych
ldea badan ‘ do zastosowan $rodowiskowych.

Projektowanie | () + ;
i synteza Modyfikator/ |
X domieszka
Matrycanieorganiczna Modelowe i rzeczywiste Funkcjonalny materiat
na bazie wybranego uklady powstaty w wyniku
tlenku metalu modyfikatorowidomieszek modyfikacji/domieszkowania
wybranej matrycy
nieroganicznej
o0l
Charakt K Q Charakterystyka wiasciwosci fizykochemicznych, strukturalnych i morfologicznych
Charakterystyka uzyskanych, funkcjonalnych (modyfikowanych/domieszkowanych) matryc
fizykochemiczna

nieorganicznych z wykorzystaniem szerokiego wachlarza technik analitycznych.

m Kataliza srodowiskowa

Weryfikacia @9
zaproponowanej
metody syntezy

w testach gcnme
aplikacyjnych -, e

katalityczna
NO, (SCR)
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Rysunek 7. Schematyczne przedstawienie glownych zatozen pracy doktorskiej.

44



Nieorganiczne matryce tlenkowe domieszkowane in situ jako funkcjonalne uktady do zastosowarn srodowiskowych.
Ewelina Weidner — Politechnika Poznariska

6. Opis tresci dorobku naukowego bedacego podstawa
dysertacji

Na monotematyczny cykl publikacji bedacy podstawa dysertacji doktorskiej
sktada si¢ sze$¢ publikacji [P1-P6] obejmujacych badania prowadzone nad
otrzymywaniem, modyfikacja/domieszkowaniem in situ oraz zastosowaniem
funkcjonalnych matryc na bazie tlenkow nieorganicznych. Ponadto, duza uwage
poswiecono zbadaniu mechanizmow zachowania zsyntezowanych uktadow w procesach
adsorpcji 1 (foto)katalizy. Wszystkie etapy prezentowanej pracy zostaly pokrotce
omoéwione W niniejszej czesci rozprawy oraz szczegotowo opisane w publikacjach

zalaczonych w catoséci w rozdziale 9.

6.1. Zastosowanie materialow tlenkowych w adsorpcji jonow wanadu

Przedmiotem studium literaturowego przeprowadzonego w publikacji P1 byly
procesy adsorpcji oksyanionow metali na materiatach tlenkowych. Tematyka
podyktowana byta checia poznania mechanizméw adsorpcji jonow metali i skutecznosci
matryc nieorganicznych w ich usuwaniu ze srodowiska wodnego, celem okreslenia luki
badawczej, co umozliwito zdeterminowanie dalszych etapéw prac w ramach niniejszej
dysertacji. Oksyaniony definiuje si¢ jako wieloatomowe zwigzki natladowane ujemnie
zawierajace przynajmniej jeden atom tlenu. Szczegdlng uwage poswigcono oksyanionom
takich pierwiastkow jak arsen, wanad, bor, wolfram i molibden ze wzgledu na
powszechne ich wystepowanie W roli zanieczyszczen sladowych w wodach odpadowych
oraz szczegdlng szkodliwos¢ dla srodowiska naturalnego. Omoéwiono adsorpcje na
uktadach mono- oraz wielotlenkowych bazujacych na tlenkach zelaza, glinu, tytanu,
manganu i innych. W sekcjach poswieconych poszczegolnym pierwiastkom szczegdtowo
opisano problem ich wystepowania w roli zanieczyszczenia, zachowanie oksyanionow
w $rodowisku wodnym oraz przyktady ich adsorpcji na materiatach tlenkowych. Problem
przedostawania si¢ oksyanionéw do s$rodowiska zwigzany jest z postepujaca
industrializacja powodujaca zwigkszone wykorzystanie zwigzkéw zawierajacych
szkodliwe metale oraz metaloidy. Do glownych ich Zrodet zalicza sie procesy
wysokotemperaturowe takie jak termiczne przetwarzanie odpadow, spalanie paliw
kopalnych oraz obrobke metali. Zwigzki te sa szczegdlnie ucigzliwe ze wzgledu na
toksycznos¢, wysoka rozpuszczalno$¢ w wodzie i zdolnos¢ do bioakumulacji, co skutkuje

problematyczno$cig ich eliminacji ze srodowiska i tancucha pokarmowego. Kwestia ich
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degradacji stanowi kluczowy element ochrony srodowiska i zdrowia publicznego, jednak
zainteresowanie tematyka usuwania oksyanionéw, W porownaniu Zz liczba
opublikowanych prac traktujagcych 0 usuwaniu kationdéw, jest dramatycznie niskie.
Przygotowany artykul przegladowy zbiera prace opisujace procesy adsorpcyjne
oksyanionéw na materiatach tlenkowych opublikowane na przestrzeni lat 1989-2019.
Przedstawiona analiza literatury jednoznacznie wskazuje na ztozono$¢ procesu adsorpcji
tych zwigzkow z ciekoéw wodnych na materiatach tlenkowych. Wigkszos¢ badan
omawianych w artykule zostata przeprowadzona jedynie na roztworach modelowych i ze
wzgledu na obecnos¢ innych zanieczyszczen w roztworach sciekow rzeczywistych moze
nie mie¢ przetozenia na realne procesy ich oczyszczania, poniewaz dokladne

mechanizmy zachowania oksyanion6w W roztworze sg wcigz nieznane.

Ze wzgledu na udziat w projekcie OPUS 15 nr. 2018/29/B/ST8/01122
zatytutowanym ,, Projektowanie 1 wytwarzanie funkcjonalnych matryc nieorganicznych
metodami in situ oraz przez neutralizacje odpadowych sciekéw zawierajgcych wanadany:
wlasciwosci, oddziatywania powierzchniowe, testy katalityczne i elektrochemiczne”,
ktorego gtownym celem byta produkcja aktywnych matryc nieorganicznych metodami in
situ lub poprzez neutralizacj¢ modelowych i rzeczywistych roztworéw zawierajacych
wanadany (w procesie adsorpcji), podczas wnikliwej analizy doniesien literaturowych
uwage skoncentrowano przede wszystkim na zachowaniu oksyanionow wanadu
w $rodowisku wodnym, co przetozylo si¢ na lepsze zrozumienie proceséw adsorpcji
prowadzonych w trakcie dalszych prac eksperymentalnych. Przeprowadzone
rozpoznanie literaturowe ukazato obecny poziom wiedzy na temat adsorpcji
oksyanionéw i zaowocowato podjeciem badan nad adsorpcja jondéw wanadu(V)
z roztwordw rzeczywistych na materiatach na bazie ditlenku cyrkonu — ZrOp,
ZrO,-CTAB, ZrO»-NH* — co opisano w publikacji P2. Pierwszym etapem
przedstawionych w pracy badan bylo otrzymanie niniejszych uktadoéw tlenkowych
z wykorzystaniem zmodyfikowanej metody zol-zel, w ktorej in situ wprowadzano
czynnik funkcjonalizujacy — bromek heksadecylotrimetyloamoniowy (CTAB) lub N,N-
dimetylotetradecyloaming. Zalozeniem tego eksperymentu byta poprawa aktywnos$ci
powierzchniowej ditlenku cyrkonu. Zréznicowany charakter uzytych modyfikatorow
miat na celu osiagnigcie roznej porowatosci i 0sadzenie réznych grup funkcyjnych na
powierzchni, celem znalezienia jak najlepszego adsorbentu jonéw wanadu(V).

Wprowadzenie CTAB na etapie syntezy skutkowa¢ miato otrzymaniem mezoporowatego
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ZrO>-CTAB 0 uporzadkowanej strukturze [89,90]. Czasteczki surfaktantu tacza sie¢
z powierzchnia materiatu tlenkowego poprzez oddziatywanie elektrostatyczne pomiedzy
naladowang powierzchnig tlenku, a przeciwnie natadowang grupg czotowg surfaktantu,
oraz wykorzystujgc sity van der Waalsa. Przylgczenie fazy weglowodorowej do
powierzchni ditlenku cyrkonu, moze znacznie poprawi¢ zdolnosci sorpcyjne materiatu
dzigki oddzialywaniu miceli z zanieczyszczeniami [91]. Z Kkolei, funkcjonalizacja
z wykorzystaniem aminy ma na celu przytaczenie do powierzchni adsorbentu dodatnio
natadowanych grup NH*, co powinno zwiekszy¢ jego powinowactwo wzgledem

zanieczyszczen natadowanych ujemnie, takich jak np. oksyaniony wanadu [92].

Otrzymane materialy poddano wnikliwej charakterystyce fizykochemicznej,
ktorej wyniki umozliwity potwierdzenie skutecznosci zaproponowanej metody syntezy
I modyfikacji. Analiza widm spektroskopii w podczerwieni z transformacja Fouriera
(FT-IR) wszystkich materiatow potwierdzita obecno$¢ drgan rozciggajacych wigzan
charakterystycznych dla ZrOy, takich jak Zr—O (maksima pasm przy liczbie falowej
505 i 745 cm™) oraz Zr-O-Zr (maksimum przy 921 cm™). W probce modyfikowanej
CTAB odnotowano sygnaty pochodzace od drgan rozciggajacych ugrupowania C—H
(2921, 2850 i 2765 cm™), ktorych obecno$¢ zwigzana jest z wprowadzeniem na
powierzchni¢ materiatu tlenkowego grup metylowej i metylenowej pochodzacych od
modyfikatora. W przypadku wprowadzenia aminy zaobserwowano wystapienie
dodatkowych, wzgledem czystego ZrO., pasm przy liczbach falowych 2920, 2849, 2770
i 1464 cm™, wywodzacych sie od drgan rozciagajacych grup C—H oraz N-H znajdujacych
si¢ W tancuchu modyfikatora. Pojawienie si¢ dodatkowych pasm w modyfikowanych
probkach posrednio pozwolito stwierdzi¢ 0 skutecznosci funkcjonalizacji ditlenku
cyrkonu na drodze zaproponowanej syntezy. Sygnaly widoczne na widmach
energodyspersyjnej spektroskopii rentgenowskiej (EDS) dodatkowo potwierdzity
skuteczno$¢ przeprowadzonej syntezy ditlenku cyrkonu, a analiza wynikéw sktadu
elementarnego wskazala na obecno$¢ azotu, wegla oraz wodoru w ZrO»-CTAB
i ZrO2-NH*. Parametry struktury porowatej, a w szczegdlno$ci powierzchnia wiasciwa
adsorbentu stanowig Kluczowy czynnik determinujgcy skutecznos¢ procesu adsorpcji.
Dla czystego ZrO, otrzymano dobrze rozwinigta powierzchni¢ wlasciwa na poziomie
347 m?/g. Podobna powierzchnie uzyskano dla uktadu ZrO,-CTAB (375 m?/g), natomiast
wprowadzenie aminy na powierzchni¢ ZrO; poskutkowato znacznym obnizeniem tej

wartosci do 155 m?/g. Kolejnym, istotnym pod katem adsorpcji parametrem, jest tadunek
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powierzchni adsorbentu, ktory determinuje jego oddziatywania elektrostatyczne
z adsorbatem. Celem jego wyznaczenia przeprowadzono analize elektroforetycznego
rozpraszania swiatta (ELS) pozwalajaca wyznaczy¢ potencjat elektrokinetyczny (dzeta)
badanych materiatow. Dla obu modyfikowanych probek zaobserwowano wzrost warto$ci
potencjatu dzeta w catym badanym zakresie pH, przy czym dla ZrO,-NH* obserwowane
byly wyzsze wartosci niz dla ZrO-CTAB. Dla wszystkich analizowanych materiatow
wyznaczono punkt izoelektryczny (IEP). W przypadku czystego ZrO2 i probki
zmodyfikowanej CTAB punkt ten wystepuje W srodowisku kwasowym, przy pH = 4.
Natomiast dla probki ZrO,—NH™ uzyskano znacznie wyzszg warto$¢ IEP (pH = 7,1),
co wynika prawdopodobnie z wigkszej zawartosci grup funkcyjnych ulegajacych
protonizacji. Charakterystyka fizykochemiczna byla niezbednym etapem badan,
w  ktorym  potwierdzono  skuteczno$¢  funkcjonalizacji  ditlenku  cyrkonu
z  wykorzystaniem  bromku  heksadecylotrimetyloamoniowego  lub ~ N,N-
dimetylotetradecyloaminy podczas syntezy zol-zel. Kolejno na uzyskanych materiatach
przeprowadzono adsorpcj¢ jonow wanadu z roztworéw modelowych przy roznych
parametrach procesu (m.in. czas, masa sorbentu, pH, temperatura), ze szczegdlnym
uwzglednieniem oceny rownowagi, Kinetyki i termodynamiki reakcji. Jak wczesniej
wspomniano, w publikacji P1 przeprowadzono studium literaturowe nad charakterystyka
zachowania wanadu w roztworach wodnych i wykazano, ze forma jonéw wanadu jest
$cisle zwigzana z pH $rodowiska w jakim sie¢ znajduja. W silnie kwasowym pH (< 3)
zwigzki wanadu przyjmujg forme kationow, natomiast w pH naturalnym/zasadowym,
z zakresu 4-11, wystepuja w formie neutralnej lub anionowej. Dlatego tez skutecznos¢
eliminacji zwigzkow wanadu jest Scisle zwigzana z pH $rodowiska. Ze wzgledu na
tatwo$¢ utlenienia wanadu ze stopnia 1l do stopnia V, ktore indukowane jest wieloma
czynnikami oksydacyjnymi, w tym powietrzem, postaé V°* jest dominujaca w roztworach
[93], a wanad na pigtym stopniu utlenienia najczgsciej wystepuje w formie oksyanionow
(np. VO2(OH)*, VO3(OH)?, V10025(HO)*).

Dla materiatéw ZrO i ZrO2-NH" iloéci zaadsorbowanych w stanie rownowagi
jonoéw wanadu (ge) byly niemalze identyczne, oscylujac w granicach 10 mg/g w calym
zakresie badanego pH. Maksymalna skutecznos¢ adsorpcji jonéw wanadu zostata
osiggnigta W caltym zakresie pH, gdy powierzchnia adsorbentu byta natadowana zar6wno
dodatnio, jak i ujemnie. Mozna wiec wnioskowaé, ze odpychanie i przycigganie

elektrostatyczne sg istotnymi zjawiskami w procesie adsorpcji jonéw metalu na
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powierzchni ZrO- i ZrO2-NH*. Natomiast w przypadku materiatu ZrO,-CTAB wartosci
Qe wzrastaly migdzy pH 2 a 3, osiggajac maksimum na poziomie 9,4 mg/g w pH 3-4, aby
nast¢pnie stopniowo male¢. Takie zachowanie moze $wiadczy¢, ze W znaczacej
wicgkszosci do powierzchni tlenku cyrkonu modyfikowanego CTAB przyciggane sg
aniony wanadu. W toku badan sprawdzono réwniez wplyw poczatkowego stezenia
adsorbatu oraz czasu kontaktu na skuteczno$¢ procesu eliminacji zanieczyszczen
wanadowych. We wszystkich przypadkach szybkos¢ procesu byta wyjatkowo wysoka
przez pierwsze 10 min, co zwigzane jest prawdopodobnie z duzg dostepnoscig miejsc
aktywnych, zblizajac si¢ do stanu rownowagi po okoto 60 min. Kinetyke adsorpcji, ze
wzgledu na wysokie wartosci wspotczynnikow korelacji i najlepsze dopasowanie
uzyskanych danych eksperymentalnych do teoretycznej wartos$ci pojemnosci sorpcyjnej,
opisano rownaniem pseudo-drugiego rzedu. Po przeanalizowaniu uzyskanych danych
eksperymentalnych ustalono, ze sorpcja jonéw wanadu na adsorbentach ZrO, ZrO,-NH”*
I ZrO,-CTAB jest procesem ztozonym i wieloetapowym, a czynnikiem ja determinugcym
jest dyfuzja wewnatrzczasteczkowa i zewngtrzna. Podczas badan nad stanem rownowagi
procesu najlepsze dopasowanie uzyskano dla izotermy Langmuira i na jej podstawie, dla
otrzymanych materialow, ustalono maksymalng pojemno$¢ monowarstwy (Qm)
w temperaturze 40 °C rowng 83,77 mg/g, 87,72 mg/g i 48,12 mg/g, odpowiednio dla
ZrOz, ZrO2-NH* i ZrO,-CTAB. Aspekty termodynamiczne maja istotny wptyw na rodzaj
i przebieg procesu adsorpcji, dlatego w toku badan wyznaczono termodynamiczng statg
robwnowagi, zmiang energii Gibbsa (4G°), zmiang entalpii (41H°) i zmiang entropii (4S°).
Adsorpcja jonow wanadu na adsorbentach ZrOz, ZrO>-NH* i ZrO,-CTAB jest silnie
zalezna od temperatury w zakresie 20-40 °C. Wartosci 4G° dla wszystkich badanych
materiatdw byly ujemne, co wskazuje na spontaniczno$¢ zjawiska adsorpcji. Ponadto
wartosci te, plasujac si¢ w zakresie od -20 do 0 kJ/mol, wskazuja na znaczny udziat
oddziatywan fizycznych w procesie sorpcji jonow metalu, wykluczajac chemisorpcjg, CO
dodatkowo potwierdza niska wartos¢ zmiany entalpii (od -7 do -17 kJ/mol).

Ze wzgledu na obecnos¢ innych jonéw w rzeczywistych wodach odpadowych
zawierajacych jony wanadu takich jak np. roztwory po tugowaniu katalizatorow
wanadowych, dopetnieniem badan nad adsorpcja z roztworéw modelowych byto
przeprowadzenie testu konkurencyjnosci. Eksperymenty przeprowadzono z uzyciem
wodnych roztworéw jonow wanadu analogicznych jak w poprzednich etapach, jednak
dodatkowo zawierajacych NaCl, Na2SO4, NaNO3, NasPO4 i NaH2PO4 (W stgzeniach 50
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i 100 mg/dm®). We wszystkich przypadkach dodanie innych jonéw powodowato
negatywne zmiany w procesie adsorpcji jondéw wanadu na syntetyzowanych
adsorbentach — pojemno$¢ sorpcyjna zmniejszyta si¢ niezaleznie od rodzaju jonow
konkurencyjnych.

Wszystkie badania przeprowadzone na roztworach modelowych przyczynity si¢
do blizszego poznania mechanizmu procesu adsorpcji. Analiza uzyskanych zalezno$ci
eksperymentalnych dowiodta, ze jony wanadu mogg by¢ wylapywane i wigzione
pomiedzy dlugimi tancuchami weglowymi pochodzacymi od CTAB i N,N-dimetylo-
tetradecyloaminy. Wazng role odgrywa takze przycigganie elektrostatyczne pomiedzy
zwigzkami wanadu, a przeciwnie natadowanymi grupami funkcyjnymi powierzchni

adsorbentu. Schematycznie proponowany mechanizm procesu przedstawiono na
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Rysunek 8. Sugerowany mechanizm procesu adsorpcji jonow wanadu(V) na powierzchni
uktadéw ZrO,-CTAB oraz ZrO,-NH™,
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Kluczowym krokiem przedstawionych w publikacji P2 badan byty testy adsorpcji
jonéw wanadu z roztworéw rzeczywistych powstatych po tugowaniu katalizatora
wanadowego. Najwyzszg skuteczno$é adsorpcji, na poziomie 70,8%, uzyskano stosujac
material ZrO>—NH", ktorego pojemno$¢ sorpcyjna zostata wyznaczona na 34,1 mg/g.
Badania te potwierdzity dotychczas poczynione ustalenia o przebiegu i naturze procesu
adsorpcji zanieczyszczen wanadowych na adsorbentach na bazie ditlenku cyrkonu.
Ze wzgledu na wysoki wspolczynnik desorpcji — 92% dla ZrO>-NH* — proces ten
stanowi¢ moze efetywng droge odzysku jondéw wanadu z rzeczywistych sciekow

wytwarzanych przez rézne gatezie przemystu.

Przeprowadzone w publikacji P1 studium literaturowe oraz wnikliwe badania nad
adsorpcja jonéw wanadu przeprowadzone w publikacji P2 przyczynity si¢ znaczaco do
poznania zachowan zwigzkéw wanadu w srodowisku wodnym. Udowodniono, ze
materiaty tlenkowe na bazie ZrO, modyfikowane in situ CTAB i N,N-dimetylo-
tetradecyloaming moga by¢ wydajnymi adsorbentami jonéw wanadu. Jednak
W zwiagzku z nieustajagco rosngca $wiadomoscig ekologiczng i rozumieniem pojecia
recyklingu, wcigz poszukuje sie technik umozliwiajacych nie tylko skuteczne usuwanie
zanieczyszczen, ale rowniez ich ponowne wykorzystanie. W przypadku jonéw wanadu
pojscie 0 krok dalej niz adsorpcja i wbudowanie ich w strukture matrycy nieorganicznej
moze prowadzi¢ do wytworzenia materiatbw 0 polepszonych wiasciwosciach
katalitycznych i elektrochemicznych do dalszych zastosowan $rodowiskowych.
Obiecujacg metodg by tego dokonac jest zmodyfikowany proces zol-zel, w ktorym
w trakcie syntezy in situ wprowadza si¢ prekursor metalu np. w formie rzeczywistych

$ciekow, zawierajacych jony metali szkodliwych.

6.2. Materialy tlenkowe modyfikowane wanadem

Badania przedstawione w publikacji oznaczonej jako P3 dotycza otrzymywania
ditlenku cyrkonu oraz ditlenku cyrkonu domieszkowanego wanadem, na drodze
zmodyfikowanej syntezy zol-zel. W niniejszej pracy podjeto probe wytworzenia uktadu
tlenkowego ZrO2/V, wykorzystujac Scieki przemystowe zawierajace jony wanadu
w podwdjnej roli — promotora hydrolizy oraz prekursora tego metalu. Wzbogacenie
struktury ditlenku cyrkonu zwigzkami wanadu powinno zwigkszy¢ stalg dielektryczna,
pojemno$¢ elektryczng i przewodno$¢ materiatu, a takze poprawi¢ jego wihasciwosci

ferroelektryczne, termiczne i optyczne [94,95]. Ponadto, obecnos¢ wanadu zmniejsza
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przerwe¢ energetycznag materiatu, tym samym poprawiajac aktywnos$¢ fotokatalityczng
w zakresie bliskiego UV [96]. Mozliwo$¢ usuwania wanadu z zasobéw wodnych poprzez
zastosowanie takich roztworéw jako promotorow hydrolizy w procesie zol-zel jawi si¢
jako atrakcyjna metoda zagospodarowania $ciekéw przemystowych, a takze otrzymania
materiatlow 0 wlasciwosciach umozliwiajacych ich dalsze uzycie np. w roli porowatych
elektrod akumulatoréow litowo-jonowych lub fotokatalizatorow. Cykl prac badawczych
publikacji P3 podzielono na trzy gtéwne etapy. Na samym poczatku okre$lono jak zmiana
promotora hydrolizy, z tradycyjnie stosowanego amoniaku, na modelowy roztwor NaOH
wplynie na wlasciwosci uzyskanego ditlenku cyrkonu. Nastgpnie w tej roli zastosowano
modelowy roztwor wodorotlenku sodu z dodatkiem wanadu i zbadano jego wptyw na
wlasciwosci  koncowe produktu. Finalnym etapem badan byto wykorzystanie
rzeczywistych roztworéw odpadowych powstatych po ‘tugowaniu Kkatalizatora
wanadowego z zastosowaniem NaOH. Sprawdzono, czy moga by¢ one skuteczne jako
promotor hydrolizy w syntezie uktadow ZrO/V oraz jak obecnos¢ innych zanieczyszczen

w $ciekach wptywa na wiasciwosci fizykochemiczne uzyskanych materiatow.

Przez wzglad na powszechne uzycie wodorotlenku sodu w przemysle, a co za tym
idzie duza jego zawarto$¢ W rzeczywistych roztworach odpadowych, w poczatkowym
etapie badan przeprowadzono dobér najkorzystniejszych warunkéw syntezy tlenku
cyrkonu z wykorzystaniem roztworéw NaOH jako promotora hydrolizy, stosujac
roztwory o stgzeniach 5, 10, 15 oraz 20%. W przypadku roztworéw 0 najwyzszych
stezeniach zelowanie produktu nastepowato juz w trakcie dozowania promotora
hydrolizy, co wptywato negatywnie na homogeniczno$¢ otrzymywanego materiatu.
Ze wzgledu na che¢ ograniczenia ilosci wody wprowadzanej do uktadu stwierdzono, ze
najkorzystniejsze stgzenie wodorotlenku sodu wynosi 10% i dla tego st¢zenia
prowadzono testy poréwnawcze z materiatem ZrO. otrzymanym z wykorzystaniem
25-proc. roztworu amoniaku. Wyniki przeprowadzonych badan fizykochemicznych
wykazaly, ze oba materiatly charakteryzuja si¢ niemal identycznymi wiasciwosciami
w zakresie parametrow Struktury porowatej, sktadu pierwiastkowego, obecnosci grup
funkcyjnych na powierzchni, morfologii oraz stabilnosci termicznej (Tabela 2).
Prowadzi to do wniosku, ze w przypadku przedstawionej syntezy zol-zel zmiana rodzaju
promotora hydrolizy (NHz—NaOH) nie wptywa znaczaco na wlasciwosci otrzymanego

ditlenku cyrkonu. Nie jest to jednak statg reguta, zwlaszcza jezeli promotor zasadowy
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zmienia si¢ na kwasowy, co moze Skutkowac uzyskiwaniem materialdbw 0 innej

morfologii i strukturze porowatej [97].

Tabela 2. Poréwnanie wiasciwosci fizygkochemicznych ditlenku cyrkonu otrzymanego
z wykorzystaniem réznych zasadowych promotorow hydrolizy.

ZrOz (NaOH) ZrOz (NHs)

Struktura amorficzna amorficzna
Powierzchnia wiasciwa BET [m?/g] 145 141

Sredni rozmiar poréw [nm] 6,9 6,7

Srednia objetos¢ porow [cm¥/g] 0,11 0,11
Zawartos¢ cyrkonu [%] 56,5 59,6
Zawartos¢ tlenu [%0] 37,5 37,7
Zawartos¢ sodu [%0] 4,0 2,7
Zawartos¢ azotu [%] 2,0 0,1

Kolejnym etapem badan byto wprowadzanie in situ do uktadu zwiazkéw wanadu
w roztworach modelowych. Podjeto syntezy, wykorzystujgc roztwory o stezeniach 10,
20, 50, 100 i 200 mg/dm® metawanadanu sodu w 10% NaOH i 25% NHs oraz 5 g/dm?®
w 10% NaOH. Wszystkie otrzymane materiaty ZrO./V charakteryzowaly sig¢
nieregularng strukturg o r6znej wielkosci ziaren i wykazywaty tendencje do aglomeraciji.
Wzrost zawarto$ci wanadu nie powodowat znaczacych zmian w zakresie wielkosci ziaren
badanych probek, niezaleznie od rodzaju zastosowanego promotora hydrolizy.
Analogicznie jak w przypadku czystego ditlenku cyrkonu, na widmach FT-IR badanych
materiatdw zaobserwowano sygnaty pochodzace od drgan rozciggajacych wigzan O—H
(3432-3367 cm™), Zr-OH (1367-1352 cm™) oraz Zr—O (815-793 cm™). Ponadto, dla
modyfikowanych zwigzkami wanadu probek obserwuje si¢ pasma przy okoto 1364 i 903
cm? pochodzace od drgan rozciggajacych Zr-O-V, a w zakresie 606-530 cm™
obserwowane sa pasma od drgan zginajacych V—O-V [98]. Obecnos¢ cyrkonu, tlenu oraz
wanadu potwierdzono takze wynikami energodyspersyjnej spektroskopii rentgenowskiej
(EDS). Identyfikacja sygnatow pochodzacych od grup funkcyjnych obecnych na
powierzchni badanych materiatow i analiza sktadu powierzchniowego posrednio
potwierdzita skuteczno$¢ syntezy ditlenku cyrkonu oraz jego modyfikacje zwigzkami
wanadu. Tym samym zrealizowano jeden ze szczegotowych celéw prowadzonych badan.
Wszystkie otrzymane uklady ZrO./V charakteryzowaly si¢ stosunkowo duza
powierzchnia wiasciwa (137-232 m?/g), poréwnywalna lub wyzsza od wartosci
powierzchni czystego ZrO2 (141-145 m?/g). W przypadku zastosowania roztworéow
NaOH jako promotoréw hydrolizy, wraz ze wzrostem zawartosci jonow wanadu,

wzrastala powierzchnia witasciwa materiatu ZrO2/V. Trend taki nie byt obserwowany,
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gdy bazag modyfikatora byt amoniak — dla materiatbw  otrzymanych
z uzyciem roztworow NHs powierzchnia przyjmowata niemalze statg warto$¢. Poniewaz
rozwinigta powierzchnia wtasciwa jest jednym z kluczowych elementéw w procesach
srodowiskowych takich jak adsorpcja czy (foto)kataliza, zjawisko to moze mieé
korzystny wptyw na uzyteczno$¢ materiatow otrzymanych z zastosowaniem roztworow
na bazie NaOH. Wyniki przeprowadzonych analiz dowiodty, ze roztwory NaOH oraz
NH3s zawierajace jony wanadu moga by¢ skutecznie wykorzystane w roli promotora
hydrolizy w procesach zol-zel, a wykorzystanie roztworow NaOH moze dodatkowo

przyczyni¢ si¢ do lepszego rozwinigcia powierzchni wtasciwej otrzymanych materiatow.

Etapem wienczacym prezentowane w publikacji P3 badania byto zastosowanie
rzeczywistych roztworow $ciekow zawierajacych jony wanadu. Uzyto do tego roztworéw
powstatych po tugowaniu katalizatora wanadowego z uzyciem NaOH. Wykorzystano
roztwor 0 stezeniu bazowym (5 g/dm?®) oraz dwa jego rozcieficzenia (10 i 200 mg/dm?3).
Wyniki analiz fizykochemicznych nie wykazaty znacznych zmian w strukturze
i morfologii probek otrzymanych z wykorzystaniem $ciekow rzeczywistych wzgledem
materiatdéw uzyskanych z wykorzystaniem roztworow modelowych. Réwniez dla nich na
widmach FT-IR zaobserwowano sygnaty pochodzace od drgan rozciggajacych wigzan
O—-H, Zr-OH, Zr-0O oraz zginajacych Zr-O-V i V-0O-V. Obecno$¢ cyrkonu, tlenu
i wanadu potwierdzity dodatkowo wyniki analizy EDS. Ponadto zaobserwowano
zwigkszong zawarto$¢ procentowg czystego wanadu na powierzchni probki otrzymanej
z wykorzystaniem roztworu rzeczywistego (0,9%), wzgledem roztworu modelowego
0 zblizonym stezeniu (0,4%). Wyniki przeprowadzonych analiz stanowia posrednie
potwierdzenie, ze roztwor odpadowy zawierajacy zwigzki wanadu moze petni¢ funkcje
promotora hydrolizy w syntezie ZrO,/\VV zmodyfikowang metodg zol-zel. Obecno$é
zanieczyszczen Wplyneta jednak negatywnie na parametry struktury porowatej,
W szczegblnosci na warto$é powierzchni wiasciwej redukujac ja do 100 m?/g (ZrO, +
roztwor rzeczywisty) z 224 m?/g uzyskanych dla materialu, w ktorego syntezie uzyto
roztworu modelowego (ZrO, + 5 g/dm® V). Zmiane wzgledem czystego ZrO. oraz
uktadow ZrO»/V otrzymanych z uzyciem roztworé6w modelowych obserwuje si¢ takze
w przebiegu krzywej adsorpcji-desorpcji azotu. W przypadku materiatéw otrzymanych
z uzyciem roztworu rzeczywistego obserwuje si¢ petle histerezy, przez co otrzymanag

krzywa nalezy zaliczy¢ do izoterm typu IV, a nie Il jak w przypadku pozostatych
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materiatdow. lzoterma ta jest charakterystyczna dla materiatbw mezoporowatych

I sugeruje mechanizm adsorpcji wielowarstwowej poprzez kondensacj¢ kapilarna.

Przedstawiony w publikacji tok badawczy potwierdza stuszno$¢ zatozen, ze $cieki
rzeczywiste zawierajace wanad mogg by¢ skutecznie stosowane w roli promotora
hydrolizy w procesach otrzymywania materiatow tlenkowych na drodze zmodyfikowanej
syntezy zol-zel, prowadzac do mezoporowatego materiatu hybrydowego ZrO/V.
Zaproponowana metoda syntezy stanowi wydajng droge otrzymywania ditlenku cyrkonu,
a wykorzystanie roztworow zawierajacych jony wanadu w podwojnej roli — promotora
hydrolizy oraz prekursora wanadu — powoduje skuteczne wprowadzenie tego pierwiastka
w strukture otrzymanego tlenku. Domieszkowanie ZrO, wanadem istotnie wptywa na
parametry fizykochemiczne uzyskanych materiatow. Wykorzystanie odpadéw, bez ich
wczesniejszego 0Czyszczania, W procesie syntezy zol-zel ma ogromne znaczenie dla
eliminacji takich zanieczyszczen ze s$rodowiska, a takze prowadzi do otrzymania
materiatow mogacych znalez¢ dalsze zastosowania np. w procesach adsorpcji czy
katalizy. Wnioski ptynace z przeprowadzonych w pracy P3 badan potwierdzajg stuszno$é

hipotezy postawionej w niniejszej dysertacji.

Jak wczesniej wspomniano, wzbogacenie materiatow tlenkowych zwigzkami
wanadu zmniejsza ich przerwg energetyczna, CO moze mie¢ korzystny wplyw na
wilasciwosci elektrochemiczne oraz katalityczne. Zwiazki wanadu sa kluczowym
elementem w katalizie wykorzystujacej materiaty tlenkowe. Katalizatory wanadowe sa
najczesciej wykorzystywane w procesach utleniania tlenkéw siarki podczas produkcji
kwasu siarkowego(V1), a takze coraz czgsciej znajdujg zastosowanie w procesach
selektywnej redukcji katalitycznej (SCR), ktore sa prawdopodobnie najbardziej
rozpowszechnionym sposobem S$cistej regulacji emisji tlenkow azotu (NOy) do
srodowiska [99]. Obecnie SCR jest stosowany w kotlach elektrowni, piecach i innych
przemystowych urzadzeniach opalanych weglem, begdac najlepsza technologia

komercyjng pod wzgledem sprawnosci [77].

Tlenek cynku jest polprzewodnikiem 0 szerokiej przerwie energetycznej —
3,37 eV, zroznicowanej morfologii i stosunkowo duzej powierzchni wtasciwej. Ponadto
jest materiatlem niedrogim, nietoksycznym, stabilnym chemicznie i tatwo
przetwarzalnym, a wiele jego cech mozna uwypukli¢, wprowadzajgc do uktadu atomy

innego pierwiastka. Dlatego tez stanowi idealng matryce do badan nad wplywem
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wbudowania w jego strukture¢ wanadu. W publikacji P3 potwierdzono skutecznos¢
inkorporacji zwigzkéow wanadu na drodze zmodyfikowanej syntezy zol-zel, dlatego
kolejnym krokiem byta walidacja czy modyfikacja ta jest korzystna pod wzgledem
poprawy wiasciwosci Katalitycznych i elektrochemicznych otrzymywanych matryc
nieorganicznych oraz rozszerzenia ich spektrum aplikacyjnego. Dlatego w badaniach
opisanych w publikacji P4 skupiono si¢ na otrzymaniu multifunkcjonalnego materiatu,
do zastosowania zaréwno w roli katalizatora w procesie SCR, jak i komponentu materiatu
elektrodowego. W tym celu przeprowadzono syntezg¢ tlenku cynku wzbogaconego
wanadem w zmodyfikowanym procesie zol-zel, w ktérym prekursor wanadu

wprowadzono in situ do uktadu reakcyjnego przed dozowaniem promotora hydrolizy.

W  pierwszym etapie badan uwage skoncentrowano na doborze
najkorzystniejszych warunkow syntezy materialu pod wzgledem st¢zenia (10-25%
masowych) oraz rodzaju (NaVOs lub NH4VO3) prekursora wanadu. W toku badan
otrzymano dziewie¢ réznych materialow — po cztery materiaty ZnO/V przy stosunku
masowym reagentow ZnO:V 9:1, 17:3, 4:1 i 3:1 dla kazdego z prekursorow, oraz probe
referencyjng — niedomieszkowany tlenek cynku. Wszystkie probki poddano wnikliwej
analizie fizykochemicznej. Zdjecia SEM otrzymanych materiatéw modyfikowanych
wykazaty zmiany w budowie i morfologii wzgledem proby referencyjnej. Ich
powierzchnia charakteryzowata si¢ wigksza nieregularno$cia i pofatdowaniem, co jak
opisywal Sundaram z zespotem [100], rowniez obserwowano w przypadku modyfikacji
ZnO zwigzkami kobaltu i manganu. W przypadku uktadéw otrzymanych stosujac
wigksze zawartosci wanadu (ZnO:V 4:1 i 3:1) tendencja czastek do aglomeracji okazata
si¢ zalezna od rodzaju wykorzystanego promotora wanadu — obserwowano redukcje (gdy
zastosowano NaVOs) lub wzrost (gdy zastosowano NH4VO3) wielkosci aglomeratow
czagstek. Analiza wynikow niskotemperaturowej sorpcji azotu dowiodta, ze poczatkowo
dodatek wanadu korzystnie wptywa na rozwinigcie powierzchni wtasciwej otrzymanego
materiatu  tlenkowego — najwigkszg powierzchni¢ wlasciwg mialy materiaty
Z najmniejszg domieszka wanadu — 59 i 75 m?/g, odpowiednio dla ZnO/V 9:1 (NaVOs)
i ZnO/V 9:1 (NH4VO:s3). Jednak dalsze zwigkszanie ilo$ci wprowadzanego wanadu
powoduje znaczne obnizenie tej wartosci, osiggajac minimum dla materiatu otrzymanego
przy stosunku masowym komponentow 3:1. Trend ten obserwowano niezaleznie od
rodzaju zastosowanego prekursora wanadu. Wszystkie otrzymane krzywe adsorpcji-

desorpcji sklasyfikowano jako izotermy typu Il zgodnie z wytycznymi Migdzynarodowej
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Unii Chemii Czystej i Stosowanej IUPAC (z ang. International Union of Pure and
Applied Chemistry) [101]. Ten typ izotermy charakterystyczny jest dla materialow
makro- lub nieporowatych, zdolnych do adsorpcji multiwarstwowej. Wyniki analizy
nieinwazyjnego wstgpnego rozproszenia swiatta (NIBS) umozliwity wysnucie wniosku,
ze wszystkie probki maja dos¢ rownomierny rozktad wielkosci czastek 0 rozmiarach
nieprzekraczajacych 1 pm. W prébkach o wigkszej zawartosci wanadu obserwuje sig¢
mniejszg homogeniczno$¢ (wzrost wspotczynnika polidyspersyjnosci — PDI), co moze
sugerowaé, ze Wicksza zawarto$¢ wanadu zwicksza tendencje czastek do aglomeracji.
Porownujac te dane z wynikami niskotemperaturowej sorpcji azotu (w oparciu 0 model
BET), prawdopodobnym jest, ze takie wartosci wielkosci I objetosci porow wynikaja
z obecnosci wolnych przestrzeni migdzy czastkami pierwotnymi materiatu tlenkowego.
Dyfraktogramy wszystkich analizowanych probek obrazuja obecnos¢ i utozenie pikow
dyfrakcyjnych charakterystycznych dla heksagonalnej struktury wurcytu. Jednak
wprowadzenie wanadu w strukture tlenku cynku powoduje znieksztatcenie jego struktury
krystalicznej. Ze wzgledu na identyczny fadunek kationy wanadu sg w stanie podstawiac
kationy cynku, tym samym zmieniajac promien jonowy, a W zwigzku z tym zmieniaja
nieznacznie strukture krystaliczng materiatu [102,103]. Kation wanadu V2* (0,79 A), ma
delikatnie wickszy promien jonowy niz jon cynku Zn?* (0,74 A), co réwniez moze
powodowa¢ defekty w strukturze krystalicznej. Zmniejszona homogeniczno$é¢, czyli
nierbwnomierne rozprowadzenie czastek wanadu moze takze powodowaé spadek
wartosci parametru usieciowania materiatu [102]. Skuteczno$¢ wbudowania wanadu
w struktur¢ tlenku cynku potwierdzono wynikami analiz EDS oraz fluorescencji
rentgenowskiej XRF (z ang. X-ray fluorescence), na ktérych widmach pojawity sie
spodziewane udziaty procentowe cynku, tlenu oraz wanadu, tozsame z zatozeniami
niniejszych badan. Zarejestrowano takze §ladowe ilosci azotu oraz sodu, ktére to
prawdopodobnie wynikaly z obecnosci pozostatosci prekursora wanadu lub tez
promotora hydrolizy. Ponadto, na widmie FT-IR zaobserwowano sygnaty pochodzace od
drgan rozciagajacych wigzan Zn—O (zakres liczby falowej 523-558 cm™) [104,105], V=0
oraz V-O-V (maksima odpowiednio przy 1010 oraz 790 cm™) [106]. Potencjal
elektrokinetyczny (dzeta) jest kluczowym elementem przy ocenie efektywnos$ci procesu
adsorpcji, a co za tym idzie, ma wpltyw na mechanizm i skuteczno$¢ katalizy, w tym
procesu selektywnej redukcji katalitycznej. Dodatnig warto$¢ potencjatu zaobserwowano

jedynie dla ZnO w silnie kwasowym srodowisku. Wartosci potencjalu dzeta zmniejszaja
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siec wraz ze wzrostem warto$ci pH, poniewaz zmniejsza si¢ dostepno$¢ jonow H™.
W roztworze alkalicznym na powierzchni probki gromadza si¢ tadunki ujemne w wyniku
obecnosci jonoéw hydroksylowych (OHY) [107], co powoduje obnizenie warto$ci
potencjatu elektrokinetycznego probki. Wszystkie zsyntezowane materiaty tlenkowe
modyfikowane wanadem wykazywaly ujemne wartosci potencjalu dzeta w catym
zakresie pH. W przypadku materiatow otrzymanych z wykorzystaniem NaVOs jako
modyfikatora, zwiekszenie stezenia wanadu skutkowato obnizeniem wartos$ci potencjatu
dzeta. Natomiast w przypadku modyfikacji z uzyciem NHsVO3 byt on niemalze staty.
Dodatek wanadu we wszystkich przypadkach spowodowat znaczne obnizenie wartosci
potencjatu elektrokinetycznego w catym zakresie pH [108]. Spadek potencjatu dzeta
zaobserwowano takze w przypadku wzbogacania ZnO zelazem i srebrem [107]. Po
dokonaniu doktadnej charakterystyki fizykochemicznej zsyntezowanych materiatow
finalnym krokiem badan bylo poddanie wybranych probek testom aplikacyjnym,
w ktorych zweryfikowano ich potencjat katalityczny i elektrochemiczny.

Z punktu widzenia $rodowiskowego istotnym testem bylo wykorzystanie
uzyskanych materiatow w roli katalizatorow w procesach selektywnej redukcji
katalitycznej tlenkoéw azotu indukowanej amoniakiem, w zakresie temperatur 150-450°C.
Wyniki przedstawiono na Rysunku 9. We wszystkich przypadkach wzrost temperatury
reakcji oddziatywal pozytywnie na skuteczno$¢ konwersji tlenkéw azotu, osiggajac
maksymalny stopien redukcji w najwyzszej z badanych temperatur. Widoczny jest takze
silny wptyw rodzaju prekursora wanadowego uzytego podczas syntezy na wydajnosc¢
katalityczng — probki zsyntezowane z uzyciem NHsVOs wykazywatly wigkszy stopien
konwersji NOx od tych, do ktorych syntezy uzyto NaVOaz. Zjawisko to moze by¢
powigzane Z obecno$cig zanieczyszczen pochodzacych od promotora w strukturze
materiatu tlenkowego. Jak wspomniano w czesci poswigconej charakterystyce
fizykochemicznej, w analizowanych materiatach obecne sa sladowe ilosci sodu i azotu.
Sod jest powszechnie znany jako trucizna wielu katalizatorow [109,110] i nawet jego
nieznaczna zawarto$¢ moze znaczgco obnizy¢ aktywnos$¢ katalityczng materiatow.

Natomiast obecno$¢ azotu, np. w postaci NH4", moze ja wzmacniad.
Ja
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Rysunek 9. Wyniki badan katalitycznych obejmujgcych (a, €) konwersje NOy oraz (b, d)
generowanie produktu ubocznego N,O, uzyskane dla materiatow ZnO/V otrzymanych
z wykorzystaniem NaVOs (a,b) oraz NH.VOs (c,d).

Najwyzszy stopien konwersji tlenkow azotu, 67% w 450 °C, uzyskano dla probki
ZnO/V 3:1 (NH4VOs3). Sposrod probek syntezowanych z wykorzystaniem NaVOs
rowniez najlepsza skuteczno$¢ wykazal material z najwyzsza zawarto$cig wanadu,
osiaggajac 23% w 450 °C. Dla wszystkich probek o nizszych zawartosciach wanadu
wydajnos¢ Kkatalityczna byta bardzo niska. Modyfikowany material odznaczat sig¢
skuteczniejsza konwersja tlenkéw azotu niz czysty tlenek cynku, a w poréwnaniu
z innymi modyfikowanymi materiatami tlenkowymi opisywanymi w literaturze jego
wydajnos¢ katalityczna byta zadowalajagca [111-115]. Stanowi to potwierdzenie, ze
przeprowadzony proces domieszkowania w istotny sposob wplyngt na aktywnosé
katalityczna wytwarzanych materiatéw w stosunku do wyjsciowych komponentow, co
wskazuje na zasadno$¢ podjetych badan i prawdziwos$¢ postawionej w niniejszej
dysertacji hipotezy badawczej. Wyniki sygnalizujg duzy potencjat zastosowania ZnO

w roli nosnika katalizatora wanadowego do NHs-SCR, jednak w toku dalszych badan
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nalezatoby udoskonali¢ jego sktad i jeszcze bardziej wzmocni¢ aktywno$¢ katalityczna,
tak aby umozliwi¢ jego dziatanie w nizszych temperaturach. Podczas prowadzonych
eksperymentow ciggle badano poziom wydzielanego produktu ubocznego — N20.
W zakresie temperatur 150-300 °C wszystkie materiaty wykazywaty statg, niskg wartos$¢
generowania N2O. Po przekroczeniu tej temperatury jego generowanie nieznacznie
wzrastalo — najczesSciej nie przekraczajgc 50 ppm. Jedynie w przypadku probki ZnO/V
3:1 (NHsVO3) odnotowano wicksze generowanie NO, siggajace prawie 80 ppm
w 450°C. Probki syntezowane z wykorzystaniem metawanadanu amonu generowaty
wigcej produktu ubocznego niz materialy uzyskane z uzyciem metawanadanu sodu.
Czasteczka N2O powstaje w wyniku reakcji jednej czasteczki NO z jedna czasteczkg NH3
[116], dlatego wprowadzenie wigkszej ilosci czasteczek NHs, zwigzane
z wykorzystaniem promotora NH4V O3, prawdopodobnie przyczynia si¢ do zwigkszonego
wytwarzania produktu ubocznego w ukladzie reakcyjnym. Po przeanalizowaniu
otrzymanych wynikéw badan i uwzglednieniu wczesniej omawianej charakterystyki
fizykochemicznej zaproponowano mechanizm Kkatalitycznego dziatania materiatow

ZnO/V przedstawiony na Rysunku 10.

Selektywna katalityczna redukcja NOx na katalizatorze ZnO/V
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Rysunek 10. Sugerowany mechanizm selektywnej katalitycznej redukcji tlenkéw azotu

indukowanej amoniakiem z zastosowaniem katalizatora ZnO/V.

Do testow elektrochemicznych zastosowano analiz¢ woltamperometrii cyklicznej

(CV), w ktorej probki ZnO/V uzyto w roli aktywnego materiatu anody. Analize CV
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przeprowadzono dla proby referencyjnej oraz 4 probek domieszkowanych: ZnO/V 9:1
(NaVO0:s3), ZnO/V 4:1 (NaVO0s), ZnO/V 9:1 (NH4VO3) oraz ZnO/V 4:1 (NH4VOs3). Na
wszystkich woltamperogramach zaobserwowano piki anodowe odpowiadajace reakcji
utleniania V** do V°*. Ich obecno$é stanowi dodatkowe potwierdzenie obecnosci V20s
w strukturze otrzymanych materiatow. Jak zaktadano, insercja wanadu w struktur¢ ZnO
spowodowata zmniejszenie szerokosci pasma wzbronionego. Doktadne naktadanie si¢
pikow anodowych na wykresach wskazuje na wysoka odwracalno$é¢ i dobrg wydajnos¢
cykliczng materiatu. Na podstawie uzyskanych wynikow stwierdza sie, ze stabilno$¢
cykliczna anody wykonanej z zaprojektowanego materialu ZnO/V bazuje na jego
unikalnych cechach konstrukcyjnych: powigkszeniu rzeczywistego obszaru, na ktorym
przebiega reakcja elektrochemiczna, zwigkszonego transportu jonow Li* i elektrondw,
buforowaniu indukowanych naprezen i odksztalcen, a takze zdolno$ci tlumienia
aglomeracji. Ponadto, mezoporowata struktura materiatow ZnO/V ulatwia penetracje
elektrolitu przyspieszajac kinetyke dyfuzji i zapewniajac dobry kontakt z elektroda.
Wyniki testow elektrochemicznych nie tylko potwierdzity obecnos¢ wanadu w strukturze
otrzymanych materiatow, lecz rowniez ujawnity mozliwos¢ ich przysztego zastosowania
w roli materiatu elektrodowego w ogniwie litowo-jonowym. Tym samym potwierdzajac
skuteczno$¢ zaproponowanej metody syntezy i wykazujac, ze modyfikacja wanadem

przyczynia si¢ do poprawy wtasciwosci aplikacyjnych matrycy tlenkoweyj.

Wyniki badan przedstawione w publikacji P4 jednoznacznie wskazuja, ze
domieszkowanie in situ tlenku cynku wanadem prowadzi do powstania uktadow
0 wyzszej aktywnos$ci Katalitycznej i ulepszonych wiasciwosciach elektrochemicznych,
czynigc je obiecujagcymi materiatami mogacymi znalez¢é zastosowanie w katalizie

srodowiskowej, elektrochemii i innych powigzanych dziedzinach.

Przytoczone w tej sekcji rezultaty prac eksperymentalnych jednoznacznie
wskazuja na skuteczno$¢ zaproponowanej modyfikacji metody zol-zel w syntezie
funkcjonalnych matryc nieorganicznych. Przeprowadzona analiza wynikéw badan
potwierdzita obecnos¢ atomow wanadu we wszystkich otrzymanych uktadach, a takze
dowiodta ich aktywnego zwigzania z matrycami nieorganicznymi. Ponadto
udowodniono, ze wprowadzenie jonéw wanadu w struktur¢ materialow tlenkowych
przyczynia si¢ do poprawy ich wiasciwosci Katalitycznych i elektrochemicznych,

a otrzymane, domieszkowane matryce wykazuja potencjat do zastosowan
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srodowiskowych. W toku dalszych badan pochylono si¢ nad modyfikacjami tlenkow

nieorganicznych z wykorzystaniem zwiagzkow lantanu.

6.3. Materialy tlenkowe modyfikowane lantanem

Publikacja P5 traktuje o otrzymywaniu dwusktadnikowego uktadu hybrydowego
TiO2-ZrO; wzbogacanego in situ lantanem, w zmodyfikowanym procesie zol-zel, do
zastosowania w usuwaniu substancji  farmaceutycznej — tetracykliny —

z uktadéw wodnych, na drodze adsorpcji oraz fotokatalizy.

Uktad TiO2-ZrO2, ze wzgledu na rozwinigta powierzchnie wlasciwg, wiasciwosci
kwasowo-zasadowe, wysoka stabilnos¢ termiczng, wysoka wytrzymato$é mechaniczna,
nietoksyczno$¢, odporno$¢ na korozj¢ oraz mozliwos¢ prowadzenia proceséw
fotokatalitycznych z wykorzystaniem $wiatta widzialnego, byt wielokrotnie stosowany
w roli adsorbentu zanieczyszczen organicznych [117-121]. Obecnos¢ ditlenku cyrkonu
znacznie ogranicza przemiang anatazu w rutyl, a takze zwigksza liczbe miejsc aktywnych
na powierzchni materiatu. Ponadto, powierzchnia wilasciwa oraz wytrzymatosé
mechaniczna uktadu TiO2-ZrO- sg znacznie wigksze niz wykazywane przez czysty TiO>
[119-121], dlatego stwierdzono, ze uktad ten bedzie najbardziej odpowiednim sorbentem
tetracykliny z roztworow wodnych. Wtasciwosci uktadu hybrydowego mozna dodatkowo
poprawi¢ przez domieszkowanie np. lantanem. Lantan jest szczegodlnie obiecujaca
domieszka, poniewaz ze wzgledu na konfiguracj¢ elektronéw 4f, jon lantanu moze
oddziatywac¢ z grupami funkcyjnymi kwasow Lewisa (alkohole, aminy, tiole) poprzez
swoj orbital f [122,123]. Dlatego obecno$¢ lantanu moze znacznie zwigkszy¢ zdolnosé
adsorpcji materiatu TiO2-ZrOz, a co za tym idzie, takze poprawi¢ jego aktywnosé
fotokatalityczng. Oczekiwano, ze wprowadzenie lantanu w strukture uktadu TiO2-ZrO»
zwiekszy adhezje zwiazkow organicznych do powierzchni, zahamuje wzrost czastek

materiatu, a takze ograniczy przej$cie anatazu w rutyl [123].

Materiat TiO,-ZrO>/La otrzymano na drodze zmodyfikowanego procesu zol-zel,
ktorego skutecznosci dowiedziono w badanich opisanych w pracach P3 i P4,
wprowadzajac in situ prekursor lantanu — LaClz. Celem uwydatnienia struktury
krystalicznej, czgs¢ otrzymanego materiatu poddano procesowi kalcynacji w 800 °C
przez 4 godziny. Uzyskane materiaty poddano analizie fizykochemicznej. Wyniki analizy
EDS otrzymanego materialu nieorganicznego umozliwity ustalenie jego sktadu

pierwiastkowego. Ustalono, ze sktada si¢ on z tytanu (47%), cyrkonu (35%), tlenu (10%)
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oraz lantanu (8%). Na widmach XPS zaobserwowano sygnaty pochodzace od tytanu,
cyrkonu, tlenu oraz lantanu. Widmo lantanu La 3d sktada si¢ z dwoch dubletow, La 3ds.
(834,7 eV) i La 3ds2 (851,4 eV). Potozenie tych pikow w badanym zwigzku
korespondowato z warto$ciami charakterystycznymi dla La®* w strukturze tlenku
cyrkonu [124]. Skuteczno$¢ syntezy i jej modyfikacji potwierdzono takze wynikami
spektroskopii w podczerwieni z transformacja Fouriera. Na widmie FT-IR
zaobserwowano sygnaly pochodzace od drgan rozciggajacych grup funkcyjnych
charakterystycznych dla uktadu TiO2-ZrO2/La, takich jak Ti-O, Zr-O, O-Ti-O
(w zakresie liczby falowej 750-760 cm™) i Zr—O (sygnat przy liczbie falowej 610 cm™).
Otrzymany materiat tlenkowy, przed procesem kalcynacji, wykazywat dobrze rozwinieta
powierzchnic wiasciwa 540 m?/g, ze sérednia wielkoscia poréow 3,6 nm. Duza
powierzchnia wtasciwa oraz mikroporowata struktura moga znacznie usprawnic¢ proces
adsorpcji. Po kalcynacji parametry te ulegly znacznemu pogorszeniu — powierzchnia
wladciwa zmalata do 19 m?/g, a éredni rozmiar poréw wzrést do 31,1 nm. Obrobka
termiczna spowodowata wyrazne pogorszenie parametrow Struktury porowatej, jednak
przyczynita si¢ do wyodrebnienia struktury Krystalicznej materiatu, co jest korzystne
w procesach fotokatalitycznych. Przed kalcynacja TiO2-ZrOz/La mial strukture
amorficzna, po wygrzaniu w 800 °C na dyfraktogramie zaobserwowano 9 pikow
potwierdzajacych obecnos¢ struktury krystalicznej jednoskosnego ZrO,, rombowego
ZrTiO4 oraz TiO2 w postaci anatazu. Dzigki obrobce termicznej materiat zostat
pozbawiony wody i wyksztatcity si¢ mostki tlenowe Ti—-O-Ti i Zr-O-Zr. Sugeruje to
powstanie aktywnego potaczenia pomigdzy TiO2 a ZrOz, w wyniku ktérego powstata
fotoaktywna, rombowa faza TiZrOs. Uzyskane wyniki analizy strukturalnej pozwolity
potwierdzi¢ skuteczno$¢ syntezy i modyfikacji uzyskanego materiatu hybrydowego
TiO2-ZrO2/La.

Przeprowadzone w pracy P5 badania wpisuja si¢ W nurt prac nad poprawg
wlasciwosci i rozszerzeniem uzytecznosci materiatow tlenkowych opartych na TiOo.
Kluczowym elementem badan bylo zastosowanie otrzymanego materiatu
w kompleksowym procesie usuwania aktywnej substancji farmaceutycznej — tetracykliny
— opartym na zjawiskach adsorpcji i fotokatalizy. Tetracyklina (TC) ze wzgledu na
stosunkowo niski koszt i skutecznos¢ leczenia roznych infekcji bakteryjnych zaréwno
u ludzi, jak i zwierzat jest jednym z najcze$ciej stosowanych antybiotykow na $wiecie

[125]. Jednak substancja ta nigdy nie jest w pelni metabolizowana, dlatego 20-40%
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przyjetej dawki wydalane jest z moczem i katem, co prowadzi do zanieczyszczenia gleby
I wod [126]. Eliminacja tetracykliny jest dodatkowo utrudniona przez zmienng forme
wystepowania, niskg biodegradowalnos$¢ i ztozono$¢ struktur molekularnych, dlatego tak
waznym jest znalezienie kompleksowego materialu do jej jak najskuteczniejszej

eliminacji ze srodowiska.

Pierwszym etapem testow aplikacyjnych byto przestudiowanie procesu adsorpcji
tetracykliny na niekalcynowanym materiale TiO2-ZrOz/La. Adsorpcja farmaceutyku byta
faworyzowana w pH lekko kwasowym 5-6, gdzie stopien usuwania leku osiagat blisko
100%. Tak wysoka efektywnos¢ eliminacji moze §wiadczy¢ o dobrej adhezji antybiotyku
do materiatu tlenkowego, co wynika¢ moze z charakteru grup funkcyjnych materiatu
i tetracykliny, a takze z wprowadzenia lantanu w strukture matrycy nieorganicznej.
Ponadto, odczyn srodowiska wplywa na zmiany tadunku powierzchniowego (przez
procesy protonacji i deprotonacji) grup funkcyjnych uktadu tlenkowego, jak i strukture
tetracykliny, a oddziatywania elektrostatyczne majg istotny wptyw na efektywnosé¢
wigzania adsorbentu z adsorbatem. Dane uzyskane podczas badan nad stanem rownowagi
procesu pozwolily opisa¢ go izotermg Langmuira, co sugeruje, ze usuwanie tetracykliny
nastepuje glownie poprzez adsorpcj¢ monowarstwowa na powierzchni materiatu
TiO2-ZrOz/La i jest ograniczone skonczong liczba obecnych na niej miejsc aktywnych.
Stusznos¢ takiego dopasowania potwierdzaja wczesniej opublikowane badania
[127-129]. Niska warto$¢ wspotczynnika statej Langmuira Ki (0,0181 L/g) wskazuje na
wysokie  powinowactwo  tetracykliny do  adsorbentu, co  potwierdzono
w przeprowadzonych testach desorpcji, ktorych skutecznos¢ wahata sie¢ w zakresie
0,3-1,7%, wskazujac na obecno$¢ silnych oddziatywan pomiedzy powierzchniag
adsorbentu i farmaceutykiem. Korzystajac z modelu Langmuira wyznaczono
maksymalng pojemnos$¢ sorpcyjng materiatu TiO2-ZrO»/La wobec tetracykliny, ktora
wyniosta 69,44 mg/g. Dodatkowo, aby lepiej zrozumie¢ proces, przeprowadzono badania
nad kinetyka reakcji wykorzystujac modele pseudo-pierwszego i pseudo-drugiego rzedu.
Przez wzglad na wyzsza warto$é wspolczynnika Kkorelacji R? lepsze dopasowanie
osiggnieto dla modelu pseudo-drugiego rzedu, co sugeruje, ze proces adsorpcji
tetracykliny na materiale TiO2-ZrO>/La jest ztozony i zachodzi poprzez mechanizm
monowarstwowej chemisorpcji oraz wielowarstwowej fizysorpcji. Takie dopasowanie
osiggano rowniez dla procesow adsorpcji tetracykliny na innych matrycach tlenkowych
takich jak TiOz [130], TiO2-SiO2 [130], TiO2-CuOz2 [131] czy Al.O3 [132]. Istnieje duze
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prawdopodobienstwo, ze tetracyklina taczy si¢ z powierzchnig matrycy nieorganicznej
poprzez grupy tlenowe oraz dodatnio natadowana powierzchnia materiatu tlenkowego
taczy si¢ z ujemnie natadowanymi atomami tlenu z grup hydroksylowych tetracykliny
poprzez wigzania wodorowe. Ponadto, tetracyklina wykazuje zdolnos¢ chelatowania,
tworzac kompleksy z atomami metali. Skomplikowany mechanizm wigzania tetracykliny
z hybrydowym materiatem tlenkowym TiO2-ZrOz/La starano si¢ Schematycznie

przedstawi¢ na Rysunku 11.

@]
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Rysunek 11. Prawdopodobny mechanizm adsorpcji tetracykliny na powierzchni uktadu
TiOQ_-ZI"Oz/La.

Fotodegradacja tetracykliny z modelowych roztwordéw zostata przeprowadzona
celem okreslenia aktywnosci fotokatalitycznej kalcynowanego materiatu TiO2-ZrO2/La.
Wydajnos¢ degradacji wzrastata wraz ze wzrostem czasu kontaktu i masy uzytego
katalizatora. Optymalny czas kontaktu dla najnizszego stezenia roztworu tetracykliny
(10 mg/dm?®) wynosit 120 min (skuteczno$¢ degradacji 100%), natomiast dla wyzszych
stezen wzrost do 210 min (skutecznos¢ degradacji w zakresie 43%-78%). Po 210 min
prowadzenia procesu z uzyciem roztworéw O stezeniu poczatkowym 25 mg/dm3
osiggnicto zblizone wydajnosci usuwania tetracykliny, niezaleznie od pH srodowiska.
Badania kinetyki reakcji ujawnity istotne roznice W szybkosci degradacji tetracykliny
W obecnosci katalizatora TiO.-ZrOz/La przy zmiennych parametrach procesu. Wzrost
stezenia poczatkowego farmaceutyku wplywal negatywnie na szybkos¢ reakcji
degradacji (k), niezaleznie od zastosowanej masy fotokatalizatora. Ponadto ustalono, ze
pH roztworu wpltywa na szybkos$¢ degradacji (k) — najwyzsze wartosci statej szybkosci
I najkrotszy okres pottrwania uzyskano dla pH 7-9. Jak wczesniej wspomniano potaczenie

ZrOz i TiO2 (ZrO2-TiO2, ZrTiOs) moze mie¢ korzystny wplyw na wiasciwosci
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fotokatalityczne. Uktad hybrydowy wykazuje wigksza aktywno$¢ fotokatalityczng niz
czysty TiO2, mniejsze pasmo wzbronione niz ZrO, oraz dobra stabilno$¢ termiczng
[119,133], co potwierdzity badania przeprowadzone w niniejszej pracy. Opierajac si¢ na
wynikach przeprowadzonych badan oraz doniesieniach literaturowych opracowano
graficzne przedstawienie prawdopodobnego mechanizmu procesu fotokatalitycznej
degradacji tetracykliny na materiale tlenkowym TiO2-ZrO>/La, ukazane na Rysunku 12.

Tetracyklina Produkty

degradacji

Tetracyklina

Produkty
degradacji

Rysunek 12. Prawdopodobny mechanizm fotodegradacji tetracykliny z uzyciem
materiatu TiO2-ZrOz/La.

Zgodnie z zatozeniami niniejszych badan otrzymany mezoporowaty materiat
TiO2-ZrOz/La wykazatl zadowalajaca zdolno$¢ adsorpcyjng i doskonata wydajnosc
fotokatalityczng w procesie degradacji tetracykliny pod wptywem promieniowania UV.
Przeprowadzona charakterystyka fizykochemiczna pozwolita stwierdzi¢ skuteczno$é
wprowadzenia lantanu w struktur¢ matrycy nieorganicznej na drodze zaproponowanej
syntezy zol-zel. Wykazano, ze uklad TiO2-ZrO. dodatkowo wzbogacony lantanem
wykazuje synergistyczne dziatanie adsorpcyjne i fotokatalityczne w kierunku usuwania
wybranego zanieczyszczenia farmaceutycznego. Dodatkowo, wprowadzenie lantanu
przyczynito si¢ do poprawy adhezji zwigzkéw organicznych do powierzchni materiatu
tlenkowego. Stanowi to niejako potwierdzenie multifunkcyjnosci nieorganicznego
materiatu TiO2-ZrO>/La, uzasadniajac stuszno$¢ jego zaprojektowania i ewentualnego

dalszego zastosowania w podobnych procesach srodowiskowych.

Ostatni etap prac eksperymentalnych obejmowal badania nad zwigzkami

opartymi o tlenek glinu i ich zastosowaniem w aspektach srodowiskowych. Tlenek glinu
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wykazuje relatywnie duza powierzchnie wlasciwa (ok. 200 m?/g) oraz zréznicowany
rozktad makro- i mikroporéow [55], z tego wzgledu jest powszechnie stosowany
w procesach oczyszczania wod. Ze wzgledu na to, a takze przez fakt realizacji
trzymiesi¢cznego stazu naukowego na Kent Stane University pod Kkierownictwem
wybitnego specjalisty z zakresu materiatdéw porowatych, a zwtaszcza materiatoéw na bazie
Al;0O3 — profesora Mietka Jaronca, w badanich opisanych w publikacji P6 metoda
mickkiego odwzorowania z wykorzystaniem mickkiej matrycy - kopolimeru
trojblokowego (EO)20(PO)70(EO)20 (Pluronic® P-123, firmy BASF, Co.), wspomaganej
mechanochemicznie, otrzymano uktady bazujace na tlenku glinu do zastosowan
w procesach katalizy. Nanoczastkowy Al.O3 najczesciej otrzymywany jest w procesie
stracania, ktory to umozliwia powstanie produktu o wysokiej czystosci, wysokiej
stabilno$ci termicznej i prawie jednorodnym rozmiarze nanoczgstek [134,135]. Podobne
wlasciwosci gwarantuje takze synteza zol-zel [136,137]. Precypitacja i synteza zol-zel sa
najpopularniejszymi metodami otrzymywania Al>Os, jednak obie wymagaja uzycia
duzych ilosci rozpuszczalnika. W przeciwienstwie do nich metoda mechanochemiczna
wymaga minimalnej ilosci rozpuszczalnika lub nawet nie wymaga go wcale. Ponadto jest
wyjatkowo prosta, a powstajace W niej materialy wymagaja kalcynacji w nizszej
temperaturze niz te powstate w mokrych procesach chemicznych, co przektada si¢ na
wysoka czystos¢ materiatu z mniej zaglomerowanymi nanoczastkami [138,139]. Metoda
miekkiego odwzorowania polega na wzro$cie czastek materiatu finalnego na wzorcu,
powodujac wytworzenie uporzadkowanej struktury mezoporowatej, ktorg uzyskuje sig
po usunieciu szablonu w procesie kalcynacji. Wprowadzenie do uktadu modyfikatora —
mickkiej matrycy Pluronic® P-123 — mialo na celu wywotanie korzystnych zmian
strukturalnych i morfologicznych, prowadzacych do poprawy parametrow struktury
porowatej materiatu. W publikacji P6 na drodze zmodyfikowanej in situ syntezy
mechanochemicznej z wykorzystaniem migkkiego wzorca otrzymano nowatorski
materiat na bazie tlenku glinu wzbogacony zwigzkami wanadu i lantanu, ktory
z powodzeniem zastosowano w indukowanej amoniakiem selektywnej katalitycznej
redukcji tlenkow azotu. Jak wczesniej wspomniano, proces SCR jest prawdopodobnie
najpowszechniejszym sposobem regulacji emisji tlenkow azotu do srodowiska, dlatego
tez dotychczas wiele roznych substancji byto wykorzystywane w roli Kkatalizatora.
Sposrod poznanych materiatow prym zdecydowanie wioda komercyjne katalizatory
wsparte na zwigzkach wanadu — V20s-WO3/TiO2 i V205-Mo00O3/TiO2 [81,82]. Materiaty
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te nie sg jednak bez wad — wykazuja niskg odporno$¢ na zatrucie SOz i H.O oraz waski
zakres temperatur operacyjnych (300-400 °C) w przypadku NH3-SCR. Dowiedziono, ze
osadzenie katalizatora wanadowego na tlenku glinu powoduje znaczne zwigkszenie jego
odporno$ci na dezaktywacje przez zatrucie SO, [140-142]. Zatozono, ze dodatkowa
modyfikacja uodpornionego na zatrucie tlenkami siarki materiatu katalitycznego
Al>03/V20s przez wzbogacenie go zwigzkami lantanu zwigkszy ilos¢ miejsc funkcyjnych
i poprawi adhezje tlenkéw azotu do jego powierzchni, umozliwiajgc otrzymanie

nowatorskiego, wysoce skutecznego w procesach SCR materiatu katalitycznego.

Material Al203/V,0s/La;03 otrzymano metoda migkkiego odwzorowania
wspomagang mechanochemicznie. Wykorzystano proces wysokoenergetycznego
mielenia w mtynie kulowym. Synteza przebiegata w naczyniu mielacym wyposazonym
w osiem kulek z tlenku cyrkonu stabilizowanego itrem 0 s$rednicy centymetra kazda.
W naczyniu umieszczano Pluronic® P-123 (migkka matryca), bemit (prekursor Al,Os),
metawanadan amonu (prekursor wanadu), wode dejonizowang oraz HNOs. Dla proby
referencyjnej pominicto prekursor wanadu, natomiast w przypadku materiatow
modyfikowanych lantanem wprowadzano dodatkowo LaCls, jako prekursor LazOs.
Otrzymane materiaty suszono, a nast¢pnie kalcynowano w rurowym piecu kwarcowym
w temperaturze 600 °C przez 4 godziny, aby pozby¢ si¢ migkkiej matrycy polimerowej

i uzyskac pozadang krystalicznos$¢.

Pierwszym krokiem bylo ustalenie najkorzystniejszej zawarto$ci wanadu i czasu
mielenia. Zsyntezowano czysty AlOs i po trzy probki 0 szacowanych zawarto$ciach
wanadu 0,5, 1 oraz 2% masowych, w procesach trwajacych 3 i 5 godzin. Wydtuzenie
czasu trwania procesu nie przyczynito si¢ do istotnej zmiany wiasciwosci
fizykochemicznych otrzymanych materiatow, dlatego ze wzgledow ekonomicznych
najkorzystniejszy czas procesu ustalono na 3 godziny. Domieszka wanadu byta
stopniowo zwickszana do wartosci 2% masowych, aby sprawdzié¢, czy materiat znaczaco
zmieni swoje wiasciwosci strukturalne. Dla wszystkich zastosowanych domieszek
wanadu obserwowano dobrg homogenizacje materiatu, dlatego do dodatkowego
domieszkowania lantanem (0,5 i 1% masowych La w produkcie koncowym) wybrano

matryce 0 najwyzszej, dwuprocentowej zawartosci wanadu.

Otrzymane materialy poddano analizie fizykochemicznej, ktorej wyniKi

potwierdzity skutecznos¢ whbudowania wanadu i lantanu w ich strukturg. Na widmach
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EDS zmodyfikowanych probek odnotowano sygnaty pochodzace od wanadu (1,1-4,3%
wag.) i lantanu (0,5-1,1% wag.). We wszystkich probkach wykryto takze obecnos¢
sygnatow pochodzgcych od glinu przy ok. 1,486 keV (KaAl). Analiza XRF dodatkowo
potwierdzita obecno$¢ tych pierwiastkow w formach tlenkowych — Al>O3 (89,3-100,0%
wag.), V20s (2,2-8,8% wag.) oraz La»>0s3 (1,1-2,0% wag.). Stosujac niskotemperaturowa
sorpcje azotu mozliwym bylo ustalenie parametrow struktury porowatej zsyntezowanych
uktadow. Krzywe adsorpcji-desorpcji azotu wszystkich badanych materiatow
zaklasyfikowano jako izotermy typu IV [101], charakterystyczne dla materiatow
mezoporowatych, na ktorych powierzchni zachodzi¢ moga procesy adsorpcji jedno-
I wielowarstwowej, a takze kondensacji kapilarnej [143-145]. Powierzchnia wiasciwa
otrzymanych materiatdbw wahata sic w przedziale 279-337 m?/g, rozmiar poréw
pomiedzy 18-33 nm, a ich objetos¢ 0,91-1,39 cm®/g, co dowodzi skutecznosci
proponowanej metody syntezy materialow 0 wysokorozwinigtej strukturze porowatej. Na
dyfraktogramach otrzymanych proszkoéw zaobserwowano piki dyfrakcyjne, ktére mozna
przypisa¢ sygnatom pochodzacym od a-Al.Oz (piki 400, 422 i 620) oraz y-Al203 (piki
220, 311, 222 i 140) co pozostaje w zgodzie ze standardowym wzorcem Al>Os (baza
danych ICDD, numer karty 79-1558) [146-148]. Domieszkowanie zwigzkami wanadu i
lantanu nie wptyneto na wyglad dyfraktogramu, a tym samym na strukture krystaliczng
probki. Nie zaobserwowano zadnych pikéw dyfrakcyjnych charakterystycznych dla
innych zwigzkow chemicznych, co wskazuje, ze wbudowane w strukturg domieszki maja
charakter amorficzny. Jak wczesniej wspominano, potencjat elektrokinetyczny ma
istotny wptyw na przebieg procesow katalitycznych, gdyz determinuje oddzialywania
elektrostatyczne. Dla wszystkich materiatow otrzymano podobne wyniki — probki
wykazywaty dodatni potencjal dzeta w kwasnym pH, osiagajac punkt izoelektryczny
blisko obojetnego pH (okoto 6-8), po ktorego przekroczeniu potencjat dzeta przyjmowat
warto$¢ ujemna. Domieszkowanie probek wanadem spowodowato spadek potencjatu
dzeta, natomiast wprowadzenie lantanu skutkowato jego znacznym wzrostem.
Otrzymane dane eksperymentalne jednoznacznie wskazuja, ze zaproponowana metoda
mechanochemiczna i jej modyfikacja in situ stanowig skuteczny sposob syntezy

mezoporowatych hybryd Al,O3/V20s/Lax0s.

Kolejnym krokiem bylo poddanie czterech wybranych materialow — czystego
Al203 (A-3), Al:03/V20s (A-3V2) oraz Alx03/V20s/La;03 0 zawartosci lantanu
0,51 1% mas. (odpowiednio A-3V2La0,5 i A-3V2Lal) — testom aplikacyjnym w procesie
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selektywnej redukcji katalitycznej tlenkow azotu w zakresie temperatur 150-450 °C.

Wyniki przeprowadzonych testow zaprezentowano na Rysunku 13.
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Rysunek 13. Wyniki badan katalitycznych obejmujgcych (a) konwersje NOy oraz (b)
generowanie produktu ubocznego — NO.

Na krzywych przedstawiajacych konwersje NOx (Rysunek 13a) wraz ze
wzrostem temperatury obserwowano wzrost stopnia redukcji tlenkow azotu. Czysty
AlO3 (probka A-3) wykazywal najnizsza, bliska zera redukcje NOx, osiagajac
maksymalng jej warto$¢ 14% w 400 °C. Po przekroczeniu temperatury 400 °C materiat
rozpoczat ponownag produkcj¢ NOx. Po wbudowaniu w strukture Al.Oz zwigzkow
wanadu (uktad A-3V2) osiggnigto ogromng poprawe wiasciwosci Katalitycznych
— osiggnieto 63% redukcji NOx w temperaturze 400 °C. Fakt ten jest potwierdzeniem
skutecznosci metody syntezy oraz nadania materiatowi wiasciwosci katalitycznych
poprzez modyfikacj¢ zwigzkami wanadu, co stanowi potwierdzenie hipotezy postawionej
w niniejszej dysertacji doktorskiej. Amoniak, w formie NH4" jest silnie adsorbowany
w sasiedztwie miejsc V=0, a szybkos¢ reakcji jest wprost proporcjonalna do liczby
wigzan powierzchniowych V=0, co przyczynia si¢ do poprawy aktywnosci katalitycznej
materiatu  [149]. Niestety wcigz pojawial si¢ problem ponownego generowania
zanieczyszczen PO przekroczeniu temperatury 400 °C. Domieszkowanie uktadu
Al>03/V20s zwigzkami lantanu spowodowato nieznaczny wzrost skutecznosci redukcji
NOx w temperaturach powyzej 350 °C, jednak co najbardziej istotne — zahamowato
wystepowanie pONnownego generowania tlenkow azotu przez materiat katalityczny, na co
moze mie¢ wplyw szerszy zakres dodatniego tadunku powierzchniowego tych

materiatbw. Sposréd przebadanych probek materialy z lantanem (A-3V2La0.5
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I A-3V2Lal) wykazaty najlepsze parametry katalityczne, osiggajac wspotczynnik
konwersji tlenkow azotu odpowiednio 75 i 71% w temperaturze 450 °C, co w poréwnaniu

z opisywanymi w literaturze katalizatorami, mozna uzna¢ za wynik obiecujacy.

Jednocze$nie z konwersjag tlenkow azotu monitorowano tworzenie produktu
ubocznego — N20, a wyniki przedstawiono na Rysunku 13b. Generowanie substancji
ubocznej wzrastato stopniowo wraz ze wzrostem temperatury reakcji we wszystkich
analizowanych przypadkach. Tlos¢ wytworzonego N2O w przypadku probek
modyfikowanych wanadem i lantanem nie przekroczyta 23 ppm w catlym zakresie
temperatur, natomiast dla czystego Al>Os siggneta prawie 31 ppm w 450°C, co nadal jest
niskg warto$cig emisji. Na podstawie uzyskanych wynikéw zaproponowano mechanizm

katalitycznego dziatania materiatow Al,03/V20s/La;03, widoczny na Rysunku 14.
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Rysunek 14. Sugerowany mechanizm procesu selektywnej katalitycznej redukcji tlenkéw azotu

indukowanej amoniakiem z uzyciem materiatu Al,03/V>Os/La;03 w roli katalizatora.

Porownujac wyniki katalitycznej redukcji tlenkow azotu otrzymane dla matryc na
bazie tlenku glinu z wydajnosciami materiatow ZnO/V, ktore opisano w P4, widoczny
jest znaczacy wzrost skuteczno$ci konwersji NOy, na co wpltyw ma wiele czynnikow.
Przede wszystkim bardziej rozwinigta powierzchnia wtasciwa AloOs3 umozliwia lepsze
rozprowadzenie wanadu, dzi¢ki czemu miejsca aktywne V=0 sg tatwiej dostgpne dla

czasteczek NOx. Ponadto, dla materiatow na bazie tlenku glinu zastosowano znacznie
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nizsze stgzenia zwigzkow wanadu, co wpltywa na mniejsze zageszczenie tychze miejsc.
Aczkolwiek w przypadku probki ZnO/V 0 najwyzszej zawarto$ci wanadu, otrzymanej
z zastosowaniem NH4VOs jako prekursora tego pierwiastka, uzyskano najwyzsza wsrod
otrzymanych zwigzkéw na bazie ZnO konwersj¢ tlenkoéw azotu, osiggajaca ponad 60%.
Moze to mie¢ rowniez zwigzek z duzg zawarto$cig azotu w postaci NH4™ na powierzchni
probki, co korzystnie wptywa na proces degradacji tlenkéw azotu. Pomimo tego, zwiazki
oparte na tlenku glinu generalnie wykazujg znacznie wicksze predyspozycje do

zastosowania w procesie SCR, anizeli te wsparte na ZnO.

W toku badan przeprowadzonych w pracy P6 udowodniono skutecznos$c¢
wbudowania in situ zwigzkow wanadu i lantanu w struktur¢ Al.O3 podczas syntezy
mechanochemicznej. Posrednio potwierdza to skuteczno$¢ zaproponowanej drogi
modyfikacji materiatoéw tlenkowych poprzez wprowadzenie domieszki w trakcie trwania
syntezy, niezaleznie od zastosowane] metody otrzymywania tychze materialow.
Dowiedziono takze, ze przeprowadzona modyfikacja przyczynita si¢ do znacznej
poprawy wiasciwosci katalitycznych otrzymanych materiatow wzgledem materiatu
bazowego. Otrzymane, domieszkowane matryce nieorganiczne, przetestowane
w procesie SCR, wykazaly znaczng skuteczno$¢ w redukcji tlenkow azotu. Modyfikacja
Al;O3 z wykorzystaniem zwigzkow wanadu i lantanu spowodowata wystapienie
synergicznego efektu ich dziatania, skutkujac powstaniem niezwykle wydajnych

I prostych w otrzymywaniu materiatow katalitycznych.

Prace P5 i P6 wskazuja na skutecznos$¢ zaproponowanej modyfikacji metody zol-
zel oraz mechanochemicznie wspomaganej metody migkkiego odwzorowania, przez
wprowadzenie in situ prekursora lantanu, ktorego obecnos¢ potwierdzono we wszystkich
modyfikowanych materiatach. Ponadto udowodniono, ze wprowadzenie lantanu
w strukture materiatéw tlenkowych przyczynia si¢ do poprawy ich adhezji do konkretnej
grupy zanieczyzczen $rodowiskowych, a takze wpltywa pozytywnie na wiasciwosci
katalityczne, hamujac powtorne generowanie NOx po przekroczeniu temperatury 400 °C
w procesie SCR. Zdolnosci adsorpcyjne i wydajnos¢ Kkatalityczna otrzymanych
materiatow poprawity si¢ dzigki zmianom zachodzacym w ich strukturze, morfologii
I sktadzie chemicznym w zwigzku z wprowadzeniem domieszek w postaci wanadu i/lub
lantanu, po raz kolejny potwierdzajac stuszno$¢ postawionej w celu pracy hipotezy

badawcze;j.
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7. Podsumowanie i wnioski

Badania przeprowadzone w ramach niniejeszej dysertacji doktorskiej miaty
doprowadzi¢ do zrealizowania postawionych celéw pracy, a takze udowodnienia
przedtozonej hipotezy badawczej, gloszacej, ze funkcjonalizacja/domieszkowanie
materiatdéw tlenkowych na drodze adsorpcji oraz in situ takimi elementami jak m.in.
lantan czy wanad wptynie istotnie na zmiang ich parametrow strukturalnych, aktywnos¢
powierzchniowg i funkcjonalno$é, predysponujac je do zastosowan $rodowiskowych
w procesach adsorpcji czy (foto)katalizy. Rezultaty przedprowadzonych badan, opisane
w szes$ciu publikacjach P1-P6, umozliwily szersze zglebienie zagadnien zwigzanych
z modyfikacjami matryc nieorganicznych prowadzonymi in situ i ich pd6zniejszym
wykorzystaniem w aspektach srodowiskowych. Przeprowadzone na samym poczatku
prac studium literaturowe, opublikowane w formie artykutu przegladowego P1,
zaowocowalo poznaniem zachowan oksyanionéw metali w $rodowisku wodnym.
Szczegolnie istotne byto to podczas opisywania proceséw adsorpcji jonéw wanadu na
modyfikowanym materiale ZrO,, co zaprezentowano w publikacji P2, a takze utatwito
zrozumienie mechanizmow, na drodze ktorych jony wanadu tacza sie z tlenkami metali,
co bylo istotne w pdzniejszych etapach prac nad ich wbudowaniem w strukture matryc
nieorganicznych. Prace eksperymentalne prowadzono na czterech matrycach
nieorganicznych ZrOz (P2, P3), ZnO (P4), TiO2-ZrO- (P5) oraz Al>0O3 (P6) osadzajac na
ich powierzchni i wprowadzajac w strukturg, podczas syntezy in situ, wybrane
modyfikatory organiczne, wanad oraz lantan. Przy opracowywaniu uktadow tlenkowych
brano pod uwage mozliwos¢ ich pozniejszego wykorzystania
w technologiach zwigzanych z oczyszczaniem s$rodowiska ze szkodliwych substancji
takich jak jony metali, farmaceutyki, a takze tlenki azotu. Projektowanie kazdego ze
wspomnianych  ukladéw rozpoczynano od doboru matrycy nieorganicznej
i modyfikatora/domieszki, nastepnie weryfikowano wybrang metode syntezy
i modyfikacji, a finalnie podejmowano proby zdefiniowania potencjatu aplikacyjnego
otrzymanych uktadéw wspartych na tlenkach nieorganicznych. Uproszczony schemat

przeprowadzonych badan zaprezentowano na Rysunku 15.
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Rysunek 15. Schemat badar przeprowadzonych w ramach niniejszej pracy doktorskiej.

Poczatkowym etapem prac eksperymentalnych niniejszej dysertacji, kluczowym
dla powodzenia ztozonych celéow badawczych bylo potwierdzenie skutecznosci
osadzenia na powierzchni lub wbudowania w struktur¢ syntezowanych matryc
nieorganicznych zastosowanych modyfikatorow/domieszek. W publikacji P2 skupiono
si¢ na okresleniu zdolnosci modyfikacji ditlenku cyrkonu poprzez zastosowanie bromku
heksadecylotrimetyloamoniowego lub N,N-dimetylotetradecyloaminy podczas syntezy
zol-zel, a nastepnie osadzenia jonow wanadu na powierzchni otrzymanych uktadow
opartych na ditlenku cyrkonu. W obu przypadkach potwierdzono skutecznos¢
modyfikacji in situ, a takze dowiedziono, ze otrzymane uktady wykazuja
satysfakcjonujagce powinowactwo wzgledem jondéw wanadu. Skuteczno$¢ osadzania
wanadu na powierzchni otrzymanej matrycy umozliwito podjecie badan, ktorych celem
byto wbudowanie jonéw wanadu w strukture matryc nieorganicznych na bazie ditlenku
cyrkonu i tlenku cynku bezposrednio podczas syntezy, co opisano w publikacjach P3
i P4. Zarbwno zastosowanie jonéw wanadu w roli promotora hydrolizy (P3), jak
I wprowadzenie ich w formie dodatkowego prekursora tego pierwiastka (P4) w syntezie
zol-zel zaowocowato skutecznym wbudowaniem wanadu w strukturg matryc
nieorganicznych. Roéwnie skuteczne bylo wprowadzanie in situ prekursora wanadu
podczas mechanochemicznie wspomaganej syntezy metoda migkkiego odwzorowania
tlenku glinu (P6). Analogicznie dowiedziono skutecznosci inkorporacji zwigzkow

lantanu poprzez zastosowanie ich prekursora w metodzie zol-zel (P5) oraz migkkiego
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odwzorowania (P6). We wszystkich badanych przypadkach potwierdzono skuteczno$é
modyfikacji i udowodniono wbudowanie modyfikatora/domieszki na powierzchni lub
w strukturze, co bylo jednym z kluczowych celéw badawczych. Dowiedziono tym
samym uniwersalnosci  zaproponowanej metodyki modyfikacji, stosujac ja
z powodzeniem w réznych metodach syntezy — zol-zel czy migkkiego odwzorowania

wspomaganej mechnochemicznie.

Kolejnym krokiem byto okreslenie wplywu procesu
funkcjonalizacji/domieszkowania na wilasciwosci fizykochemiczne wytwarzanych
materiatbw W stosunku do wyjsciowych komponentow. Modyfikacja matryc
nieorganicznych na bazie ditlenku cyrkonu z wykorzystaniem CTAB oraz aminy
zaowocowala wprowadzeniem w ich strukture grup funkcyjnych metylowej
i metylenowej (ZrO,-CTAB) oraz aminowej (ZrO2-NH"), ktorych obecnos$¢ zwickszyla
powinowactwo materiatow tlenkowych wzgledem jonow wanadu. Wprowadzenie CTAB
nie wplyngto znaczaco na rozwinigcie powierzchni wiasciwej, jednak wprowadzenie
aminy zauwazalnie obnizylo jej wartos¢ (P2). W przypadku domieszkowania jonami
metali dazono przede wszystkim do poprawy wilasciwosci katalitycznych uzyskanych
uktadéow na bazie tlenkéw nieorganicznych wzglgdem bazowych komponentow.
Dowiedziono, ze dodatek wanadu moze mie¢ korzystny wptyw na rozwinigcie
powierzchni wlasciwej domieszkowanych materiatow (P3, P4). Wszystkie otrzymane
w pracy P3 domieszkowane materialy ZrO2/V wykazywaty rozwinigta powierzchnig
wlasciwa (137-232 m?/g), poréwnywalng lub wieksza od wartosci powierzchni czystego
ZrO; (141-145 m?/g). W badaniach przeprowadzonych w publikacji P4 dowiedziono, ze
poczatkowo dodatek wanadu korzystnie wptywa na rozwinigcie powierzchni wlasciwej
otrzymanego materialu tlenkowego ZnO/V, ale tylko do okreslonej ilosci
wprowadzanego wanadu. Trend ten obserwowano niezaleznie od zastosowanego
prekursora wanadu (NaVOz czy NH4VO3). Domieszkowanie zwigzkami wanadu nie
wplyneto natomiast na strukture krystaliczng AlzO2, jednak spowodowato spadek
potencjatu dzeta wzgledem czystego tlenku glinu (P6). Wprowadzenie lantanu
w strukture matryc nieorganicznych przede wszystkim miato na celu zwiekszenie adhezji
zanieczyszczen do powierzchni materialu tlenkowego, tym samym poprawiajac jego
zdolnosci adsorpcyjne (P6). Otrzymane materiaty istotnie zmienily swoje wiasciwosci

strukturalne, a tym samym aktywno$¢ powierzchniowa i funkcjonalno$¢ wzgledem
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komponentow bazowych, co nadalo im nowe lub uwypuklilo istniejace cechy

predysponujace ich zastosowanie w procesach srodowiskowych.

Kluczowym elementem prac eksperymentalnych byta weryfikacja potencjatu
uzytkowego  zsyntezowanych materiatbw  hybrydowych na bazie tlenkoéw
nieorganicznych. Dlatego zweryfikowano zsyntezowane uktady w procesach adsorpcji
oksyanionébw wanadu (P2) i farmaceutykéw (P5), oraz aspektach katalizy
srodowiskowej, obejmujgcej fotokatalityczng degradacj¢ tetracykliny (P5) oraz
selektywna redukcj¢ Kkatalityczng tlenkow azotu w uktadzie heterogenicznym,
wspomagang amoniakiem (P4, P6). Dowiedziono, ze materiaty tlenkowe na bazie ZrO;
modyfikowane in situ zwigzkami CTAB i N,N-dimetylotetradecyloaminy moga byc¢
wydajnymi  adsorbentami  jonéow wanadu. Modyfikacja ditlenku  cyrkonu
z wykorzystaniem aminy przyczynita si¢ do poprawy pojemnos$ci Sorpcyjnej, natomiast
wykorzystanie  CTAB spowodowato znaczny spadek maksymalnej pojemnosci
monowarstwy (P2). Materiaty TiO2-ZrO> domieszkowane lantanem wykazaty relatywnie
wysokie powinowactwo wzglgdem zanieczyszczenia farmaceutycznego w procesie jego
adsorpcji. Z kolei wprowadzenie wanadu istotnie wptynelo na poprawe wiasciwosci
katalitycznych matryc nieorganicznych na bazie ZnO (P4) oraz Al,O3 (P6). Porownujac
wyniki katalitycznej redukcji NOx otrzymane dla matryc na bazie tlenku glinu
z wydajnosciami uzyskanymi dla materiatow ZnO/V zauwazalny jest znaczny wzrost
skutecznosci konwersji NOx przez materiaty wsparte na tlenku glinu. Prawdopodobnym
jest, ze dzieje si¢ tak ze wzgledu na wigksze rozwinigcie powierzchni wiasciwej Al2Os,
tym samym wigksza dostepno$¢ centrow aktywnych, rowniez tych zwigzanych
z ugrupowaniami V=0, co sprawia, ze sg one tatwiej dostepne dla czasteczek NOx.
W toku badan potwierdzono, ze katalizatory zbudowane na tlenku glinu generalnie
wykazuja znacznie wigksze predyspozycje do zastosowania w procesie SCR, anizeli te

wsparte na ZnO.

Nadrzednym celem prac eksperymentalnych bylo zaprojektowanie i synteza
funkcjonalnych  materiatow nieorganicznych do zastosowan $rodowiskowych
z wykorzystaniem roznych metod syntezy realizowanych in situ, i cel ten w pehni
zrealizowano. Udowodniono stuszno$¢ postawionej w celu pracy hipotezy badawcze;.
Ponadto, szerokie spektrum prac eksperymentalnych umozliwito zdefiniowanie

i zaproponowanie mechanizméw oddziatywan zsyntezowanych matryc nieorganicznych
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na granicy faz w uktadach adsorpcyjnych i katalitycznych, co dopetnito realizacje
utylitarnego celu dysertacji. Opracowana w toku badan metoda domieszkowania stwarza
mozliwosci do projektowania nowatorskich i multifunkcyjnych materiatow zwigkszajac
spektrum ich praktycznego zastosowania. Prezentowane badania wnoszg istotny wktad
w wiedze 0 projektowaniu, syntezie i funkcjonalizacji hybrydowych materiatoéw opartych
na tlenkach metali dedykowanych do zastosowan s$rodowiskowych. Dodatkowo,
opracowana procedura tworzenia funkcjonalnych matryc nieorganicznych zwieksza
mozliwosci ingerencji w ich wiasciwosci fizykochemiczne i moze by¢ platforma do
dalszego rozwoju metod syntezy i szerszego, praktycznego zastosowania wytwarzanych
materiatdéw. Na podstawie uzyskanych wynikéw badan oraz przeprowadzonego studium

literaturowego, w dalszym toku badan nalezatoby sprawdzi¢:

e mozliwo$¢ wykorzystania innych tlenkéw nieorganicznych np. FesOas, w roli
matrycy w procesach domieszkowania zwigzkami wanadu oraz lantanu celem
stworzenia unikalnego potaczenia, ktore dzigki interesujagcym wilasciwosciom
Fez04 utatwitoby ich separacje z uktadéw poprocesowych;

e mozliwo$¢ wzbogacenia in situ otrzymywanych matryc tlenkowych
wykorzystywanych w procesach (foto)katalitycznych np. jonami ceru lub innymi
wykazujacymi istotny potencjat katalityczny — celem powinno by¢ znalezienie
wydajnego materiatu, ktory bedzie wykazywal istotng aktywno$¢ w nizszych
temperaturach;

e przeprowadzenie szerszego spektrum badan, szczeg6lnie monitorowania
przebiegu reakcji taczenia komponentow domieszkowanych, funkcjonalnych

matryc nieorganicznych oraz mechanizméw adsorpcji i foto(katalizy).
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Abstract: Scientific development has increased the awareness of water pollutant forms and has
reawakened the need for its effective purification. Oxyanions are created by a variety of redox-sensitive
metals and metalloids. These species are harmful to living matter due to their toxicity, nondegradibility,
and mobility in aquatic environments. Among a variety of water treatment techniques, adsorption is
one of the simplest, cheapest, and most effective. Since metal-oxide-based adsorbents poses a variety
of functional groups onto their surface, they were widely applied in ions sorption. In this paper
adsorption of harmful oxyanions by metal oxide-based materials according to literature survey was
studied. Characteristic of oxyanions originating from As, V, B, W and Mo, their probable adsorption
mechanisms and comparison of their sorption affinity for metal-oxide-based materials such as iron
oxides, aluminum oxides, titanium dioxide, manganium dioxide, and various oxide minerals and their
combinations are presented in this paper.

Keywords: oxyanions; sorption; metal oxides; environment pollution; water purification; adsorbents;
hazardous metals

1. Introduction

Intensive industrial development has contributed to the increased pollution of the environment
with hazardous metals and metalloids. The majority of these elements are redox sensitive and some
of their oxidation states can form oxyanions in solution. Oxyanions (or oxoanions) are polyatomic
negatively charged ions containing oxygen with the generic formula AxOy*~ (where A represents
a chemical element and O represents an oxygen atom) [1]. Those compounds represent a range
of different species depending both on pH and redox potential [2]. Oxyanions of As, V, B, W, and
Mo are commonly found trace pollutants in various waste streams [1,3]. Metal(loid) oxyanions are
characterized by toxicity [4-6], nonbiodegradability [5,6], and high solubility in water [7], which makes
them extremely mobile harmful species which easily bioaccumulate in the environment and in the food
chain [8]. Thus these species are very dangerous even at low concentrations. They can be transferred
into living organisms via inhalation, ingestion, and skin adsorption, causing irreversible effects [5].
The main sources of hazardous oxyanions are alkaline wastes originating from high temperature
processes with the thermal treatment of waste, fossil fuel combustion, and ferrous or non-ferrous
metal smelting [2], nonetheless they are also produced in microelectronics, electroplating, metal
finishing, battery manufacturing, tannery, metallurgy, and fertilizer industries [5]. However industrial
activities are significantly increasing the concentration of oxyanions, and there are environments where
geological formations promote dissolution of weak-acid oxyanion species, like arsenic, vanadium,
or antimony, which pollute ground water sources used by local communities [9]. Considering the
harmful properties of metal(loid) oxyanions, their effective elimination from water and wastewater
is becoming a key issue for environment and public health protection. Nonetheless in comparison
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with research concerning cationic pollutants, number of works pertained to oxyanions removal is still
dramatically low, what can be seen on the chart presented in Figure 1.
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Figure 1. Bar chart of the number of articles per year concerning cations, anions and oxyanions
adsorption for the 1989-28 January 2019. The statistical data were obtained by searching “adsorption
metal oxide cations/anions/oxyanions” phrases in the Scopus data base as title and keywords.

The removal of those hazardous species from wastewater and water sources have been subjected
to a variety of techniques e.g., ion exchange, filtration, adsorption, reverse osmosis, solvent extraction,
chemical precipitation, evaporation and concentration, electrodialysis, and biomethods [10-13].
The main methods used for wastewater treatment with particular regard to adsorption has been
shown in Figure 2.
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Figure 2. Methods of wastewater treatment.

The main problem with the majority of those methods is their high cost and need for advanced
equipment. Adsorption is in the advantage over other techniques in water treatment due to its low
cost, simple design, easy operation, insensitivity to toxic species, no secondary pollutants production
and high efficiency [14]. Many adsorbents have been proposed in literature for water purification from
harmful oxyanion species, including activated carbons [15,16], lignocellulosic materials [8], gold [17,18],
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silver [19], zero valent iron [20], natural minerals like zeolites [21-24], calcite [25], bentonite [14],
goethite [5,26-30], kaolinite [31], graphene oxide [32], metal hydroxides, or metal oxides. Metal oxides
are characterized by the presence of different types of surface groups [33]. Thus metal-oxide-based
materials reveal a capability to adsorb ions [34] and because of that one of their major uses is for
adsorbing metal or nonmetal ions from aqueous wastewater streams [35]. In this work adsorption of
harmful oxyanions by metal oxide-based materials according to a literature survey have been studied.

2. Arsenic Oxyanions

2.1. Arsenic Pollution

Arsenic is a metalloid that occurs in in the +III and +V oxidation states. It is a building element
of the Earth’s crust and is naturally occurring in the environment in the air, soils and rocks, natural
water, and organisms [36,37]. In its inorganic form it is strongly carcinogenic and highly toxic.
Nowadays arsenic pollution has been recognized to be one of the world’s greatest environmental
hazards. The World Health Organization consider it one of the top ten major public health concern
chemicals. The United States Environmental Protection Agency have located inorganic compounds
of arsenic like arsenic acid, arsenic(III) oxide, and arsenic(V) oxide on the hazardous waste list [38].
The International Agency for Research on Cancer has classified arsenic as a human carcinogenic
substance, group one [39]. Besides cancer, other negative health effects that may be associated with
long-term ingestion of arsenic include developmental effects, diabetes, pulmonary disease, skin lesions,
and cardiovascular disease can occur in living organisms. The current WHO recommendation of
arsenic concentration in drinking water is 10 pg/L, remarking that this is only a provisional guideline
arising from practical difficulties in removing arsenic from drinking water and those concentration
should be as low as possible to eliminate all of its negative results. Inorganic arsenic is the most
significant chemical contaminant in drinking water all over the globe. In natural waters, concentration
of arsenic range from less than 0.5 ug/L to more than 5000 ug/L [37]. It is naturally present at
high levels in the groundwater of a number of countries, including Argentina, Bangladesh, Chile,
China, India, Mexico, and the United States of America [40]. Such high arsenic concentrations
were connected to geothermal influence, mineral dissolution (e.g., pyrite oxidation), desorption
in the oxidizing environment, and reductive desorption and dissolution [37]. Moreover arsenic is
widely used industrially in the smelters, coal-burning, electric plants, processing of glass, pigments,
textiles, paper, metal adhesives, wood preservatives, ammunition pesticides, natural weathering
processes, runoff from mining operations, feed additives, and pharmaceuticals [41]. The outflow of
arsenic-contaminated industrial wastewater to an aquatic system can cause deleterious effects on
human health, animals, and plants. Thus elimination of arsenic from the environment is a task of high
interest in research communities all over the world. Currently available techniques for arsenic removal
include coagulation/precipitation, ion exchange, lime softening, reverse osmosis, electrodialysis, and
adsorption. Conventionally, coagulation/precipitation with ferric and aluminum salts were used to
remove arsenic from aqueous systems, but the waste sludge resulting from this process is creating
problems associated with its treatment and disposal [42].

2.2. Characteristic of Arsenic Oxyanions in Aquatic Environment

In the aquatic environment arsenic is able to create inorganic oxyanions—an oxidized form
arsenate [As(V)] and a reduced form arsenite [As(II)] [15]. The percentage content of arsenic species
in dependence with pH conditions of water is demonstrated in Figure 3. Under oxidizing conditions,
arsenic usually exists in the pentavalent (arsenate) form such as H3 AsO, (dominates in the pH < 9.2),
H;AsO4~, HAsO,42, or AsO,3~ depending on the activity of electrons (Eh) and activity of hydrogen
ions (pH). Under reducing conditions arsenic mainly exist in the trivalent form (arsenite)}—H;AsO3~
and HAsO32~. In the typical pH for majority of natural waters (6.5-8.5) HyAsO,~ and HAsO42~ are
predicted to appear. The behavior of arsenic ions in the groundwater and water treatments systems is
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determined by the electrical charge. The strength of sorption of anions onto metal oxides is strongly
dependent on the pH of the environment [36].
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Figure 3. Distribution of As(V) and As(III) species as a function of pH, ionic strength = 0.04 M [43].
2.3. Adsorbents for Arsenic Remouval from Water Sources

Adsorption technologies represent an innovative and economic approach to the arsenic removal
problem. Metal oxide-based materials were successfully applied for arsenic adsorption from environment
since its pollution problem was noticed. In the Table 1 sorption conditions and capacities for different
arsenic species adsorbents were collected.

Aluminum oxide (Al,O3), also called activated alumina (AA), is produced by thermal dehydration
of aluminum hydroxide, so that the surface can exchange contaminants for hydroxyl groups. It is
characterized by a relatively high surface area (about 200 m?/g) and diverse pore distribution of
macro and micropores. It can be regenerated with sodium hydroxide, followed by neutralization with
sulphuric acid [36]. Currently it is classified by the USEPA as among the best available technology
for arsenic removal in drinking water [44,45]. Activated alumina has strong selectivity to arsenate
ion, is nonhazardous and can be safely disposed on landfills. Among the treatment processes for
the arsenic elimination, Al,O3 adsorption is less expensive than the membrane separation, and more
versatile than the ion exchange process [46]. Aluminum oxide has been widely used in West Bengal
(India) [47]. Its main drawbacks are its pH sensitivity and low regeneration range of about 50-70%
(must be replaced after four to five regeneration cycles) [48]. The surface of activated alumina is
positively charged until the pH is lower than point of zero charge (pHp,.), which for different type
of alumina is around 8.4-9.1 [46]. Dambies [44] in his review reported that the optimum pH value of
oxyanions adsorption onto activated alumina is located in the range of 6-8, where it is predominantly
positively charged, and with the increase of pH, the positive charge of Al,O3 increases, decreasing the
sorption of arsenic oxyanions.

Iron oxide materials are characterized by their low cost and environmental friendliness [49].
They reveal a high affinity towards arsenic oxyanions, which makes it possible to apply them as
adsorbents in water purification. An important mechanism for As(V) and As(III) removal by iron oxides
is surface complexation [41]. However the most popular iron adsorbent used for arsenic removal is
granular ferric hydroxide, and several iron(Ill) oxide materials (i.e., amorphous hydrous ferric oxide,
goethite, and poorly crystalline hydrous ferric oxide) proved to be promising adsorptive materials for
arsenic removal as well. Oscarson et al. [50] in 1982 investigated amounts of As(III) and As(V) adsorbed
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by pure Fe oxide and Al oxide. They used 0.1 g of each oxide in 70 mL of arsenic solution (adsorbent
concentration 7 g/L) per 0.5-12 h. The adsorption capacities of Al,O3 were confirmed as to 16 mg/L for
arsenite and 24.5 mg/L for arsenate, while for Fe;O3 60.9 mg/g and 21.3 mg/g respectively. In their
previous work they revealed that iron and aluminum oxides do not oxidize arsenite to arsenate [50].
In 2007 Jeong et al. [45] studied the adsorption of arsenate [As(V)] onto Fe;O3; and Al,O3 and they
obtained significantly lower adsorption capacities using similar adsorbates concentrations—0.05-1 g/L
of Fe;O3 and 0.5-6 g/L of Al,O3;. The maximum adsorption capacities of Fe,Os and Al,O3; at pH 6
were estimated from the Langmuir isotherm, and found to be 0.66 mg/g and 0.17 mg/g, respectively.
However, though adsorption capacities for Al,O3 and FepOj3 are significantly low, they are still one of
the most popular adsorbents used for arsenic removal from water environment.

Lin et al. [46] investigated commercially available amorphous granular activated alumina
(Macherey-Nagel, Diiren, Germany) as arsenic oxyanions sorbents. Before sorption, study samples
were dried in the oven at 105 + 5 °C for 24 h and stored in a desiccator for further analysis and
experiments. For better results narrow size ranges of samples were analyzed. Surface area of granular
activated alumina varied from 115 to 118 m?/g. Arsenic sorption studies were conducted from model
concentrations obtained from NayHAsO,-7H,0 (KR Grade, Sigma-Aldrich, St. Louis, MO, USA) and
NaAsO; (GR Grade, Sigma-Aldrich). Adsorption equilibrium was established within 40 h for arsenite
and 170 h for arsenate and were studied for different pH and concentration of arsenic species. Obtained
data fitted with both Freundlich and Langmuir isotherm equations and all the nonlinear regression
coefficients were larger than 0.93 which indicated that both models successfully describe the partition
behavior between water and the granular activated alumina surface for arsenite and arsenate. Davis
and Misra [35] investigated the influence lanthanum oxide presence on Al,O3 adsorption properties
regarding to As(V) oxyanions. An obtained hybrid oxide system containing of 10% lanthanum oxide
and 90% of aluminum oxide (activated y-alumina) revealed adsorption capacities of 0.050 mg/g for
H,AsO, ™ and 0.029 mg/g for HAsO,4?~, which is a noticeable decrease in comparison with results of
pure aluminum oxide. Researchers recognized optimal pH of the process close to and above the pH of
the point zero charge of activated alumina, where its surface is neutral or negatively charged. Repulsion
of negative ions from negative surface translates to a very low adsorption capacity obtained for their
material in comparison with pure Al,Oj3 in slightly acidic pH. Perhaps authors could obtain better
results if they had obeyed the basic laws of electrochemistry and set beneficial sorption conditions.

To take heed of cautionary notice on the use of aluminum-based compounds for water treatment
published by World Health Organization in 1997 and problems with granular ferric hydroxide
Manna et al. [47] synthesized crystalline hydrous ferric oxide (CHFO) and investigated its sorption
properties for arsenic removal. Tests were run onto model solutions prepared from sodium metaarsenite
and disodium hydrogen arsenate of A.R. grade (British Drug Houses). CHFO were prepared by
hydrolysis of 0.1 M FeCl; in 0.01 M HCl with 0.1 M NHj3 solution to obtain a pH in the range of 4-5.
The precipitate was aged with the mother liquor for five days, then the acid was removed and material
was dried in 40 °C in an air oven. Experiments revealed that adsorption follows a first-order Lagergren
kinetic model and the data fit the Langmuir isotherm. For maximum As(IIl) and As(V) adsorption
CHO needed 3 and 5 h respectively. The increase of adsorbent drying temperature onto As(V) sorption
from 25 to 300 °C resulted in an increase in the number of active sites and porosity due to removal of
physically adsorbed water molecules. The optimum drying temperature for adsorption of inorganic
arsenic species from natural water samples is 200 to 300 °C. The surface area of CHO had not been
investigated. The regeneration of arsenic(Ill)-rich CHFO (As content: 66.6 mg/g) conducted by the
authors revealed that a 1.0 M solution of NaOH or KOH is able to desorb ~60 + 1% of initial arsenic
content. About 15-20% of adsorbed arsenic does not desorb even in these harsh conditions, which
may be the result of chemisorption or fouling of the adsorbent. Thus after regeneration CHFO will be
15-20% less effective in arsenic adsorption. A total of 99 £ 0.5% of the arsenic content was recovered
from arsenic-rich regenerate, thus the solution obtained after its recovery can be discharged safely onto
surface soil, which prevents its further disposal in the environment.
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Arsenate and arsenite can be successfully removed by zerovalent iron (ZVI), which corrodes in
water environment creating magnetite, a permeable reactive barrier of ZVI in the subsurface. This fact
pushed Su et al. [51] to investigate magnetite as a sorbent for inorganic arsenic. In their research eight
different magnetite types with different surface area and purity of the material were used. Reagent
grade Na;HAsO, (Aldrich) and NaAsO, (Baker) were used as the inorganic arsenic source. Below
pH 5.6-6.8 As(V) sorption were favored, while in a pH value above 7, As(Ill) was strongly attracted
to the minerals. Magnetites revealed an ability to oxidize As(IIl) to As(V) and the oxidation range
increased with increase of the pH from 2 to 12. The authors suggested the preparation of an engineered
system where magnetite will be a favorable corrosion product of ZVI, which would be effective for
arsenic removal.

However, though adsorption of hazardous metals is an effective removal technique, it does
not cause their annihilation. Some researchers have worked on combining adsorption with other
techniques to completely destroy or remold heavy metals into harmless compounds. One of the
most popular transformation processes is oxidation. Photocatalytic activity of titanium dioxide was
previously used in the oxidation of arsenite to arsenate. Bissen et al. [52] effectively photooxidized
As(III) to As(V) using suspension of TiO; in water with simulated or natural sunlight as irradiation
sources. However, TiO; has a low surface area and low adsorption capability, batch experiments
proved that in the natural sunlight part of the arsenic was adsorbed onto it. Moreover it is very hard to
remove the arsenate from contaminated water at the same time as oxidation occurs. Those facts pushed
Zhang and Itoh [53] to combine titanium dioxide with iron oxide and slag (SIOT) to obtain device
for arsenic removal from high-concentration arsenic contaminated wastewaters (100-20,000 mg/L).
They used slag obtained from a municipal solid waste incinerator (Resource Recovery Center of
Toyohashi, Aichi, Japan), TiO; in an anatase form with purity 99.9% (High Purity Chemicals) and
analytical grade FeCl3 (Wako or Aldrich). Slag (50 g) was aged for 2 days in a NaOH solution to obtain
nearly neutral pH, then FeCl; solution was added and aged for 12 h on magnetic stirrer and finally 5 g
TiO, was added. After 2 h the slurry was filtrated and dried at 105 °C for 2 h and then at 550 °C for
another 1 h. Finally, the composite material has been grinded into separate grains and dried at 105 °C
for 24 h under the vacuum. The obtained material’s surface area was investigated by the BET method
(Quantachrome Monosorb MS-21, Boynton Beach, FL, USA) and was equal to 163 m2/ g which was
lower than material without TiO, (196 m?/g) which was previously synthesized by the research group.
The addition of 10% of TiO, reduced surface area by about 20%. However, though the oxidation of
As(IIT) to As(V) was rapid and effective, the adsorption of produced As®* ions was slow. Adsorption
capacity for pure TiO, was 0.0001 mg/g, while for SIOT increased to 0.0047 mg/g and remained
still very low. Analogical system without the slag (NHITO) was investigated by Gupta et al. [54]
and they obtained slightly different results. Material was prepared in a low temperature process of
slow injection of 10 g TiCl4 into a 0.5 M FeCl3 in hot 0.1 M HCl solution (~60 °C) with mechanical
stirring. The pH of the mixture was regulated to 5.0-6.0 with 1 M NaOH. The formed precipitate was
aged for 6 days in mother liquor, washed with deionized water till the alkali were free, dried in air
oven at 60-70 °C, cooled with ice cold water, broken into agglomerated particles, and sieved for use.
However, though the BET surface area of the obtained bimetal oxide was equal to 77.8 (+0.2) m?/g,
which is much lower than for material obtained by Zhang and Itoh [53], it was characterized with
a much higher adsorption capacity equal to 85.0 mg of As(Ill) per g of adsorbent and 14.3 mg of As(V)
per g. Adsorption of arsenic species followed the Langmuir model and was favorable in pH =7 at
a temperature of around 30 °C. Adsorption of the As(IIl) species is not one of the key factors in arsenic
removal, because those species can be easily oxidized to As(V) ones. The main problem is arsenate
elimination, and for As(V) removal, NHITO is no competition for other adsorbents which are cheap
and available, like crystalline hydrous ferric oxide.

Another metal oxide with the ability to convert arsenite to arsenate is manganese dioxide (MnO;).
Manganese dioxide in its mineral form has been used in water treatment for more than 75 years,
efficiently removing iron, manganese, and arsenic at pH between 5-9 [55]. Manganese oxides are
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very active components of natural environments, able to strongly sorb ions and participate in redox
reactions. They have been identified as the primary electron acceptor in the oxidation of As(III) to As(V)
by freshwater lake sediments [56]. Oscarson et al. [56] investigated arsenic oxidation by manganese
dioxide and proposed mechanism of it, which can be described by five equations:

HAsO; +MnO; = (MnO,)-HAsO; 1)
(MDOZ) -HAsO, + HAsO, + H,O = H3AsO4 + MnO 2)
H3AsO4 = HyAsOp +H* (3)

HyAsO, = HAsO}™ + H* 0))
(MnO,)-HAsO, 4+ 2H' = H3AsO, + Mn?* (5)

The first step of the oxidation process is adsorption of arsenic species creating a layer onto the
MnO, surface (Equation (1)). Next HAsO; is oxidized to H3AsO4 with subsequent oxygen transfer.
However when the pH is equal to 7 or less, the predominant trivalent arsenic form is arsenious acid
(HAsO,), the oxidation products dissociate forming almost equal amounts of HyAsO4~ and HAsO,2
with little H3AsOy presence at equilibrium (Equations (3) and (4)). During dissociation each mole of
As(III) release 1.5 moles of hydrogen ions, which should significantly lower the pH of the system when
no other reactions occur. However, after the reaction the solution pH stays close to neutral, which
indicates a reaction of hydrogen ions with adsorbed HAsO, on MnO, surface. In such a reaction the
H3AsQ; is formed and manganese is reduced and dissoluted (Equation (5)).

Despite MnO, being a common and effective oxidizing agent for As(Ill), it is characterized
by a significantly low surface area, which limits the arsenic sorption capacity of this adsorbent.
To overcome this disadvantage Lei et al. [57] combined MnO; with iron oxide, which is known
as efficient arsenic adsorbent. Using a hydrothermal method researchers prepared a flower-like
three-dimensional nanostructure Fe-Mn binary oxide and compared its arsenic adsorption properties
with pure manganium oxide and iron oxides. The preparation procedure of Fe-Mn binary oxide
was as follows: In 76 mL of deionized water MnSO4-H,O (0.6830 g), Fe(NO3)3-9H,0 (1.6406 g),
K75,05 (1.0868 g), and 4 mL of concentrated sulfuric acid were mixed and stirred at room temperature.
The homogeneous solution was autoclaved and preheated to 110 °C for 6 h. Impurities were removed
using deionized water and ethanol and then precipitates were dried at 60 °C for 8 h. Pure MnO,
and iron oxides were prepared in the same way except that the Fe(NO3)3-9H,0O and MnSO;-H,O,
respectively, were absent. The adsorption onto prepared materials had fitted well to the Freundlich
isotherm, which suggested that the adsorption mechanism is a multilayer physisorption. The surface
area was 123 m? /g for Fe-Mn binary oxide, 77 m?/g for MnO5, and 43 m?/g for iron oxides measured
by an unspecified technique. The highest sorption capacities occurred to be 26.50, 23.40, and 11.22 mg/g
respectively. Despite quite a high increase of Fe-Mn binary oxide’s surface area in comparison with
iron or manganium oxide, arsenic sorption capacity increased insignificantly compared to iron oxides.
This fact throws into question the sense of using such hybrid systems in commercial arsenic removal.

Considering the harsh conditions of waste streams containing arsenic pollution, Ren et al. [49]
combined iron oxide with hydrous zirconium oxide, which is characterized by high resistance to acids,
alkalis, oxidants, and reductants. The Fe—Zr binary oxide was prepared by a simple coprecipitation
method at ambient temperature. Ferric chloride hexahydrate (0.05 mol) and zirconyl chloride octahydrate
(0.0125 mol) were dissolved in deionized water (400 mL). During stirring pH was established to the
level of 7.5 by adding sodium hydroxide (2 mol/L). The formed suspension was stirred for 1 h, aged at
room temperature for 4 h, washed with deionized water, filtered, dried at 65 °C for 4 h, and crushed.
The surface area of obtained material examined via BET analysis was equal to 339 m? /g with pore volume
of 0.21 cm®/g. The SEM images revealed amorphous structure of obtained binary oxide. The adsorption
of arsenic onto Fe-Zr binary oxide was described well by the Freundlich model. The Langmuir isotherm
failed to describe the adsorption behavior, despite the adsorption capacities having been calculated from
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Langmuir equations and found to be equal to 46.1 mg/g for As(V) and 120.0 mg/g for As (III) at pH 7.0.
Similar research was carried out by Gupta et al. [58,59]. Researchers obtained nanostructure of Fe-Zr
binary oxide (NHIZO) by the hydrolysis of hot (60 °C) ferric chloride (0.18 M FeCl3 in 0.1 M HCI) and
zirconium oxychloride (0.02 M ZrOCl, in 0.1 M HCI). Then the precipitate was aged, filtered, washed
with deionized water, dried at 80 °C, and treated with cold water to obtain agglomerated particles
ranging in size from 140 to 290 um. As opposed to Ren et al. [49], experimental adsorption data fit
well to the Langmuir isotherm. Adsorption capacities were determined by Langmuir model and were
equal 65.5 mg/g for As(Il) and 9.4 mg/g for As(Ill). Revealed data suggests that the As(III) sorption
by NHIZO is physisorption in nature, while As(V) sorption reaction with NHIZO is a chemisorption
phenomenon. However the hydrolysis method is environmentally friendly compared to Fe-Zr binary
oxide obtained by the coprecipitation method, and NHIZO shows much lower adsorption capacities
for arsenic species. Erdogan et al. [60] obtained a nano ZrO,/B,O3 oxide system which was used for
arsenate ion determination in tap and underground waters. Unfortunately, the authors had not explained
the advantages resulting from use of such an oxide combination. Sorption capacity was determined
using the batch method (pH = 3, room temperature, Langmuir model), and it was equal to 98.04 mg/g.
However, while the obtained material had revealed promising sorption properties in optimal conditions,
its application in the real system had not been tested. The normal range for pH for groundwater systems
is 6 to 8.5 [61], while drinking water must have a pH value of 6.5-8.5, so results obtained by the authors
cannot be related to real conditions.

Kwon et al. [62] immobilized zirconium oxide on alginate beads obtaining a composite adsorbent
for arsenite and arsenate removal, reaching adsorption capacity of 32.3 mg/g for arsenite and 28.5 mg/g
for arsenate. They used alginate as a matrix due to its strong affinity for metal ions. Immobilization
using bead encapsulation is an effective way to prevent ZrO; to environment. However, though the
obtained material is characterized by a satisfactory adsorption capacity for arsenic ions, the system
reached an equilibrium state within 240 h and the pHy,c of the obtained material was 4.3, which is
much lower in comparison with conventional sorbents like activated alumina.

The adsorption of arsenic oxyanions onto metal oxide materials has been widely studied by
scientists all over the world. Due to the presence of a positive surface charge onto the majority of
adsorbents in low pH, arsenic sorption is favorable in acidic conditions. As can be seen from the
data gathered in Table 1, a lot of experiments were performed in neutral pH, which was estimated as
an optimal value, which suggest that besides electrostatic attraction, another bonding takes place in
arsenic adsorption. Arsenic species are effectively adsorbed in room temperature.
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Table 1. Sorption properties of metal oxide-based adsorbents for arsenic oxyanions removal.
Adsorbent Surfacze Area As Concentration Adsorption Capacity (mg/g) Temperature (°C) Contact Time (h) pH Ref.
(m*/g) (mg/L) 3+ 5+
As As

- 100 16.0 £ 0.9 245+ 1.6 25 12 7.0 [56]

Al,O3 0.55 0.6 - 0.14 23+05 2 7.0+0.1 [45]

0.55 0.2 - 0.098 25+ 05 1-2 6+0.1 [63]

115-118 0.79-4.90 1.69 - 40 6.1 (40.1) [46]

AlyO; (granular) 115-118 2.85-11.50 ; 15.90 25405 170 52(+0.1)  [46]

- 0.51 - 0.050 21 48 7.8-9.3 [35]

ALOsLa20s - 3.62 - 0.029 21 48 7893  [35]

- 100 609 + 1.1 21.3+0.1 25 12 7.0 [56]

Fe,O3 5.05 0.6 - 0.56 234+05 1 7401 [45]

5.05 0.2 - 0.616 254+ 05 1-2 6+0.1 [63]

Crystalline hydrous - 50 66-68 55-58 3042 4 7.0 [47]
ferric oxide

. 2.43-16.5 2 0.65 - - 24 7.0 [51]

Fe304 (magnetite) 2.43-16.5 2 - 0.7 - 24 2.5-4.0 [51]

TiO, - 100 0.0001 - 40 10 3.0 [53]

Slag-Fe; O3-TiO, 163 100 0.0047 - 40 10 3.0 [53]

Fe, O3-TiO, 77.8 £0.2 5-10 85.0 14.3 30+ 2 35/6 7.0+ 0.1 [54]

MnO, 77 60 2.55 (As®* + As®) 22 1/6 4.0 [57]

Fe,03-MnO, 123 60 9.89 (As®* + As®) 22 1/6 4.0 [57]

339 5-40 120.0 46.1 25+1 36 7.0+0.1 [49]

Fe,03-ZrO, - 10 66.5 + 1.8 - 30+1.6 2 7.0+02 [58]

263 10 - 9.36 30+£1.6 1.6 7.0+02 [59]

Nano ZrO,-B,03 - 5-300 - 98.04 room 2 3.0 [60]

ZrO,-alginate beads 13.2 329 323 - 25 240 ~5.0 [62]

(ZOAB) 13.2 35.2 - 28.5 25 240 ~5.0 [62]
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3. Vanadium Oxyanions

3.1. Vanadium Pollution

Vanadium is a transition metal able to create variety of compounds on oxidation states ranging
from —III to V. This element is characterized by very high solubility, which causes it to distribute
widely in water, soil, crude oil and air [64]. Vanadium is a redox-sensitive element that exists mainly
in oxidation states: V°*, V4*, and V3* [65]. Vanadium is widely applied in industries like photography,
glass, rubber, ceramic, textile, mining, metallurgy, oil refiling, automobile, and in the production of
pigments and inorganic chemicals [66,67]. Such multiplicitous applications results in the production
of huge amounts of vanadium polluted wastes, which are discharged into environmental waters.
Vanadium has been recognized as a potentially dangerous pollutant in the same class as lead, mercury,
and arsenic [68]. In cases of large accidental spills or dumping of contaminated ash, there may be
major toxic effects on fauna and flora. Vanadium binds strongly to soil particles and sediments, which
makes an immobile element. In European soils vanadium concentration varies between 1.28 and
537 mg/kg [69]. This element can accumulate in some plants, but not in animals. Vanadium can
affect organisms via inhalation of air, ingestion of food or water, or by dermal contact. Vanadium(V)
(vanadate) and vanadium(IV) (vanadyl) oxyanions can have a large effect on the function of a variety
of enzymes either as an activator or inhibitor of the enzyme function [70]. Pentavalent vanadium is
especially harmful to human health—it can cause damage to the respiratory, gastrointestinal, and
central nervous systems and disturbs metabolism [71]. The International Agency for Research on
Cancer had classified vanadium pentoxide as a possible carcinogen. Currently vanadium is on the
USEPA (United States Environmental Protection Agency) Drinking Water Contaminant Candidate
List (CCL3) due to its potential carcinogenic effects [68,72]. Maximum concentrations of vanadium in
drinking water range from about 0.2 to 100 pg/L, with typical values ranging from 1 to 6 ng/L [73,74].

3.2. Characteristic of Vanadium Oxyanions in Aquatic Environment

Baes and Mesmer [75] revealed that vanadium exists in different hydrolyzed forms depending
upon its concentration and the pH of the environment. The pentavalent form is a favored state
of soluble vanadium, due to V(III) and V(IV) easily undergoing rapid oxidation by a variety of
oxidizing agents including air [76]. However, simple reducing agents which are frequently present in
waters, i.e., oxalates, can reduce V(V) to V(IV) [71]. In an aquatic environment pentavalent vanadium
occurs mostly in the presence of oxygen, creating oxyanions [72]. Twelve vanadium species can
coexist in the solution [68]. Under acidic conditions (pH < 3) vanadium(V) exists in cationic form
as VO,*, while in the neutral-alkaline (pH = 4-11) they occur in neutral (VO(OH)3) and anionic
forms including decavanadate species (V10026(OH)2*~, V19O07(OH),>~ V1902°%7) and mono- or
polyvanadate species (e.g., VO(OH),~, VO3(OH)?>~, VO,3~, and V,04(OH)3>~, V,0,4~, V30437,
V401547) [72]. The specification of pentavalent vanadium forms in dependence of the environment’s
pH as shown in Figure 4.
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Figure 4. Distribution of vanadium(V) species in function of pH (initial vanadium concentration = 0.5 mM,
T =25°C, 1 atm, ionic strength 0.15 M NaCl) taken from [74].
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3.3. Oxide-Based Material for Vanadium Oxyanions Adsorption

Vanadium(IV) in contrast to vanadium(V) can be adsorbed onto various oxides and form
complexes with organic matter, which makes it easily removable from the water phase into the
sediment phase. Therefore, the removal of vanadium(V) from industrial wastes is of great importance
for environmental protection. Nowadays vanadium is removed from water using biological, physical,
and chemical techniques [76]. Adsorption, as an environmentally friendly and economic method,
is one of the possible ways to do it.

Naeem et al. [68] examined vanadium adsorption onto commercially available metal oxide
adsorbents currently used for arsenic removal—GTO from Dow, which is adsorbent-based on TiO,,
E-33 from Seven Trents, and GFH (Granular Ferric Hydroxide) from US Filter, which are iron-based
ones. Experimental data revealed that pH in the range of 3.0-3.5 is favorable for vanadium sorption,
which is in agreement with the electrostatic attraction between protonated sites and strongly anionic
metal species. Competition between hydroxide and aqueous vanadium ions for available surface sites
may cause a decrease in vanadate adsorption in high pH values. At a high pH the vanadate anion can
specifically adsorb in the form of HVO,2~ via a ligand exchange process, which is also characteristic
for phosphate, which may suggest similar adsorption behavior of these two oxyanions.

The adsorption capacities for vanadium removal increase in the following order: GTO < E-22 < GFH.
GFH revealed almost four times higher effectiveness than the other iron-based adsorbent E-22, which
may be a result of its higher porosity and surface area, and less crystalline, more amorphous mineralogy.
However, adsorption efficiency differs significantly between tested samples, and all of them gave
similar adsorption isotherm shapes (Figure 5), which indirectly confirms that the same vanadate
sorption mechanism is correct for the different metal oxides/hydroxides. The uptake of vanadate
on oxides/hydroxides occurs through an anion exchange mechanism including the formation of
binuclear-bridged complexes. The change of initial and final pH of the system results from substituting
surface OH™ groups with HVO, 2~ ions from the solution. The hydroxide ion desorbs from the metal
oxide surface being neutralized by H* ions, coming from the deprotonation of the H;VO, 2~, forming
a water molecule, which is shown in Figure 6.

Leiviska et al. [72] examined six commercial iron sorbents in vanadium removal from real
industrial wastewater—commercial iron sorbent (CFH-12), commercial mineral sorbent (AQM), blast
furnace sludge (BFS), steel converter sludge (SCS), ferrochrome slag (FeCr) and slag from a steel
foundry (OKTO). Composition of sorbents was determined via XRF and XRD analyses and are shown
in the Table 2. Experiments were carried out in batch and continuous flow pilot systems.
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Figure 5. Vanadium adsorption isotherms obtained for 0.35 g/L dry mass of GFH and E-33, and
0.50 g/L of GTO (25 °C, ionic strength 0.01 M NaClOy, initial vanadium concentration 50 mg/L), taken
from [68].
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H,VO, + OH == HVO,} + H,0

Metal (hydr)oxide sorbent surface

Figure 6. Mechanism of vanadate bonding to the surface of metal (hydr)oxide adsorbents proposed by
Naeem et al. [68].

Table 2. Iron sorbents used for vanadium removal by Leiviski et al., reproduced from [72]. Commercial
iron sorbent (CFH-12), commercial mineral sorbent (AQM), blast furnace sludge (BFS), steel converter
sludge (SCS), ferrochrome slag (FeCr), and slag from a steel foundry (OKTO).

Material XRF Results XRD Results

Gypsum (CaSOy4-2H,0)
mostly amorphous iron material

Quartz (SiOy)

CFH-12 83% FeO, 6.1% S, 4.2% MgO, 1.4% SiO,, 1.1% CaO

40.1% SiO,, 24.8% Al O3, 18.3% FeO, 3.4% MgO,

AQM 59% KO Muscovite (KAl,(SizAl)O1¢(OH, F),)
e Kaolinite (Al,Si,O5(OH),)
63.2% FeO, 12.5% Ca0, 11.0% SiOy, 2.9% ALOs, 2.2% Hematite (Fe;05)
BFS MeO. 1.0% KO Calcite (CaCO3)
& LU0 R Quartz (SiO,)
Magnetite (Fe3O4)
SCS 90.3% FeO, 5.0% CaO, 1.4% SiO; 56.3% Hematite (Fe,O3)
Cuspidine (Ca4(F1_5(OH)0.5)Si207)
Periclase (MgO)
OKTO 56.3% CaO, 26.6% SiO,, 6.6% MgO, 3.1% F, 2.3% Calcium hydroxide (Ca(OH);)
Al O3, 1.3% Cr0O3 Enstatite (Feg 3sMgp 75i03)
Calcium silicate (CaySiOy)
Spinel magnesioferrite
Aluminum iron oxide (AlFe;Oy4)
FeCr 32.5% Si0y, 25.8% Al,O3, 24.1% MgO, 11.2% Cr, 03, Iron silicon oxide
4.3% FeO, 1.4% CaO Chromium iron (Crg yFeq 3)

Magnesium aluminum chromium
oxide (Mg(A11.5CI‘0'5)O4)

Firstly, all sorbents (5 g/L) were tested in the original pH (5.8) of wastewater in room temperature.
Commercial iron sorbent achieved the highest vanadium reduction (73%). BFS, SCS, and AQM reached
removal efficiency around 20% (27, 22, and 16%, respectively). OKTO and FeCr reveled vanadium
removal efficiency below 10%. The effect of pH on vanadium sorption with sorbents CFH-12, AQM,
BFS, and SCS were investigated at a fixed sorbent dosage of 10 g/L. CFH-12 was stable in a whole pH
range reaching removal rates at the level of 91-94% and adsorption capacities in the range 4.7-5.1 mg/g.
BFS exhibited the highest vanadium removal of 93% at low pH (4.2-5.0). For AQM and SCS sorbents
the effect of pH was less pronounced, but the lowest efficiencies were observed in high pH. The CFH-12
was proven to be the most effective in vanadium removal, so the authors examined deeply only that
sorbent. CFH-12 was able to reach equilibrium at the level of 10 g/L and adsorption data were fitted
to the Langmuir model, which refers to monolayer sorption phenomenon [77]. The highest efficiency
of that sorbent could be explained by its amorphous structure and high iron content. Amorphous
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iron oxides have a large surface area and hence a greater amount of sorption sites, which results in
a higher adsorption capacity compared with crystalline iron materials. In comparison with other iron
sorbents (Table 3) it can be seen that CFH-12 obtained a much lower sorption capacity, which might be
caused by higher particle size. For iron sorbents, the pH of the environment had a significant effect on
the surface hydroxyl groups’ protonation as well as for the vanadium form. In the studied pH range,
vanadium exists mainly as anionic forms. The increase of efficiency in acidic pH, especially visible
for the BFS sorbent, probably occurs due to the presence of higher amounts of positively charged
surface groups (>Fe-OH,") and thus electrostatic attraction between the vanadates and the surface
increases. The surfaces of iron oxides generally have a net positive surface charge at acidic-neutral pH
conditions (pH below the pH of point zero charge of a sorbent). Desorption of vanadium from CFH-12
was investigated to be successful—2 M sodium hydroxide was able to desorb vanadium efficiently.
The recovery and renewed usage of vanadium removed from wastewaters is possible with commercial
iron sorbent. The possibility to reduce its particle sizes could be tested to optimize sorption abilities.

Considering the ability of vanadium to adsorb onto other metal oxides/hydroxides and its behavior
in water, Su et al. [78] established that vanadium should have similar adsorption characteristics to arsenic
and selenium. As activated alumina is an inexpensive and efficient material for arsenic and selenium
removal, researchers decided to test the adsorption of vanadium on its surface. Activated alumina used
in this research was purchased from Tramfloc, Inc. (Tempe, AZ, USA) and was characterized with a BET
surface area equal to 363 m?/g and a pH of point zero charge 8.8. The authors tested five different
initial concentrations of vanadium to test the adsorption capacity of activated alumina. In this work
authors tested also adsorption of arsenic and selenium, and they noticed that all ions act similarly, and
environment pH influences maximum adsorption—it decreases in more acidic conditions and increases
in more basic ones. Previous literature research indicates that arsenic adsorption is favorable in acidic
pH which is in contrast to results presented in this work. Experimental data is presented only vaguely in
the form of graphs, on which it can be seen that adsorbed amount varies from about 1 to about 45 mg/g
in the initial vanadium concentration range of 10493 mg/L, which is not an impressive result. Such low
adsorption efficiency could be forecasted via a literature survey: in 1971 Golob et al. [79] reported
that vanadium(V) can be only poorly adsorbed on activated aluminum oxide [63]. Unfortunately, data
presented did not provide all derivatives to calculate adsorption capacity, which makes this research
hard to follow and incomparable with other works.

Titanium dioxide is widely applied in water treatment, owing mainly to its photocatalytic
properties. In the case of vanadium, its pentavalent form is not able to be further oxidized. Between
1990 and 2010 some researchers investigated adsorption of vanadium onto TiO, surface in order to
obtain vanadia-titania catalysts [80-82], which are still used for the catalytic reduction of nitrogen
oxide [83]. Those researchers proceeded onto model solutions and adsorption did not occur as an
effective method to do so. Nevertheless there is still a place for research on vanadium recovery from
real wastewaters by sorbing it onto TiO, in order to obtain V-Ti catalysts.

Activated carbon derived from various natural materials is one of the most widely used adsorbents
i.e., for removal of organic pollutants [84]. It is known for its extended surface area, microporous
structure, and great sorption abilities [85], however, it reveals a poor ion adsorption capacity. Thus,
Sharififard et al. [66] decided to impregnate it with iron-oxide-hydroxide to increase its affinity to
vanadium oxyanions and create new adsorbent for its removal from water. Commercially available
activated carbon, manufactured by Norit (Amersfoort, the Netherlands) with the trade name Norit
ROY 0.8, was modified via a permanganate/ferrous iron synthesis method. Optimum synthesis
conditions were as follows: concentration of FeSO, = 0.4 M, contact time =24 h, and temperature = 55 °C.
The obtained hybrid material was characterized by a lower surface area (777 m?/g) but higher vanadium
adsorption capacity (119.01 mg/g) in comparison with pure activated carbon (surface area 1062 m?/g.,
adsorption capacity 37.87 mg/g). The adsorption equilibrium data fitted well with Freundlich isotherm,
which suggested heterogeneous adsorption, what might be caused by the coexistence of different sorption
sites, and /or different sorption mechanisms, or sorption of different vanadium species.
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Carbon nanotubes (CNTs) doped with metal oxides are one of the most effective adsorbents used
by researchers. Gupta et al. [12] prepared multi-walled carbon nanotubes doped with a palladium
oxide (PAO-MWCNTs) adsorbent for vanadium removal. Multi-walled carbon nanotubes (MWCNTs)
were synthesized by CVD method (purity N95%) from raw materials. Pure MWCNTs were treated
with a HySO4/HNO;3 (3:1 v/v) mixture for 8 h at 10 °C at ultrasonic conditions. Then product was
washed by deionized water and dried. The obtained acidic-MWCNTs powder was dispersed in
water and combined with Pd(NO3),-2H,0 and NaOH to pH 10. The product was sonificated in
an ultrasonic homogenizer and then stirred at 80 °C for 6 h and dried. Vanadium sorption was
investigated by batch experiments. The optimal conditions for vanadium removal were as follows:
pH = 3.0, initial vanadium(V) concentration = 60.0 mg/L, adsorbent dosage = 1.0 g/L, temperature
25 °C, and contact time 30 min. Adsorption isotherms and reaction kinetics imply that adsorption
by PAO-MWCNTs could follow the Langmuir model and is a pseudo-second reaction. The highest
vanadium removal efficiency of 93.7% was reached for initial vanadium concentration 60 mg/L and
pH 3. Adsorbent recovery tests had not been proceeded. However, though the PdO-MWCNTs obtained
high adsorption capacity for vanadium removal, their effectiveness had not been enormously high.
Tests were carried only for model solutions. Thus complicated preparation and lack of information of
adsorbent/adsorbate recovery and competitive adsorption of other ions strongly limit their usage.

Raw materials are gaining more and more attention from the research community in the field of
adsorption. They are cost effective and highly available materials [86], which may be able to replace
activated carbon adsorbents. Chitosan is characterized by the high capacity for the sorption of oxyanions,
which are efficiently sorbed in acidic solutions by ionic interactions. This material was investigated in
pentavalent vanadium sorption by many scientists [87-91]. Omidinasab et al. [67] decided to connect
chitosan with magnetite to makes easier the separation after adsorption process. Besides its magnetic
properties, Fe30y is characterized by chemical inertness, biocompatibility, non-toxicity, good thermal
stability, and high surface area [92,93], which makes it a perfect material to create environmental friendly
adsorbent. Chitosan was chemically extracted from chitin originating from shrimp shell wastes and
then dissoluted in distilled water. Ferrous and ferric salts were co-precipitated by an ammonia solution
at room temperature while the chitosan solution was slowly dripped into the mixture. Such prepared
nanoparticles (Fe304-CSN) were collected using an external magnetic field and washed with distilled
water. For testing the ability of vanadium removal the real wastewater samples originating from oil
refinery were used. FezO4-CSN composite occurred to be very efficient—99.9% of vanadium was
removed from the solution. The system reached equilibrium in the very short time of 10 min. Vanadium
sorption is favorable in low temperatures and acidic pH. Kinetic data implies that the reaction was
pseudo-second order, while equilibrium data fit better with the Freundlich isotherm model. Thus
the adsorption onto chitosan-magnetite composite was a combination of physi- and chemisorption.
Thermodynamic data revealed that the process was exothermic and spontaneous. However authors
checked adsorbent only on two solutions in case of vanadium and palladium recovery, they claim that
the Fe304-CSN composite can be used effectively for the removal of metal ions and for the treatment
of real wastewaters without remarkable matrix effect. Nevertheless these conclusions seem to be too
far-reaching and their confirmation requires further investigation.

A variety of metal oxides were used for purification of vanadium-contaminated water and
wastewater. Similar to arsenic, vanadium is better adsorbed in acidic conditions, however, satisfactory
results are also obtained in neutral conditions. A comparison of some adsorbents used by researchers
for vanadate removal is shown in Table 3.
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Table 3. Sorption properties of metal oxide-based adsorbents for vanadium oxyanions removal.

Adsorbent Surface Area (m?/g)  V Concentration (mg/L)  Adsorption Capacity (mg/g)  Temperature (°C)  Contact Time (h) pH Ref.
GFH (584 mg Fe/g GFH) 231 1-250 111.11 25 24 70+0.1 [68]
E-33 (574 mg Fe/g E-33) 128 1-250 25.06 25 24 70x£0.1 [68]
GTO (650 mg Ti/ g TiO;) 150 1-250 45.66 25 24 70+01 [68]
CFH-12 173 58.2 571 room 24 5.8 [72]
AQM - 58.2 1.72 room 24 5.8 [72]
BFS - 58.2 1.93 room 24 5.8 [72]
SCS - 58.2 2.62 room 24 5.8 [72]
Fe-AC 777 25-200 119.01 25 24 4.5 [66]
CeO,/CuFe;Oy 190.2 30-250 798.6 25 3 6.0 [94]
Fe304-CSN 35.6 16.37 186.6 19.85 1/6 5.0 [67]
PAO-MWCNTs 209.59 60 245.05 25 0.5 3.0 [12]

nanocomposites
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4. Boron Oxyanions

4.1. Boron Pollution and Its Behavior in Aquatic Media

Boron is a metalloid that creates various compounds in five different oxidation states: —V, —I, +I,
+II, and +III. Except for small amount in meteoroids, uncombined boron is never found in the elemental
form in nature. Boron is a naturally found mainly as oxygen compounds (e.g., borate minerals) in
oceans, sedimentary rocks, coal, shale, and some soils [95,96]. Its formation in aquatic environments
is highly dependent on the hydrogen ion concentration—in pH above 8 it exists mainly as boric
acid H3BOj3, and below as a borate oxyanion B(OH),~ [97]. Both of them have solution chemistries
quite different from most other oxyanions. Borate is formed by the addition of a hydroxyl group to
the trigonal planar boric acid molecule, creating a tetrahedral anion. In low concentrations (below
25 mmol/L) boric acid and borate exist as monomers, but with increasing concentration formation of
poly-borate polymers is possible [98]. Boron species distribution is hardly dependent on the pH of the
environment, as shown in Figure 7. Borates are widely used in glass production, as flame retardants,
in leather production, in photographic materials, in wood preservatives and pesticides, as a high
energy fuel, and in soaps and cleaners. Wastewaters polluted with boron are created mostly by glass
producers and facilitate the burning of wood and coal. Boron concentration in water depends on
the geochemical nature of the drainage area, proximity to marine coastal regions, and inputs from
industrial and municipal effluents. In Europe, boron concentration varies from 0.001 to 2 mg/L in
fresh drinking water, and similar values were reported for Russia, Turkey, Pakistan (0.01-7 mg/L),
Japan (0.001 mg/L), and South Africa (0.03 mg/L). The highest concentrations were investigated in the
Americas. In South America, the highest boron concentrations in boron-rich regions varied in range
from 4-26 mg/L, while in other regions it was equal to 0.3 mg/L. In surface waters of North America
boron concentration ranged from 0.02 mg/L to 360 mg/L in boron-rich regions, while the majority of
samples were less than 0.1 mg/L [99]. The guideline value of boron concentration in drinking water
was estimated as 2.4 mg/L by the World Health Organization (WHO) [100].
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Figure 7. Distribution of boron species as a function of the solution pH (total boron concentration 0.4
M), taken from [101].

Waterborne boron may be adsorbed by soils and sediments and can accumulate in plants.
Ingestion of high levels of boron can cause nausea, vomiting, abnormally low blood pressure,
convulsions, and red lesions on the skin. Extremely low levels of boron in humans cause an increased
heart rate and change of skin color to blue. High level exposure can affect the central nervous
system, kidneys, and liver, and may be a leading cause of death. Borate in wastewaters is difficult
to treat because it does not generate insoluble compounds with hazardous metal ions or alkaline
earth metals [102]. Conventional means of water treatment (coagulation, sedimentation, filtration)
are not able to remove boron completely, so more advanced and specific methods are needed to
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eliminate it from highly boron-polluted waters [100]. Between those methods, the most effective one is
adsorption technique, due to its simplicity and the possibility to apply it in aqueous media with low
concentrations of boron. Boron adsorption can be conducted on various sorbents, e.g., chelating resins,
polysaccharides, synthesized clay, fly ash, and oxides [103].

4.2. Materials for Effective Adsorption of Boron Oxyanions

According to the literature survey made by Demetriou and Pashalidis [95], aluminum and iron
oxides are the primary boron adsorption surfaces in soils, which encourage them to proceed adsorption
tests using iron oxide (FeO(OH)). The adsorbent, iron-oxide (Fe(O)OH, mesh-325, Aldrich Co) was
used without any further purification or other pre-treatment, while boron solutions were made from
standard boron solution (99.99%, Aldrich Co) by addition of distilled water. Iron oxide’s point
zero charge was reached at pH = 8. The authors investigated the optimal pH in the range of 4-12,
temperature from range 20-70 °C, initial boron concentration range from 0.1-7.0 mg/L, and amount
of the adsorbent range from 0.05-2.5. Optimum pH oscillates from 7 to 9 with a maximum at about
8 and it is close to the pHy,. of iron oxide, and slightly lower than pKa (9.2) of the boric acid, which
indicates that the best adsorption occurs when the surface has no charge and boric acid is predominant
in solution. Adsorption capacity was investigated using the Langmuir model at 22 °C, and the initial
boron concentration, 55 mg/L, was equal to 0.324 mg/g. The authors underline the importance of
iron oxide as a boric acid adsorbent, because it affects the chemical behavior and migration of boron
in the natural environment and in the purification of industrial wastewaters. It is known that iron
oxide as well as activated alumina are popularly-used adsorbents for industrial wastewater treatment,
not specially for boron removal. In highly boron-contaminated water, iron oxide would not be able to
purify the water because of its low boron sorption capacity.

Peak et al. [104] examined hydrous ferric oxide (HFO) in boron removal obtained even worse
results than Demetriou and Pashalidis [95]. The authors were not able to determine maximum
adsorption capacity of HFO but the adsorbed boron amount tested for three different pHs (6.5, 9.4,
and 10.4) varied from almost 0 to 160 pumol/g, which is extremely low. Moreover, adsorption isotherms
did not display a particularly high affinity of boric acid for the HFO surface—to achieve a high
surface loading, a high solution concentration is necessary. Except for the obtained results, the authors
suggested that boric acid adsorbs via both physical adsorption (outer-sphere) and ligand exchange
(inner-sphere) reactions.

Due to the need to develop alternative and cost-effective adsorbents, Irawan et al. [95] decided
to test aluminum-based water treatment residuals (AI-WTRs) in boron removal. Al-WTRs consist
mainly of aluminum, iron, and silica oxides with some organic compounds and they are generated from
drinking water treatment facilities. Previously the AI-WTRs were investigated as anionic contaminants
adsorbents i.e., fluoride (F~), phosphate (PO4 37y, perchlorate (ClO4 ™), arsenate (AsOy 3-), and selenium
(as SeO3 2~ and SeO4 27). A boron solution was prepared from analytical grade H3BO3 and adsorbents
were obtained from three different water treatment plants in Taiwan. Coagulants used in water
treatment plants were aluminum sulfate (sample AI-WTR1) and polyaluminum chloride (samples
Al-WTR2 and Al-WTR3). Before adsorption experiments Al-WTRs were washed with deionized water
to remove impurities, dried overnight in 150 °C, crushed and sieved. The chemical composition of used
aluminum water treatment residuals was investigated using aqua regia-HF procedure in a Teflon closed
vessel. AI-WTR1 was characterized by highest Al,O3 content (408 £+ 1 mg/g), followed by AI-WTR2
(227 £ 4 mg/g) ad AI-WTR3 (150 + 2 mg/¢g). Iron oxide content was similar for all samples and was
equal to 195 + 3 mg/g for AI-WTR1, 194 £ 3 mg/g for AI-WTR2 and 197 + 2 mg/g for AI-WTR3.
Silica content was highest in AI-WTR3 (528 + 2 mg/g), followed by Al-WTR1 (376 £ 1 mg/g) and
AI-WTR2 (322 £ 1 mg/g). AI-WTRI1 occurred to be the best sorbent for boron probably due to its highest
alumina content and highest surface area. Silica does not adsorb boron, so its role in boron removal
is negligible, and surprisingly the AI-WTR3 with the highest silica content is characterized by lowest
surface area. The data obtained during experiments fitted the Langmuir adsorption isotherm and the
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reaction rate was described as pseudo-second order model. Adsorption capacities for boron were equal to
0.98,0.70, and 0.19 mg/g for AI-WTR1, AI-WTR2, and AI-WTR3, respectively. Authors concluded that
aluminum-based water treatment residuals (AI-WTRs) can be used as alternative adsorbent for boron
removal. However, it should be remembered that AI-WTRs will not be as effective as adsorbents designed
specifically for boron removal because they have been designed for general water purification. Thus,
Al-WTRs will not be effective adsorbents for highly boron contaminated water. To make great use from
Al-WTRs in boron removal from industrial wastewaters further research to extend sorption capacity and
affinity for boron compounds must be proceeded.

Adsorbents with magnetic properties are a promising technology for the future of water treatment.
Such sorbents reveal the great potential of functionalization and the effective sorption of different
substances [105]. Magnetic properties enable effective elimination of adsorbent from water treatment
systems which simplifies its regeneration. Fe3O4-based adsorbents are characterized by large surface
area and magnetic recoverability [106]. Considering the facts presented above, Liu et al. [98] tested
Fe;0y4 and its two composites derived from magnetite and bis(trimethoxysilylpropyl)amine (TSPA),
and from magnetite and a flocculating agent 1010f (a copolymer of acrylamide, sodium acrylate,
and [2-(acryloyloxy)ethyl]trimethylammonium chloride) in boron removal by means of adsorption.
Pure magnetite was obtained by coprecipitation of Fe(Il) and Fe(IlI) ions in aqueous solution with
ammonia. For Fe304-TSPA composite, to 5.0 g of wet magnetite dispersed in water 2.5 mL of TSPA
(Gelest) was added and stirred within 30 min. Composite material was removed from reaction
environment using magnet and washed to inert pH. Second composite was prepared analogically,
the flocculating agent was 0.5 g/L 1010f (Zibo Zhisheng Industrial Co., Ltd., PR China). For adsorption
experiments 3.0 g of the wet particles were dispersed in 50 mL solution at the desired initial boron
concentration, pH, and ionic strength. All of them were carried out using a SHA-C shaking water
bath (Changzhou Guohua Co., Ltd., Changzhou, China) with a shaking speed of 80 rpm at 22 °C.
Experimental data revealed that boron adsorption is the most favorable in pH = 6 (three initial pH were
tested and adsorption decreased in order 6.0 > 2.2 > 11.7). From the boron speciation chart (Figure 6) it
can be seen that researchers missed the pH range in which boron oxyanions are formed. Probably if
more careful research or pH influence study had been done, the authors could have obtained much
better results for their adsorbents. For all adsorbents the amount of boron adsorbed is highest in
neutral solution, which may be caused by the creation of hydrogen bonding, and electrostatic and
hydrophobic attractions. In alkaline conditions adsorption is the lowest, what may be the result of
the electrostatic repulsion. Increasing ionic strength decreases adsorption efficiency. The highest
efficiency in boron removal was observed for Fe;O4—TSPA, followed by Fe30,4-1010f, and the pure
Fe304. The adsorption decreases with the increase in ionic strength. Adsorbents” surfaces have the
suitable functional groups and atoms for the formation of hydrogen bonds (including ionic hydrogen
bonds) with boric acid and borate, which can promote the adsorption. The authors determined that
three types of interactions determine boron adsorption onto Fe3O4—TSPA: (i) electrostatic interaction;
(if) hydrogen bonding; and (iii) hydrophobic interaction and proposed specific mechanism of it.

Oztiirk and Kavak [107] investigated boron removal from aqueous solutions by batch adsorption
onto cerium oxide. Maximum boron adsorption was obtained at original pH value of boron solution
(6.18) and 40 °C by powdered cerium oxide, but the authors did not give an exact value. Experimental
data were neither fitted to Langmuir nor Freundlich isotherm, which confirmed that boron adsorption
onto cerium oxide is unfavorable.

In their work de la Fuente Garcia-Soto et al. [97] investigated ability of magnesium oxide for boron
removal by means of adsorption from water environment. Researchers were working on commercially
available magnesium oxide produced by Panreac Chemical (Castellar del Valles, Spain) and solutions
of boric acid supplied by Merck, Darmstadt (Germany) in distilled water. Adsorption isotherms
were prepared by combining growing amount of adsorbent in constant adsorbate solution in time
necessary to reach equilibrium. Then the remaining boron concentration was measured. Conditions
of the process were: Mg/B mol ratio, 20; stirring speed, 200 rpm; stirring time, 2 h; repose time,
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48 h; room temperature; pH 9.50-10.50. Experimental data were compared using the Langmuir
isotherm model. The authors studied the mechanism of boron adsorption onto magnesium oxide
surface and proposed it as a three step chemisorption: (i) hydration reaction of MgO with water
creating a magnesium hydroxide gel possessing active centra over the surface; (ii) alkalization due to
acid-base reaction between magnesium oxide and water; and (iii) stereospecific chemical reaction
between borate ions and active centers. Adsorption is an effective method of medium to high boron
concentrations (50-500 mg/L) and its efficiency is set over 95% of boron removal, which is higher than
natural adsorbent materials such as clays, boron containing minerals, or humic acids. This process
seems to be relatively inexpensive—authors estimated the cost of highly boron-contaminated water
(500 mg/L) purification at 0.96 € per m3. Nevertheless, this process is effective only for medium-high
concentration of boron in the water and adsorbent can be used only in 3 cycles due to irreversibility of
boron adsorption onto magnesium oxide.

Considering the need to design recyclable adsorbent for boron removal Kameda et al. [102]
decided to investigate usage of Mg-Al oxide through the production of Mg-Al layered double
hydroxides intercalated with B(OH); ™. Maximum adsorption capacity was obtained for Mg-Al oxide
when the Mg/ Al = 2 and was equal to 80 mg/g. Recycling of the adsorbent was proposed in two steps:
(i) borate intercalated Mg-Al LDH treatment with carbonate ions in water in order to enable anionic
exchange between carbonate and borate, to produce CO3-Mg-Al LDH, (ii) CO3-Mg-Al LDH calcination
in 400-800 °C in order to recover Mg-Al LDH. After regeneration tests the adsorbent maintained
the ability to remove boron from aqueous solution, but efficiency declined significantly—boron
concentration at 480 min of adsorption for the first cycle was 32.3 mg/L, and for the regenerated
adsorbent 62.1 mg/L. Such a low performance of Mg-Al oxide is connected to the decreased crystallinity
and remains of adsorbed boron into the Mg-Al oxide structure. To consider the commercial use of
Mg-Al oxide as boron adsorbent, the regeneration procedure needs to be refined and the contact time
should be significantly reduced.

The adverse effects of boron pollution for living organisms could not be ignored. Research
community developed some efficient borate sorbents based on metal oxides. Borates are preferably
sorbed in alkaline pH. At pH below 8 the main boron compound is orthoboric acid and due to its lack of
charge adsorbed quantity is insignificant. Thus, neutral pH could not be optimal one for boron species
adsorption. The data gathered during the literature survey is shown in Table 4. However many more
adsorbents were discussed in this section, only a few publications included all necessary information.

Table 4. Sorption properties of metal oxide-based adsorbents for boron oxyanions removal.

Surface B Concentration Adsorption Contact

o
Adsorbent Area (m?/g) (mg/L) Capacity (mg/g) TCO Time (h) pH Ref.
MgO - 50 303.87 room 48 9.5-10.5 [97]
- 500 542.11 room 48 9.5-10.5 [97]
FeO(OH) - 55 0.324 22+3 - 8 [95]
A12O3—Fe203—8102 =
(AFWTR1) 40.5+5 5-100 0.980 room 24 83+02 [108]
Ale3-FEzO3-SiOz -
(ALLWTR2) 346+3 5-100 0.700 room 24 83+0.2 [108]
A1203—F82O3—5102
(A-WTR3) 145+1 5-100 0.190 room 24 83+0.2 [108]
MgO-Al,O3 - 108-648 80.00 30 168 10.5 [102]

5. Tungsten Oxyanions

5.1. Tungsten as an Environmental Threat and Its Performance in Water

Tungsten (W) is a heavy metal which creates compounds in oxidation states ranging from —4, to +6,
while the most stable state is +6. In the environment, it occurs naturally in soils and sediments. In solution
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W is oxidized to soluble WO, ions. Tungstate is able to occur in various complexes depending on the pH
of the environment and total W concentration. In the range from neutral to alkaline conditions, oxyanion
WO4?~ with tetrahedral coordination is the predominant form. In acidic media, tungsten aims for the
creation of polymeric compound such as paratungstate (i.e., W;00,%~ and HyW1,043'%7) with octahedral
coordination [27,109,110]. Currently tungsten is classified as an “emerging contaminant” of concern by the
U.S. Environmental Protection Agency (EPA) [111]. Its average concentration in the lithosphere varies in
the range of 0.2-2.4 mg/kg [112]. The residence time of tungstate in the solution amounts to about 20,000
years, which is ten times longer than the time needed for ocean mixing resulting in total homogeneity of
water worldwide [113]. This phenomenon causes an increase of tungsten pollution all around the world.
Tungsten was believed to be inert in the environment and less-toxic than other heavy metals, so it was used
in many fields of industry [27,114]. Its major uses are tungsten-cemented carbides, metal wires, turbine
blades, high temperature lubricants, catalysts, incandescent lamp filaments, television sets, heat sinks, and
golf clubs [110,115]. Some phosphate fertilizers may contain 100 mg of tungsten per kg. Moreover it had
been treated as an alternative to lead to produce fishing weights and ammunition. After the ban on lead
shot in the USA and Norway for hunting waterfowl it was used in hunting and recreational shooting.
Pollution prevention program, the Green Armament Technology (GAT), developed by the US Army
proposed the usage of tungsten-tin and tungsten-nylon composites as less hazardous materials for low
caliber ammunition [27,114,116]. Thus in sites of firing activities, such as combat operation zones, military,
commercial, and private shooting ranges, the concentration of tungsten in soil may be higher. In 2005
Strigul et al. [112] reported in probably the first paper on the treatment of tungsten as an environmental
threat revealing that its levels above 1% mass basis (i.e., 10,000 mg/kg) resulted in the death of 95% of
bacterial components (Bacillus subtilis and Pseudomonas fluorescen) in 3 months, and caused death of ryegrass
plants and red worms. Such tungsten concentrations also inhibit the growth of bacterial colonies, what
could possibly deteriorate process performance of biological wastewater treatment systems.

5.2. Adsorption of Tungsten Species

Sorption processes onto the surface of minerals are crucial for regulating the distribution and
mobility of trace metals in natural aquatic environments and soils, and it is hardly dependent on
environmental pH. The mobility of tungstate oxyanion WOy increases more in alkaline than in acidic
conditions due to the occurrence of increased repulsive force between the negatively-charged mineral
surface and the tungstate oxyanion [114]. Gustafsson [117] investigated tungstate and molybdate
sorption onto ferrihydrite. Results indicated that both adsorptions can be described with two
monodentate surface complexes in a surface complexation model, which does not exclude the existence
of other surface complexes, but suggests their lower importance. Ferrihydrite exhibited a higher affinity
for tungstate than molybdate and both adsorptions were strongly pH-dependent (100% efficiency of W
adsorbed in pH 0-8). Iwai and Hashimoto [27] had adsorbed tungstate ions onto different clay minerals:
metal oxide minerals (gibbsite, ferrihydrite, goethite, and birnessite) and montmorillonite, which is
a phyllosilicate mineral. All materials were synthesized in the laboratory. To determine tungstate’s
affinity for prepared adsorbents batch experiments in three different pHs—3, 6, and 9—were modeled
using the Freundlich equation. Results indicate that the adsorption affinity for WOy is higher for
metal oxide minerals (especially for Al and Fe oxide minerals) than for montmorillonite. Generally it
follows the order of Al hydroxide or Fe (oxyhydr)oxides (goethite, ferrihydrite, gibbsite) > Mn oxide
(birnessite) > phyllosilicate (montmorillonite) in the whole pH range. The best adsorption capacities
were obtained for acidic conditions (pH 4). Aside from adsorption capacities, researchers evaluated an
influence of the presence of phosphate and molybdate oxyanions on tungstate sorption. Oxyanions of
PO4 and MoOQy revealed higher affinity than tungstate in neutral-alkaline conditions. In acidic media,
tungstate is more preferably adsorbed on clay minerals. Unfortunately, adsorption—-desorption tests
had not been conducted, so the reusability of adsorbents remains unknown. Hur and Reeder [114]
investigated tungstate sorption on boehmite, which is an aluminum oxide hydroxide (y-AlIO(OH))
mineral. Boehmite occurs naturally as a common weathering product and is known as an effective
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sorbent for cations and anions. Adsorption was investigated during batch uptake experiments for
a range of tungsten concentrations from 50 to 2000 uM, at pH 4, 6, and 8 and two different ionic
strength 0.01 or 0.1 M (calibrated with NaCl). Adsorption edges exhibits the general behavior for
anions, with maximum sorption in pH range 5.0-5.5. With pH increase the sorption ability decreases,
with minimum values around the point of zero charge of boehmite, which is 8.6-9.1. A smaller
decrease in sorption is observed at pH values below 5. Tungstate reveals a strong affinity for the
boehmite surface at acidic and neutral pH. The greatest sorption of tungsten was observed at pH 4.
The maximum uptake of tungstate has not been clearly determined, and adsorption capacities varied
between 7.35 and 132.36 mg/g for optimal pH conditions. Lack of maxima suggest that tungstate
sorption is not limited by surface site availability over the studied concentration. Desorption tests
revealed that tungstate sorption is irreversible at pH 4, and slightly reversible at pH 8. However,
boehmite shows good adsorption properties, but it has limited application possibilities due to its
irreversible adsorption character.

Due to their large surface area and small diffusion resistance, magnetic adsorbents are of great
interest. Afkhami et al. [109] investigated the effectiveness of Nij5Zng5Fe,O4 prepared according
to the chemical co-precipitation method at room temperature for four different oxyanions’ removal,
including W(IV). The adsorption capacity was in the order W(VI) > Cr(VI) > Mo(VI) > V(V) and for
W(IV) was significantly higher than for other investigated oxyanions—72 mg/g. Desorption efficiency
exceeded 98% while process was carried using 2 mol/L NaOH, as the most effective eluent and its
equilibrium was reached in 15 min. Thus recovery of such adsorbents should be possible. Prepared
nanomaterial can be easily dispersed in water, and due to its magnetic properties can be easily removed
from the adsorption environment. The authors predict that Nij 5Zng 5Fe,O4 nanocomposites could be
candidates for the removal of trace amounts of chromium, molybdenum, vanadium, and tungsten ions.

Due to the late discovery of tungsten’s harmful properties, only few works consider its removal
via means of adsorption onto metal oxide-based materials. Researchers are at the beginning of the
road to find effective sorbents for W contamination’s removal. Specific data gathered during literature
studies were presented in Table 5. From the research already proceeded it is known that tungsten is
favorably sorbed in acidic conditions at room temperature. In such conditions the surface of Fe, Al, and
Mn oxides is positively charged, which enables tungsten oxyanions to bond via electrical attraction.
However specific mechanism of tungsten adsorption still needs to be discovered and confirmed.

Table 5. Sorption properties of metal oxide-based adsorbents for tungsten oxyanions removal.

Surface w Adsorption Temperature Contact
Adsorbent Area (m2/g) Concentration Capacity f:, 0 Time (h) pH  Ref.
8 (mg/L) (mg/g)

Nigy5Zng5Fe;Oy - 10-250 72 25 0.5 5 [109]
Boehmite

(- AIO(OH) 136 1000 7.35-132.36 room 24 4 [114]
Birnessite

(MnO,) - 18-359 6.15 25 24 4 [27]

Ferrihydrite

- 18-359 30.24 25 24 4 27

(Fe205) 7]
Gibbsite

- 18-359 49.82 25 24 4 27

(Al(OH)3) [27]

Goethite - 18-359 4312 25 24 4 7]

(x-FeO(OH))
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6. Molybdenum Oxyanions

6.1. Molybdenum Pollution and Behavior of Molybdenum Species in Water

Molybdenum is a transitional metal occurring on oxidation states from —II to +VI [118], which
are easily convertible into each other. Naturally it is found only in minerals such as molydbenite,
wulfenite, ferrimolybdite, and jordistite, which are mostly used for its commercial production [118].
Its main uses are metallurgical applications and as an alloying element in the production of stainless
steel or cast-iron alloys. It is also crucial for the flame retardant, pigment, and catalyst industries [119].
The chemical properties of molybdenum exhibit similarities to tungsten and vanadium more than
to chromium [118]. In an aquatic environment its main oxidation state is +VI on which it creates
oxo/hydroxospecies, including polyanions. In natural waters Mo occurs mostly in inorganic forms
on +V and +VI oxidation state as oxyanions such as Mo0,3~, HMoO,4%~, H,MoO,~, HMoO, ~, and
MoO42~ depending on the pH of the environment [120]. In pHs on the level of 5-6 the dominant form
is the molybdate anion, MoO42~. In more acidic conditions molybdate is protonated to the less charged
anionic species (HMoO, ™) and in strongly acidic media the neutral molybdic acid MoO3(H,0O);3 is
created. In high molybdenum concentrations at pH below 5-6 it is able to form isopolymetalates such
as MoyO004°~ or MogOqs*~ [121]. The distribution of molybdenum species in the function of the pH is
shown in Figure 8.

100

804
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% Mo Species

40

20+

Figure 8. Distribution of Mo species in function of pH (initial molybdenum concentration = 10 mM),
taken from [122].

However, though its presence is essential for life on Earth, due to its ability to form active sites for
many enzymes (such as xanthine oxidase, aldehyde oxidase, and hepatic sulphite oxidase [118]), that
catalyze redox reactions, in high concentrations it is toxic [121,123], and may pose health problems.
Subchronic and chronic oral exposure, i.e., by drinking Mo polluted water, results in gastrointestinal
disturbances, growth retardation, anemia, hypothyroidism, bone and joint deformities, liver and
kidney abnormalities, sterility, and also death [119]. Most molybdate compounds are harmful and
toxic when injected intraperitoneally or orally in large doses (400-800 mg per kg of body weight).
The WHO established 70 ng/L as a maximum molybdenium concentration in drinking water. Total
molybdenum concentrations in fresh waters range from 0.03 to 475 ug/L [121]. Near the industrial
sources like molybdenum mining areas its concentration in surface water can reach 200—400 ug/L,
while in groundwater to even 25,000 png/L [119]. The molybdate ion MoO,%~, as the most common
oxyform of this element, occurs in many types of industrial wastewaters i.e., wastewater from a styrene
monomer plant (1000 mg/L), scrubber effluent of a municipal solid waste incinerator (0.95 mg/L)
and mining water (0.1-2.2 mg/L) [119]. Thus effective methods for molybdenum removal need to
be discovered.
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6.2. Adsorbents for Molybdenum Removal from Water Environment

Adsorption as a relatively cheap and effective method for many oxyanions removal had also been
considered for molybdenum oxyanions elimination. Iron, aluminum, and, to some extent, titanium
oxides may be important adsorbent minerals for MoO,4%~, as they may acquire positive charge at low
pH [123].

Goldberg et al. [124] were interested in molybdenum adsorption onto Al and Fe oxide minerals
and their adsorption mechanisms. Molybdenum adsorption on oxides exhibited maximum near
pH 4 and iron oxides were more efficient adsorbents than aluminum oxides. Experimental data were
fitted well to the constant capacitance model, which assumes an inner-sphere adsorption mechanism.
Adsorption of Fe oxides based on a weight increased in the order: hematite < goethite < amorphous
Fe oxide < poorly crystalline goethite, while for Al oxides: 5-Al,O3 < gibbsite < amorphous Al,Os.
Adsorption of molydbdeum oxyanions onto aluminum oxide was a subject of research of many
scientists [125-129] due to application of Co-MO-Al,Oj catalysts for hydrotreatment of petroleum
fractions. Luthra and Cheng [126] examined molybdates (Mo070,4%~ and MoO,4?~) onto y-alumina
via Molybdenum-95 NMR Study. Both oxyanions were attracted to the positively charged alumina
surface in pH lower than the isoelectric point of the alumina (pH 8.5). NMR studies showed that
Mo7;0,4°~ after the contact with alumina decomposes to MoO,%~ in minutes. The decomposition
was believed to be caused by the increase in the pH of the impregnation solution inside the pores
of the alumina. Wu et al. [128] investigated competition adsorption for oxyanions of similar affinity
to the y-Al,Oj surface: molybdate, selenite, selenate, chromate, and sulfate. Specific surface area of
obtained y-Al,O3 was measured by BET method and was equal to 100 m?/g. Molybdate and selenite
are both strongly binding adsorbates—molybdate depresses selenite sorption at acidic pH and selenite
suppresses molybdate sorption at alkaline conditions. The affinity for aluminum oxide surface was the
highest for molybdate oxyanions, followed by selenite, selenate, sulfate, and chromate, respectively.

Xuetal. [33,123] investigated the influence of presence of phosphate, sulfate, silicate, and tungstate
anions on the adsorption of molybdate onto goethite under anoxic conditions. Experiments were
conducted in a glove bag (Ny), which maintained oxygen concentration on the 1 mg/L level. Goethite
slurry was synthesized by the researchers. Results indicated that MoO,?~ adsorption on goethite
obeys the Langmuir model. Adsorption capacity of MoO42~ on goethite amounted 25.9 mg/g at
pH 4. Competition tests revealed that an affinity for goethite follows the order phosphate > tungstate
> molybdate > silicate > sulfate. Adsorption of Mo seems to be more affected by the presence of the
phosphate than the tungstate anion, which is attributable to increased repulsion between Mo and more
negatively charged surface sites after phosphate adsorption onto goethite surface. The goethite surface
probably contains adsorption sites common for Mo, P and W anions, as well as specific for each element.
Gustafsson [117] examined molybdate and tungstate adsorption to ferrihydrite synthesized by author.
However, though tungstate revealed a higher affinity for ferrihydrite, Mo oxyanions were sorbed
effectively. Molybdate sorption was strongly pH dependent—the best efficiencies were obtained for
acidic pH, which correlates with previous research.

Iron(I1, III) oxide (Fe304) were used in water purification due to its magnetic properties. The main
drawback of magnetite usage is its dissolution in water. High iron concentrations are toxic for
humans and other living organisms. Consider that Keskin [120] decided to use an Fe;Os-embedded
1,3,5-triacryloylhexahydro-1,3,5-triazine-acrylamide hybrid polymer for molybdenum oxyanions removal.
Triazine compounds are able to create complexes with iron ions which connected with polymeric network
prevent iron release. The triazine molecules were used as a crosslinker and the polymeric material was
synthesized by free radical polymerization. Adsorption tests were performed for pure Fe304, Fe304
embedded hydrolyzed, and nonhydrolyzed polymers. The highest removal efficiency was obtained at
pH 2.5 and pure magnetite was subtly more effective than both composite materials (97% for FezO4
and 96.87% and 96.36% for hydrolyzed and nonhydrolyzed polymers). The iron release between
those three materials varied insignificantly—the highest value was noted for magnetite—1.16 mg/L,
followed by magnetite embedded by nonhydrolyzed polymer—1.02 mg/L, and the lowest value of
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0.22 mg/L characterized magnetite-embedded by hydrolyzed polymer. Kinetic studies and isotherms were
investigated only for an Fe30,4-embedded hydrolyzed acrylamide -1,3,5-triacryloylhexahydro-1,3,5-triazine
polymer. The experimental data was fitted well to the pseudo-second-order kinetic model and Langmuir
isotherm. Maximum Langmuir adsorption capacity was equal to 0.213 mg/g. Author performed reusability
tests of obtained material by HNO3, CaCly, NaOH, EDTA, HCl, and HCI/HNOj3 solutions. The best
results were obtained by CaCl, treatment—sorption efficiency for molybdenum removal after regeneration
increased to 97%, while its mass decreased from 0.25 g to 0.21 g, which throws into question if the adsorbent
surface was chemically modified by the regenerating medium.

An innovative, attractive, and economical approach for oxyanion removal is the usage of sorbent
materials consisting of a matrix and a proper adsorbent. Verbinnen et al. [119] decided to test
zeolite-supported magnetite for the removal of molybdenum. The material was supposed to combine
good sorption affinity for oxyanions (magnetite) and high cation affinity for cations (zeolite matrix).
The composite was obtained by precipitating magnetite onto zeolite surface from Fe(Il) and Fe(IlI)
salts, and the final magnetite to zeolite ratio was equal to 1:2. A molybdenum model solution
was prepared by dissolving NayMoOy-2H,0 in ultrapure water. Sorption was the most effective
in a strongly acidic environment (pH = 3), where maximal adsorption of MoO4%~ and minimal adsorbent
dissolution (Fe concentrations—0.34 mg/L, Al concentrations—0.012 mg/L). The adsorption capacity
for molybdenum in optimal conditions (pH = 3 and 25 °C) is 17.9 mg per gram of adsorbent. In
the absence of molybdenum the point zero charge of the obtained composite lies around the pH = 4,
so below that value its surface is charged positively. In the presence of Mo the point zero charge is
no longer observed and magnetite-zeolite surface is negatively charged into whole studied pH range
(2-10). That facts indicated a chemical adsorption of MoQ,2~, which causes the shift of pHpzc to a lower
value. Negatively charged Mo species (HMoO,~ and MoO,?) are pulled toward composite surface via
electrostatic forces and bind chemically to the Fe(Ill) present on magnetite surface. Such a connection
results in a negative charge of the composite, even below pH 4, and lowering of the zeta potential.
In pH 4-6.5 where the composite surface is negatively charged, the attractive specific sorption forces
still overcome the repulsive electrostatic forces, which indicate that molybdenum adsorption onto
the magnetite-zeolite surface is a specific chemisorption process. The maximum adsorption capacity
increases from 13.6 mg/g at 4 °C to 20.2 mg/g at 40 °C, which indicates the endothermic adsorption.
Kinetic data fits well to pseudo second order equation. Experimental results indicate that Mo adsorption
is better fitted by the Langmuir isotherm, which indicates chemical bonding between the adsorbent
and adsorbate, assuming the formation of a Mo monolayer onto the magnetite-supported zeolite
surface. In conclusion, the molybdenum is adsorbed onto the magnetite-supported zeolite composite via
formation of an inner-sphere FeOMoO,(OH)-2H,O complex. Such a sorption mechanism was verified
for different iron oxides, like goethite and feriihydrite, by Goldberg et al. [124] and Gustafsson [117].
In their later research Verbinnen et al. [130] had tested magnetite supported zeolite sorption abilities in
real industrial wastewater coming from the wet treatment of flue gases from a rotary kiln for industrial
waste combustion. The samples were obtained from Indaver, a waste treatment company in Belgium.
However, though cations were removed by coagulation and flocculation, and mercury by precipitation
with trimercaptotriazine (TMT) by Indaver, the effluent contained oxyanion-forming elements (like
Mo and Sb). Anions like chloride and sulphate are hardly affected by the precipitation/flocculation
treatment. Researchers increased pH from 1 to optimal sorption value—3.5. The initial concentration of
Mo oxyanions was 872 ug/L and after treatment it decreased to 7 pug/L while the adsorbent concentration
was 20 g/L. The adsorption order on zeolite-supported magnetite is Mo(VI) > Sb(V) > Se(VI) in both
synthetic and real systems.

Molybdenum sorption onto metal oxide-based adsorbents has not been a subject of research of
many scientists. Adsorption data gained by literature survey is gathered in Table 6. Adsorption of
molybdates is favored in acidic pH in room temperature.
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Table 6. Sorption properties of metal oxide-based adsorbents for molybdenum oxyanions removal.

Mo Adsorption

Surface . . Temperature Contact
Adsorbent 2 Concentration  Capacity ° . pH Ref.

Area (m*/g) (mg/L) (mg/g) (@] Time (h)

Fe304 embedded
hydrolyzed triazine - 2.5 0.213 25 25 2.5 [120]
polymer
zeolite-supported-Fe3Oy 74.5 1 17.92 25 24 3 [119]
- 1 1.76 25 24 3 119
Goethite [119]
43.96 0-32 259 room 17 40+01 [33,123]

Hematite - 1 143 25 24 3 [119]

7. Conclusions

In spite of the fact that metal and metalloid oxyanion pollution is a real phenomenon and their
elimination is the subject of increased interest of scientific communities, due to the lack of data in
published papers the results are incomparable to each other. Authors are unwilling to share exact
results of their work, which cause replication of the same studies over and over again by different
research teams. In addition most of the research is carried out only on model solutions, so proposed
methods might not be applicable as such for the removal of oxyanions from industrial wastewaters,
because they are more complex systems containing other oxyanions and compounds, that can compete
and interact with each other. Some research in the field of competitive adsorption was held, but the
exact mechanisms of oxyanion behavior in solution are still unknown. Thus single sorbate and single
mineral adsorption studies in the laboratory may not be directly applicable [131].

The presented literature review unambiguously indicates the complexity of the process of removing
metal oxyanions from aqueous systems via adsorption. In contrast to metal cations, which have been
extensively studied and described in scientific papers, oxyanions studies are not entirely clear. Analysis
of the M™ jon removal process indicates the optimal conditions for its realization, which depend on
many factors such as the type of cation, the type of sorption material and its physicochemical parameters,
as well as the parameters of the adsorption process. The key element seems to be the pH of the adsorption
environment—for metal cations, in most cases analyzed, the optimal pH at which the highest removal
efficiency is observed is pH = 5-6. This is related to the Pourbaix diagrams, indicating pH, beyond
which precipitation of appropriate forms of metal hydroxides will occur. In this aspect, one should also
remember the influence of pH on the nature of the sorbent functional groups, which can be protonated
(at low pH values) or deprotonated (at higher pH values). This is important when defining the adsorption
mechanism, which in the case of M"" is based on electrostatic interactions—attraction when the charge
of functional groups is different from the M™ charge or repulsion when these charges are the same.
In this respect, the oxyanion adsorption is definitely more complex. The probable mechanism of oxyanions
adsorption on the surface of (hydr)oxides has been presented in Figure 9.

PH affocted metal fhydtioxide surface pH affocted adserption of matal oxyanicns

M: g, 2, T1, Zn or 5

MARVESagrMn.
=OH +OH " -y

Figure 9. Mechanism of metal oxyanions adsorption onto metal (hydr)oxide-based sorbents.
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Moreover, a significant majority of papers pertain to arsenic removal, which is visible on the
statistic presented in Figure 10. In comparison with arsenite and arsenate, research related to other
oxyanions is infinitesimal and so is its significance in scientific work.
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Figure 10. Bar chart of the number of articles per year about oxyanions adsorption for the 1989-28
January 2019. The statistical data was obtained by searching “adsorption metal oxide arsenite and
arsenate/vanadate/borate/tungstate /molybdate” in the Scopus data base as title and keywords.

The environment pH influences as well metal chemistry in solution (occurrence of various
oxyforms) as the metal (hydr)oxide surface’s protonation/deprotonation [68]. Thus in most cases it is
the determining factor of adsorption effectiveness, but unfortunately for research results it is neglected.

The spectrum of speciation forms of oxyanions of the relevant metal is very wide, which translates
into their random behavior in aqueous solutions, especially those with varying pH. Unfortunately,
the aspect of the effect of pH on the efficiency of oxyanion-binding by various sorbents, e.g., those
presented in the literature review, is treated fairly generally, and in some cases even overlooked.
This hinders the interpretation of the dependencies obtained and introduces confusion regarding the
comparison of the behavior of various sorption materials towards the removal of these types of impurities
from aqueous solutions. The presented comparisons unequivocally do not indicate optimal conditions
for the removal of a particular oxyanion group using the available sorption materials. It seems that
the mechanism of their binding should be at least similar for different sorbents, and as a result it is
completely random. Analyzing at least the effect of the pH discussed earlier, one would expect such an
environment pH, which would enable a strong attraction between the positively charged surface of the
sorbent and the negative form of most metal oxyanions. On the other hand, paying attention to the type
of sorption material, it would be important to use one which after synthesis or preparation would exhibit
a significant positive charge that could ensure strong interaction with oxyanions. These issues should not
be problematic when conducting research on model solutions, which are different to real wastewaters as
their composition is diverse (high concentrations of components and their diversity) and can affect the
selective adsorption of individual components. All oxyanions presented in this review, excluding borates,
are preferably adsorbed in acidic media, due to the positive electrical charge present on adsorbents’
surfaces. Electrostatic attraction is one that the most important mechanism of oxyanions bonding.

The following issues seem to be worth analyzing here:

e  The role of sorption material, and in fact its physicochemical parameters designed at the synthesis
stage—the presence of functional groups exhibiting a positive charge, facilitating the binding of
negatively charged oxyanions;

e  The influence of the pH of the adsorption environment on the nature of functional groups of the
sorption material and the form of oxyanions in aqueous solutions, so important analyzing their
potential interactions;
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Selectivity tests of sorption materials towards various metal oxyanions, which in the scientific
papers published so far are effectively omitted, inversely as in case of sorption of metal cations,
The effect of the presence of other components of wastewater on the sorption efficiency of
a particular oxyanion group.

In these aspects, the presented scientific papers leave considerable dissatisfaction, and on the

other hand, they open a wide range of activities to optimize the process of removal of these particularly
“uncomfortable” inorganic impurities present in water systems. This all is more justified when
analyzing the number of works published on this subject.

Funding: This work was supported by the National Science Centre Poland under research project no.
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This study concerns the fabrication of CTAB- and N,N-dimethyltetradecylamine-grafted zirconia and evaluation
of their ability to adsorb vanadium ions. The effectiveness of ZrO, functionalization and the different nature of
the modifiers used were confirmed by differences in the porosity (ZrOz: Sper = 347 m2/g; ZrO2-CTAB: Sggr =
375 mz/g, ZrOo-NH™: Sgpr = 155 m2/g), types of functional groups, and isoelectric points (the ZrO, and CTAB-
modified samples have IEPs = 3.8 and 3.9, ZrO,-NH" has IEP = 7.1) of the prepared adsorbents. The designed
materials were tested in batch adsorption experiments involving the removal of vanadium ions from model
wastewaters at various process parameters, among which pH proved to be the most important. Based on equi-
librium and kinetic evaluations, it was proved that the sorption of V(V) ions followed pseudo-second-order and
intraparticle diffusion models, and the data were better fitted to the Langmuir model, suggesting the following
order of the sorbents in terms of favorability for V(V) ion adsorption: ZrOo-NH" > ZrO, > ZrO»-CTAB. The
estimated maximum monolayer capacity of ZrO,-NH" for V(V) (87.72 mg/g) was the highest among the tested
materials. Additionally, it was confirmed that adsorption of V(V) ions onto synthesized materials is a hetero-
geneous, exothermic, and spontaneous reaction, as evidenced by the calculated values of thermodynamic pa-
rameters. The key goals included the transfer of experimental findings obtained using model solutions to the
adsorption of V(V) ions from solutions arising from the leaching process of spent catalysts. The highest
adsorption efficiencies of 70.8% and 47.5% were recorded for the ZrO,-NH" material in acidic solution; this may
be related to the protonization of -NH" groups, which favors the sorption of V(V) ions. Based on desorption tests
as well as the results of infrared and X-ray photoelectron spectroscopy, irrespective of the process conditions, the
physical nature of the adsorbent/adsorbate interaction was confirmed.

1. Introduction vanadium compounds is toxic to fauna and flora, as well as posing a

danger to human health, in particular the respiratory, gastrointestinal,

The problem of contamination of the environment with hazardous
metal ions largely concerns industrial areas. Mining, hydrometallurgy,
power generating plants, and facilities producing dyes and pigments are
the main sources of environmental contamination with metal ion spe-
cies, particularly V(V).

Vanadium has been recognized as a potentially dangerous pollutant
along with lead, mercury, and arsenic. An excessive concentration of

* Corresponding author.
** Corresponding author.

and central nervous systems. Moreover, it has a negative impact on
metabolism, because vanadium compounds disturb the proper func-
tioning of many enzymes (Weidner and Ciesielczyk, 2019). The
maximum acceptable concentration of this element in drinking water
lies within the range 0.2-100 pg/L, with typical values ranging from 1 to
6 ug/L. Due to the dissolution of vanadium at high temperatures, it is
added to steel to improve its resistance to cracking and abrasion and to
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increase its hardness. Additionally, vanadium is commonly used in many
other industries including mining, oil refining, pigment production, and
automobile manufacture (Omidinasab et al., 2018; Sharififard et al.,
2015). Vanadium-based catalysts are widely used in the chemical in-
dustry, mostly for the oxidation of sulfur oxides in the process of sulfuric
(VD) acid production. Spent catalysts are usually subjected to hydro-
metallurgical processing using various types of vanadium leaching re-
agents. The problem of deactivated and decommissioned industrial
catalysts from sulfuric acid production is very serious, and has not yet
been solved in a comprehensive manner to obtain full-loop recycling and
products with both ecological and economic value. A widely used oxide
catalyst in the selective catalytic reduction process (CRP) is vanadium
catalyst, which is responsible for catalyzing the oxidation of SO, to SO3
not only for sulfuric acid production, but also in CRP. The composition
of the active phase of vanadium catalysts determines their catalytic
activity and ignition temperature. Thus, the composition and properties
of the active phase determine the suitability of the catalyst for an in-
dustrial process. For specific operating conditions, the promoters of
catalysts may be various alkaline compounds, e.g. Na or Cs. The vana-
dium content in the catalyst varies from 0.3% to 1.5% by weight,
especially when there are high concentrations of SO in the exhaust gas.
The main disadvantages of vanadium catalysts are their toxicity, high
activity in the oxidation of SO5 to SO3, and the formation of N2O at high
temperature. The removal of V(V) from spent catalysts has been widely
described (Mazurek, 2013; Mazurek et al., 2010; Mahandra et al., 2020;
Wotowicz and Hubicki, 2022). For example, this may be done using
oxalic acid, sodium hydroxide and potassium hydroxide solutions with
the addition of a small amount of H,O», or sulfuric acid.

The wide application of vanadium compounds results in a huge
amount of pollutants being generated and discharged into environ-
mental waters. Therefore, the removal of vanadium(V) ions from in-
dustrial wastewaters is very important for both environmental and
human health protection (Vega et al., 2003).

Industrial wastewater pollution poses a serious threat to water re-
sources. The European Parliament and the Council of Europe have
proposed detailed regulations determining acceptable standards of
water quality and requirements for wastewaters and contaminants
entering waters. Year by year, hazardous metal ions concentrations in
waters and wastewaters are being more tightly restricted (Fu and Wang,
2011; Tiirkmen et al., 2022). This results in the need for their effective
recovery and re-use, so that norms are not exceeded.

Chemical precipitation, membrane filtration, electrochemical
methods, coagulation, ion exchange, and adsorption are among the
techniques most commonly used for V(V) removal (Weidner and Cie-
sielczyk, 2019). However, such technologies as chemical precipitation,
membrane filtration, electrochemical methods, and coagulation have
several disadvantages, including requirements for expensive equipment
and the use of chemicals. By contrast, the adsorption process is easy to
design and operate, does not produce any toxic by-products, and has low
energy requirements; and most importantly, a wide range of adsorbents
can be used. The most common group include activated carbons,
composed of carbonaceous matter with a porous structure. Thanks to
their low production cost, fairly large specific surface area, porosity, and
good adsorption capacities they are particularly attractive for the
removal of organic impurities. On the other hand composites and hybrid
materials represent one of the fastest growing new classes of materials,
based on technological innovations applied in highly diverse areas,
including coatings, catalysis, optics, optoelectronics, and biomedicine.
Unique possibilities of creating novel material properties by the syner-
getic combination of inorganic and organic components make this an
interesting class of materials for application-oriented research in
chemistry, physics and materials science (Budnyak et al., 2016; Kosta
et al., 1970; Manohar et al., 2005; Naeem et al., 2007).

Hybrid zirconia-based materials, which have not been fully exam-
ined with respect to their ability to adsorb vanadium ions, appear to be
of particular significance (Wolowicz et al., 2022; Stanisz et al., 2021).
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Among various examples, ZrO,-based materials are attractive candi-
dates for V(V) ion removal due to their excellent properties — hardness,
mechanical strength, chemical and thermal stability, as well as wear
resistance (Adamski et al., 2006; Duran et al., 2005; Wang et al., 2019;
Weidner et al., 2020). Depending on the synthesis route, ZrO, may exist
in monoclinic, tetragonal, and cubic crystalline phases.
High-temperature synthesis (annealing) of ZrO; leads to the trans-
formation of the monoclinic phase to tetragonal (Zhang et al., 2018;
Precious-Ayanwale et al., 2018). As compared to other methods, the
sol-gel route offers many advantages, including the ability to control the
surface area and porosity, and the possibility of designing high-purity
materials with micro- and nanostructures (Tyagi et al., 2006). More-
over, the sol-gel method can be easily modified and enables the
problem-free introduction of additional substances into the structure of
the final material via in situ synthesis (Weidner et al., 2020). Additional
modification can be achieved by means of surfactant-assisted synthesis
(Yang et al., 2020). Zirconia can be modified using coupling agents, for
example, to introduce positively charged -NH™ groups onto its surface,
forming ZrO,-NH', or using the cationic surfactant cetyl-
trimethylammonium bromide (CTAB), from which ordered hexagonal
and mesoporous ZrO,-CTAB can be produced (Borjas-Garcia et al., 2015;
Reddy and Sayari, 1996). In most cases such materials offer a relatively
high surface area and favorable physicochemical properties and surface
activity, making them suitable for specific applications.

This article introduces a previously unreported line of research,
focused on the removal of V(V) ions using novel, fabricated ZrO,,
ZrO,-NH™' and ZrQ,-CTAB hybrid sorbents, under batch adsorption
experiments. The main objectives included: (i) fabrication of zirconia-
based adsorbents by a modified sol-gel route; (ii) batch adsorption ex-
periments concerning V(V) ions removal at various process parameters
(contact time, adsorbate concentration, pH, adsorbent dose, tempera-
ture, presence of competing ions); (iii) equilibrium, kinetic and ther-
modynamic evaluation to predict the nature of the adsorption process as
well as its mechanism; (iv) desorption tests to estimate the stability of
the adsorbate/adsorbent interactions; (v) transfer of the experimental
findings obtained using model solutions to the adsorption of V(V) ions
from solutions arising from the leaching process of spent catalysts. The
experimental assumptions proposed are based on the hypothesis that the
design and fabrication of modified forms of zirconia-based adsorbents
should enhance their ability to adsorb vanadium ions. Moreover, it is
expected that the experimental results obtained using model solutions
should be readily transferrable to real vanadium-containing wastewa-
ters, for example, those arising from spent catalyst treatment and
recovery.

2. Materials and methods

The study included fabrication of zirconia-based adsorbents by a
modified sol-gel route, their physicochemical characterization, and
batch adsorption experiments on V(V) ion removal from model solutions
at various process parameters, with particular emphasis on equilibrium,
kinetic and thermodynamic evaluations. The final stage concerned the
transfer of the experimental findings obtained using model solutions to
the adsorption of V(V) ions from solutions arising from the leaching
process of spent catalysts.

2.1. Preparation of zirconia-based adsorbents

ZrO,-based materials were obtained via a modified sol-gel route. The
reaction took place in a reactor 2 L in capacity, equipped with an anchor
agitator (EuroStar Power Control Visc P7, manufactured by IKA Werke).
In the initial stage, in the case of pure ZrO, material, 1 L of isopropanol
was introduced into the system. Next, 240 mL of zirconium tetraiso-
propoxide solution (TZIP, 70% in isopropanol) was gradually dosed
using a peristaltic pump over a time of 1 h. Then the promoter of hy-
drolysis, 25% NH4OH solution, was dosed in the amount of 120 mL, and
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Fig. 1. Methodology of synthesis of pure zirconia and its forms modified with CTAB and N,N-dimethyltetradecylamine.

the whole system was stirred for another hour to obtain the sol. The
mixture was then stirred for half an hour, and poured into a crystallizer
and left for 48 h for gelling and aging. After the aging process, the
materials were dried at 80 °C for 24 h in a Memmert drying oven, then
rinsed with deionized water and dried again (80 °C for 24 h). The final
step was the grinding and sifting of the obtained powders through an 80
pm sieve. In the synthesis of modified ZrO, materials, 8 g of N,N-
dimethyltetradecylamine (for ZrO,-NH') or 20 g of cetyl-
trimethylammonium bromide (for ZrO,-CTAB) was introduced into the
reaction vessel together with 1 L of isopropanol, and stirred for 30 min to
obtain a clear solution. Next, 240 mL of zirconium tetraisopropoxide
solution and the promoter of hydrolysis, 25% NH4OH solution, in the
amount of 120 mL, were added. Subsequent stages of the fabrication
process were the same as in the case of pure ZrO; material. A schematic
diagram of the synthesis methodology is shown in Fig. 1.

2.2. Vanadium ions recovery from model wastewaters

2.2.1. Preparation of model solutions

Model solutions of vanadium(V) ions were prepared using sodium
vanadate (Sigma Aldrich, Poland) and deionized water. To attain a
specific pH value they were adjusted by the addition of 0.1 M hydro-
chloric acid or sodium hydroxide (Avantor Performance Materials,
Poland). Vanadium ions solutions of different concentrations (10, 25,
50, 100, 200, 300 and 400 mg/L) were obtained by dilution of the
previously prepared stock solution, which had a concentration of 100
mg/L.

2.2.2. Batch adsorption experiments

Adsorption experiments concerning the removal of V(V) ions from
model solutions were conducted using a batch method, examining the
effect of pH (2-10) and adsorbent dose (0.05-0.5 g). For this purpose,
0.05 g of ZrO,, ZrO,-NH' or ZrO,-CTAB adsorbents was added to
Erlenmeyer flasks containing 50 mL of V(V) ion solution at a concen-
tration of 10 mg/L and shaken at 293 K for 240 min (amplitude 7,
stirring rate 180 rpm), using a 358 A laboratory shaker (Elpin+, Poland).
The adsorbents were then filtered off and the solutions underwent
analysis to determine their vanadium ions content.

To examine the influence of contact time (1-240 min) as well as
initial concentration (10-100 mg/L) of V(V) ions (adsorption kinetic
evaluations), 0.1 g of ZrO,, ZrO»-NH' or ZrO,-CTAB material was
combined with 50 mL of V(V) ions solution in concentrations of 10, 25,
50, and 100 mg/L. The mixtures were shaken at 293 K for 1-240 min,
while the other parameters maintained unchanged. To determine the
adsorption capacity of ZrO,, ZrO,-NH", and ZrO,-CTAB materials, 0.1 g
of the sample was combined with 50 mL of V(V) ions solution (10-400
mg/L), under continuous shaking for 240 min, at 293, 303, and 313 K.

2.2.3. Kinetic, equilibrium and thermodynamic evaluations

The kinetic, equilibrium and thermodynamic properties of the
analyzed adsorption process were calculated using commonly known
and applied mathematical equations and models — see Supplementary
material. The adsorption capacity at time t, q; (mg/g), the equilibrium
capacity q. (mg/g), the equilibrium pH value pH,, the sorption per-
centage %S and the desorption percentage %D were calculated using
Egs. S1-S4, Kinetic parameters of the adsorption process were calculated
based on Egs. S5-S10, representing the pseudo-first-order, pseudo-sec-
ond-order and intraparticle diffusion models, proposed by Lagergren,
Ho and McKay, and Weber-Morris, respectively (Blanchard et al., 1984;
Ho, 2004; Weber and Chakravorti, 1974). The Langmuir, Freundlich and
Temkin models (Langmuir, 1918; Freundlich, 1906; Temkin, 1975),
described by Eqgs. S11-S14, respectively, were used to examine the
equilibrium aspects of the adsorption process. Thermodynamic param-
eters were calculated based on Egs. S15-S17.

2.2.4. Influence of competing ions

One of the key factors affecting the efficiency of adsorption of haz-
ardous metal ions onto synthetic adsorbents is the presence of other
species in wastewaters. To determine the effect of specific competitive
ions, adsorption experiments were carried out using model solutions
containing NaCl, NaNOs, NapSO4, NagPO4, and NaH;PO4 in a concen-
tration of 100 mg/L.

2.2.5. Desorption study

The stability of the adsorbent/adsorbate combination was tested in
desorption experiments. Here, 1-3 M HNOs solution was used to
determine the potential elution of adsorbed vanadium from the used
adsorbent structure. Samples obtained during V(V) adsorption from
model solutions at concentration of 100 mg/L were used for this
purpose.

2.3. Vanadium ion recovery from real wastewaters arising from the
leaching process of spent vanadium-based catalyst

A key element of the study included adsorption experiments on real
solutions of V(V) ions, obtained after the treatment of spent vanadium-
based catalyst. To leach vanadium ions from the spent catalyst, four
solutions were proposed: 5% HCI solution (S1), 5% H2SO4 solution (S2),
15% NaOH solution (S3), and 15% KOH solution (S4). The spent
vanadium-based catalyst was contacted with solutions S1-S4, at a
weight by volume ratio of 1:5. The dissolution process was performed at
room temperature at a specific phase contact time, under continuous
stirring. The obtained solutions were diluted 100 times, and sorption of
vanadium ions was carried out using the previously synthesized ZrO,,
ZrO,-NH"' and ZrO,-CTAB materials. The zirconium-based sorbents
(0.05 g) were contacted for 4 h with 50 mL of solutions S1-S4 arising
from the leaching process.
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Fig. 2. SEM photographs of zirconia-based materials (scale of 10 pm).

2.4. Physicochemical evaluations — methods and laboratory equipment

The morphology and nature of particles of the synthesized adsor-
bents (ZrOy, ZrOo,-NH' and ZrO,-CTAB) were analyzed using scanning
electron microscopy (SEM, MIRA Tescan) and by the non-invasive back
scattering method (NIBS, Zetasizer Nano ZS, Malvern Instruments Ltd.),
which enabled determination of particle sizes and their tendency to
aggregate. The surface area of the materials was determined based on
the BET method, using low-temperature nitrogen adsorption-desorption
(ASAP 2020 Analyser, Micromeritics Instruments Co.). Prior to analysis,
samples were degassed for 4 h at 393.15 K. The percentage contributions
of N, C, H and S, which directly confirmed the effective modification of
the zirconia-based adsorbents, were determined by elemental analysis
(Vario EL Cube elemental analyzer, Elementar Analysensysteme GmbH).
Electrokinetic (zeta) potential was determined using the electrophoretic
light scattering (ELS) method (Zetasizer Nano ZS equipped with an MPT-
2 autotitration device, Malvern Instruments Ltd.). ATR-FTIR analysis
was performed using a Cary 630 instrument (Agilent Technologies)
equipped with Agilent MicroLab PC software. A UHV multi-chamber
analytical system (Prevac Ltd.) was used for X-ray photoelectron spec-
troscopy analysis. Survey scans were collected in the binding energy
range 0-1200 eV. High-resolution peaks were used for the principal
peaks of C 1s, O 1s, V 2p, and Zr 3d. Data were calibrated against C 1s
(binding energy 285.0 eV) and fitted using Casa XPS software.

The pH value during the adsorption process was monitored using a
CPI-505 digital pH meter with glass electrode (Elmetron). A 907
Titrando device with dosing units (Metrohm, Switzerland) was used to
determine the pH of the point of zero charge (pHp;) using the pH
potentiometric titration method. Surface titrations were carried out at
293 K in the presence of different concentrations (0.1, 0.01 and 0.001 M)
of KNOs as a background electrolyte.

Finally, the concentration of V(V) ions was determined by the GF-
AAS method. A Varian AA240Z (Varian Inc) spectrometer with a
GTA120 graphite tube furnace and four-step time-temperature program
(wavelength 318.5 nm, slit width 0.2 nm, lamp current 10 mA) was used
for this purpose.

3. Results and discussion
3.1. Characterization of zirconia-based adsorbents

The proposed methodology of synthesis enabled the formation of
zirconia-based materials with different morphology, surface nature and
porosity, with the expectation that they would behave in a variety of
ways during V(V) ions adsorption.

Scanning electron microscopy images (Fig. 2) showed that the syn-
thesized zirconia-based adsorbents contain irregular-shaped and
micrometric-sized particles with a tendency to form larger agglomerates
(Ciesielczyk et al., 2018; Weidner et al., 2020). The introduction of a
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Fig. 3. ATR-FTIR spectra of ZrO,, ZrO,-NH" andZrO,-CTAB.

modifier caused greater agglomeration of the particles, and the largest
agglomerates are observed for the ZrO,-NH" sample.

To confirm the nature of the surface functional groups of ZrO,,
ZrO,-NH™, and ZrO,-CTAB adsorbents, ATR-FTIR characterization was
performed (Fig. 3).

Fig. 3 shows the ATR-FTIR spectra of zirconia, -NH" and CTAB
modified zirconia. The spectrum for ZrO,, obtained via a sol-gel tech-
nique, contains a band at 3600-3000 cm ™! corresponding to stretching
vibrations of hydroxyl groups, and bands at 1639 and 1559 cm!
attributed to deformational vibrations of free water molecules. In the
range from 1000 to 480 cm ™! various peaks that confirm the effective
synthesis of the oxide material appeared: among others, signals with
maxima at 505 and 745 em ! corresponding to vibrations of Zr-O
bonds, and a peak at 921 cm™! attributed to the stretching vibrations of
Zr-O-Zr. Finally, a signal at 1340 cm ™! (stretching vibrations of C-H
bonds) should be interpreted as a residual of zirconia precursor used at
the synthesis stage. The observed bands are in agreement with those
reported in previous studies (Weidner et al., 2021; Degorska et al., 2021;
Mazurek et al., 2020; Bhaskar et al., 2020; Verma et al., 2018; Shanaghi
et al., 2019) and confirm the formation of zirconia. After functionali-
zation of zirconia with -NH"' groups, the band attributed to O-H
stretching vibrations is slightly shifted, and its intensity is lower due to
partial overlapping with the band arising from stretching vibrations of
N-H bonds. Additional bands at 2920 cm ™!, 2849 cm ™, 2770 cm ™! and
1464 cm™! are attributed to the stretching vibrations of C-H and N-H
groups present in modifier chains, indicating that N,



E. Weidner et al.

(@)
500
—a— Zr0,
—a— ZrO,-NH'
—~ 400 —y— ZrO.-CTAB
o
-
w
o
“E
O 300
o~
=4
-
@
5
@ 200 -
o
®
®
=]
o
= 100 -
0+ T T 7 T T 1
00 0.2 04 06 08 1.0 12

Relative pressure p/p,

Journal of Environmental Management 324 (2022) 116306

()
60
—— ZrO:,
i —e— ZIONH'
0 - _w— Z10,-CTAB

o 20
>
E
5
2
o
@
N 59 4

40 1

60 . ; . . :

0 2 4 6 8 10 12
pH

Fig. 4. (a) Nitrogen adsorption/desorption isotherms and (b) zeta potential vs. pH for synthesized zirconia-based materials.

Table 1

Structural and dispersive properties of zirconia-based materials.
Parameter Zr0, ZrO,-NH* Zr0,-CTAB
Sper (m%/g) 347 155 375
Mean size of pores (nm) 5.36 5.54 6.51
Vinic 0.108 0.031 0.184
Ve 0.336 0.190 0.620
Vineso 0.228 0.159 0.435
Z-average (nm) 568 1531 973
PdI 0.32 0.56 0.45

N-dimethyltetradecylamine was successfully grafted onto the surface of
ZrOy (Lee et al., 2017; Wang et al., 2019; Yang et al., 2020; Zielinska
et al., 2015). As compared with the spectrum of pristine ZrO,, the
incorporation of CTAB on the ZrO, surface results in the appearance of
bands at 2921 cm™!, 2850 cm " and 2765 cm!, related to C-H
stretching vibrations from the methyl and methylene groups of CTAB,
and a band at 1454 cm™! attributed to C-H bending vibrations (Su et al.,
2014; Gutierrez-Becerra et al., 2012; Latha et al., 2017).

Figure S1 presents EDS spectra together with mapping results that
confirms effective synthesis of pure zirconia as well as homogeneous
distribution of Zr and O in material’s structure. To confirm the effec-
tiveness of the modification of zirconia with -NH" groups and CTAB, the
prepared samples were subjected to elemental analysis (Fig. S2). The
percentage content of nitrogen in the samples ranged from 0.04 to 0.4 wt
%, with the highest value of 0.4 wt% recorded for the amine-modified
sample. Moreover, the modified samples have much higher percentage
content of carbon (ranging from 0.97 to 7.00 wt%) and hydrogen
(2.07-3.15 wt%) than pristine ZrO,, which further confirms the effec-
tive modification of the material. An insignificant amount of sulfur
(0.07-0.10 wt%) was also recorded in all samples.

When adsorption phenomena is considered, important factors
include not only the relatively high BET surface area of the material, but
also the diversity of functional groups present on its surface. Ny sorp-
tion—desorption isotherms (Fig. 4a) were used to determine the surface
area Spgr, micropore volume V., total pore volume V; volume of
mesopores Vs, and pore size distribution. The Brunauer-Emmett—
Teller (BET) surface areas (Sggr) were determined based on the amount
of adsorbed N in the relative pressure (p/pg) range 0.01-0.3, and were
calculated as 347 m?%/ g for ZrOo, 155 m?/ ¢ for ZrO,-NH™, and 375 m?/ g

for ZrO,-CTAB. Moreover, the average pore sizes (5.4 nm for ZrO,, 5.5
nm for ZrO,-NH™ and 6.5 nm for ZrO,-CTAB) were calculated based on
the desorption branch of the curves, using the Barrett-Joyner—Halenda
(BJH) algorithm. Vp;. was calculated using the Dubinin-Radushkevich
approach (Dubinin, 1966), and V; was calculated from the final point of
the isotherms, based on the volume of adsorbed Ng. Vs represents the
difference between the latter two values. All of these values are given in
Table 1.

The results of NIBS analysis enabled the determination of exact
particle size distributions. It was found that pristine ZrO, contained
particles with an average size of 568 nm. Modification of zirconia led to
larger particles, as confirmed by the Z-average values of 1531 nm and
973 nm for ZrO,-NH' and ZrO,-CTAB, respectively. Values of the
polydispersity index (PdI) ranged from 0.32 for pristine ZrO5 to 0.45 for
ZrO,-CTAB and 0.56 for ZrO,-NH". This confirms that pristine zirconia
has the highest homogeneity among the tested samples, as was also
indicated by the SEM images presented above.

The electrokinetic (zeta) potential is extremely important when
assessing the effectiveness of an adsorption process. A positive surface
charge may cause the strongest electrostatic attraction towards anionic
species, while a negative surface charge may increase the material’s
affinity to (for example) cationic pollutants. Fig. 4b shows a graph of
electrokinetic potential vs. pH. The nature of the curves suggests that
tested materials are positively charged in acidic conditions. The pres-
ence of positively charged groups on the surface of the material may
result from, for example, protonization of -OH or -NH™ groups. As the
pH of the solution increases, the zeta potential of the zirconia-based
materials decreases.

The electrokinetic curves obtained for the ZrO, and ZrO,-CTAB
samples follow a quite similar course, reaching the lowest value
(approximately —53 and —29 mV, respectively) at pH 8, and remaining
stable during further alkalization. More significantly, all of the analyzed
materials exhibit an isoelectric point. Pristine ZrO, and the CTAB-
modified sample have IEPs at pH 3.8 and 3.9, respectively. The high-
est IEP value (pH = 7.1) was obtained for the ZrO,-NH™ sample; this
results from the higher content of groups undergoing protonization. The
experimental data clearly confirmed the effectiveness of the modifica-
tion of zirconia with both amine and CTAB species, and were used to
propose a suggested mechanism for the process (Fig. 5). According to the
mechanism of the sol-gel method, during the synthesis, —~Zr-O-Zr-
groups are formed, and these form a specific polymer network into
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Fig. 5. Mechanism of modification of zirconia with CTAB and N,N-dimethyltetradecylamine.

which the modifier molecules (CTAB and N,N-dimethyltetradecylamine)
are introduced in situ. During the formation of the material (ZrO,),
Zr-O-Zr oxide bridges and surface -OH groups are formed at the gela-
tion and aging stages. In the presence of modifiers, the incompletely
formed hydroxyl groups interact with them (due to the presence of -N*
species that may be combined with —O" arising from hydroxyl groups),
and the surface of ZrO; is covered with CTAB and N,N-dimethylte-
tradecylamine (Cao et al., 2016; Fernandez and Rodriguez Paez, 2019;
Yao et al., 2020; Benneckendorf et al., 2018).

The design and fabrication of modified forms of zirconia-based ad-
sorbents enabled the preparation of materials with unique physico-
chemical properties, in particular with different porosity and surface
character, so important for the adsorption of vanadium ions. The
confirmed effectiveness of the surface treatment of ZrO, with CTAB and
N,N-dimethyltetradecylamine was essential for the enhancement of its
ability to adsorb vanadium ions, including also those from real
vanadium-containing wastewaters originating from the treatment and
recovery of spent catalysts.

3.2. Batch adsorption experiments

3.2.1. pH effect

The results indicating the effect of pH on the adsorption capacity of
zirconia-based sorbents are presented in Fig. 6ab, and changes in equi-
librium pH are shown in Fig. 6¢. The pH value is the most important
factor affecting the solubility of vanadium and its speciation, the con-
centration of counter ions of the functional groups of sorbents, and the
degree of their ionization. In the case of metal oxide-based sorbents, pH
affects the ability of hydrogen and vanadium ions to compete for surface
active sites (Stefanic et al., 1998).

The surface of ZrO, can be described as a two-dimensional network
of neutral, positively charged and negatively charged groups, located at
the interface. Specifically charged groups result from alkali-acid re-
actions of hydroxyl groups:

=7rOH7 2 =ZrOH + H" and =ZrOH 2 =Zr0~ + H" (¢

Literature reports indicate that three types of surface hydroxyl
groups may be present on ZrOj: terminal, tri-bridged, and surface-
bounded (Kim et al., 2021). Therefore, the surface of ZrO, is chemi-
cally active, having both acidic and basic sites (Brgnsted acid/base) or
unsaturated Zr**--- 0%~ active sites. Only in the case of lack of change in
the isoelectric point of ZrO,, the equimolar consumption and formation
of surface negative charges (—O") is observed. For the ZrOo-NH™' mate-
rial, positively charged -NH" groups can easily adsorb negatively
charged species by electrostatic attraction. When the solution pH de-
creases, H" ions accumulate on the surface of the adsorbent, and when it
increases only OH™ ions take part in the adsorption process. After the
deprotonation of an -NH™" group, a free pair of electrons can interact
with a single metal ion. In the case of the CTAB-modified sample,
addition of the surfactant leads to a significant improvement in the
performance of ZrO; in the adsorption process. On the other hand, va-
nadium ions may exist in different forms, in both acidic solutions
(cationic form) and alkaline solutions (anionic form) (Naeem et al.,
2007), especially at high metal concentration. The anionic species are
divided into two sub-classes: decavanadate V10026(OH)‘2",
V10027(0H)6’, VloOgé, and other mono- or polyvanadates VOz(OH)z',
V03(OH)2', VO?{. At pH lower than 3 vanadium(V) exists in cationic
form. At pH higher than 3, anionic species are dominant (see Fig. S3).
For example, in dilute solutions, the dominant species of V(V) are the
mononuclear vanadate oxyanions VOz(OH)z' and VOg(OH)Z'. In more
concentrated solutions, the formation of polynuclear species is observed.
For example, at pH equal to 3, V10026(OH)§’ is the predominant va-
nadium type, but reducing the metal concentration leads to the
appearance of VO3 cationic species, which are not adsorbable (Agarwal
et al., 2019). Therefore the effectiveness of vanadium removal strongly
depends on the form of vanadium species in the aquatic system, ionic
charge of the vanadium units, concentration of total polynuclear anionic
species, as well as the affinity of the other constituents in the solution
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and the adsorptive properties of the adsorbent (G. Hu et al., 2014a,
2014b).

When analyzing the effect of pH on the adsorption capacity of ZrO,,
ZrO,-NH™ and ZrO,-CTAB, it was found that both %S and g, values were
unchanged between pristine ZrO, and amine-modified zirconia. Quite
different values were obtained in the case of CTAB-modified ZrOo;

100 A

2
=
40
{ —@—2zro,
20 - —.—ZI'OZ-NH‘
—¥—Zr0,-CTAB
0,0 0,1 0,2 0,3 0,4 0,5

Sorbent amount (mg)

Fig. 7. Efficiency of adsorption process vs. adsorbent dose (adsorbent dose
0.05-0.5 g, solution volume 50 mL, initial concentration 10 mg/L, pH 5, time
240 min).

between pH 2 and 3 the %S and q, values increase, reaching maxima of
95% and 9.4 mg/g respectively, and then gradually decrease. These
observations are in agreement with literature data (typically for ZrOs),
which show that all active sites become protonated at very low pH, and
the desorption of adsorbed metal ions occurs (Lopez et al., 1992).

In analysis of the effect of pH during the adsorption process, the point
of zero charge (pHpzc) of ZrO, and its modified forms is one of the
crucial parameters that demonstrate the variable-charge surfaces, rates
of homo- and heterocoagulation, and rheological properties (Kosmulski,
2007). According to the literature data, a lower pHpz¢ can be obtained at
higher temperature, indicating that surface hydroxyl groups are more
ionized at higher temperatures, leading to a greater negative surface
charge. Thus, more protons are required to neutralize the surface
charge. Therefore, temperature is another factor affecting the sorptive
properties of ZrO,-NH' and ZrO,-CTAB materials. Hydroxyl groups,
with pKj, in the range 9.5-13, also play an important role: in solutions
with pH ranging from 2 to 6, -OH groups do not dissociate to -O~, and
then the sorption process occurs.

In the literature, different pHpyc values have been reported for
pristine ZrO», ranging from 5.5 to 6.3 up to 10-11, depending on the
origin of the monoclinic or tetragonal form of the synthetic oxide.
Additionally, if the metal oxide contains adsorbed or structural impu-
rities, then it may have different values of pHpz¢ from its pristine form
(Janusz and Szczypa, 2007). In the present study, pHpzc was found to be
6.59 for ZrO,, 6.64 for ZrO,-NH™, and 5.0 for ZrO,-CTAB. It was found
that the maximum adsorption of V(V) ions is achieved in the whole pH
range below and above pHpyzc, when the adsorbent surface is both,
positively and negatively charged. This fact suggests that electrostatic
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repulsion and attraction play a key role in the adsorption of V(V) ions
(Budnyak et al., 2015; Garg et al., 2012). The opposite effect was
observed only in the case of the ZrO,-CTAB adsorbent, where the
maximum value of %S was recorded at pH 3 — this suggests the attraction
of negatively charged V(V) species to the CTAB-modified zirconia sur-
face. Moreover, the pH effect was examined not only in terms of the
initial pH of the aqueous solution, but also in adsorption experiments
(Fig. 6¢); the greatest changes in the pH, value were observed in the pH
range 4-7.

3.2.2. Effect of adsorbent dose

The efficiency of adsorption (%S) of V(V) ions at different adsorbent
doses was tested at pH 5, by combining 0.05-0.5 mg of the adsorbent
with 50 mL of a vanadium ions solution in a concentration of 10 mg/L,
for a specific period of time.

Removal efficiency significantly increases when the amount of
adsorbent increases (Fig. 7). This is due to an increase in available active
sites on the adsorbent surface (Fsmaeilzadeh et al., 2011). However,
sorption efficiency expressed as g, (mg/g) decreases when the amount of
zirconia-based adsorbent increases.

3.2.3. Effect of initial adsorbate concentration and phase contact time
The kinetics of sorption describes the rate of adsorption and control
the time needed to achieve equilibrium. Sorption of V(V) ions onto
synthesized adsorbents, as a function of phase contact time and initial
adsorbate concentration, is presented in Fig. 8. It was found that the
amount of V(V) ions adsorbed, and thus the sorption efficiency,
increased with increasing phase contact time and decreasing initial V(V)

ion concentration. The data showed that the initial sorption rate was
high in the first 10 min, and the amount of V(V) adsorbed was 6.2 mg/g
for ZrO,, 6.3 mg/g for ZrO,-NH' and 2.1 mg/g for ZrO,-CTAB at the
initial concentration of 100 mg/L. The adsorption capacities increased
sharply over the first 10 min and approached equilibrium at approxi-
mately 60 min (Fig. 9). The same situation was noted in the case of all
tested zirconia-based adsorbents. This can be attributed to the higher
number of sites available for the V(V) ions at the beginning of the
sorption process. An opposite trend was recorded for the g, values in a
single V(V) ions system.

3.3. Kinetics, equilibrium, thermodynamic aspects and determination of
adsorption mechanism

3.3.1. Kinetics of adsorption

To optimize the operational conditions for V(V) ions removal and the
rate of the controlling steps of this process, analyses were performed
using the pseudo-first-order (PFO) and pseudo-second-order (PSO)
models, the intraparticle diffusion (IPD) model, as well the Boyd and
Dumwald-Wagner models. All calculated parameters are listed in
Table 2 and Tables S1-S3.

Based on the example data presented in Table 2, it was found that the
kinetics of V(V) ions sorption can be described with the PSO equation,
due to the high values of the correlation coefficients and the fit of the
experimental data to the determined values of the sorption capacity
(Zhu et al., 2019). On the other hand, R? values for the PFO equation are
relatively high and the linear form was not well fitted, as was proved by
the chi-square test. The PSO rate constant kz decreases with an increase
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Table 2

Example kinetic parameters estimated for V(V) ion sorption onto synthesized adsorbents (Cp = 10 mg/L).

Model Pseudo-first-order Pseudo-second-order

Sorbent/Parameter  qeexp (Mg/8) Gerca (mg/g) Ky (1/min) R s Gezcal (Mg/8) ke R s
(g/mg min)

ZrO, 1.06 0.01 0.03 0.8596 1.0501 1.06 17.20 1.0000 0.0001

ZrO,-NH* 1.10 0.03 0.02 0.8423 1.0584 1.08 6.04 1.0000 0.0023

ZrO,-CTAB 0.47 0.20 0.03 0.8902 0.2660 0.47 0.49 0.9988 0.0234

Model Intraparticle diffusion

Sorbent/Parameter kiz (mg/g min'/?) C; R? kiz (mg/g min'/?) Cs R? kis (mg/g min'/?) Cs R?

ZrO, 0.01 1.02 0.7715 0.02 1.06 0.9042 0.001 1.06 0.8211

ZrO,-NH* 0.04 1.05 0.9035 0.001 1.05 0.7797 0.001 1.06 0.8855

ZrO,-CTAB 0.05 0.12 0.9014 0.007 0.36 0.7320 0.01 0.41 0.9975

Model Boyd Dumwald-Wagner

Sorbent/Parameter B, R? k intercept R?

ZrO, 0.03 0.8596 0.03 1.73 0.8610

ZrO,-NH* 0.02 0.7987 0.01 2.18 0.7427

ZrO,-CTAB 0.03 0.9103 0.02 0.16 0.9178

in the initial adsorbate concentration from 10 mg/L to 100 mg/L (see
Supplementary material, Tables S1-S3).

A similar tendency was noted for the g, values for all tested ad-
sorbents — they increase with increasing concentration of the model V(V)
ion solution, and most importantly, they are almost equal to the gez cat
values obtained by fitting the experimental data to the PSO equation.

In the case of the IPD model, the plot of g; vs. t;,2 gives a linear
function. If the line passes through the origin, intraparticle diffusion

controls the adsorption process. It is also possible that the plot does not
pass through the origin, giving multiple linear plots (Tran et al., 2017).
All of these steps correspond to the different mechanisms - the transfer
of adsorbate from a solution to the adsorbent, called mass transfer (very
fast and neglected during kinetic fitting), film diffusion with the slow
movement of sorbate from the boundary layer to the surface, adsorption
in pores, and the attachment of V(V) ions to active sites (very fast).
Typically, for slow shaking, fine-grained sorbents and low contaminant
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concentration, film diffusion is the rate-controlling step. In the opposite
conditions, intraparticle diffusion controls the adsorption kinetics. For
the IPD model, the values of g; were found to be linearly correlated with
values of t;,5. The value of the constant C;; provides information about
the thickness of the boundary layer and the resistance to external mass
transfer. Both values increase as the intercept increases. As the V(V) ions
concentration increased from 10 to 100 mg/L, the C value was found to
increase from 1.02 to 4.75, from 1.05 to 4.17, and from 0.12 to 1.97 for
ZrO,, ZrO,-NH'™ and ZrO,-CTAB, respectively. This means that the
thickness of the boundary layer increases with reduced external mass
transfer and increased internal mass transfer. Analogous results were
obtained in the case of diffusion of V(V) ions onto magnetized
coal-polyaniline (MC-PANI) (Kajjumba et al., 2019).

Analyzing the IPD model, it was proved that the sorption of V(V) ions
on the ZrO,, ZrO,-NH" and ZrO,-CTAB adsorbents is a complex and
multistage process. Therefore, to determine the rate-limiting step, the
Boyd model was applied. This assumes homogeneous diffusion across
spherical particles of the sorbent, and a constant concentration equal to
the adsorbed concentration at equilibrium as a boundary condition
(Boyd et al., 1947). It was found that plots of B; vs. t were linear and did
not pass through the origin, showing that external mass transfer governs
the rate of the sorption process. This means that film diffusion or
chemical reactions seem to be controlling factors of V(V) ions sorption
(Viegas et al., 2014). In this case, Boyd’s coefficients may also be
determined as the slope. However, it should be noted that obtaining the
values of B; over the entire time is subject to error (Kajjumba et al., 2018;
Tang et al., 2012). In this case, it was found that the experimental data
do not fit a linear trend and do not pass through the origin, showing that

10

the adsorption process is controlled by intraparticle diffusion and
external diffusion. Also in a previous report (Kajjumba et al., 2017) it
was found that the adsorption of vanadium ions on char sorbents was
not linear during the entire process.

Reports in the literature show that the Dumwald-Wagner model is a
reasonable tool to model different kinds of adsorption systems. The plot
of log( 1-F?) vs. t should be linear, and the rate constant k can be ob-
tained from the slope (Qiu et al., 2009). The Dumwald-Wagner rate
constant k and R? values were evaluated from the slope for adsorbate
concentrations of 10, 25, 50 and 100 mg/L. The k parameter estimated
for ZrO, ranged from 0.03 to 0.21, while for ZrO,-NH" and ZrO,-CTAB
the values were almost constant, varying slightly from 0.01 to 0.02. The
R? values estimated for the studied concentrations of the model V(V)
ions solution ranged from 0.7126 to 0.9740. The linear plots do not pass
through the origin, which indicates that intraparticle diffusion is not the
sole rate-limiting step.

3.3.2. Equilibrium studies

Isotherm parameters based on the Langmuir, Freundlich, and Tem-
kin models were used to describe adsorption equilibrium by linear and
non-linear regression. Non-linear analysis of isotherm data is an inter-
esting mathematical approach for the description of adsorption iso-
therms at constant temperature (Leena et al., 2015). Such isotherms for
V(V) ions removal at various temperatures are presented in Figs. 10 and
11. Moreover, based on the adsorption parameters, the surface proper-
ties of the adsorbent and its affinity to V(V) as well as the sorption
mechanism, were established.

Typically, adsorption capacity increases with increasing initial metal
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Fig. 11. Adsorption isotherms estimated at: (a) 293 K, (b) 303 K and (c) 313 K.

Table 3

Example isotherm parameters for adsorption of V(V) ions at 313 K.
Sorbent/Parameter ZrO, ZrO,-NH" Zr0,-CTAB
313K
Qe exp (Mg/8) 82.50 86.60 47.00
Langmuir isotherm
qm (Mg/8) 83.77 87.72 48.12
K, (L/mg) 0.234 0.308 0.017
R? 0.9954 0.9914 0.9724
Freundlich isotherm
Kr (L/mg) 25.37 27.34 2.05
N 3.55 3.45 1.56
1/n 0.28 0.29 0.64
R? 0.9324 0.8841 0.9823
Temkin isotherm
br (J/mol) 202.86 220.17 202.73
Kr(L/g) 22.28 21.91 0.22
R? 0.9706 0.9779 0.8672

ion concentration in model solutions (from 10 to 400 mg/L), and then
reaches a plateau. In the present study, adsorption equilibrium was
achieved after 20 and 30 min.

The higher the temperature, the higher the g, values describing the
effectiveness of V(V) ion adsorption. At 293 K these values were 41.79
mg/g, 38.91 mg/g and 5.41 mg/g at an equilibrium concentration of 10
mg/L for ZrOs, ZrO,-NH' and ZrO,-CTAB, respectively, which is in
agreement with previously published papers (Yun et al., 2001).

The applicability of the non-linear form of the Langmuir isotherm
model for the description of the adsorption process was proved by the
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high values of R%, which lay in the range 0.9929-1.0000. This proves
that the Langmuir isotherm model fits the experimental data well. The
correlation coefficients R? showed strong positive evidence of the
adsorption of V(V) ions onto zirconia-based sorbents (Table 3 and
S4-S5). The good fit of the experimentally obtained data may suggest
the formation of a monomolecular layer of V(V) ions on the sorbent
surface. Analogous results were obtained in a previous study (Kulisa,
2004).

The maximum monolayer capacity g,, obtained at 313 K (Table 3)
from the Langmuir isotherm is 83.77 mg/g, 87.72 mg/g, and 48.12 mg/
g for ZrO,, ZrO,-NH ™" and ZrO,-CTAB, respectively.

Unsurprisingly, the Freundlich isotherm parameters steadily in-
crease as a function of temperature. It should be mentioned that, given
the limited number of sorption active sites with the same energy, which
can become saturated, g, cannot increase indefinitely with the concen-
tration of adsorbate (c.), as the Freundlich equation would predict. In
this particular case, the Langmuir isotherm may be more appropriate.

The Temkin isotherm was used to estimate the free energy and the
characteristics of adsorption (Pursell et al., 2011). Based on the heat of
adsorption of V(V) ions and their interactions with the ZrO,, ZrO,-NH™"
and ZrO,-CTAB materials, it is possible to establish the nature of
adsorption. In this study, the B values were in the range from 7.2 to 10.3
J/mol for ZrO,, from 7.7 to 11.2 J/mol for ZrO,-NH™, and from 10.1 to
12.2 J/mol for ZrO,-CTAB. Analogous results were reported in a pre-
vious study (Li et al., 2020). It was also found that the by values increase
with temperature for all sorbents. However, the results indicate that the
Temkin model does not fit the experimental data better than the
Freundlich or Langmuir models.
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Table 4
Maximum V(V) ions adsorption capacities g, for different sorbents.
Sorbent Qm (mg/g)/%  Parameters References
S
70, 83.77 mg/g/  pH5.0, 313K This study
99.7% V(V)
removal
ZrO,-NH" 87.72 mg/g/ pH 5.0, 313K This study
98.9% V(V)
removal
ZrO,-CTAB 48.12 mg/g/ pH 5.0, 313K This study
44.0% V(V)
removal
ZrO,-impregnated 97.81 m/g pH5.0,303K,1g/L, Liaoetal
collagen fiber initial 101-306 mg/L (2008)
ZrOy-loaded orange 51.09 mg/g pH 2.5, 288 K, 2 g/L (Hu et al.,
juice residue 2014a,
2014b)
Waste crab shells 52.46 mg/g 0.94 mM NaCl Yun et al.
(Ucides cordatus (2001)
cordatus)
Pinus sylvestris sawdust 95% V(V) pH 4.0, equilibrium Kaczala et al.
removal time 40 min with (2009)

sorbent amount 2.5
g/L

Cell-AE (cellulose- pH range 4.0-6.0,

99.6% V(V) Anirudhan

based anion removal initial concentration et al. (2009)
exchanger with -N © 25.0 mg/L
HR,Cl™ functional
groups)
Al-PILC (aluminum- 99.8% pH range 4.5-6.0, Manohar et al.
pillared clay) 88.5% initial concentration (2005)
5and 10 mg/L
CS (chitosan) 390.9 mg/g pH 5.2, Langmuir Guzma et al.
and even model (2002)
higher at pH
3.0
8-9 mmol/g
(ca. 400-450
mg/g
Fe304-CSN (magnetic 186.6 mg/g/ pH 5.0, Langmuir Omidinasab
chitosan 99.9% V(V) model et al. (2018)
nanoparticles) removal
Table 5

Estimated thermodynamic parameters of the adsorption process.

Sorbent/ AH° (kJ/ AS° (J/mol AG° (kJ/mol)

Parameter mol) K) 203 K 303K 313K
ZrO, -11.12 24.24 —18.11 -1895 -19.05
ZrO,-NH* —7.26 35.2 —17.48 —18.49 —18.86
Zr0,-CTAB -16.67 14.69 -21.02 -21.17 -21.62

A comparison of the sorption efficiency of the synthesized zirconia-
based sorbents with other sorbents used for V(V) ions removal is pre-
sented in Table 4. It can be observed that low-cost sorbents exhibit
considerably lower sorption capacity with respect to V(V) ions. How-
ever, in the case of chitosan, the amount of adsorbed V(V) ions is
extremely high: at pH = 3 the sorption capacity reaches a value of 390
mg/g.

3.3.3. Temperature effect

Thermodynamic aspects are of essential significance when consid-
ering the type and mechanisms of the adsorption process at different
temperatures. Based on these results, the thermodynamic equilibrium
constant, Gibbs energy change (AG°), enthalpy change (AH°), and en-
tropy change (AS°) were calculated (Table 5).

It was found that the adsorption process is strongly dependent on
temperature between 293 K and 313 K. Changes in enthalpy, entropy,
activation and adsorption energies are needed to confirm whether the
adsorption of contaminants from aqueous solution is of chemical or
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I zr0,-CTAB
I 21O, NH'
o,

Fig. 12. Estimated g, values in the presence of interfering ions: 1 — CI™, 2 —
NO3, 3 - SO%’, 4 — PO%’ and 6 — HoPOy4 (adsorbent dose 0.5 g, solution volume
50 mlL, initial concentration of V(V) and interfering ions 100 mg/L, pH 5, time
240 min).

physical nature (Namasivayam and Sangeetha, 2006). Thermodynamic
parameters such as enthalpy change AH° and entropy change AS° were
evaluated using the van’t Hoff equation; for example, from the plot of
log Kc vs. 1/T. Values of AG® change with the increase in temperature:
from —18.11 kJ/mol to —19.05 kJ/mol for ZrO,, from-18.49 kJ/mol to
—18.86 kJ/mol for ZrO,-NH™, and from —21.02 kJ/mol to —21.62
kJ/mol for ZrO,-CTAB. The negative values of AG° indicate the spon-
taneous nature of the adsorption. Moreover, the AG° values are in the
range from —20 to 0 kJ/mol, which may indicate a significant contri-
bution of physical interactions during V(V) ions adsorption (a low
negative value of the enthalpy change excludes chemisorption, which
typically corresponds to values in the range of 40-120 kJ/mol). Addi-
tional confirmation is provided by the low AH® values. What is more, the
positive AS° values indicate increased randomness at the solid-liquid
interface during V(V) ions adsorption.

3.3.4. Effect of competing ions

To demonstrate the effect of competing ions on V(V) ions adsorption,
experiments were carried out using aqueous solutions of vanadium ions
additionally containing NaCl, NaySO4, NaNOs, NagPO4 and NaH,PO4 (at
concentrations of 50 and 100 mg/L). Industrial wastewaters usually
contain a broad range of different contaminants that can certainly
interfere with the sorption mechanism (Kolodynska et al., 2014). In
addition, the existence of anionic impurities such as Cl~, OH™, SO?{ and
POz~ in the ZrO; lattice has been reported to stabilize tetragonal ZrO,
(Wang et al., 2015). Vanadium(V) ions solutions with different con-
centrations of the above-mentioned competing ions were adjusted to pH
= 5.5. The results obtained for an initial salt concentration of 100 mg/L
are presented in Fig. 12.

In all tested systems, the addition of interfering ions caused changes
in the adsorption of V(V) ions onto the synthesized adsorbents — their
sorption capacity decreased irrespective of the type of competitive ions.

3.3.5. Mechanism study

When sorbents have poor Sger and low V; values, the filling of pores
with adsorbate appears to make a negligible contribution to the
adsorption. Therefore, the adsorption of V(V) ions may be described on
the basis of electrostatic attractions (the formation of so-called outer-
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Table 6
Results of XPS analysis of zirconia-based adsorbents after V(V) ions adsorption.
ZrO,
Name Position FWHM Raw Area %At % St. % Mass
Conc. Dev. Conc.
C1ls 285.0 2.34 1351.640 30.0 2.30 11.6
O1s 530.5 2.97 5924.460 44.9 1.69 23.2
Nals 1072.0 2.37 273.761 0.7 0.35 0.5
Al 2p 73.5 2.55 43.662 1.8 1.18 1.6
V2p 517.0 2.34 1083.720 2.5 0.49 4.1
Zr3d 182.0 4.19 6358.730 20.1 0.81 59.0
ZrO,-NH'
C1ls 284.4 2.46 1477.460 30.4 1.65 12.5
N1s 401.9 1.28 43.411 0.5 1.12 0.2
O1s 530.4 2.83 6326.030 44.4 1.41 24.4
Na ls 1072.4 2.48 288.528 0.7 0.50 0.6
Al 2p 74.4 2.6 99.161 3.8 1.13 3.5
V2p 517.4 2.26 1461.260 3.1 0.42 5.4
Zr3d 181.9 4.14 5834.780 17.1 0.58 53.4
7r0,-CTAB
C1ls 284.6 2.47 1456.620 29.3 1.68 14.7
O1s 531.6 3.18 6321.220 43.4 1.40 29.1
Na ls 1072.6 2.23 424.981 1.0 0.37 1.0
Al 2p 73.6 2.71 31.522 1.2 0.74 1.3
Si 2p 102.1 2.41 572.650 14.1 1.05 16.6
V 2p 517.6 2.43 567.201 1.2 0.40 2.5
Zr3d 182.6 4.16 3134.730 9.0 0.36 34.2
N 1s 402.6 2.12 83.320 0.9 1.30 0.6
sphere complexes), non-electrostatic attractions (inner-sphere

complexation), or ion exchange between V(V) ions and cations available
on the adsorbent surface.
X-ray photoelectron spectroscopy was used to investigate and predict
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the mechanism of V(V) ion adsorption. The results obtained are pre-
sented in Table 6 and Fig. 13. It is well known that the binding energy
(BE) of the V 2p level increases with the oxidation state of vanadium
cations, and therefore it was assumed to determine the mean valence
state of vanadium species. A previous study (Mendialdua et al., 1995)
has shown that the O 1s signal is superior to C 1s as a reference signal for
the V 2p binding energies of vanadium oxides.

Binding energies at 285.0 eV, 530.5 eV and 517.0 eV correspond to
the C 1s, O 1s, V 2p and Zr 3d peaks of the analyzed samples as primary
XPS regions (Biesinger et al., 2011). The XPS results indicated the
presence of 30.4% carbon, 44.9% oxygen, 20.1% zirconium and 2.5%
vanadium for the pristine ZrO, material used in the batch adsorption
tests (Table 6).

Slightly different values were obtained for the amine- and CTAB-
modified adsorbents. Deconvolution of the Zr 3 d spectra resulted in
two peaks at 182 eV for all tested sorbents, which corresponds to the Zr
3ds/2 band (Teeparthi et al., 2018). According to literature data, V 2p; /2
can be attributed to V(II), V(III), V(IV), V(V) and V(0) (Wang and Lai,
2011). Moreover, the presence of O 1s is very important because it in-
fluences the background of the V 2p signal (the intensity may be too high
for V 2p;,2 and too low for V 2ps,,, and the tail at the high binding
energy side of V 2ps,, cannot be fitted well). Taking the C 1s signal at
284.6 eV as the binding energy reference, V 2p3, is found at 517.7 eV
for all analyzed samples, while V 2p, 2 can be found at 525.26 eV.

In Fig. 13, V 2p3/5 can be resolved in each spectrum to give two
binding energies, which are attributed to V(V) and V(IV), respectively.
However, fully oxidized vanadium V(V) species are commonly found on
the surface of ZrO, hybrid materials — the peak % area is much higher,
being equal to 80.79%, 77.35%, and 74.44% for ZrO,, ZrO,-NH" and
ZrO,-CTAB adsorbents, respectively. It has been found that peak widths

(a) (b)
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Fig. 13. XPS spectra obtained over a range of binding energies characteristic for V(V) ions adsorbed onto: (a) ZrO,, (b) ZrO,-NH* and (c) ZrO,-CTAB adsorbents.
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Fig. 14. Suggested mechanism of vanadium(V) ions’ interaction with zirconia-based sorbents.

for V(V) oxide are quite narrow (Silversmit et al., 2004, 2006). The
broadening of a peak can indicate a change in the number of chemical
bonds contributing to the peak shape, a change in the sample’s condition
caused by X-ray damage, and/or differential charging of the surface. In
the case of V 2p3/y, the values were 1.45, 1.40, and 1.62 for ZrO,,
ZrO,-NH™ and ZrO,-CTAB adsorbents, respectively. For typical V 2p
FWHM values, the V 2p; 2 component is much broader than the V 2p3,»
peak. In the case of the analyzed materials the values are 2.75, 2.33, and
2.35.

According to a previous study (Zimmermann et al., 1999) the V 2p3 2
spectra of pure V05 also contain satellite peaks, due to strong hybrid-
ization between the V 3d and O 2p levels situated on the high binding
energy side of O 1s. It should also be noted that V205 degrades to V(IV)
under the X-ray beam using a W source (15 mA, 14 kV); 8-10%
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conversion of V(V) to V(IV) was observed. This should also be taken into
account during any analysis of vanadium compounds (Biesinger et al.,
2011).

Based on the collected experimental data, a probable mechanism of
interaction between vanadium(V) ions and the zirconia-based sorbents
was proposed (Fig. 14). It is suggested that vanadium ions may be
trapped between the long carbon chains of the modifiers and interact via
electrostatic attraction with opposite-charged surface species such as
O™. This is in agreement with the results of XPS analysis.

Moreover, analyzing the vanadium species’ distribution as a function
of pH and the Pourbaix diagrams (Fig. S3), a variety of vanadium species
is clearly visible. As was previously mentioned, zirconia-based sorbents
are positively charged in acidic conditions, where VO3 and szmoa‘g
are the dominant forms of vanadium. The efficiency of adsorption of
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Fig. 15. Desorption efficiency of V(V) from adsorbent surface (adsorbent dose
0.5 g, solution volume 50 mlL, initial concentration of V(V) 100 mg/L, HNO3
concentration 1-3 M, pH 5, time 240 min).

Y

vanadium onto ZrO,-NH" remains stable in the whole pH range (cf.
Fig. 6b), which may suggest that electrostatic interaction is not a leading
mechanism of adsorption onto this sample. The case of the ZrO,-CTAB
material is different; here the most efficient process occurs at strongly
acidic pH, suggesting a strong interaction between the material’s surface
and HyV100%3 anions. In the higher pH range the dominant vanadium
species are HoVOz and HVO3~, both negatively charged, as is the
adsorbent surface. The repulsion of these negatively charged surfaces
reduces the efficiency of the adsorption of vanadium ions onto the ZrO,-
CTAB sample.

3.4. Stability of adsorbent/adsorbate combination — desorption study

Desorption of V(V) ions from the adsorbent surface was carried out
using 1-3 M HNOs solution. For these concentrations of the eluting
agent, the desorption percentage varied from 11% to 92% for the ZrO,
ZrO,-NH™' and ZrO,-CTAB materials (Fig. 15). The maximum desorp-
tion yield (%D = 92%) was obtained in the case of ZrO,~-NH™ adsorbent,
using 3 M HNOjs solution. The lowest desorption yield was obtained for
ZrO,-CTAB.

The results confirmed that the adsorption of V(V) ions onto fabri-
cated zirconia-based adsorbents is quite complex, as evidenced by the
influence of different process parameters on its efficiency. The crucial
parameter appears to be the pH of the solution, which affects both the
form in which vanadium ions occur in the environment as well as the
nature of the adsorbent’s surface functional groups — important factors
for determining the mechanism of the adsorption process. The influence
of competing ions is also important. The above tests were performed
with the aim of proposing specific process parameters for the recovery of
vanadium ions from real wastewaters, which are more complex than
model solutions.

3.5. Vanadium catalyst leaching — adsorption tests using real wastewaters

The recovery of vanadium(V) present in solutions obtained after
leaching of a spent catalyst has been studied previously (Erust et al.,
2015). In the present study, an attempt was made to remove vanadium
species from such solutions, both acidic and alkaline. For this purpose,
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hydrochloric acid (5 wt%), sulfuric acid (5 wt%), sodium hydroxide (15
wt%) and potassium hydroxide (15 wt%) solutions were used, to obtain
mixtures denoted respectively as S1-S4. The main parameters of real
solutions obtained from vanadium catalyst leaching were presented in a
recent report (Wotowicz et al., 2022). All solutions were diluted 100
times before the sorption experiment. The pH values of the vanadium
solutions were as follows: S1 — 2.02, S2 — 2.21, S3 - 13.37, S4 — 13.65.
The results of vanadium ions removal from the solutions S1-S4 using the
prepared zirconia-based sorbents are presented in Fig. 16.

It was observed that ZrO,, ZrO»-NH" and ZrO,-CTAB materials are
capable of removing vanadium(V) ions from the acidic solutions S1-S2.
In chloride solutions (Fig. 16ab), the best results were obtained for
ZrO,-NH' (34.1 mg/g, S% = 70.8%). Both ZrO, and ZrO,-CTAB
exhibited lower V(V) sorption capacities, equal to 18.1 mg/g and 20.8
mg/g, respectively. Modification of zirconia with amine and CTAB in-
creases the sorption capacity and the percentage sorption of vanadium
ions. The results for the removal of vanadium ions from solutions after
sulfuric acid digestion are presented in Fig. 16cd. The best sorption
capacity with respect to vanadium ions was again recorded for
ZrO,-NH' (23.5 mg/g, $% = 47.5%). A slightly lower capacity was
found for ZrO, (21.7 mg/g, S% = 43.9%), while the capacity of CTAB-
modified zirconia was the lowest (7.8 mg/g, S% = 15.7%). The results
obtained in alkaline media indicate a significantly lower affinity of va-
nadium ions for adsorption on zirconia-based sorbents than was
observed in an acidic environment. For solution S3 (Fig. 16ef) the
highest sorption capacity of vanadium ions was 5.24 mg/g for ZrO,, and
for solution S4 (Fig. 16gh) it was 2.6 mg/g for ZrO,-CTAB.

The tests performed using vanadium-containing solutions arising
from spent catalyst treatment proved the previous findings that the
adsorption of V(V) ions onto the fabricated adsorbents is favored in
acidic conditions, and that the highest efficiency of adsorption was ob-
tained using the ZrO,~-NH™ material. This justifies study undertaken and
indicates possible effective solutions enabling the recovery of hazardous
metal ions from real wastewaters produced by various industries.

4. Conclusions

The experimental data collected, supported by analysis of the liter-
ature, has proved the effective fabrication of zirconia modified with
CTAB and N,N-dimethyltetradecylamine. The different nature of the
modifiers used was reflected in the different porosities and functional
groups of the prepared adsorbents, which have a significant effect on
adsorption phenomena. Batch experiments performed using both, model
and real wastewaters, confirmed the enhanced ability of surface-grafted
zirconia to adsorb vanadium ions. The nature of the surface functional
groups of the adsorbent as well as the different forms of vanadium
present in solutions with different pH, seems to be the most important
factor determining the effectiveness and mechanism of V(V) ions
adsorption onto the fabricated materials. In terms of favorability for V
(V) ion adsorption, the sorbents were placed in the following order:
ZrO-NH' > ZrO, > ZrO,-CTAB. The estimated maximum monolayer
capacity of ZrO,-NH" for V(V) (87.72 mg/g) was the highest among the
tested materials. Additionally, it was confirmed that adsorption of V(V)
ions onto the synthesized materials is a heterogeneous, exothermic, and
spontaneous reaction, as evidenced by the calculated values of ther-
modynamic parameters. A key goal was to transfer the optimal process
parameters, estimated using a model V(V) ions solution, to the adsorp-
tion of V(V) ions from solutions arising from the leaching process of
spent catalysts. It should be noted that the prepared zirconia-based
sorbents exhibit different sorption properties with respect to vanadium
(V) ions present in real wastewaters. The best affinity for V(V) ions was
observed in the case of the ZrO,-NH " material and acid-leached system;
this may be related to the protonization of -NH" groups, which favors
the sorption process of V(V) ions. Irrespective of the process conditions,
based on the results of desorption tests, infrared and X-ray photoelectron
spectroscopies, the physical nature of the adsorbent/adsorbate
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interaction was confirmed. This fact, together with very narrow pH
range in which high adsorption efficiency was achieved, may be
considered as a limitation of the proposed solution, especially for real
wastewater treatment. For this reason, future research should consider
the design of improved modified forms of zirconia, with particular
emphasis on amine-based functional groups to increase the adsorbent/
adsorbate interaction stability. It is also important to obtain a detailed
description of the influence of competing ions, and to develop effective
solutions enabling the transfer of the proposed methodology of waste-
water treatment to the industrial scale.

Credit author statement

Ewelina Weidner: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Data curation, Writing — original draft Grzegorz
Wojcik: Methodology, Investigation, Formal analysis, Data curation
Dorota Kolodynska: Conceptualization, Methodology, Writing — orig-
inal draft Teofil Jesionowski: Project administration, Funding acqui-
sition, Writing — review & editing Filip Ciesielczyk: Conceptualization,
Methodology, Writing — review & editing.

Funding

This work was supported by National Science Center Poland, as
research project no. DEC 2018/29/B/ST8/01122.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

The authors are grateful to A. Lipke, Maria Curie Sklodowska Uni-
versity, Poland, for assistance with the experiments.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2022.116306

References

Adamski, A., Jakubus, P., Sojka, Z., 2006. Synthesis of nanostructured tetragonal ZrO, of
enhanced thermal stability. Nukleonika 51, 27-33.

Agarwal, H., Florian, J., Goldsmith, B., Singh, N., 2019. V2*/V" redox kinetics on glassy
carbon in acidic electrolytes for vanadium redox flow batteries. ACS Energy Lett. 4,
2368-2377. https://doi.org/10.1021/acsenergylett.9b01423.

Anirudhan, T.S., Jalajamony, S., Divya, L., 2009. Efficiency of amine-modified poly
(glycidyl methacrylate)-grafted cellulose in the removal and recovery of vanadium
(V) from aqueous solutions. Ind. Eng. Chem. Res. 48, 2118-2124. https://doi.org/
10.1021/ie8000869.

Benneckendorf, F.S., Hillebrandt, S., Ullrich, F., Rohnacher, V., Hietzschold, S.,

Jansch, D., Freudenberg, J., Beck, S., Mankel, E., Jaegermann, W., Pucci, A., Bunz, U.
H.F., Miillen, K., 2018. Structure-property relationship of phenylene-based self-
assembled monolayers for record low work function of indium tin oxide. J. Phys.
Chem. Lett. 9 (13), 3731-3737. https://doi.org/10.1021/acs.jpclett.8b01242.

Bhaskar, S., Wasan Awin, E., Kumar, K.C.H., Lale, A., Bernard, S., Kumar, R., 2020.
Design of nanoscaled heterojunctions in precursor-derived t-ZrO2/SiOC(N)
nanocomposites: transgressing the boundaries of catalytic activity from UV to visible
light. Sci. Rep. 10 https://doi.org/10.1038/541598-019-57394-8. Article number:
430.

Biesinger, M.C., Payne, B.P., Grosvenor, A.P., Lau, LW.M.,, Gerson, A.R., Smart, R.S.,
2011. Applied surface science resolving surface chemical states in XPS analysis of
first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni. Appl. Surf.
Sci. 257, 2717-2730. https://doi.org/10.1016/j.apsusc.2010.10.051.

17

Journal of Environmental Management 324 (2022) 116306

Blanchard, G., Maunaye, M., Martin, G., 1984. Removal of heavy metals from waters by
means of natural zeolites. Water Res. 18, 1501-1507. https://doi.org/10.1016/
0043-1354(84)90124-6.

Borjas-Garcia, S., Medina-Flores, A., Béjar, L., Aguilar, C., Bernal, J.L., 2015. Synthesis of
mesoporous zirconia by using CTAB as template. Microsc. Microanal. 21,
1781-1782. https://doi.org/10.1017/5143192761500968X.

Boyd, G.E., Adamson, A.W., Myers, L.S., 1947. The exchange adsorption of ions from
aqueous solutions by organic zeolites. II. Kinetics. J. Am. Chem. Soc. 69, 2836-2848.
https://doi.org/10.1021/ja01203a066.

Budnyak, T., Yanovska, E., D, K., Sternik, D., Pylypchuk, I.V., Ischenko, M.V., Tertykh, V.
A., 2016. Preparation and properties of organomineral adsorbent obtained by sol-gel
technology. J. Therm. Anal. Calorim. 125, 1335-1351. https://doi.org/10.1007/
s10973-016-5581-9.

Budnyak, T.M., Tertykh, V.A., Yanovska, E.S., Kotodynska, D., Bartyzel, A., 2015.
Adsorption of V(V), Mo(VI) and Cr(VI) oxoanions by chitosan-silica composite
synthesized by Mannich reaction. Adsorpt. Sci. Technol. 33, 645-657. https://doi.
org/10.1260/0263-6174.33.6-8.645.

Cao, D., Jin, X., Gan, L., Wang, T., Chen, Z., 2016. Removal of phosphate using iron oxide
nanoparticles synthesized by eucalyptus leaf extract in the presence of CTAB
surfactant. Chemosphere 159, 23-31. https://doi.org/10.1016/j.
chemosphere.2016.05.080.

Ciesielczyk, F., Goscianska, J., Zdarta, J., Jesionowski, T., 2018. The development of
zirconia/silica hybrids for the adsorption and controlled release of active
pharmaceutical ingredients. Colloids Surf. A Physicochem. Eng. Asp. 545, 39-50.
https://doi.org/10.1016/j.colsurfa.2018.02.036.

Degorska, O., Zdarta, J., Synoradzki, K., Zgota-Grzeskowiak, A., Ciesielczyk, F.,
Jesionowski, T., 2021. From core-shell like structured zirconia/magnetite hybrid
towards novel biocatalytic systems for tetracycline removal: synthesis, enzyme
immobilization, degradation and toxicity study, 105701-11 J. Environ. Chem. Eng. 9
(1). https://doi.org/10.1016/j.jece.2021.105701, 105701.

Dubinin, M.M., 1966. Chemistry and Physics of Carbon, vol. 2. Dekker, New York.
https://doi.org/10.12691/ajn-9-1-1.

Duran, C., Jia, Y., Hotta, Y., Sato, K., Watari, K., 2005. Colloidal processing, surface
characterization, and sintering of nano ZrO, powders. J. Mater. Res. 20, 1348-1355.
https://doi.org/10.1557/JMR.2005.0168.

Erust, C., Akcil, A., Bedelova, Z., Anarbekov, K., Baikonurova, A., Tuncuk, A., 2015.
Recovery of vanadium from spent catalysts of sulfuric acid plant by using inorganic
and organic acids: laboratory and semi-pilot tests. Waste Manag. 49 https://doi.org/
10.1016/j.wasman.2015.12.002.

Esmaeilzadeh, P., Bahramian, A., Fakhroueian, Z., 2011. Adsorption of anionic, cationic
and nonionic surfactants on carbonate rock in presence of ZrO, nanoparticles. Phys.
Procedia 22, 63-67. https://doi.org/10.1016/j.phpro.2011.11.009.

Fernandez, L.E., Rodriguez Paez, J.E., 2019. Wet-chemical preparation of TiOz-
nanostructures using different solvents: effect of CTAB concentration and tentative
mechanism of particle formation. J. Alloys Compd. 780, 756-771. https://doi.org/
10.1016/j.jallcom.2018.12.007.

Freundlich, H., 1906. Over the adsorption in solution. J. Phys. Chem. 57, 385-471.

Fu, F., Wang, Q., 2011. Removal of heavy metal ions from wastewaters: a review.

J. Environ. Manag. 92, 407-418. https://doi.org/10.1016/j.jenvman.2010.11.011.

Garg, N., Mittal, V.K,, Bera, S., Dasgupta, A., Sankaralingam, V., 2012. Preparation and
characterization of tetragonal dominant nanocrystalline ZrO, obtained via direct
precipitation Preparation and characterization of tetragonal dominant
nanocrystalline ZrO, obtained via direct precipitation. Ceram. Int. 38, 2507-2512.
https://doi.org/10.1016/j.ceramint.2011.11.020.

Gutierrez-Becerra, A., Barcena-Soto, M., Soto, V., Arellano-Ceja, J., Casillas, N., Francois
Prévost, S., Noirez, L., Gradzielski, M., Escalante, J.I., 2012. Structure of reverse
microemulsion-templated metal hexacyanoferrate nanoparticles. Nanoscale Res.
Lett. 7, 83. https://doi.org/10.1186/1556-276X-7-83.

Guzma, J., Saucedo, 1., Navarro, R., Revilla, J., Guibal, E., 2002. Vanadium interactions
with chitosan: influence of polymer protonation and metal speciation. Langmuir 18,
1567-1573. https://doi.org/10.1021/1a010802n.

Ho, Y., 2004. Citation review of Lagergren kinetic rate equation on adsorption reactions.
Scientometrics 59, 171-177. https://doi.org/10.1023/B:SCIE.0000013305.99473.
cf.

Hu, G., Chen, D., Wang, L., Liu, J., Zhao, H., Liu, Y., Qi, T., Zhang, C., Yu, P., 2014a.
Extraction of vanadium from chloride solution with high concentration of iron by
solvent extraction using D2EHPA. Separ. Purif. Technol. 125, 59-65. https://doi.
org/10.1016/j.seppur.2014.01.031.

Hu, Q., Paudyal, H., Zhao, J., Huo, F., Inoue, K., Liu, H., 2014b. Adsorptive recovery of
vanadium(V) from chromium(VI)-containing effluent by Zr(IV)-loaded orange juice
residue. Chem. Eng. J. 248, 79-88. https://doi.org/10.1016/j.cej.2014.03.029.

Janusz, W., Szczypa, J., 2007. Determination of the ionization and complexation surface
reaction constants in the metal oxide/electrolyte system. J. Dispersion Sci. Technol.
20, 1041-1067. https://doi.org/10.1080/01932699908943834.

Kaczala, F., Marques, M., Hogland, W., 2009. Lead and vanadium removal from a real
industrial wastewater by gravitational settling/sedimentation and sorption onto
Pinus sylvestris sawdust. Boresource Technol. 100, 235-243. https://doi.org/
10.1016/j.biortech.2008.05.055.

Kajjumba, G.W., Aydin, S., Guneysu, S., 2017. Adsorption isotherms and kinetics of
vanadium by shale and coal waste. Adsorpt. Sci. Technol. 1-17. https://doi.org/
10.1177/0263617417733586, 0.

Kajjumba, G.W., Emik, S., Ongen, A., Ozcan, HK., Ayd, S., 2018. Modelling of adsorption
kinetic processes — errors, theory and application, 2018. In: Advanced Sorption
Process Applications. IntechOpen. https://doi.org/10.5772/intechopen.80495
[Online], p. Modelling of Adsorption Kinetic Processes — Errors.


https://doi.org/10.1016/j.jenvman.2022.116306
https://doi.org/10.1016/j.jenvman.2022.116306
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref1
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref1
https://doi.org/10.1021/acsenergylett.9b01423
https://doi.org/10.1021/ie8000869
https://doi.org/10.1021/ie8000869
https://doi.org/10.1021/acs.jpclett.8b01242
https://doi.org/10.1038/s41598-019-57394-8
https://doi.org/10.1016/j.apsusc.2010.10.051
https://doi.org/10.1016/0043-1354(84)90124-6
https://doi.org/10.1016/0043-1354(84)90124-6
https://doi.org/10.1017/S143192761500968X
https://doi.org/10.1021/ja01203a066
https://doi.org/10.1007/s10973-016-5581-9
https://doi.org/10.1007/s10973-016-5581-9
https://doi.org/10.1260/0263-6174.33.6-8.645
https://doi.org/10.1260/0263-6174.33.6-8.645
https://doi.org/10.1016/j.chemosphere.2016.05.080
https://doi.org/10.1016/j.chemosphere.2016.05.080
https://doi.org/10.1016/j.colsurfa.2018.02.036
https://doi.org/10.1016/j.jece.2021.105701
https://doi.org/10.12691/ajn-9-1-1
https://doi.org/10.1557/JMR.2005.0168
https://doi.org/10.1016/j.wasman.2015.12.002
https://doi.org/10.1016/j.wasman.2015.12.002
https://doi.org/10.1016/j.phpro.2011.11.009
https://doi.org/10.1016/j.jallcom.2018.12.007
https://doi.org/10.1016/j.jallcom.2018.12.007
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref20
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/j.ceramint.2011.11.020
https://doi.org/10.1186/1556-276X-7-83
https://doi.org/10.1021/la010802n
https://doi.org/10.1023/B:SCIE.0000013305.99473.cf
https://doi.org/10.1023/B:SCIE.0000013305.99473.cf
https://doi.org/10.1016/j.seppur.2014.01.031
https://doi.org/10.1016/j.seppur.2014.01.031
https://doi.org/10.1016/j.cej.2014.03.029
https://doi.org/10.1080/01932699908943834
https://doi.org/10.1016/j.biortech.2008.05.055
https://doi.org/10.1016/j.biortech.2008.05.055
https://doi.org/10.1177/0263617417733586
https://doi.org/10.1177/0263617417733586
https://doi.org/10.5772/intechopen.80495

E. Weidner et al.

Kajjumba, G.W., Yildirim, E., Osra, F., Aydin, S., Ngan, T.T.K., Emik, S., 2019. Insights
into nonlinear adsorption kinetics and isotherms of vanadium using magnetised coal-
polyaniline. Desalination Water Treat. 172, 158-166. https://doi.org/10.5004/
dwt.2019.24985.

Kim, G., Kwon, G., Lee, H., 2021. The role of surface hydroxyl groups on a single-atomic
Rhj/ZrO, catalyst for direct methane oxidation. Chem. Commun. 57, 1671-1674.
https://doi.org/10.1039/d0cc07514k.

Kotodynska, D., Sofiriska-Chmiel, W., Mendyk, E., Hubicki, Z., 2014. Dowex M 4195 and
Lewatit MonoPlus TP 220 in heavy metal ions removal from acidic streams. Separ.
Sci. Technol. 49, 2003-2015. https://doi.org/10.1080/01496395.2014.908920.

Kosmulski, M., 2007. The significance of the points of zero charge of zirconium (hydr)
oxide reported in the literature. J. Dispersion Sci. Technol. 23, 529-538. https://doi.
org/10.1081/DIS-120014021.

Kosta, B.L., Ravntk, V., Levstek, M., Sciences, N., 1970. Adsorption of vanadium on
aluminium and zirconium oxides and its application to analytical separations.
Radiochim. Acta 14, 143-146. https://doi.org/10.1524/ract.1970.14.34.143,

Kulisa, K., 2004. The effect of temperature on the cation-exchange separations in ion
chromatography and the mechanism of zone spreading. Chem. Anal. 49, 665.

Langmuir, L., 1918. The adsorption of gases on plane surfaces of glass, mica and
platinum. J. Am. Chem. Soc. 345, 1361-1403.

Latha, ChK., Raghasudha, M., Aparna, Y., Ramchander, M., Ravinder, D., Jaipal, K.,
Veerasomaiah, P., Shridhar, D., 2017. Effect of capping agent on the morphology,
size and optical properties of In,O3 nanoparticles. Mat. Res. 20 (1) https://doi.org/
10.1590/1980-5373-MR-2016-0292.

Lee, S.H., Cho, W.H., Hwang, D.K., Lee, T.K., Kang, Y.S., Im, S.S., 2017. Synthesis of poly
(3,4-ethylene dioxythiophene)/ammonium vanadate nanofiber composites for
counter electrode of dye-sensitized solar cells. Electrochim. Acta 245, 607-614.
https://doi.org/10.1016/j.electacta.2017.05.194.

Leena, A., Santhi, T., Manonmani, S., 2015. Recent developments in preparation of
activated carbons by microwave: study of residual errors. Arab. J. Chem. 8, 343-354.
https://doi.org/10.1016/j.arabjc.2011.01.020.

Li, M., Zhang, B., Zou, S., Liu, Q., Yang, M., 2020. Highly selective adsorption of
vanadium (V) by nano-hydrous zirconium oxide-modified anion exchange resin.

J. Hazard Mater. 384, 121386 https://doi.org/10.1016/j.jhazmat.2019.121386.
Liao, X., Tang, W., Zhou, R.Q., Shi, B., 2008. Adsorption of metal anions of vanadium(V)
and chromium(VI) on Zr(IV)-impregnated collagen fiber. Adsorption 14, 55-64.

https://doi.org/10.1007/510450-007-9045-1.

Lopez, T., Gomez, R., Ferrat, G., Dominguez, J.M., Schifter, 1., 1992. pH effect on the
preparation by sol-gel method of ZrO,/SiO, catalysts. Chem. Lett. 21, 1941-1944.
https://doi.org/10.1246/c1.1992.1941.

Mahandra, H., Singh, R., Gupta, B., 2020. Recovery of vanadium(V) from synthetic and
real leach solutions of spent catalyst by solvent extraction using Cyphos IL 104.
Hydrometallurgy 196, 105405. https://doi.org/10.1016/j.hydromet.2020.105405.

Manohar, D.M., Noeline, B.F., Anirudhan, T.S., 2005. Removal of vanadium (IV) from
aqueous solutions by adsorption process with aluminum-pillared bentonite. Ind. Eng.
Chem. Res. 44, 6676-6684. https://doi.org/10.1021/ie0490841.

Mazurek, K., 2013. Recovery of vanadium, potassium and iron from a spent vanadium
catalyst by oxalic acid solution leaching, precipitation and ion exchange processes.
Hydrometallurgy 134-135, 26-31. https://doi.org/10.1016/j.
hydromet.2013.01.011.

Mazurek, K., Bialowicz, K., Trypu¢, M., 2010. Recovery of vanadium, potassium and iron
from a spent catalyst using urea solution. Hydrometallurgy 103, 19-24. https://doi.
org/10.1016/j.hydromet.2010.02.008.

Mazurek, K., Weidner, E., Druzynski, S., Ciesielczyk, F., Kietkowska, U., Wrdbel-
Kaszanek, A., Jesionowski, T., 2020. Lanthanum enriched TiO»-ZrO; hybrid material
with tailored physicochemical properties dedicated to separation of lithium and
cobalt(II) raising from the hydrometallurgical stage of the recycling process of
lithium-ion batteries. Hydrometallurgy 197 (1), 105-448. https://doi.org/10.1016/
j-hydromet.2020. 105448, 14.

Mendialdua, J., Casanova, R., Barbaux, Y., 1995. XPS studies of V505, VgO13, VO and
V203. J. Electron. Spectrosc. Relat. Phenom. 71, 249-261. https://doi.org/10.1016/
0368-2048(94)02291-7.

Naeem, A., Westerhoff, P., Mustafa, S., 2007. Vanadium removal by metal (hydr)oxide
adsorbents. Water Res. 41, 1596-1602. https://doi.org/10.1016/j.
watres.2007.01.002.

Namasivayam, C., Sangeetha, C., 2006. Removal and recovery of vanadium (V) by
adsorption onto ZnCl; activated carbon: kinetics and isotherms. Adsorption 12,
103-117. https://doi.org/10.1007/s10450-006-0373-3.

Omidinasab, M., Rahbar, N., Ahmadi, M., Kakavandi, B., Ghanbari, F., Kyzas, G.Z.,
Martinez, S.S., Jaafarzadeh, N., 2018. Removal of vanadium and palladium ions by
adsorption onto magnetic chitosan nanoparticles. Environ. Sci. Pollut. Res. 25,
34262-34276. https://doi.org/10.1007/s11356-018-3137-1.

Precious-Ayanwale, A., Donohué-Cornejo, A., Cuevas- Gonzalez, J.C., Espinosa-
Cristobal, L.F., Reyes-Lopez, S.Y., 2018. Review of the synthesis, characterization
and application of zirconia mixed metal oxide nanoparticles. Int. J. Res. -
Granthaalayah 6, 136-145. https://doi.org/10.5281/zenodo.1403844.

Pursell, C.J., Hartshorn, H., Ward, T., Chandler, B.D., Boccuzzi, F., 2011. Application of
the Temkin model to the adsorption of CO on gold. J. Phys. Chem. 115,
23880-23892. https://doi.org/10.1021/jp207103z.

Qiu, H., Lv, L., Pan, B., Zhang, Qing-jian, Zhang, W., Zhang, Quan-xing, 2009. Critical
review in adsorption kinetic models. J. Zhejiang Univ. - Sci. 10, 716-724. https://
doi.org/10.1631/jzus.A0820524.

Reddy, S., Sayari, A., 1996. Nanoporous zirconium oxide prepared using the
supramolecular templating approach. Catal. Lett. s 38, 219-223. https://doi.org/
10.1007/BF00806572.

18

Journal of Environmental Management 324 (2022) 116306

Shanaghi, A., Reza Souri, A., Rae, M., Chu, P.K., 2019. Effects of benzotriazole on nano-
mechanical properties of zirconia—alumina—benzotriazole nanocomposite coating
deposited on Al;024 by the sol-gel method. Appl. Phys. A 125, 728. https://doi.org/
10.1007/500339-019-3022-x.

Sharififard, H., Soleimani, M., Ashtiani, F.Z., 2015. Application of nanoscale iron oxide-
hydroxide- impregnated activated carbon (Fe-AC) as an adsorbent for vanadium
recovery from aqueous solutions. Desalination Water Treat. 57, 15714-15723.
https://doi.org/10.1080/19443994.2015.1110726.

Silversmit, G., Depla, D., Poelman, H., Marin, G.B., Gryse, R. De, 2006. An XPS study on
the surface reduction of V,05(001) induced by Ar+ ion bombardment. Surf. Sci. 600,
3512-3517. https://doi.org/10.1016/j.susc.2006.07.006.

Silversmit, G., Depla, D., Poelman, H., Marin, G.B., Gryse, R. De, 2004. Determination of
the V2p XPS binding energies for different vanadium oxidation states (V5" to V0*).
J. Electron. Spectrosc. Relat. Phenom. 135, 167-175. https://doi.org/10.1016/j.
elspec.2004.03.004.

Stanisz, M., Klapiszewski, t.., Kotodyriska, D., Jesionowski, T., 2021. Development of
functional lignin-based spherical particles for the removal of vanadium(V) from an
aqueous system. Int. J. Biol. Macromol. 186, 181-193. https://doi.org/10.1016/j.
ijbiomac. 2021.07.046.

Stefani¢, G., Musi¢, S., Grzeta, B., Popovi¢, S., Sekuli¢, A., 1998. Influence of pH on the
stability of low temperature t-ZrO,. J. Phys. Chem. Solid. 59, 879-885. https://doi.
org/10.1016/50022-3697(98)00028-6.

Su, G., Yang, Ch, Zhu, J.J., 2014. Fabrication of gold nanorods with tunable longitudinal
surface plasmon resonance peaks by reductive dopaming. Langmuir 31 (2), 817-823.
https://doi.org/10.1021/1a504041f.

Tang, H., Zhou, W., Zhang, L., 2012. Adsorption isotherms and kinetics studies of
malachite green on chitin hydrogels. J. Hazard. Mater. 209-210, 218-225. https://
doi.org/10.1016/j.jhazmat.2012.01.010.

Teeparthi, S.R., Awin, E.W., Kumar, R., 2018. Dominating role of crystal structure over
defect chemistry in black and white zirconia on visible light photocatalytic activity.
Sci. Rep. 8, 5541. https://doi.org/10.1038/541598-018-23648-0.

Temkin, M., 1975. Adsorption of a gas mixture on an inhomogeneous surface. Kinet.
Catal. 16, 1461-1464.

Tran, H.N., You, S., Hosseini-bandegharaei, A., Chao, H., 2017. Mistakes and
inconsistencies regarding adsorption of contaminants from aqueous solutions: a
critical review. Water Res. https://doi.org/10.1016/j.watres.2017.04.014.

Tiirkmen, D., Bakhshpour, M., Akgoniillii, S., Siileyman, A., 2022. Heavy metal ions
removal from wastewater using cryogels: a review. Front. Sustain. 3, 1-17. https://
doi.org/10.3389/frsus.2022.765592.

Tyagi, B., Sidhpuria, K., Shaik, B., Jasra, R.V., 2006. Synthesis of nanocrystalline zirconia
using sol-gel and precipitation techniques. Ind. Eng. Chem. Res. 45, 8643-8650.
https://doi.org/10.1021/ie060519p.

Vega, E.D., Pedregosa, J.C., Narda, G.E., Morando, P.J., 2003. Removal of oxovanadium
(IV) from aqueous solutions by using commercial crystalline calcium hydroxyapatite.
Water Res. 37, 1776-1782. https://doi.org/10.1016/50043-1354(02)00565-1.

Verma, S., Rani, S., Kumar, S., 2018. Tetragonal zirconia quantum dots in silica matrix
prepared by a modified sol-gel protocol. Appl. Phys. A 124, 387. https://doi.org/
10.1007/500339-018-1806-z.

Viegas, R.M.C., Campinas, M., Costa, H., Rosa, M., 2014. How do the HSDM and Boyd’s
model compare for estimating intraparticle diffusion coefficients in adsorption
processes. Adsorption 20, 737-746. https://doi.org/10.1007/510450-014-9617-9.

Wang, C.-T., Lai, D.-L., 2011. Synthesis and characterization of iron- and vanadium-
doped titania aerogel nanopowders. J. Am. Ceram. Soc. 94, 2646-2651. https://doi.
org/10.1111/j.1551-2916.2011.04395.x.

Wang, P., Zhao, Z., Wang, Z., Chen, S., Fan, G., 2015. Hydrothermal synthesis of
mesoporous nanocrystalline tetragonal ZrO; using dehydroabietyltrimethyl
ammonium bromine. Bioresources 10, 1271-1284. https://doi.org/10.15376/
biores.10.1.1271-1284.

Wang, S., Zhou, S., Huang, J., Zhao, G., Liu, Y., 2019. Attaching ZrO, nanoparticles onto
the surface of graphene oxide via electrostatic self-assembly for enhanced
mechanical and tribological performance of phenolic resin composites. J. Mater. Sci.
54, 8247-8261. https://doi.org/10.1007/s10853-019-03512-w.

Weber, T.W., Chakravorti, R.K., 1974. Pore and solid diffusion models for fixed-bed
adsorbers. Am. Inst. Chem. Eng. J. 20, 228-238. https://doi.org/10.1002/
aic.690200204.

Weidner, E., Ciesielczyk, F., 2019. Removal of hazardous oxyanions from the
environment using metal-oxide-based materials. Materials 12, 927. https://doi.org/
10.3390/mal12060927.

Weidner, E., Piasecki, A., Siwiriska-Ciesielczyk, K., Jesionowski, T., Ciesielczyk, F., 2020.
Synthesis of vanadium-enriched oxide materials via modified sol-gel route with the
use of waste solutions contaminated with vanadium ions. Physicochem. Probl.
Miner. Process. 56, 60-75. https://doi.org/10.37190/PPMP/126683.

Weidner, E., Siwinska-Ciesielczyk, K., Moszynski, D., Jesionowski, T., Ciesielczyk, F.,
2021. A comprehensive method for tetracycline removal using lanthanum-enriched
titania—zirconia oxide system with tailored physicochemical properties. Environ.
Technol. Innovat. 24 (1) https://doi.org/10.1016/j.eti. 2021.102016, 102016-13.

Wotowicz, A., Hubicki, Z., 2022. Removal of vanadium by ion exchange resins from
model and real solutions from spent V,Os catalyst. Hydrometallurgy 211, 105871.
https://doi.org/10.1016/j.hydromet.2022.105871.

Wolowicz, A., Wawrzkiewicz, M., Hubicki, Z., Siwiniska-Ciesielczyk, K., Kubiak, A.,
Jesionowski, T., 2022. Enhanced removal of vanadium(V) from acidic streams using
binary oxide systems of TiO2-ZrO2 and TiO2-ZnO type. Separ. Purif. Technol. 280,
119916 https://doi.org/10.1016/j.seppur.2021.119916.

Yang, Y., Ye, N., Chen, S., Zhang, D., Wan, R., Peng, X., He, R., 2020. Surfactant-assisted
incorporation of ZrO; nanoparticles in quaternized poly(2,6-dimethyl-1,4-phenylene


https://doi.org/10.5004/dwt.2019.24985
https://doi.org/10.5004/dwt.2019.24985
https://doi.org/10.1039/d0cc07514k
https://doi.org/10.1080/01496395.2014.908920
https://doi.org/10.1081/DIS-120014021
https://doi.org/10.1081/DIS-120014021
https://doi.org/10.1524/ract.1970.14.34.143
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref37
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref37
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref38
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref38
https://doi.org/10.1590/1980-5373-MR-2016-0292
https://doi.org/10.1590/1980-5373-MR-2016-0292
https://doi.org/10.1016/j.electacta.2017.05.194
https://doi.org/10.1016/j.arabjc.2011.01.020
https://doi.org/10.1016/j.jhazmat.2019.121386
https://doi.org/10.1007/s10450-007-9045-1
https://doi.org/10.1246/cl.1992.1941
https://doi.org/10.1016/j.hydromet.2020.105405
https://doi.org/10.1021/ie0490841
https://doi.org/10.1016/j.hydromet.2013.01.011
https://doi.org/10.1016/j.hydromet.2013.01.011
https://doi.org/10.1016/j.hydromet.2010.02.008
https://doi.org/10.1016/j.hydromet.2010.02.008
https://doi.org/10.1016/j.hydromet.2020. 105448
https://doi.org/10.1016/j.hydromet.2020. 105448
https://doi.org/10.1016/0368-2048(94)02291-7
https://doi.org/10.1016/0368-2048(94)02291-7
https://doi.org/10.1016/j.watres.2007.01.002
https://doi.org/10.1016/j.watres.2007.01.002
https://doi.org/10.1007/s10450-006-0373-3
https://doi.org/10.1007/s11356-018-3137-1
https://doi.org/10.5281/zenodo.1403844
https://doi.org/10.1021/jp207103z
https://doi.org/10.1631/jzus.A0820524
https://doi.org/10.1631/jzus.A0820524
https://doi.org/10.1007/BF00806572
https://doi.org/10.1007/BF00806572
https://doi.org/10.1007/s00339-019-3022-x
https://doi.org/10.1007/s00339-019-3022-x
https://doi.org/10.1080/19443994.2015.1110726
https://doi.org/10.1016/j.susc.2006.07.006
https://doi.org/10.1016/j.elspec.2004.03.004
https://doi.org/10.1016/j.elspec.2004.03.004
https://doi.org/10.1016/j.ijbiomac. 2021.07.046
https://doi.org/10.1016/j.ijbiomac. 2021.07.046
https://doi.org/10.1016/S0022-3697(98)00028-6
https://doi.org/10.1016/S0022-3697(98)00028-6
https://doi.org/10.1021/la504041f
https://doi.org/10.1016/j.jhazmat.2012.01.010
https://doi.org/10.1016/j.jhazmat.2012.01.010
https://doi.org/10.1038/s41598-018-23648-0
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref67
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref67
https://doi.org/10.1016/j.watres.2017.04.014
https://doi.org/10.3389/frsus.2022.765592
https://doi.org/10.3389/frsus.2022.765592
https://doi.org/10.1021/ie060519p
https://doi.org/10.1016/S0043-1354(02)00565-1
https://doi.org/10.1007/s00339-018-1806-z
https://doi.org/10.1007/s00339-018-1806-z
https://doi.org/10.1007/s10450-014-9617-9
https://doi.org/10.1111/j.1551-2916.2011.04395.x
https://doi.org/10.1111/j.1551-2916.2011.04395.x
https://doi.org/10.15376/biores.10.1.1271-1284
https://doi.org/10.15376/biores.10.1.1271-1284
https://doi.org/10.1007/s10853-019-03512-w
https://doi.org/10.1002/aic.690200204
https://doi.org/10.1002/aic.690200204
https://doi.org/10.3390/ma12060927
https://doi.org/10.3390/ma12060927
https://doi.org/10.37190/PPMP/126683
https://doi.org/10.1016/j.eti. 2021.102016
https://doi.org/10.1016/j.hydromet.2022.105871
https://doi.org/10.1016/j.seppur.2021.119916

E. Weidner et al.

oxide) for superior properties of anion exchange membranes. Renew. Energy 166,
45-55. https://doi.org/10.1016/j.renene.2020.11.121.

Yao, S., Zhu, X., Wang, Y., Zhang, D., Wang, S., Jia, Y., 2020. Simultaneous oxidation and
removal of Sb(III) from water by using synthesized CTAB/MnFe204/MnO2
composite. Chemosphere 245, 125601. https://doi.org/10.1016/j.
chemosphere.2019.125601.

Yun, Y., Niu, H., Volesky, B., 2001. The effect of impurities on metal biosorption. Process
Metall. 1-8.

Zhang, Y., Chen, H., Duan, L., Fan, J., Ni, L., Ji, V., 2018. A comparison study of the
structural and mechanical properties of cubic, tetragonal, monoclinic, and three

19

Journal of Environmental Management 324 (2022) 116306

orthorhombic phases of ZrO,. J. Alloys Compd. 749, 283-292. https://doi.org/
10.1016/j.jallcom.2018.03.253.

Zhu, X., Li, W., Zhang, C., 2019. Extraction and removal of vanadium by adsorption with
resin 201*7 from vanadium waste liquid. Environ. Res. 180, 108865 https://doi.org/
10.1016/j.envres.2019.108865.

Zielinska, D., Stawski, D., Komisarczyk, A., 2015. Producing a poly(N,N-
dimethylaminoethyl methacrylate) nonwoven by using theblowing out method.
Textil. Res. J. 86 (17), 1837-1846. https://doi.org/10.1177/0040517515617420.

Zimmermann, R., Steinert, P., Claessen, R., Reinert, F., Hufner, S., Blaha, P., Dufek, P.,
1999. Electronic structure of 3d-transition-metal oxides: on-site Coulomb repulsion
versus covalency. J. Phys. Condens. Matter 11, 1657-1682.


https://doi.org/10.1016/j.renene.2020.11.121
https://doi.org/10.1016/j.chemosphere.2019.125601
https://doi.org/10.1016/j.chemosphere.2019.125601
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref85
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref85
https://doi.org/10.1016/j.jallcom.2018.03.253
https://doi.org/10.1016/j.jallcom.2018.03.253
https://doi.org/10.1016/j.envres.2019.108865
https://doi.org/10.1016/j.envres.2019.108865
https://doi.org/10.1177/0040517515617420
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref89
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref89
http://refhub.elsevier.com/S0301-4797(22)01879-5/sref89

Nieorganiczne matryce tlenkowe domieszkowane in situ jako funkcjonalne uktady do zastosowan srodowiskowych.
Ewelina Weidner — Politechnika Poznariska

P3

152



Physicochem. Probl. Miner. Process., 56(6), 2020, 60-75 Physicochemical Problems of Mineral Processing

ISSN 1643-1049

http: j 1 .
ttp:/ /www.journalssystem.com/ ppmp © Wroclaw University of Science and Technology

Received August 01, 2020; reviewed; accepted August 12, 2020

Synthesis of vanadium-enriched oxide materials via modified sol-gel
route with the use of waste solutions contaminated
with vanadium ions

Ewelina Weidner 1, Adam Piasecki 2, Katarzyna Siwinska-Ciesielczyk 1, Teofil Jesionowski 1,
Filip Ciesielczyk 1

1 Poznan University of Technology, Faculty of Chemical Technology, Institute of Chemical Technology and Engineering,
Berdychowo 4, PL-60965 Poznan, Poland
2 Poznan University of Technology, Faculty of Materials Engineering and Technical Physics, Institute of Materials Science

and Engineering, Jana Pawla II 24, PL-60965 Poznan, Poland

Corresponding author: filip.ciesielczyk@put.poznan.pl (Filip Ciesielczyk)

Abstract: In this study, the synthesis of zirconia as well as zirconia enriched with vanadium by modified
sol-gel method was presented. The modification of the method was based on the replacement of the
traditional basic promoter of hydrolysis, which is ammonia, with sodium hydroxide solution. The most
favorable conditions for the synthesis of zirconium with a new hydrolysis promoter were selected. A
comparative analysis of ZrO, obtained using various hydrolysis promoters was performed. Both
materials exhibited almost the same physicochemical properties, which proves that in this case the
nature of the hydrolysis promoter used in sol-gel route does not significantly affect the properties of the
ZrOs. Then, synthesis of ZrO,/V systems was carried out using model and real solutions containing
vanadium ions as hydrolysis promoters. The solutions formed after vanadium catalyst leaching were
used as real solutions. The effect of vanadium concentration and the presence of impurities on the final
physicochemical properties of the obtained hybrid materials were investigated via scanning electron
microscopy (SEM), dynamic light scattering (DLS), energy-dispersive X-ray microanalysis (EDS),
Fourier transform infrared spectroscopy (FT-IR), low-temperature nitrogen sorption (BET),
thermogravimetric analysis (TGA). The analysis of the obtained results allows to state that the
developed technique for the synthesis of ZrO, and ZrO,/V systems, using a modified sol-gel method,
enabled the production of attractive materials.

Keywords: modified sol-gel method, zirconia, vanadium recovery; hybrid oxide materials, harmful
metal ions

1. Introduction

In the era of constant development of civilization and industry, the demand for innovative materials
with unique properties increases. In recent years, the synthesis of hybrid oxide materials has enjoyed a
great interest of scientific communities all around the world, due to the possibility of obtaining products
with unique and specific physicochemical properties, which result in a wide range of their applications
(Chen et al., 2014; Kurc et al., 2018; Kvisle et al., 1988; Marouka and Nanko, 2013; Pinho et al., 2013;
Siwinska-Stefariska and Kurc, 2017; Song et al., 2014; Su et al., 2016; Sun et al., 2017; Wang et al., 2016).
Such materials can be synthesized using already known techniques, such as hydrothermal method,
electrochemical method, in-situ synthesis, as well as the sol-gel method. In order to improve
physicochemical properties, these systems can be further modified by variety of ways, e.g. by doping,
chemical modification, immobilization, electrophoretic deposition or the introduction of metal ions by
in situ synthesis.

DOI: 10.37190/ ppmp /126683
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Compared to other methods, the sol-gel technique has many advantages, including the ability to
accurately control the surface area and pore volume, as well as the possibility to synthesize materials
with a micro- and nanostructure characterized by high purity (Tyagi et al., 2006). The sol-gel method is
based on successive hydrolysis and condensation reactions, which lead to the formation of a metal
oxygen-metal (-Me-O-Me-) bridge (Sakka, 2013). The basic substrates are metal alkoxides and the
hydrolysis promoter - a strongly acidic or basic solution, of which the traditionally used are
hydrochloric acid and ammonia. The type of used hydrolysis promoter affects the physicochemical
properties of the final product, such as morphology or porous structure. The specificity of the sol-gel
method allows its easy modification and trouble-free introduction of dopant into the structure of the
final material via in situ synthesis.

Nowadays, the sol-gel technique is one of the most popular methods for the synthesis of inorganic
oxide materials, such as zirconium dioxide (Sakka, 2013). Zirconia is a material with good electrical,
mechanical and biological properties (Bashir et al., 2013). Due to its microstructural properties (the
crystalline phase, the shape and size of particles) it is widely used in industry (Madhusudhana et al.,
2006). Zirconia is also an important material used in composites and advanced ceramic materials due
to its high strength, crushing resistance and hardness (Bashir et al.,, 2013). These properties can be
improved by incorporating various dopants such as gold, silver, nickel, platinum, copper, zinc or
vanadium. The incorporation of vanadium species in the structure of zirconia should increase the
dielectric constant and improve the ferroelectric properties (Padmamalini and Ambujam, 2014), as well
as improve its thermal and optical properties (Albrecht et al., 1997). In addition, vanadium ions reduce
the energy gap, and thus improve photocatalytic activity in the near UV range (Assem and Oskarsson,
2015), and increase the electric capacity and conductivity of the material. Materials enriched with
vanadium are used, among others, as porous lithium-ion battery electrodes, in photocatalysis processes
and the production of supercapacitors.

Vanadium is widely applied in industries such as metallurgy, mining, oil refiling, automobile, and
many others (Sharififard et al., 2016; Omidinasab et al., 2018). Such a wide range of applications results
in the formation of significant amount of sewage contaminated with vanadium, which in the final stage
end up in environmental waters. Due to the need to use of this element in many areas of industry and
the difficulty of obtaining it, recovery from wastewater seems to be an interesting alternative. Thus, in
this work, the possibility of usage of alkaline solutions contaminated with vanadium as a hydrolysis
promoter in the synthesis of ZrO,/V hybrid systems via modified sol-gel route was examined. The
research cycle was divided into three sequences: (1) checking how the change of the hydrolysis
promoter from ammonia to NaOH solution affects the properties of the obtained zirconium dioxide, (2)
examination whether NaOH solutions contaminated with vanadium ions can be used as a hydrolysis
promoter and how the presence of vanadium affects the properties of the obtained materials, (3)
checking whether real waste solutions formed after vanadium catalyst leaching can be used as a
hydrolysis promoter in the synthesis of ZrO,/V systems and how the presence of other impurities in
the sewage affects the properties of final materials.

2. Materials and methods
2.1. Reagents and materials

Zirconium tetraisopropoxide (70 wt. % in 1-propanol), used as a zirconium promoter was ordered from
Sigma-Aldrich. Ammonia (25% solution) and dilution of sodium hydroxide (20% solution), used as
hydrolysis promoters, originated from Chempur. Propan-2-ol (299.0%), which was used as the synthesis
medium, was obtained from Chempur. Sodium metavanadate (298.0%), which solutions were used as
model metal precursors in modified synthesis route, was ordered from Sigma-Aldrich. Potassium
bromide (FT-IR grade, 299%), originating from Sigma-Aldrich, was used in preparation of tablets for
FT-IR analysis. The solutions after leaching of the used vanadium catalyst were real vanadium
solutions.

2.2. Sol-gel synthesis and characterization of obtained materials

Zirconium(IV) oxide was synthesized via sol-gel route. Appropriate volume of propan-2-ol was placed
into reaction vessel and then zirconium tetraisopropoxide (TZIP) was dosed using peristaltic pump.
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The system was stirred for half hour. Next, the promoter of hydrolysis, the NaOH solution, was dosed
and whole system was stirred for one hour. In case of obtaining hybrid materials model and real waste
solutions containing vanadium ions were used as hydrolysis promoters. Then the system was poured
into crystallizer and left for gelation for approximately 48 h. After aging process, material was dried in
80°C within 24 h. Then it was washed with deionized water, once again dried in Memmert drying oven
in the air atmosphere, grinded and sieved through 80 pm sieve. All experiments were carried out at
room temperature and open atmosphere.

Obtained materials were subjected to physicochemical analysis using scanning electron microscopy
(SEM), dynamic light scattering (DLS), energy-dispersive X-ray microanalysis (EDS), Fourier transform
infrared spectroscopy (FT-IR), low-temperature nitrogen sorption (BET), thermogravimetric analysis
(TGA).

3. Results and discussion
3.1. Optimization of the ZrO; synthesis process

In the initial stage of research, optimization of the zirconia synthesis using sodium hydroxide solutions
as a hydrolysis promoter was carried out. The use of sodium hydroxide is due to the fact that it is more
often used in industry than ammonia. NaOH solutions with concentrations of 5, 10, 15 and 20% were
used. The synthesis course was compared with the previously optimized process of obtaining zirconia
with the use of 25% ammonia as hydrolysis promoter. In the processes, where 15 and 20% NaOH
solutions were used as hydrolysis promoters, the gelation of the samples was observed already during
the dosing. Such phenomenon is unfavorable, due to the formation of aggregates, which results in a
non-homogeneous structure of the obtained material. Syntheses proceeded using lower concentrations
of NaOH were flawless. Due to the desire to limit the amount of water introduced into the system, it
was found that the most favorable concentration of sodium hydroxide is 10%.

3.2. Comparison of physicochemical properties of ZrO, obtained using various basic hydrolysis
promoters

The results of the analysis proved that samples synthesized using different hydrolysis promoters do not
differ significantly. The comparison of porous structure parameters and surface composition of the
obtained materials are summarized in Table 1. Both samples have a relatively high surface area
oscillating around 140 m2?/g, and the average pore size smaller than 7 nm. The BET isotherms for the
obtained oxides are shown in Fig. 1. Their course indicates that they are type Il isotherms, characteristic
for macroporous and non-porous materials. The absence of a hysteresis loop does not allow to talk about
mesoporosity of those materials, as it is indicated by the average pore size. High concentration of
zirconium and oxygen was observed in both materials, which indirectly confirms the efficiency of ZrO,
creation. Signals from nitrogen and sodium may occur, due to the presence of impurities originating
from the hydrolysis promoters and the reaction environment, which was air.

The FT-IR spectra obtained for ZrO, synthesized with the use of 10% NaOH and 25% NHj; as
hydrolysis promoters are shown in Fig. 2. Analyzing the spectra in the wavelength range 3570-3200 cm-
1 a wide band corresponding the stretching modes of OH bands related to free water (surface adsorbed
water) (Coates, 2006; Dou et al., 2012) can be noticed for both samples. Maxima of that bands

Table 1. Comparison of physicochemical properties of zirconia obtained using different hydrolysis promoters

ZrO; (NaOH) ZrO; (NH,)

Structure amorphous amorphous
BET surface area (m2/g) 145 141
Average pore size (nm) 6.9 6.7
Average pore volume (cm3/g) 0.11 0.11
Zirconium content (wt.%) 56.5 59.6
Oxygen content (wt.%) 37.5 37.7
Sodium content (wt.%) 4.0 2.7

Nitrogen content (wt. %) 2.0 0.1
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Fig. 1. The BET adsorption-desorption isotherms of zirconia obtained using a) NaOH and b) NH; as hydrolysis
promoter

are located at 3413 cm? and 3367 cm? for the sample obtained with the use of NaOH and ammonia,
respectively. The bands located between 1367 and 1353 cm! are assigned to the stretching vibrations of
the Zr-OH moieties (Liu et al., 2008; Sarkar et al., 2007; Simmons, 1992; Toullec et al., 1988), while the
bands with a maximum in the range of 815-793 cm are derived from the stretching vibrations of Zr-O
(Patel et al., 2017). The FT-IR spectra of the tested systems differ only in intensity - in both samples,
signals from the Zr-O and Zr-OH groups were recorded, as well as a signal from the O-H binding. No
shifts in the wavenumber range were observed, suggesting that ZrO, obtained using NaOH is
chemically identical to ZrO, obtained with NHs.
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Fig. 2. The FT-IR spectra of ZrO; obtained using different hydrolysis promoters

Scanning electron microscopy (SEM) was used to determine the morphology, shape and size of
individual grains of the synthesized materials. Analysis of the presented SEM images (Fig. 3) proves
that the change of the hydrolysis promoter from NHj3 to NaOH did not significantly affect the
morphology of the obtained oxides. In both cases particles of ZrO» are built of grains with different sizes
and irregular shapes, which tend to agglomerate.

Zirconium(IV) oxides were tested for thermal stability and the TG curves are presented in Fig. 4. The
samples lost about 25% of their mass when the temperature was below 400°C, which was probably
related to the evaporation of water from the material structure and the partial degradation of the reagent
residues after synthesis. The curve collapsed at around 700°C is clearly visible for the sample obtained
using NaOH as the hydrolysis promoter. This may be a signal indicating the phase transformation of
the ZrO; structure from amorphous to crystalline (Naguib and Kelly, 1970). After that the samples mass
remained stable during heating. Considering that, it can be concluded that the oxides obtained are
resistant to high temperatures, up to 1100°C.

In conclusion, both materials - obtained with the use of 25% NHj; and 10% NaOH as the hydrolysis
promoters - exhibit almost the same physicochemical properties. This proves that in this case the
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chemical composition of the hydrolysis promoter used in sol-gel route does not significantly affect the
properties of the ZrO». In addition, it confirms the effectiveness of the modification of sol-gel method in
the presented way.

. -
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Fig. 3. The SEM images of ZrO; obtained via sol-gel route using a) NaOH and b) NHj3 as hydrolysis promoters
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Fig. 4. Comparison of the TG curves of zirconia obtained with different hydrolysis promoters

3.3. Characterization of ZrO,/V systems obtained with model vanadium solutions

The next stage of the research included an attempt to introduce vanadium ions into the zirconia
structure. For this purpose, in situ sol-gel synthesis was carried out using NaOH and NH; solutions
containing an appropriate concentration of vanadium ions as hydrolysis promoters. The samples were
synthesized using the concentrations 10, 20, 50, 100 and 200 mg/dm? of vanadium ions in 10% NaOH
and 25% ammonia.

The influence of the type of hydrolysis promoter on the final pH of the synthesis is shown in Fig. 5.
As it can be seen, the final pH of the synthesis performed with the use of NaOH solutions (pH = 10-11)
was higher when using NH; (pH = 8-10). In both cases, the pH increased as the vanadium ions were
added to the solution.

The SEM analysis (Fig. 6) of model ZrO,/V samples revealed irregular structure with various grain
sizes and agglomeration tendency. The change of morphological features in the samples with vanadium
additions were observed in comparison to pristine ZrO, samples. No tendency in change of grain size
was observed with the increase of vanadium ions concentration regardless of the type
of hydrolysis promoter used.

The particle-size distributions (PSD) of the obtained ZrO; and ZrO,/V systems, shown in Fig. 7, were
measured using dynamic light scattering (DLS) technique (Mastersizer 2000 instrument equipped with
Hydro 2000 MU element). Detailed dispersive parameters of analysed samples are shown in Table 2
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Fig. 5. Final pH of the synthesis processes performed using various hydrolysis promoters

(a) ZrO,/V (NaOH)

Fig. 6. SEM images of ZrO,/V samples obtained with the use of 10, 20, 50, 100 and 200 mg/dm? (from left to
right) of vanadium ions dissolved in a) 10% NaOH or b) 25% NH3 as hydrolysis promoters

provided data on the dispersion, grain size and agglomeration tendency of the obtained systems. By
analyzing the data gathered in Table 2, a significant change in the dispersion characteristics of the
obtained systems can be observed. In case of samples obtained using NaOH solutions as a hydrolysis
promoter, a greater proportion of particles with a diameter below 2 pm was observed. All these
materials showed the presence of 10% of particles of less than 1.2-1.8 um, 50% of particles of less than
6.0-25.4 pm and 90% particles of less than 55.7-74.2 uym. Considering that the samples obtained with the
use of ammonia showed higher values of the parameter d(0.1) - 2.6-3.9 um, their values of parameters
d(0.5) and d(0.9) were lower reaching 9.3-15.0 and 39.0-62.5 pm, respectively. All vanadium-modified
samples showed smaller average particle diameter than the reference samples, regardless of the type of
used hydrolysis promoter. An improvement in dispersion parameters was observed with an increase
in the addition of vanadium to the hydrolysis promoter. Nevertheless, its too high concentration, at the
level of 200 mg/dm?, caused renewed decrease in this field. The best dispersion parameters were
obtained for the sample ZrO, + 50 mg/dm? V (NaOH), which showed the presence of 10% particles
smaller than 1.5 pm, 50% particles smaller than 6.0 pm, 90% particles smaller than 55.7 pm, and its
average particle size was 18.8 pm.
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Fig. 7. PSD of ZrO,/V samples obtained with the use of 10, 50 and 200 mg/dm3 of vanadium ions dissolved in a)
10% NaOH or b) 25% NH3 as hydrolysis promoters

Table 2. Dispersive parameters of ZrO,/V samples obtained using NaOH and NHjs as hydrolysis promoters

Diameter (um)

Sample Hydrolysis promoter
d(0.1) d(0.5) d(0.9) D[4.3]
ZrOs 14 25.4 722 31.1
ZrO; + 10 mg/dm3 V NaOH 1.8 9.3 65.8 24.0
ZrO; + 50 mg/dm3 V 15 6.0 55.7 18.8
Zr0; + 200 mg/dm3 V 1.2 19.7 74.2 29.3
ZrOs 3.4 15.0 62.5 343
ZrO; + 10 mg/dm3 V NH; 3.9 13.1 39.0 17.9
ZrO; + 50 mg/dm3 V 2.6 9.3 39.6 26.5
Zr0; + 200 mg/dm3 V 3.2 12.0 54.3 21.4

Similarly, to the pure ZrO; samples, FT-IR spectra of ZrO,/V systems (Fig. 8) exhibited signals from
O-H (3432-3367 cm?), Zr-OH (1367-1352 cm™?), Zr-O (815-793 cm) stretching vibrations. Moreover, the
bands at about 1364 and 903 cm™ can also indicate Zr-O-V stretching vibrations (Rasheed et al., 2020).
In addition, in the wavelength range of 606-530 cm™ signals from V-O-V bending vibrations are
observed for all samples modified with vanadium (Rasheed et al., 2020). The identified bands of groups
on the surface of the material indirectly confirm the effective synthesis of zirconia. In addition, based
on the observation of signals derived from Zr-O-V bending vibrations in modified samples, the
effectiveness of incorporating vanadium into the structure of zirconium(IV) oxide can be indirectly
confirmed.
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Fig. 8. The FT-IR spectra of ZrO,/V obtained by sol-gel method with different hydrolysis promoters:
a) 10% NaOH and b) 25% NH3
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Table 3 summarizes the results of EDS analysis for all synthesized samples of oxide materials
enriched with vanadium in NaOH solution environment. All of the obtained samples are mostly
composed of oxygen and zirconium. The percentage content of zirconium varies between 47 and 68%,
while oxygen accounts for 37-45%. This fact may be an indirect confirmation of the effectiveness of the
zirconia synthesis. Analyzing the data presented in Table 3, it can be seen that with an increase of
vanadium concentration in the NaOH precursor, the percentage of zirconium in the final sample
decreases. The presence of nitrogen can be caused by the use of 25% ammonia as a hydrolysis promoter,
as well as by contaminations belonging from reaction environment. In addition, in samples obtained
with the use of NaOH solution as a hydrolysis promoter a sodium content of 2.0-5.1% was observed.
Vanadium signals were recorded on the EDS spectrum only for sample, for synthesis of which a solution
containing 5 g/dm? vanadium ions was used as the hydrolysis promoter. However, the presence of
vanadium was not recorded in the percentage composition of most of the samples, but the signal from
vanadium is clearly visible in the photos from the sample surface mapping (Fig. 9-10). This phenomenon
may occur due to the fact that vanadium and oxygen have very similar keV values (vanadium - 0.511,
oxygen - 0.525) and due to the very low intensity of vanadium bands, as well as the fact that the intense
oxygen signal can mask the signal from vanadium in this analysis.

Table 3. The results of EDS analysis for ZrO,/V samples obtained at various synthesis conditions

Element content (wt.%)

Sample Hydrolysis promoter o o N o v

ZrO; +10 mg/dm3 V 58.2 37.3 1.8 2.5 0.0
ZrO; + 20 mg/dm3 V 54.0 41.3 2.5 22 0.0
ZrO; + 50 mg/dm3 V NaOH 49.2 45.2 0.8 4.7 0.0
ZrO; + 100 mg/dm3 V 48.0 47.3 0.8 3.9 0.0
ZrO; + 200 mg/dm3 V 52.7 40.4 1.1 5.8 0.0
ZrO; + 5 g/dm3 V 67.7 31.8 - 0.1 0.4
ZrO; +10 mg/dm3 V 59.9 37.6 24 0.0 0.0
ZrO; +20mg/dm3 V 60.1 38.0 1.9 0.0 0.0
ZrO; + 50 mg/dm3 V NH;3 60.1 37.3 2.6 0.0 0.0
ZrO; + 100 mg/dm3 V 57.8 40.0 22 0.0 0.0
ZrO; + 200 mg/dm3 V 60.9 37.7 1.4 0.0 0.0

All of the obtained hybrid materials have a relatively large surface area, oscillating in the range of
137-232 m?/g. The highest surface area was obtained for the ZrO,/V obtained with 200 mg/dm? of
vanadium ions in 10% NaOH as a hydrolysis promoter. Analyzing the data from Table 4, it can be seen
that with an increase of vanadium content in NaOH solution, the surface area of the final ZrO,/V
material increases. The use of the promoter with the 200 mg/dm? of vanadium ions, causes an increase
of 88 m2/g of surface area when compared to the sample obtained with pure NaOH solution. In case of

Table 4. The porous structure data for ZrO,/V obtained at various synthesis conditions

Hydrolysis BET surface area Avera.g © pore Average pore
Sample promoter (m2/g) size volume
(nm) (m%g)

ZrO, 145 6.9 0.11

ZrO; + 10 mg/dm3 V 152 2.2 0.07
ZrO; + 50 mg/dm3 V NaOH 213 2.1 0.05
ZrO; + 200 mg/dm3 V 233 7.8 0.12
ZrO; + 5 g/dm3 V 224 5.1 0.21
ZrO, 141 6.7 0.11

ZrO; +10 mg/dm3 V NH; 175 7.6 0.10
ZrO; + 50 mg/dm3 V 140 2.2 0.05

ZrO; + 200 mg/dm3 V 138 2.1 0.03
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using ammonia as hydrolysis promoter no such tendency was observed - the surface area of obtained
ZrO,/V hybrids was almost constant. The average pore size of all samples oscillated in the range of 2-8
nm. In Fig. 11 BET asdorption-desorption isotherm for ZrO; + 5 g/dm?3 V system was presented. It can
be seen that the course of this isotherm is almost the same as for pristine zirconia.
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Fig. 9. EDS spectra with surface mapping for ZrO,/V system synthesized by the use of a) 10 mg/dms3,
b) 200 mg/dm?3 and c) 5000 mg/dm3 vanadium ions in 10% NaOH solution
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Fig. 10. The EDS spectra with surface mapping for ZrO,/V system synthesized by the use of a) 10 mg/dm? and
b) 200 mg/dm?3 vanadium ions in 25% NHj solution
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Fig. 11. The BET adsorption-desorption isotherm for ZrO,/V obtained using model vanadium solution
(c=5g/dm3, 10% NaOH)

3.4. Characterization of ZrO,/V systems obtained with real vanadium solutions

Next stage of the research was the application of real vanadium solutions as hydrolysis promoters in
synthesis of ZrO,/V systems. For this purpose, the solution formed after leaching of vanadium catalyst
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with 15% sodium hydroxide solution was used. Exact content of elements in the raw real vanadium
solutions is presented in Table 5. In the role of hydrolysis promoters, the raw real solution and its
dilution of 10 and 200 mg/dm? were used.

Table 5. The composition of real wastewater originating from leaching of the vanadium catalyst

Element Concentrations (mg/dms3)
\Y 4953
K 11.33
Fe 0.0192
Na 93.33
S 8.636
Cl not detected
Si 0.9377
Cu 0.6

SEM photographs of materials synthesized using real vanadium wastewater solutions are shown in
Fig. 12. Similarly, to the materials discussed earlier, particles with irregular distribution and tendency
to agglomeration were observed. However, compared to their counterparts obtained using model
solutions, a more spherical and evenly distributed grain size can be observed.
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Fig 12. SEM images of ZrO,/V samples obtained with the use of real vanadium wastewater in concentration of a)
10 mg/dm3, b) 200 mg/dm3 and c) 4953 mg/dm3 (real) with respect to vanadium ions

The PSD of ZrO,/V samples obtained with the use of real vanadium wastewater is shown in Fig. 13,
while detailed dispersive parameters are placed in Table 6. In comparison with ZrO,/V systems
obtained with the use of model vanadium solutions as hydrolysis promoters, the samples obtained with
the use of real vanadium wastewater revealed similar or even slightly better dispersion parameters.
These systems are characterized by a lower average particle diameter and a higher proportion of
particles with smaller sizes. Again, an improvement in dispersion properties was observed with
increasing vanadium concentration in the hydrolysis promoter, however this time they have not been
deteriorated beyond a V concentration of 200 mg/dm3. Interestingly, the best dispersion parameters
were obtained for sample synthesized with the use of prisitne sewage, where 10% of particles did not
exceed 1.5 pm, 50% - 5.8 pm and 90% - 61.1 pm, while its average diameter is equal to 19.9 pm. This may
be caused due to the presence of pollutants in the real sewage and their influence on the particle
formation during synthesis.

Analyzing the FT-IR spectra (Fig. 14) the signals from analogous groups as in the case of raw ZrO»
and ZrO,/V systems obtained using model solutions can be observed. The bands corresponding to the
observed signals from O-H, Zr-OH, Zr-O stretching vibrations and Zr-O-V and V-O-V bending
vibrations are also observed in this way. This is an indirect confirmation of the effectiveness of the use
of waste solutions containing vanadium compounds as a hydrolysis promoter in the synthesis of
ZrO,/V by the modified sol-gel method.



71 Physicochem. Probl. Miner. Process., 56(6), 2020, 60-75

6. —— ZrO,/V (10 mg/dm’ V)
—— Zr0,/V (200 mg/dm’ V)
—— 210,V (5 gldm™ V)

Volume contribution (%)
w

0.1 1‘ 1’0 1(’)0 TC:OO
Diameter (um)
Fig. 13. PSD of ZrO,/V samples obtained with the use of real vanadium wastewater in concentration

of a) 10 mg/dm?3, b) 200 mg/dm3 and c) 4953 mg/dm?3 (real) with respect to vanadium ions

Table 6. Dispersive parameters of ZrO,/V samples obtained using real vanadium wastewater

Diameter (um)

Sample
d(0.1) d(0.5) d(0.9) D[4.3]
ZrO; +10 mg/dm3 V 2.0 11.7 71.4 26.9
ZrO; + 200 mg/dm3 V 2.2 9.5 64.8 241
ZrO;+5g/dm3 V 1.5 5.8 61.1 19.9
ZrO,/V (real V wastewater)
3 )
&
>
£
£
ZrOa/V (10 mg/dm3 V)
21041V (200 mg/dm® V)
—— 210,V (5 g/dm° V)
4000 3000 2000 1000

Wavenumber (cm™)

Fig. 14. The FT-IR spectra of ZrO,/V obtained by sol-gel method with different dillution of real vanadium
contamined wastewater used as hydrolysis promoters

This fact is also confirmed by the EDS analysis results. The spectra along with the surface mapping
are shown in Fig. 15. The zirconium content ranges from 58 to 69 wt.%, while oxygen from 30 to 37
wt.%. Together with the results of the FT-IR analysis it can be an indirect confirmation that the main
building material of the obtained material is zirconium dioxide. Vanadium content was observed for
both ZrO,/V systems synthesized with the use of raw vanadium wastewater as well its dilution
containing 200 mg/dm? of vanadium ions. For the material synthesized using a concentrated scrubber
after vanadium catalyst leaching, the vanadium content was at the level of almost one percent by mass.
Sodium contamination of sewage did not significantly affect the elemental composition of the obtained
materials.

The results of the BET analysis collected for samples obtained using real solutions are shown in Table
7. A significant decrease in the value of the surface area of the obtained materials is noticeable, in
comparison to the pristine oxide material and hybrids obtained using model vanadium solutions. Also,
when real waste solutions are used, a significant decrease in the surface value is observed with
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increasing vanadium concentration. It can be concluded that too high concentration of vanadium ions
in the solution used as a hydrolysis precursor helps to reduce the surface area of the final product.

Table 7. The porous structure data obtained for ZrO,/V synthesized using different dilutions of real vanadium

wastewater as hydrolysis promoters in the sol-gel synthesis

BET surface area Average pore size

Average pore

Sample volume
(m%/g) (nm) 3
(m%g)
ZrO; +10 mg/dm3 V 231 44 0.17
ZrO; + 200 mg/dm3 V 247 4.3 0.19
ZrO;+5g/dm3 V 100 4.7 0.12
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Fig. 15. The EDS spectra with surface mapping obtained for ZrO,/V systems synthesized by the use of real

vanadium wastewater, containing a) 10 mg/dm?3, b) 200 mg/dm3 and c) 4953 mg/dm? of vanadium ions
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Fig. 16 presents the nitrogen adsorption-desorption isotherm obtained for a sample prepared using
the crude solution after leaching of vanadium catalyst as a hydrolysis promoter of sol-gel synthesis. The
course of the curve is similar to that obtained for pure ZrO; and for the ZrO,/V hybrid synthesized
using the model vanadium solution. However, due to the presence of the hysteresis loop, the obtained
isotherm should be classified as type IV isotherm, not II as in the case of previous materials. Type IV
isotherm is characteristic for mesoporous materials and suggests a multilayer adsorption mechanism
followed by capillary condensation (Kruk and Jaroniec, 2001). The presence of the hysteresis loop is
associated with capillary condensation taking place in the mesopores, and the limiting uptake over a
range of high p/po (Sing et al., 1985). Type 4 hysteresis loop is clearly visible on the isotherm, which
indicates the presence of narrow slit-like pores, as well as particles with internal voids of irregular shape
and broad size distribution. The analysis of these results leads to the conclusion that the use of a real
wastewater solution containing vanadium ions with a concentration of 4953 mg/dm? as a hydrolysis
promoter in the ZrO,/V synthesis process by the modified sol-gel method contributes to the
improvement of nitrogen sorption ability, despite the decrease in surface of the material. This may be
due to the presence of active functional groups.
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Fig. 16. BET adsorption-desorption isotherm of ZrO,/V obtained using real vanadium wastewater
(c =4953 mg of V/dm?3)

4. Conclusions

Zirconia and ZrO; oxide systems enriched with vanadium were synthesized using a modified sol-gel
method. The variable parameter was the type of basic precursor and vanadium concentration to select
the most favorable conditions. It has been shown that the type of the basic precursor does not
significantly affect the chemical composition of the ZrO,. All of the obtained materials were
characterized by particles of various sizes and irregular shapes, which tend to agglomerate. Vanadium
incorporation was indirectly confirmed by the presence of vanadium signals in the EDS mapping
photos and the presence of Zr-O-V vibrations in the FT-IR spectrum of all ZrO,/V samples obtained
with model vanadium solutions as hydrolysis promoters. It has been observed that, with an increase in
vanadium concentration in NaOH solutions used as hydrolysis promoters, the surface area of the
materials increases significantly, while for the 25% ammonia no such trend was observed. The highest
surface area (233 m2/g) was observed for ZrO, modified with 200 mg/dm3 of vanadium ina 10% NaOH
solution environment. It has been confirmed that using the real solution, obtained as a result of
vanadium catalyst leaching, through the sol-gel process, it is possible to obtain a mesoporous hybrid
ZrO,/V material. The incorporation of vanadium into its structure was confirmed by the results of both
FT-IR and EDS analyzes. The effective use of raw sewage in the sol-gel synthesis process gives a chance
for its application as a hydrolysis promoter in sol-gel synthesis processes. This is of great importance
for the elimination of such pollutants from the environment, in a process that will also produce
multifunctional hybrids.
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ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano This study concerns the fabrication of zinc oxide enriched with vanadium, and evaluation of its performance in
SCR process and as an electrode component for electrochemical applications. The material’s preparation was
optimized in terms of the concentration (10-25 wt%) and type of the vanadium precursor (NaVO3 or NH4VOs3).
The effectiveness of ZnO/V synthesis was proved by the results of EDS and XRF analysis, which confirmed the
expected percentage contribution of zinc, vanadium and oxygen, as well as FTIR spectra, which contained bands
corresponding to vibrations of Zn-O, V=0 and V-O-V bonds. Increasing the concentration of vanadium up to 10
wt% resulted in an increase in the material’s surface area, which reached a maximum value of 75 m2/g for ZnO/
V 9:1. Irrespective of the amount and type of vanadium precursor used, all samples exhibited a crystalline
hexagonal wurtzite structure similar to pristine zinc oxide. Moreover, the incorporation of vanadium into the
ZnO structure caused a significant reduction in the zeta potential at particular pH values for all tested samples.
The material’s multifunctionality was verified in SCR catalysis and in electrochemical tests. In the catalytic tests,
ZnO/V with a ZnO:V ratio of 3:1 attained the highest nitrogen oxides conversion rate, which reached 67% at
450 °C. In turn, cyclic voltammetry tests not only showed the presence of peaks corresponding to the vanadium
oxide, but also indicated the possibility of using the obtained hybrid as a feed material in a lithium-ion cell.

Keywords:

Vanadium-doped zinc oxide
Hybrid oxide materials
Modified sol-gel method
Catalysts

Selective catalytic reduction
Electrode materials

1. Introduction volume during the operation of the cell significantly limit its practical

capacity, which makes its application difficult. To improve the efficiency

Zinc oxide is an inexpensive, nontoxic, and chemically stable mate-
rial that for many years has attracted a high degree of interest in many
branches of science and industry [1-6]. Due to the extraordinary
properties of ZnO, which include a porous micro/nanostructure with
relatively high surface area, abundance, biocompatibility, high electron
mobility [7,8], as well as an exciton binding energy of ~60 meV [9],
attempts are still being made to design new materials based on this
compound. Zinc oxide is a semiconductor characterized by a wide band
gap of 3.37 eV (a parameter which affects the basic electrical properties
of a material and determines whether it is a conductor, semiconductor,
or insulator). Its advantages also include low cost, relatively easy
preparation and processing, diverse morphology, and high chemical
stability. However, its poor electrical conductivity and large changes in

* Corresponding author.
E-mail address: filip.ciesielczyk@put.poznan.pl (F. Ciesielczyk).
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and service life of the material, nanostructures are implemented and
composites are created with metals, metal oxides, carbon and graphene
[10].

Many of the properties of zinc oxide can be enhanced and strength-
ened by doping. Selective element doping is used to adjust the electrical,
optical, and magnetic properties of ZnO [8]. Zinc oxide has previously
been doped with elements such as Cu [11], Al [12], Ce [13], Br [14], Ge
[15,16],Sn [17],Mn [18],Ni [19], Ga [20], and V [21]. The enrichment
of oxide materials, especially with vanadium, may significantly improve
their properties, leading to expansion of their range of applications,
among others, in porous lithium-ion battery electrodes, in the produc-
tion of supercapacitors, and in catalysis or photocatalysis [22].

One of the major areas of application of metal oxides (MO, where M

Received 19 July 2022; Received in revised form 17 September 2022; Accepted 13 October 2022

Available online 15 October 2022

2213-3437/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:filip.ciesielczyk@put.poznan.pl
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2022.108780
https://doi.org/10.1016/j.jece.2022.108780
https://doi.org/10.1016/j.jece.2022.108780
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2022.108780&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Weidner et al.

Journal of Environmental Chemical Engineering 10 (2022) 108780

| sfage - sol-gel synthesis of zinc oxide enriched
with vanadium (hydrolysis and condensation)

Sodium metavanadate

£inc acetate

or y
(15% solution) e Il stage - washing, thermal treatment
and classficiation
A E
I —
25% NH.,. o «—— propan-2-ol H,0 L
I_ - |
l 12h at 80°C

- =

. ) H.O Zn0 enriched with vanadium
I stage - geiation and ageing 4
of Zn0 material enriched with vanadium

/°“~zn_
O ;
25 TR
- il aH SOH
NS sz L
. ™ OH
Formation _‘?H 'y o
of material ‘“\ /\"“*0 N/
structure o \zn 0_}"'=~OH
L :];' . /OH
1 Mg
N
o

Fig. 1. Stages and parameters of the synthesis.

denotes Ni, Cu, Fe, Co or Ti), pristine as well as doped, is electro-
chemistry [23]. Combining the properties of these metal oxides with the
versatility of vanadium structures allows the use of various
vanadium-based electrode materials, or those consisting of metal oxide
doped with vanadium, in lithium-ion and metal-ion batteries. Alkali and
transition metal vanadates, among others, have recently attracted a
great deal of interest as LIB anode candidates, due to their high theo-
retical capacity, low and safe working potential, and low cost [24-29].
The most commonly used is LigVO4, which demonstrates remarkable
performance and cyclic stability in the voltage range from 3.0 to 0.01 V,
compared with Li/Li*. The specific and permanent behavior of the V05
anode in the lithiation process has been considered in detail in the
literature, and is a valuable inspiration for elucidating the mechanism of
reaction of other anode materials containing vanadium oxide (e.g. zinc
oxide) in the storage of lithium ions [29-32].

Moreover, the incorporation of vanadium into oxide materials
structure leads to an improvement in their catalytic or photocatalytic
activity, by reducing their band gap [33,34]. Vanadium is the most
important metal used in metal oxide catalysts, which is why vanadium
oxides have been extensively studied for over twenty years.
Vanadium-based catalysts are widely used in the chemical industry,
mostly for the oxidation of sulfur oxides in the process of sulfuric(VI)
acid production. Based on this fact, and taking into account its func-
tionality, its catalytic properties in other areas are still of great interest.
Materials based on vanadium compounds may also be used in the se-
lective catalytic reduction (SCR) process, which is probably the
best-known means of strictly regulating the emission of nitrogen oxides
(NOy) into the environment [35]. The main challenge for the SCR pro-
cess is to obtain a proven catalyst with satisfactory performance and
sulfur resistance at low temperatures [36]. Of the many catalysts
available for the NH3-SCR reaction, vanadium(V) oxide or
vanadium-supported metal oxides are often chosen, due to their high
activity at low temperatures (100-400 °C), high selectivity to Ny, and
resistance to poisoning by sulfur oxides [36-39]. With increasing va-
nadium loading the catalytic performance improves; however, after a
critical percentage value is exceeded, it starts to decrease again [38]. For
this reason, the load of vanadium in commercial metal oxide-based
catalysts is usually in the range 0.5-1.5 wt% [40,41]. The perfor-
mance of the active component for NH3-SCR also depends on the sup-
port’s properties, and hence its design and the incorporation of an active
catalytic mass are of great importance [35,39]. In view of the

aforementioned properties of zinc oxide, investigation of its potential for
application as a support for vanadium seems to be a promising and
justified approach.

This article introduces a previously unreported line of research,
focused on obtaining zinc oxide enriched with vanadium, which is ex-
pected to be more universal and to find a wider range of applications in
the fields of NH3-SCR catalysis and electrochemistry. A major goal was
to determine the effect of the vanadium content (using ZnO:V molar
ratios of 9:1, 17:3, 4:1 and 3:1) and the precursor type (NaVOs or
NH4VO3) on the physicochemical and functional properties of the
resulting materials. Novel aspects of the study included a modification of
the typical sol-gel process, whereby the vanadium precursor was
incorporated in situ into the reaction system before the dosing of the
hydrolysis promoter. To evaluate the efficiency of the proposed method
of synthesis and the ability of the synthesized materials to perform well
in electrochemical as well as catalytic systems, the zinc oxide/vanadium
hybrids underwent detailed characterization. Another key element of
the research was the testing of the materials to verify their performance
in catalytic and electrochemical systems. Doping of ZnO with vanadium
was expected to result in an improvement of its catalytic and electro-
chemical performance, leading to promising materials that may find
applications in selective catalytic reduction, electrochemistry, and other
related fields.

2. Materials and methods
2.1. Reagents and materials

Zinc acetate dehydrate (>97%), used as a zinc oxide precursor,
ammonia (25% solution), used as a hydrolysis promoter, and propan-2-
ol (>99.0%), used as the synthesis medium, were obtained from
Chempur. The vanadium precursors, sodium metavanadate (>98.0%)
and ammonium metavanadate (>99.0%), were obtained from Sigma-
Aldrich. Potassium bromide (FTIR grade, >99%), from Sigma-Aldrich,
was used in the preparation of tablets for FTIR analysis.

2.2. Sol-gel synthesis and physicochemical characterization of obtained
materials

Oxide materials were synthesized with the use of a modified sol-gel
technique (cf. Fig. 1). The ZnO-based materials were synthesized as
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Fig. 2. SEM images and corresponding BET adsorption-desorption isotherms of (a) pure ZnO and vanadium-doped ZnO materials with different molar ratios, ob-

tained with the use of (b) NavVO; or (c) NH4VOj3 as vanadium precursor.

follows: 100 cm® of 15 wt% solution of zinc acetate was dosed using a
peristaltic pump into a reaction vessel containing the appropriate vol-
ume of propan-2-ol, under constant stirring. Then, 100 cm® of a vana-
dium precursor (NaVO3 or NH4VO3) at the appropriate concentration (to

obtain samples with ZnO:V molar ratios of 9:1, 17:3, 4:1 and 3:1) was
introduced into all systems except for the reference sample. Next, the
hydrolysis promoter — ammonia solution — was introduced. The whole
system was stirred for one hour, then poured into a crystallizer and left
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Porous structure and dispersive parameters and crystallite sizes obtained for pristine ZnO and ZnO/V materials synthesized with the use of various vanadium pre-

cursors and molar ratios.

ZnO:V BET surface area Average pore size Mean volume of pores Particle size range Average particle diameter ~ PdI Average crystallite size
(m*/g) (nm) (em®/g) (nm) (nm) (nm)
1:0 32 18.6 0.16 122-459 259 031 -
9:1 (NaVOs3) 59 20.5 0.29 220-712 429 0.21 170
17:3 (NavO3) 40 17.5 0.18 142-459 292 0.33 170
4:1 (NaVvO3) 36 18.5 0.17 106-891 320 0.48 174
3:1 (NaVO3) 30 15.9 0.13 106-739 220 0.24 175
9:1 (NH4VO3) 75 11.6 0.20 190-825 429 032 175
17:3 28 19.9 0.14 106-839 292 0.48 174
(NH4VO3)

4:1 (NH4VO3) 22 24.0 0.13 92-825 932 0.51 174
3:1 (NH4VO3) 22 23.3 0.13 142-956 552 0.58 175

for gelation for approximately 48 h. Then the samples were rinsed
fivefold with deionized water, vacuum-filtered, and dried at 120 °C in a
drying oven in an atmosphere of air. All experiments were carried out at
ambient temperature (21 °C) and in an open atmosphere.

The prepared samples underwent comprehensive physicochemical
analysis. Electron microscope photographs were taken using an EVO 40
scanning electron microscope (Zeiss, Germany). The porous structure
parameters — BET surface area, average pore size, and pore volume —
were determined by the BET method and the BJH algorithm, applying
low-temperature (—196 °C) sorption of nitrogen (ASAP 2020, Micro-
meritic Instruments Co., USA). The non-invasive back scattering (NIBS)
technique (Zetasizer Nano ZS, Malvern Instruments Ltd., UK) was used
to evaluate particle sizes and their tendency to aggregate (polydispersity
index — PdI). X-ray diffraction (XRD) patterns were obtained with a D2
PHASER powder diffractometer (Bruker, Billerica, MA, USA) using Cu-
Ko radiation (A = 1.54184 A) in the 20 range 10-80° with a step of 0.02°
and a counting time of 1 s per step. The average crystallite size was
estimated using the Scherrer equation, based on analysis of the full
width at half maximum (FWHM) of the (100), (101), and (102)
diffraction peaks of tested samples. Energy-dispersive X-ray microanal-
ysis (EDS; PTG Prism Si(Li), Princeton Gamma Tech., USA) and X-ray
fluorescence (XRF; Epsilon 4, Malvern Panalytical, UK) were applied to
determine the chemical composition of the materials. FTIR spectral
analysis (Vertex 70, Bruker, USA) was performed to confirm the pres-
ence of functional groups characteristic for vanadium and zinc species.
To determine the electrokinetic (zeta) potential, the method of elec-
trophoretic light scattering (ELS; Zetaziser Nano ZS, Malvern In-
struments Ltd., USA, equipped with an MPT-2 autotitration device), was
applied.

2.3. Verification of application potential — electrochemical and catalytic
tests

Applications tests in electrochemistry and catalysis were carried out
for selected samples. The potential of the materials for use in electro-
chemistry was examined using cyclic voltammetry (CV). Anode elec-
trode pastes were created with poly(vinylidene fluoride) (PVdF), carbon
black (CB), N-methyl-2-pyrrolidone (NMP), and the synthesized mate-
rials. All measurements were made at scan rates of 0.01, 0.1, 0.2, 0.5, 0.8
and 1.0 mV s~!. The anode material was prepared using ZnO/V as an
active material. To produce the electrodes, a slurry mixture of active
material (70 wt%), carbon black (15 wt%) and PVdF (15 wt%) dissolved
in NMP was spread onto copper foil and dried under vacuum for 12 h at
120 °C. Cyclic voltammetry (CV) measurements were performed on an
electrochemical workstation: GTM750 Potentiostat/Galvanostat/Zero
Resistance Ammeter (ZRA) (Gamry Instruments, USA).

Samples of the synthesized materials were additionally tested as
catalysts in the selective catalytic reduction of NOyx with ammonia, in a
fixed-bed flow microreactor under atmospheric pressure. Catalytic runs
were carried out at temperatures from 150° to 450°C. The mass of

catalyst used was 200 mg. In a typical run, the reaction mixture
(800 ppm of NO, 800 ppm of NH3, in He with 3% (v/v) addition of O3)
was introduced into the catalytic microreactor through mass flow con-
trollers maintaining a total flow rate of 100 cm®-min~!. The catalytic
unit downstream of the reactor was used to decompose any NO, that
might be formed to NO. Next, the concentrations of residual NO and N,O
(a by-product of the reaction) in the product stream were measured
every 65 s using an NDIR (nondispersive infrared) sensor from Hart-
mann and Braun. NO conversion was calculated according to the
formula:

Noconversion = (Noin - Noout)/NOin (1)

where NOj, is the inlet concentration of NO and NO,, is the outlet
concentration of NO.

3. Results and discussion
3.1. Physicochemical characterization of ZnO and ZnO/V samples

The SEM images of the obtained ZnO and all vanadium-doped sam-
ples (cf. Fig. 2) revealed an irregular structure with various grain sizes
and a tendency to agglomerate, similar to the cases of zinc oxide doped
with cobalt and manganese described by Sundaram et al. [19] and
Rekha et al. [42]. However, there is a clear difference in the morphology
of the materials enriched with vanadium and pure zinc oxide - the doped
samples visibly have a more wrinkled and irregular surface than pure
ZnO. In the case of doped samples synthesized at ZnO:V molar ratios of
9:1 and 17:3, no significant differences in morphology are observed.
However, in samples with higher vanadium content (ZnO:V molar ratios
4:1 and 3:1), depending on the vanadium precursor used, a reduction
(when NaVOs3 was used) or an increase (when NH4VO3 was used) in the
size of the particle agglomerates was observed.

The parameters of the porous structure of the synthesized materials
were determined with the use of low-temperature nitrogen sorption. The
nitrogen adsorption-desorption isotherms for ZnO and the ZnO/V ma-
terials (cf. Fig. 2) enabled determination of their porous structure pa-
rameters (Table 1). Analysis of the shape of the isotherms, in particular
their course for low values of relative pressure and the absence of hys-
teresis loops, allows their identification as type II isotherms according to
the IUPAC guidelines [43]. This type of isotherm is characteristic of
non-porous or macroporous materials, where unrestricted single- or
multi-layer adsorption is possible. Among the doped samples, the
highest value of surface area was observed for the samples synthesized
with the lowest concentration of vanadium (ZnO:V ratio 9:1). With an
increase in the concentration of vanadium in the samples, a decrease in
their surface area was observed, reaching a minimum value for the
ZnO/V 3:1 samples. The same trends were observed for both vanadium
precursors, NaVO3 and NH4VOs: a large increase in the surface area was
observed for a sample with 10 wt% vanadium admixture, and then a
gradual decrease with increasing vanadium content in the sample. The
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Fig. 3. XRD pattern of V-doped ZnO samples obtained with (a) NavVO3; and (b) NH4VO3 as vanadium precursors.

results for surface area are quite similar to those presented by Ram-
imoghadam et al. [44], who synthesized zinc oxide by a hydrothermal
method.

The particle size distribution data obtained for ZnO and hybrids
synthesized using NaVOj3 as vanadium precursor are shown in Table 1.
All samples have a fairly even distribution of particle sizes, not
exceeding 1 um. In the sample with the highest content of vanadium, a
significant reduction in homogeneity (PdI = 0.48) and an increase in
particle size are observed, from which it can be concluded that a higher
content of vanadium leads to a higher tendency of particles to form
agglomerates. Comparing the NIBS data with the previously analyzed
results of low-temperature nitrogen sorption, it can be concluded that
the values of pore size and volume probably result from free spaces
between primary nanoparticles, especially since no hysteresis loop is
observed on the BET isotherms. The use of NH4VO3 as a vanadium
precursor results in an increase in both, particle sizes and their tendency
to agglomerate. The homogeneity of samples obtained with the use of
NH4VOs is slightly lower than that of samples with the same molar ra-
tios, synthesized with NaVOs. The results of NIBS analysis prove that the
obtained materials consist of almost spherical particles that have a
considerable tendency to agglomerate. The materials obtained with
NaVOs; as the vanadium precursor have a lower polydispersity index
than those synthesized with the use of NH4VOs3, which confirms the
conclusion drawn from the analysis of SEM images, that the use of
NH4VO;3 as the vanadium precursor increases the tendency toward
agglomeration.

The XRD patterns of vanadium-doped ZnO powders are presented in
Fig. 3. The observed diffraction peaks are associated with the (100),
(002), (101), (102), (110), (103), and (112) plane orientations, con-
firming that all of the samples have a typical hexagonal wurtzite
structure (JCPDS database, card number 36-1451), which is in accor-
dance with previously published findings [19,42,44,45]. All samples,
irrespective of the amount and type of vanadium precursor used, have
crystalline structures similar to pristine zinc oxide, indicating that the
vanadium doping of ZnO has no influence on its crystalline structure. No
diffraction peaks from any other chemical species are detectable in the
diffraction patterns.

Vanadium doping causes a distortion in the ZnO crystalline structure.
This phenomenon is attributed to a change in the ionic radius of the
doping atom: V> (0.79 A) is the only vanadium cation which has a
radius slightly higher than that of Zn?* (0.74 A), and vanadium cations
are therefore able to be substituted for zinc cations, due to the matching
charges [46,47]. Factors such as non-uniform distribution of dopants
and deviation of vanadium from the divalent state may also cause a

Table 2
Results of EDS and XRF analysis for ZnO and ZnO/V materials.

ZnO:V Element content (%) Oxide content (%)
Zn (0] \% Na N ZnO V305
1:0 78.0 22.0 - - - 100.0 -
9:1 (NavO3) 52.0 28.5 13.3 6.2 - 75.7 24.3
17:3 (NavVO3) 43.2 30.0 21.7 5.0 - 62.8 37.2
4:1 (NavOs) 41.5 33.8 19.8 4.9 - 59.0 41.0
3:1 (NavO3) 41.6 31.8 21.7 4.9 - 59.0 41.0
9:1 (NH4VO3) 48.5 28.7 171 - 5.0 68.6 31.4
17:3 (NH4VO3) 44.3 28.8 21.7 - 5.3 56.9 43.1
4:1 (NH4VO3) 45.3 23.1 26.5 - 5.2 51.7 48.3
3:1 (NH4VO3) 44.6 23.9 26.2 - 5.2 43.4 56.6

decrease in values of the lattice parameter [46]. The Scherer formula (D
= 0.89 \/p cos 0, where D is crystallite size, p is FWHM, and A is the X-ray
wavelength) was used to calculate the average crystallite size. The
crystallite sizes are similar for all analyzed samples, ranging from 170 to
175 nm (Table 1).

EDS analysis enabled the identification of the elemental composition
of the synthesized materials. The numerical data obtained are given in
Table 2. Fig. S1 (supplementary materials) shows the spectra of pristine
ZnO and ZnO/V materials synthesized using both vanadium precursors.

The synthesized materials are composed mainly of zinc, oxygen, and
in the case of the doped samples, vanadium. This fact provides indirect
confirmation of the effectiveness of the synthesis of zinc oxide and
incorporation of vanadium. Compared with the pristine ZnO, in all
modified samples there is a visible decrease in the zinc content in favor
of vanadium. The increase in the oxygen content may result from the
formation of V505 species besides ZnO. In general, an increase in va-
nadium concentration leads to an increase in its content in the sample.
The empirically obtained ZnO:V ratios are similar to the calculated ra-
tios, but slightly higher vanadium content is observed. The surface
mapping images reveal the even distribution of all elements on the
material’s surface, which confirms that the proposed synthesis method
leads to a material with a homogeneous structure. The presence of traces
of sodium and nitrogen in the sample structure probably results from the
incorporation of atoms of these elements from the vanadium precursor
(NaVOj3 or NH4VO3) during the synthesis.

X-ray fluorescence analysis was carried out to determine the oxide
composition of the obtained materials. XRF results (cf. Fig. 4a-b)
confirmed that the synthesized materials are composed mainly of zinc,
vanadium, and oxygen (as was indicated on the EDS spectra and surface
mapping) in the forms of ZnO and V505 species. Strong signals with



E. Weidner et al.

(a) ZnO/V (NaVOs)

Journal of Environmental Chemical Engineering 10 (2022) 108780

(¢) ZnO/V (NavO0s)

ZnONv {Na\ro,] KaZo
;
- KV KBZn
i pov JA — A ZnON (3:1)
B | ZnON (4:1)
ZnON (17:3)
: A ZnON (9:1)
U - _2n0
Energy (keV)
(b) Zn0V (NH4VO3) (d) ZnO/V (NH4VO3)
ZnOV (NHYO) |
© KaV
> Kpv H“?‘"
& —L_.J A ZnOV (3:1)
: \ ZnON (4:1)
' L i ZnON (17:3)
A By 20OV (9:1)
J A Zn0D

Energy (keV)
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analysis for vanadium-modified ZnO samples synthesized using (c) NaVO3 and (d) NH4VO3 as vanadium precursor at different molar ratios of reagents.

peaks at 8.63 and 9.57 keV, which prove the presence of zinc, were
observed for all samples. For all doped samples, the efficiency of V
incorporation was confirmed by the presence of peaks at 4.95 and
5.43 keV, characteristic for vanadium. The increase of vanadium con-
tent in the samples generated a visible increase in the intensity of the
peaks corresponding to vanadium on the XRF spectra. However, it can
be seen that the systems are close to vanadium saturation. A much
smaller difference in the content of vanadium pentoxide is observed

between the ZnO/V (4:1) and ZnO/V (3:1) samples than between the
ZnO/V (9:1) and ZnO/V (17:3) samples, regardless of the type of va-
nadium precursor. At the stage of optimization of the synthesis process,
an attempt was made to obtain ZnO/V (7:3) materials, but the material
gelled prematurely during the stirring process, which suggests that the
concentration of the vanadium precursor was already too high relative
to the zinc content. In Fig. 4c—d the EDS surface mapping of vanadium
for the ZnO/V samples is shown. The increased intensity of signals from
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Fig. 5. Zeta potential vs. pH for ZnO and ZnO/V systems synthesized using (a) NaVO3 and (b) NH4VO3 as vanadium precursors.
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vanadium in samples with a higher concentration of V precursor indi-
rectly confirms the effectiveness of the synthesis — with increasing pre-
cursor concentration, the amount of vanadium in the sample increases.

FTIR analysis was performed to determine the characteristic func-
tional groups present on the surface of the obtained materials. Spectra
obtained for pure zinc oxide and vanadium-doped ZnO synthesized with
the use of NaVO3 and NH4VOg3 as vanadium precursors are shown in
Fig. S2 in the supplementary materials. Bands corresponding to the vi-
brations of O-H hydroxyl groups occur in similar wave ranges for all
tested samples, around wavenumbers of 3400 and 1400 cm™!. Signals
from C—=O vibrations are visible around wavenumber 1600 cm™'. The
band with a maximum around 3400 cm ! is derived from the vibrations
of N-H bonds, the presence of which may be due to unwashed and
unreacted residues of the hydrolysis promoter, and also the NH4VO3
vanadium precursor. A band resulting from the vibrations of Zn-O bonds
is clearly visible for all samples, with its maximum in the wavenumber
range 523-558 cm™! [43-45]. The presence of this band indirectly
confirms the effectiveness of the synthesis of zinc oxide. The most
important difference between the materials doped with vanadium and
the reference material is the presence of bands with maxima at
1010 cm ™! and 790 em ™, which are characteristic for the vibrations of
V=0 and V-O-V bonds, respectively [48]. This fact also indirectly
confirms the effectiveness of the incorporation of vanadium into the
structure of zinc oxide.

The value of the electrokinetic potential is extremely important
when assessing the effectiveness of the adsorption process, which is
essential for applications of the obtained materials in catalysis. The
positive surface charge causes the strongest electrostatic attraction to
occur in the case of low cationic material particles. The presence of a
positive charge on the surface of the material is related to the proto-
nization of OH groups. Fig. 5 shows the dependence of the electrokinetic
potential vs. pH of the solution for the tested materials. The graphs show
that the zeta potential is positive only for pure ZnO in a solution with a
pH of about 2. As the pH of the solution increases, the zeta potential for
pure ZnO decreases, reaching the lowest value of approximately

—22.5mV at pH 9.5. An isoelectric point was observed only for the
pristine ZnO sample. Charge compensation on the ZnO surface occurs at
a zeta potential value of zero. Materials synthesized using NaVOs as a
precursor of vanadium, have a negative zeta potential in the entire
tested pH range. Its maximum value is —5 mV for all vanadium con-
centrations, and the minimum value ranges from —46 to —52 mV. In
turn, materials synthesized using NH4VOs3 as a vanadium precursor give
zeta potential values that are almost identical for all samples. The
maximum value of the zeta potential is —5 mV and the minimum is
—45 mV, regardless of the vanadium concentration used. However,
there is a strong reduction in the potential at particular pH values for
samples modified with vanadium species, regardless of the type of va-
nadium precursor applied. This is in agreement with the findings of
Chan et al., who reported a drop in the zeta potential value of zinc oxide
doped with iron and silver [49].

3.2. Electrochemical tests

Electrochemical tests were carried out using cyclic voltammetry
analysis. The symbols used in this section are explained in Table S1. The
results for pure zinc oxide are reported in the supplementary materials
in Fig. S3a, while Fig. 6a shows the voltamperogram for Z; V1 at a scan
rate of 0.5 mV-s 1. The first cycle recorded deviates from the following
two cycles in the cathode peak height at about 0.97 V, due to side re-
actions taking place on the electrode surface and the formation of a solid
electrolyte interphase (SEI) layer due to electrolyte decomposition. The
aforementioned main cathode peak is attributed to the insertion of
lithium ions into the Z;Vyg structure, related to the reduction of V°* to
V3*. The main anode peak located at around 1.03 V corresponds to the
reverse deinsertion reaction of lithium ions and the oxidation reaction of
V3" to V5*. The precise overlapping of the anode peaks indicates high
reversibility and good cyclic efficiency [50]. On a voltamperogram of
the same material, at a higher scanning speed (Fig. S3b), two extended
anode peaks can be distinguished, at approximately 1.20 and 1.9V,
related to lithium ion deinsertion [50,51].
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The doping of vanadium into ZnO results in a reduction in the band
gap width. In contrast to other transition metals, vanadium is
substituted in the + 5 and + 3 oxidation states, which causes deterio-
ration in the hexagonal structure of ZnO. ZnO particles with substituted
transition metals have ferromagnetic properties at room temperature,
while those with substituted vanadium exhibit loss of these properties.
The loss of these properties is proportional to the concentration of the
vanadium. The reason for these changes is the decentralized position
occupied by the V2* ion, which has a greater ionic size than Zn?*. As the
V-0 bond is more polarized than Zn-O, the decentralized V-O bond
present in the vanadium-substituted zinc oxide causes the presence of a
permanent dipole, which aligns itself by emitting a magnetic field [52].
The disappearance of the peaks after the first cycle can be seen at the
higher scanning speed (cf. Fig. S3b). The polarity [35] was then
immediately switched to + 0.5V to initiate lithium deintercalation,
recording the change in current. Compared with the mesoporous vana-
dium oxide, the control sample (non-porous electrode) showed a very
slow decay of current, indicating that the charge characteristic of the
non-porous vanadium oxide is much slower in cationic deintercalation.
Vanadium oxide in the lamellar phase differs from the control sample in
terms of loading capacity. In the case of the mesoporous V,0Os film, the
initial increase in current was much greater than in the case of
non-porous vanadium oxide, which was also confirmed by the voltam-
perogram. These improved properties can be explained by the larger
surface area, which facilitated charge transport in the mesoporous va-
nadium oxide.

Cyclic voltammetry measurements for Z;Vyy were performed at two
scanning speeds. The voltamperograms shown in Fig. 6b and S3c were
obtained at speeds of 0.5 mV-s~! and 1 mV-s~?, respectively. In Fig. 6b,
during the first cycle, two distinct cathode peaks appear at approx.
0.45 V and 0.80 V. The changes in the size and location of cathode peaks
between the first cycle and the others are related to side reactions on the
electrode surface, as well as degradation of the electrolyte and the for-
mation of a film layer on its surface [53]. In the anode process, a flat-
tened peak appeared repeatedly at approximately 1.05 V, confirming
the Li* ion deinsertion process [54]. Fig. S3c shows a voltamperogram
for the same material at a faster scan speed. During the first cycle, at the
beginning of the reduction process, there is a high single peak corre-
sponding to a potential of approximately 0.38 V. It is much larger than
the peaks in subsequent cycles at the same potential value, which is
related to the formation of an SEI passivation film layer during the first
cycle. During the anode reaction, at 1.20 V there is a peak corresponding
to vanadium reduction and the deinsertion process of Li* ions [55]. The
anode peaks coincide in the first two cycles, while in the last tested cycle
the peak is significantly flattened and slightly marked. Anode peaks at
potentials of approx. 0.23, 0.45 and 0.49 V may be associated with the
multistage process of decomposition of lithium-zinc alloys and decom-
position of the passivating film layer [56]. It should be noted that in the
CV curves a stable stage was reached after the first cycle of cathode
construction - this is confirmed by the overlapping profiles observed in
the anode processes [57]. In addition, redox peaks centered at 0-1 V
emerge between 0.01 and 3.0 V in the first cycle, suggesting potential
multiple phase transitions in redox processes [58]. Note that the last two
redox couples are highly reversible and remain in all of the cycles,
indicating the irreversible phase transition endpoint which appeared in
the voltage range of 0.5-0.8 V versus Li/Li* during the first reduction
process. By analyzing the integral range of the CV curves, capacity loss
may be observed in the second reduction process; this can be attributed
to the irreversible phase transition rather than SEI layer formation.
Another possibility is that the position of the reduction peak observed in
the first cycle is influenced by the reduction of the electrolyte.

The ZyV1o voltamperogram shown in Fig. 6¢ has a greatly extended
cathode peak located at about 1.2 V, related to the gradual process of Li™
insertion [59]. The shape of the voltamperogram resembles the shape of
the graph for pure zinc oxide more than in the case of any of the other
tested materials, which may indicate that the enriching with vanadium
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Fig. 7. Suggested mechanism of electrochemical performance of ZnO/
V material.

compound participates poorly in the electrode reaction. Advantages
related to the VO structure include an increase in the electro-
de/electrolyte interface, a shortening of the diffusion distance for Li™,
and an increase in electron transport [60]. Additionally, easy adaptation
to the induced deformation was observed, as well as suppression of
agglomeration and improved cycle stability [61,62]. A final advantage is
the promotion of cell packing density, especially in the case of hollow
V205 microspheres with a thicker coating [63]. Very often with systems
of this type, mass phenomena (relating to the appearance of bulk
resistance) are mentioned, which arise as a result of the electronic
conductivity of the active material and the ionic conductivity of the
electrolyte filling the pores of composite electrodes, and also occur as a
result of structural changes during the cycles.

Fig. 6¢c and S3d show similar oxidation and reduction peaks at about
0.8 Vand 1.0 V. In addition, Fig. S3d shows that a new peak appears and
then disappears, in contrast to Fig. 6¢ (anodic), and the cathode peaks on
the left side are not present at the top, which may indicate the presence
of vanadium (reducing). The anode is slightly choked; a new peak ap-
pears and disappears in the third cycle. Note that cycle 1 always involves
system stabilization.

In Fig. 6d, a smaller drop in capacitance was observed — the peak did
not disappear. Overpotentials were noted, because they are shifted; here
we have a slight anode peak at 0.2 V (there is none at 0.8 mV~s’1). The
anode peaks are present everywhere, in the same place on almost every
CV. The effect of the presence of vanadium can be seen best in Fig. S3e.
The oxidation peak always remains, and a distinctly different reduction
mechanism is noticeable, always with the same oxidation. On further
analysis (Fig. S3f), a large drop in capacitance after the first cycle is
observed, supported by the disappearance of the peak at 0.7 V. In view
of the large voltage range used for evaluating the electrochemical per-
formance of V505 as an anode material, it is necessary to find a favorable
configuration of V505 for coping with the negative effects induced by
deep charge/discharging and ensuring the integrity and reproducibility
of the electrochemical response.

From the above results, it can be concluded that the cycling stability
of the Z;Vyo anode benefits from its unique structural advantages:
enlargement of the real area for electrochemical reaction, enhanced
transport of both Li* and electrons, buffering of induced stress and
strain, and suppression of agglomeration. The rate at which lithium ions
diffuse in both directions, i.e. into and out of the material, is very
important [64]. Moreover, reducing the grains of the material, leading
to an increase in the ratio of the exposed surface to their volume, in-
creases the speed of this process, shortening the diffusion path [65,66].
The conductivity can also be increased by controlling the microstructure
and morphology of the crystallites. Particularly for layered materials,
certain grain shapes minimize the diffusion path [67]. It was observed
that the mesoporous nature of the materials facilitates the penetration of
the electrolyte, thus ensuring good electrical contact with the electrode
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Fig. 8. Results of catalytic tests, including (a, ¢) NOy conversion and (b, d) N3O production.

and accelerating the diffusion kinetics.

Based on the collected experimental data, a suggested mechanism for
the electrochemical performance of the ZnO/V hybrid is presented in
Fig. 7.

Information may be found in the literature about the large loss of
capacity in the first cycle, which is responsible for the irreversible for-
mation of SEI during discharge. Due to the large volume changes, the
electrodes contribute to an unstable SEI and irreversible power losses
beyond the first cycle, which may also explain the unexpectedly high
second discharge capacity. The addition of vanadium is intended to
prevent this process.

3.3. Catalytic tests

The catalytic performance of the ZnO/V catalysts was studied using
ammonia-induced selective catalytic reduction of NOy in the tempera-
ture range 150-450 °C. The results of NH3-SCR catalytic tests obtained
for all synthesized ZnO/V materials are presented in Fig. 8.

In the case of all tested samples, an increase in the reaction tem-
perature accelerated NOy conversion (cf. Fig. 8a and c). All samples
reached maximum NOy conversion at the highest applied temperature.
The data show that the type of vanadium promoter used during synthesis
had a very significant impact on the catalytic performance of the

obtained materials. Samples synthesized with ammonium metavanadate
produced higher NOy conversion rates than those synthesized with the
use of NaVOs. This may be related to the presence of impurities in the
materials’ structures originating from the promoter of the vanadium
compounds used in the synthesis. As mentioned in the section on
physicochemical characteristics, traces of sodium and nitrogen are
present in the analyzed materials. Sodium is commonly known as a
catalyst poison [68,69]; thus even low levels of this element may
significantly reduce catalytic performance, while the presence of nitro-
gen in the form of NHf may strengthen the catalytic activity of the
materials.

The materials with lower vanadium content (ZnO:V molar ratios of
9:1, 17:3 and 4:1), regardless of the vanadium precursor used, do not
display significant catalytic properties — in the low-temperature SRC
range (150-300 °C) conversion of NOy is practically non-existent. The
samples with the highest vanadium content enabled to obtain the
highest NOy conversion rates, but the sample synthesized with the use of
NH4VOs3 as vanadium precursor achieved much better catalytic perfor-
mance. The ZnO/V 3:1 (NH4VO3) sample allowed to obtain the highest
nitrogen oxides conversion rate, which reached 67% at 450 °C. The
results suggest that ZnO has significant potential to serve as an advan-
tageous support in novel NH3-SCR catalysts.

In comparison with the commonly used TiO,, zinc oxide reveals
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Table 3
SCR catalytic performance of various materials reported in previous studies.
Catalyst type NOy conversion rate Temperature Reference
(%) [§9)
3% CeO2-ZnO 62 270 [75]
ZnO 31 250 [76]
5% MnOx—ZnO 75 270 [76]
Fe-Mn/Ce0,-Al,03 90 250 [77]
Al,03-Nby05/Ce0y/ 80 49 [78]
Fey03
Al,03-TiO2/CeO2/ 61 34 [78]
Fe,03
V,05/M003/TiO4 83 400 [79]
ZnO/V 3:1 (NH4VO3) 67 450 this
research

similar favorable properties for application as a support for catalysts: an
approximate band gap of 3.0-3.3 eV, high thermal stability, and easy
preparation of nanostructures with diverse morphologies [70-72].
Moreover, Lewis and Brgnsted acid sites can exist simultaneously on the
surface of ZnO [73], indicating that ZnO might be able to promote the
de-NOx activity of a catalyst at low temperature [74]. In tests carried out
over molybdenum-based catalysts, a catalyst impregnated onto ZnO
nanorod arrays exhibited improved activities at 100-250 °C compared
with its analogue fabricated from TiOy nanorod arrays [74]. Cerium
catalysts were also embedded on a ZnO support, achieving improved
performance in the CsHe-SCR process [75]. Therefore, the combination
of an active support with a vanadium catalytic mass results in improved
catalytic performance when the components are present in a suitable
ratio. Comparison with data available in the literature is shown in
Table 3.

The obtained material exhibits better conversion of nitrogen oxides
than pure zinc oxide, although compared to other modified oxide ma-
terials it is not so spectacular. Further modifications of the synthesized
material could significantly contribute to the improvement of their
catalytic properties as more complex systems seem to act better in SCR
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process. On the basis of such observations, it should be concluded that
modification with vanadium compounds contributes to the improve-
ment of catalytic properties of pure zinc oxide which additionally jus-
tifies the study undertaken.

During the experiments the by-product concentration was constantly
measured; the results of these measurements are presented in Fig. 8b and
d. The amount of N2O in the case of samples with lower vanadium
content remained constant in a temperature range of 150-300 °C, and
above this range increased slightly — mostly not exceeding 50 ppm. Only
for the ZnO/V 3:1 (NH4VO3) sample, higher N2O production was
observed, reaching almost 80 ppm at 450 °C. In comparison with sam-
ples obtained with the use of NaVO3 as vanadium precursor, NH4VO3
samples exhibited better catalytic performance, but also produced more
of the by-product. Based on the results, a mechanism for the catalytic
performance of ZnO/V materials was proposed (cf. Fig. 9).

4. Conclusions

The focus of this study was the synthesis of vanadium-doped ZnO and
investigation of its electrochemical and catalytic performance. The
effectiveness of ZnO/V synthesis was proved by the results of EDS and
XRF analyzes, which confirmed the expected percentage contribution of
zinc, vanadium and oxygen, as well as FTIR spectra, which contained
bands corresponding to vibrations of Zn-O bonds (in the wavenumber
range 523-558 em ') and V=0 and V-O-V bonds (maxima at
1010 cm~! and 790 cm’l). Increasing the concentration of vanadium up
to 10 wt% resulted in an increase in the material’s surface area, which
reached a maximum value of 75 m?/g for ZnO/V 9:1, followed by a
gradual decrease to a minimum value of 22 m?/g for the ZnO/V 3:1
samples. The fabricated samples exhibited a narrow range of pore size
distribution and satisfactory pore volume - this may result from free
spaces between primary nanoparticles, especially since no hysteresis
loop was observed on the BET isotherms. Irrespective of the amount and
type of vanadium precursor used, all samples had a crystalline hexag-
onal wurtzite structure similar to pristine zinc oxide. The incorporation

Selective Catalytic Reduction of NO, under ZnO/V catalyst
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Fig. 9. Suggested mechanism of selective catalytic reduction of NOyx with ZnO/V catalyst.
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of vanadium into the ZnO structure also caused a significant reduction in
the zeta potential at particular pH values for all tested samples — the
maximum value of the zeta potential was —5 mV and the minimum was
—52 mV, regardless of the vanadium concentration used.

The verification of the proposed methodology for the synthesis of
ZnO/V included electrochemical and catalytic tests. Cyclic voltammetry
tests not only showed the presence of peaks corresponding to vanadium
oxide, but also indicated the possibility of using the obtained hybrid as a
feed material in a lithium-ion cell. It can be concluded that the cycling
stability of the anode made with the designed ZnO/V material benefits
from its unique structural advantages: enlargement of the real area
available for electrochemical reaction, enhanced transport of both Li™
and electrons, buffering of induced stress and strain, and suppression of
agglomeration. The proposed material provides short lithium-ion paths
and high electron and ion conductivity, and the space between the ions
can accommodate large volume changes. It was observed that the
mesoporous nature of the materials facilitates the penetration of the
electrolyte, thus ensuring good electrical contact with the electrode and
accelerating the diffusion kinetics.

The catalytic performance of the tested samples was related to the
type of vanadium precursor used in the synthesis — materials synthesized
with NH4VO3 enabled to obtain higher NOy conversion rates than those
in which NaVO3 was used. Among the tested samples, ZnO/V 3:1
(NH4VOs3) achieved the best SCR catalytic performance, reaching a ni-
trogen oxides conversion rate of 67% at a temperature of 450 °C, which
may be considered as a promising result. This study has shown that ZnO
doping with vanadium leads to the systems with improved electro-
chemical properties and higher catalytic activity, making them prom-
ising hybrid materials that may find broad applications in
electrochemistry, SCR catalysis, and other related fields.
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processes. The maximum Langmuir adsorption capacity of the TiO,-ZrO;/La system with
respect to TC was calculated to be 69.44 mg/g. Additionally, photocatalytic tests showed
that 35 mg of TiO,-ZrO,/La photocatalyst was able to remove TC from a 10 mg/L model
solution in 120 min with 100% efficiency. Thus, it is a very promising material for the

treatment of wastewaters containing tetracycline.
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1. Introduction

According to the World Health Organization, pharmaceutical production is responsible for 25% of the world’s water
pollution (Patil et al., 2019). The demand for antibiotics is increasing with the rapid expansion of the population and
industrialization of agriculture. Antibiotics are substances commonly used to treat bacterial diseases in humans and
animals, and they are also extensively utilized in livestock for therapeutic, prophylactic and metaphylactic purposes, as
well as for growth promotion and the enhancement of food productivity (Brigante and Schulz, 2011; Granados-Chinchilla
and Rodriguez, 2017; Niu et al., 2019; Shi et al., 2016; Wang et al., 2018a,b). Following metabolism and in vivo adsorption
in living organisms, a significant fraction of 30%-90% of the antibiotics used is expelled into the environment via urine and
feces (Brigante and Schulz, 2011; Niu et al.,, 2019; Thi and Lee, 2017). Antibiotics and their metabolites have been detected

* Corresponding author.
E-mail address: Filip.Ciesielczyk@put.poznan.pl (F. Ciesielczyk).

https://doi.org/10.1016/j.eti.2021.102016
2352-1864/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).


https://doi.org/10.1016/j.eti.2021.102016
http://www.elsevier.com/locate/eti
http://www.elsevier.com/locate/eti
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eti.2021.102016&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:Filip.Ciesielczyk@put.poznan.pl
https://doi.org/10.1016/j.eti.2021.102016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

E. Weidner, K. Siwiriska-Ciesielczyk, D. Moszyriski et al. Environmental Technology & Innovation 24 (2021) 102016

in surface water, ground water, sewage water and drinking water (Bouafia-Chergui et al., 2015; Niu et al., 2019; Safari
et al.,, 2015). Even their vestigial concentrations are considered as a serious pollutant in the aquatic environment (Nhi et al.,
2020) and may cause the propagation of antibiotic resistance in microbes, making antibiotics ineffective in the treatment
of certain diseases (Ahmadi et al., 2017; Homem and Santos, 2011). In 2014 the British Veterinary Association reported
that 25,000 deaths in Europe and 23,000 in the USA every year are caused by antibiotic-resistant infections (Bautista et al.,
2015). The tetracyclines (TCs) are a group of broad-spectrum antibiotics widely used for human and veterinary purposes.
The worldwide occurrence of tetracyclines in various aquatic systems (surface water, groundwater, and even in drinking
water sources) varies in the range 0.22-10,000 ng/L (Scaria et al., 2021). For example in a domestic wastewater treatment
plant in the U.S, the presence of four forms of tetracycline antibiotics was recorded in the raw wastewater at 50-270 pg/L
concentrations (Yang et al., 2005). Moreover tetracycline was found in the drinking water sources in the lower reaches of
Yangtze River (maximum: 11.2 ng/L) and Huaihe River Basin (range: 68.6-632.0, mean: 17.3 ng/L) (Xu et al.,, 2021). Due
to its broad spectrum of activity, oral availability and low cost, tetracycline (TC) is one of the most widely used antibiotics
in human and veterinary medicine, and ranks second in terms of global production, with thousands of tons manufactured
annually (Bautista et al., 2015; Hao et al., 2012; Niu et al., 2019; Thi and Lee, 2017; Wang et al., 2018a,b). The uptake
of tetracycline in the human body is estimated at 60%-80%, compared with 20%-50% in the digestive tracts of animals
(Bautista et al.,, 2015). Its increased concentration in water may cause gastrointestinal irritation, vomiting, diarrhea, and
renal failure (Thi and Lee, 2017). Tetracycline is characterized by non-biodegradability (Leong et al., 2016), a highly
hydrophilic character, low volatility (Daghrir and Drogui, 2013), a relatively long half-life (up to 180 days) (Safari et al.,
2015), low metabolism, abuse and overuse (Wang et al., 2018a,b), which result in significant persistence in the aquatic
environment. So far multiple technologies for water purification were applied, inter alia chemical oxidation, precipitation,
ion-exchange, adsorption, and reverse osmosis (Dao et al., 2020). Tetracycline cannot be efficiently removed by traditional
biological, chemical and physical methods (Bouafia-Chergui et al., 2015; Tang et al., 2015; Wang et al., 2018a,b). However,
adsorption and photodegradation can be successfully applied in the removal of tetracycline from the water environment.
The removal of antibiotics by means of adsorption is the major cause of their deactivation, which is important for
both the inhibition of toxic properties and the limitation of transport into water systems (Brigante and Schulz, 2011).
Photocatalytic degradation is an economical, high-performance, environmentally friendly method for tetracycline removal
(Leong et al.,, 2016; Niu et al., 2019). Photocatalytic materials support the degradation of pollutants in water, converting
them to intermediate products with lower toxicity or completely eliminating them. Among a variety of photocatalytically
active materials, titanium dioxide (TiO,) has attracted great interest as a catalyst for pollutant degradation, due to its low
cost, nontoxicity and high stability in aqueous solution (Brigante and Schulz, 2011). It is a semiconductor with excellent
photocatalytic properties, which are strongly related to its phase structure, crystallite size, morphological characteristics,
surface area and pore structure (Leong et al., 2016). Nevertheless, titania powders have certain disadvantages, such as low
surface area, a large band gap, and the difficulty of separation and recovery from wastewater (Brigante and Schulz, 2011).
To strengthen its catalytic and adsorption performance, titania may be subjected to modifications, such as combination
with another oxide. Among a variety of available oxide materials, zirconium dioxide is one of the most intensively studied
due to its important technological applications and unusual properties, including its photocatalytic performance and
excellent chemical and thermal stability. The TiO,-ZrO, oxide system is characterized by large surface area, acid-base
properties, high thermal stability, high mechanical strength, nontoxicity, corrosion resistance, and the ability to conduct
photocatalytic processes using sunlight. The surface area and mechanical strength of the TiO,-ZrO, system are much
greater than those of pure titanium dioxide (Kubiak et al., 2018; Li et al,, 2018; Lu et al., 2017; Morales-Anzures et al.,
2018). Moreover, the addition of zirconia inhibits anatase-to-rutile phase transformation and increases the number of
active sites on the material’s surface, enhancing its adsorption capacity (Kubiak et al., 2018). TiO,-ZrO, hybrid oxide
systems have already been successfully applied in the photocatalytic degradation of organic pollutants (Kubiak et al.,
2018; Tian et al., 2019). The properties of TiO,-ZrO, oxide materials may be improved by the addition of various types and
concentrations of dopants, among which important are Au (Huang et al., 2017a,b), Ag (Haneda et al., 1998; Onsuratoom
et al,, 2011; Prakashan et al., 2019), Cu (Onsuratoom et al., 2011), Pt (An et al., 2018; Lu et al., 2000; Sihor et al., 2015),
Ni (Kollia et al., 2010; Onsuratoom et al., 2011), and La (Li et al., 2014). Lanthanum, as an environmentally friendly rare-
earth metal element, has been widely investigated in this field. Due to its 4f electron configuration, the lanthanum ion
is able to interact with the functional groups of Lewis acids (alcohols, amines, thiols) via its f-orbital (Goscianska and
Ciesielczyk, 2019; Milanovi¢ and Nikoli¢, 2014). Thus, La loading can substantially enhance the adsorption capability of
various materials (Wang et al., 2019), which also leads to improvement of the photocatalytic activity (Milanovi¢ and
Nikoli¢, 2014). Lanthanum modification of the TiO,-ZrO, oxide system may be expected to prevent anatase-to-rutile
transition, to inhibit particle growth (Milanovi¢ and Nikoli¢, 2014), and to increase the adhesion of organic compounds
to the TiO,-ZrO, surface.

There have been many reports in the literature describing the removal of antibiotics in solution using oxide materials
via adsorption or photocatalysis. The novel aspect of the present work concerns the development of a new photocat-
alytically active material with excellent adsorption abilities—TiO,-ZrO, hybrid oxide enriched with lanthanum—and its
application in a comprehensive tetracycline removal process that combines adsorption and photocatalysis. The specific
objectives of this research were: (1) synthesis of the oxide material TiO,-ZrO,/La by the sol-gel method, (2) physico-
chemical characterization of the obtained material, (3) analysis of the adsorption (kinetics, equilibrium experiments and
mechanism study) of tetracycline onto TiO,-ZrO,/La, (4) analysis of the photodegradation kinetics of tetracycline in the
presence and absence of the studied materials under UV irradiation.
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2. Experimental
2.1. Reagents and materials

Zirconium tetraisopropoxide (70 wt% in 1-propanol) and titanium tetraisopropoxide (>97%), used as zirconia and
titania promoters, and lanthanum(IIl) chloride heptahydrate (98%), used as a lanthanum promoter, were obtained from
Sigma-Aldrich. Propan-2-ol (>99.0%), used as the synthesis medium, and ammonia (25% solution), used as the hydrolysis
promoter, were from Chempur. Tetracycline (>98%), used in model solutions, was supplied by Merck. Hydrochloric acid
(1 M) and sodium hydroxide (1 M), used to adjust the pH of the reaction environment, were obtained from Chempur.
Potassium bromide (FTIR grade, >99%), from Sigma-Aldrich, was used in the preparation of tablets for FTIR analysis.

2.2. Preparation and characterization of TiO,-ZrO,/La hybrid

The TiO,-ZrO, oxide system was synthesized using a sol-gel method. All experiments were carried out in an open
atmosphere and at room temperature. Zirconium isopropoxide (TZIP) and titanium tetraisopropoxide (TTIP) were dosed
using a peristaltic pump at a rate of 1 mL/min into a reaction vessel containing an appropriate volume of propan-2-ol.
The system was stirred for 30 min at room temperature, and then the promoter of hydrolysis—a mixture of ammonia
and deionized water (volume ratio 1:3)—and the lanthanum precursor, hydrated lanthanum chloride (alcoholic solution
in sufficient concentration to achieve 10 wt.% of La in the final product) were dosed at a rate of 1 mL/min. Lanthanum
was introduced into the system in order to dope the TiO,-ZrO, system, modify its properties and increase the adhesion
of organic compound to the surface of the oxide material. The whole system was stirred for one hour, and the prepared
solution was allowed to gel for approximately 48 h. After the aging process the material was dried at 80 °C for 6 h. Then
the material was washed with deionized water, dried, grounded, and sieved through an 80 pwm sieve. Additionally, to
emphasize the crystalline structure of TiO, and ZrO,, and therefore enhance its photocatalytic properties, one part of the
sample was calcined in a furnace (Controller P320, Nabertherm, Germany) at 800 °C for 2 h.

The prepared samples underwent physicochemical analysis. Electron microscope photographs were taken using an EVO
40 scanning electron microscope (Zeiss). Energy-dispersive X-ray spectroscopy (EDX, PTG Prism Si(Li), Princeton Gamma
Tech.) and X-ray photoelectron spectroscopy (XPS, Prevac) were performed to determine the chemical composition of the
materials. FTIR spectral analysis (Vertex 70, Bruker) was performed to confirm the effective binding of lanthanum with
the oxide system and tetracycline with TiO,-ZrO,/La. The porous structure parameters—BET surface area (Aggr), average
pore size (Sp) and average pore volume (V,)—were determined by means of the BET method and the BJH model, applying
low-temperature (—196 °C) sorption of nitrogen (ASAP 2020, Micromeritic Instruments Co.). To evaluate its crystalline
structure, the obtained material was subjected to X-ray analysis (D8 Advance diffractometer, Bruker), applying CuK o
radiation (A = 0.154 nm) with a step size of 0.05° in the high-angle range of 20-80° . Based on the XRD analysis it was
possible to calculate crystallite size and to evaluate the relative content of anatase and ZrTiO4 phases in a TiO,-ZrO,/La
sample after calcination. This was done using the Scherrer equation, based on (111) and (311) reflections of the anatase
and ZrTiO4 planes respectively.

2.3. Batch adsorption and desorption tests

Adsorption of tetracycline was carried out with variable process parameters, including reaction time (1-120 min),
adsorbate concentration (25, 50 and 100 mg/L), adsorbent mass (0.05-1.0 g), and system pH (2-10). In a typical adsorption
experiment, 50 mL tetracycline solution at the specified concentration was poured into a conical flask and stirred with
a magnetic stirrer. Then the adsorbent was introduced into the system, and after a predetermined adsorption time
the precipitate was separated by vacuum filtration. The tetracycline content in the filtrate was measured on a UV-
Vis spectrophotometer (V-750, Jasco, Japan, A = 357 nm). Deionized water was used as a reference. The tetracycline
concentrations after the adsorption process were read from the standard curve of the equation y = 0.331 x, and the
adsorption efficiency (E4) was calculated using the following equation:

G — G

En= -100% 1
A G (1)

where Cy and C; are the tetracycline concentrations before and after the adsorption process respectively.

To assess the regenerative capacity of the TiO,-ZrO,/La material, desorption tests were carried out at pH 5 using 25
mL deionized water and 25 mg of adsorbent. The system was shaken for 30 min on a vortexer and then separated by
vacuum filtration. The TC content in the filtrate was measured similarly as during the adsorption tests.
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Fig. 1. Physicochemical characteristics of the TiO,-ZrO,/La material, including (a) SEM photographs, (b) XPS spectra, (c) EDS spectra with surface
mapping, (d) FT-IR spectra, (e) BET adsorption/desorption isotherms and (f) XRD patterns.

2.4. Photocatalytic degradation tests

Photocatalytic tests were performed for three model solutions of tetracycline (10, 25 and 40 mg/L). For each
measurement, 100 mL of tetracycline solution was poured into a laboratory UV reactor (UV-RS2, Heraeus), and the
photocatalyst—calcined TiO,-ZrO,/La hybrid—was added. The system was stirred in darkness for 30 min to establish
adsorption/desorption equilibrium, and then the UV lamp was switched on. The influence of pH (3, 5, 7 and 9) was
examined for tetracycline solutions in concentration of 25 mg/L and photocatalyst dosage of 25 mg. The influence
of catalyst content (16, 25 and 35 mg) and tetracycline concentration (10, 25 and 40 mg/L) was performed at pH
5, at which the highest efficiency of photodegradation was noted. The maximum absorbance for tetracycline was
measured at wavelength An.x = 357 nm. Tetracycline solutions were analyzed at this value after photocatalytic tests.
Samples were collected at estimated intervals. During photocatalysis the absorbance of the solution decreased, signaling
degradation of the antibiotic. The efficiency of photocatalysis was determined by spectrometric measurements on a UV-
Vis spectrophotometer (V-750, Jasco, Japan) and calculated from the difference in absorbance of the tetracycline solution
before and after the process:

Epp = =G o0y 2)
Co

where Ep; (%) denotes the efficiency of the photocatalytic process, and Co (mg/L) and C; (mg/L) are the tetracycline
concentrations before and after UV irradiation. Before the measurements, samples were centrifuged to obtain clear
solutions. Deionized water was used as a reference.

3. Results and discussion
3.1. Characterization of materials
A detailed physicochemical analysis of the obtained materials was carried out - the results are shown in Fig. 1.

As shown in the SEM images (Fig. 1a), it was demonstrated that the synthesized TiO,-ZrO,/La materials, both before and
after calcination process, were composed of irregularly shaped particles with varying grain sizes that tend to agglomerate.
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Surface chemical states of TiO,-ZrO,/La were studied by means of the XPS technique and showed the presence of
oxygen, lanthanum, titanium and zirconium atoms on the surface of the system (Fig. 1b). The maximum of the O 1s
spectrum acquired for the material before calcination is at 529.8 eV, and is characteristic for the oxides of the respective
transition metals. The La 3d spectrum consists of two doublets, La 3ds,, and La 3d3,;, with maxima at 834.7 and 851.4
eV respectively. The envelope of the La 3d transition is distorted due to overlap with the Ti LMM Auger peak. The
location of these peaks corresponds well with the values characteristic for lanthanum in the 3+ oxidation state observed
for lanthanum implanted in zirconium (Peng et al., 2005). The Ti 2p spectrum contains a spin-orbit doublet with the
maximum of the Ti 2p3,, peak at 458.2 eV. This value is slightly lower than expected for TiO, (Dolat et al., 2015). This
observation suggests that before calcination the chemical environment of the titanium atoms is not fully saturated with
oxygen atoms. The Zr 3ds,, peak appears at 182.0 eV and is in line with the expected value for ZrO, (Huang et al., 2017b).
After calcination of the TiO,-ZrO,/La system only slight changes are observed. The maximum of the O 1s peak is shifted
slightly to 530.0 eV, and a small shoulder, observed at about 531 eV for the peak before calcination, disappears. This
peak is characteristic for ~-OH groups, and its disappearance is in line with the expected dehydration of the material. The
position of the La 3d spectrum is not changed, as is best observed for the La 3d3/, doublet. The most noticeable evolution
is observed for the titanium XPS 2p line. The maxima are shifted by about 0.6 eV and the Ti 2p3,, peak is located at 458.8
eV. This value is characteristic for TiO, (Dolat et al., 2014). There is virtually no change in the Zr 3d spectrum. EDX analysis
(Fig. 1c) revealed percentage composition of studied material to be titanium (47%), zirconium (35%), oxygen (10%), and
lanthanum (8%).

The results of FTIR analysis (Fig. 1d) confirmed the presence of functional groups characteristic for TiO,-ZrO,/La system,
such as Ti-0, Zr-0, O-Ti-0 (signal at wavenumber 750 cm™') and Zr-0 (signal at wavenumber 610 cm™!) in both samples.
The nitrogen adsorption/desorption isotherms are shown in Fig. 1e. It was shown that the proposed synthesis of a hybrid
oxide material enriched with lanthanum led to a product with a surface area of 540 m?/g and an average pore size
of 3.6 nm. Additional thermal treatment caused a clear decrease in the porous structure parameters. Calcined material
revealed surface area of 19 m?/g and average pore size of 31.1 nm. The XRD pattern (Fig. 1f) obtained for Ti0,-Zr0O,/La
before calcination process revealed its amorphous structure, while that for the calcined sample revealed nine peaks at
diffraction angle (26) values which confirmed the presence of monoclinic ZrO,, ZrTiOy4, and TiO, in the form of anatase. The
calcination process causes sintering of the material, but also results in the formation of a crystalline structure favorable
for photocatalysis. As a result of strong thermal treatment, the material was deprived of water, and Ti-O-Ti and Zr-O-Zr
oxygen bridges (crystallites) were formed. The average crystallite sizes of the TiO,-ZrO,/La sample were calculated using
the width of the XRD peaks at 260 = 25.18° and 30.83°, measured at half-height and utilizing the Scherrer equation. The
sample of TiO,-ZrO,/La after calcination was composed of anatase with crystallite size 21.3 nm and a ZrTiO4 phase with a
crystallite size of about 9.8 nm. The relative percentage contents of anatase and ZrTiO4 phases in the obtained sample were
36.8% and 63.2% respectively. Moreover, the XRD results proved that the proposed methodology leads to the formation
of a photoactive, orthorhombic TiZrO, phase, resulting from interaction between titania and zirconia.

3.2. Adsorption isotherms

Tetracycline adsorption isotherms were obtained at pH 5 and temperature 25 °C for adsorbent dosage of 0.25 g and
varying initial antibiotic concentrations (150, 200, 300, 400 and 500 mg/L). The obtained data were fitted to two isotherm
models, the Langmuir and Freundlich models (Figure S1), which are described in the supplementary data. Both Langmuir
and Freundlich models fits the tetracycline adsorption process satisfactorily. In terms of correlation coefficient R? values,
the Langmuir equation fits better tetracycline adsorption. This fact is confirmed by previously described research (Bouafia-
Chergui et al., 2015; Shi et al., 2016; Wang et al., 2018a,b). Fitting to the Langmuir model suggests that tetracycline
removal occurs mainly via monolayer adsorption onto TiO,-ZrO,/La and it is limited by finite number of its active sites.
Moreover, the low value of the K; coefficient (0.0181 L/g) indicate high affinity of the tetracycline to the adsorbent. A
similar relationship of the K; coefficient was obtained by Hossain et al. (2012) who used the shell of the fruit of the olive
palm as an adsorbent. The calculated separation parameter values (R;) were in the range 0< R <1 (0.991-0.997) and
confirmed that the adsorption of tetracycline was favorable.

The maximum Langmuir adsorption capacity of TiO,-ZrO,/La towards tetracycline was calculated to be 69.44 mg/g. It
is also worth to mention that during determination of equilibrium state of adsorption process applying Freundlich model,
the heterogeneity coefficient n was also determined, which had a value above 1. This suggest that the adsorption was of
physical nature. This is another confirmation of the differentiated mechanism of tetracycline binding to the TiO,-ZrO,/La
hybrid oxide material.

3.3. Adsorption kinetics

Kinetic studies were carried out to determine the rate of tetracycline removal from solution by 0.25 g TiO,-ZrO,/La
hybrid material. Fig. 2a shows the change of adsorption capacity as a function of initial TC concentration and contact time.
The removal efficiency after 120 min was 99.2%, 98.1% and 87.7% for tetracycline concentrations of 25, 50 and 100 mg/L,
respectively (Fig. 2b). Tetracycline adsorption is a rapid process and can be divided into three stages. In the first 5 min
adsorption capacity increased rapidly, attaining over 90%, 80% and 70% of equilibrium capacity for concentrations of 25, 50
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Fig. 2. The results of the reaction kinetics tests: (a) the change of adsorption capacity of TiO,-ZrO,/La as a function of initial tetracycline concentration
and contact time; (b) the influence of contact time of TiO,-ZrO,/La with tetracycline model solutions on its removal efficiency; (c) pseudo-first-order
and (d) pseudo-second-order kinetic plots with (e) comparison of kinetic data of the tetracycline adsorption process.

and 100 mg/L, respectively. In the following 25 or 115 min adsorption slowed significantly as the majority of active sites
was occupied. Thereafter the system reached the adsorption equilibrium in 30 min for initial tetracycline concentrations
of 25 and 50 mg/L, and in 120 min for a concentration of 100 mg|/L.

To analyze the kinetic mechanism of the adsorption process, the data obtained were fitted to pseudo-first-order (Fig. 2c)
and pseudo-second-order (Fig. 2d) kinetic models, which are described in the supplementary data. The values of kinetic
parameters and corresponding correlation coefficients are presented in Fig. 2e. Comparing the data for both kinetic models,
it can be seen that the adsorption of tetracycline onto TiO,-ZrO,/La was better fitted by a pseudo-second-order kinetic
model, in view of the higher values of the correlation coefficient R? (close to 1 for all analyzed initial concentrations). A
literature survey confirms that tetracycline is adsorbed onto inorganic oxides in accordance with the pseudo-second-order
kinetic model (Brigante and Schulz, 2011; Chen et al., 2018; Hao et al., 2012; Shi et al., 2016; Wang et al., 2018a,b). This fact
suggests that the process may occur mainly via a monolayer chemisorption mechanism. Tetracycline is probably combined
with the surface of TiO,-ZrO,/La through its oxygen groups. Hydrogen bonds are formed between the negatively charged
oxygen atoms from the hydroxyl groups of tetracycline and the positively charged surface of oxide material. Tetracycline
also exhibits the ability to chelate, forming complexes with metal atoms. A schematic representation of the combination
of antibiotic with TiO,-ZrO,/La is shown in Fig. 3.



E. Weidner, K. Siwiriska-Ciesielczyk, D. Moszyriski et al. Environmental Technology & Innovation 24 (2021) 102016

Ti0,-Zr0,/1a

Fig. 3. Probable mechanism of combination of tetracycline with the surface of TiO, -ZrO, [La.
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Fig. 4. (a) Effect of the pH of a model solution of tetracycline on the efficiency of its adsorption onto the TiO,-ZrO,/La oxide system; FTIR spectra
for: (b) pristine tetracycline and TiO,-ZrO,/La material and (c) TiO,-ZrO,/La materials after tetracycline adsorption at different pH.

3.4. Influence of pH on tetracycline adsorption

The effect of pH of the solution on the removal of tetracycline by the TiO,-ZrO,/La hybrid oxide was investigated for
the range 2-11 (Fig. 4a). The results indicate that the optimal pH for effective tetracycline adsorption is in the range
5-6, where the drug removal rate is close to 100%. The high efficiency in that range may indicate good adhesion of the
antibiotic to the oxide material, that results from the nature of the functional groups of the material and tetracycline.
It may also be attributed to lanthanum insertion into the system, due to its aforementioned 4f electron configuration.
The differences in values of adsorption efficiency may be caused by the effect of pH on both the functional groups of the
oxide system and the tetracycline structure. Protonation and deprotonation of those groups are responsible for surface
charge changes, while electrostatic interactions have a significant impact on the effectiveness of the adsorption process.
Analyzing the FTIR spectra of pure tetracycline and the TiO,-ZrO,/La oxide system (Fig. 4b) and comparing them with
spectra obtained after the adsorption process at different pH (Fig. 4c), it is seen that functional groups originating from
both tetracycline and the oxide system are present. Signals from tetracycline are most evident in the spectrum obtained
following adsorption carried out at pH 2.5, which contains a scissor vibration signal from —-CH, (1490 cm~') and signals for
stretching vibrations of C-0 and C-H bonds from -CH, and -CH3 groups. However, besides signals from C-C deformation
vibrations, N-H non-planar bending and C-N stretching vibrations from secondary amides, the spectra obtained after
adsorption of tetracycline carried out at pH 5, 9 and 11 also contain bands corresponding to stretching of Ca;—Ca; groups.
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Fig. 5. Results of photocatalytic tests: influence of TiO,-ZrO,/La material dosage on photodegradation efficiency of model tetracycline solutions with
concentrations of (a) 10 mg/L, (b) 25 mg/L and (c) 40 mg/L; effect of (d) initial tetracycline concentration (at constant weight of TiO,-ZrO,/La
photocatalyst: 35 mg) and (e) pH of the tetracycline model solution on degradation yield.

3.5. Desorption tests

The desorption tests revealed the presence of strong interactions between tetracycline and the TiO,-ZrO,/La material.
The desorption efficiency ranged from 0.3% to 1.7% for samples after adsorption tests carried out in the pH range 2-10.
Thus, water is an ineffective eluent of tetracycline.

3.6. Photocatalytic tests

To evaluate the photocatalytic activity of TiO,-ZrO,/La, tetracycline degradation from model solutions was carried out
with variable parameters (reaction time, photocatalyst weight, initial TC concentration, and pH). Results showed that
100% tetracycline degradation efficiency was achieved after 120 min when the concentration of the model solution was
the lowest (10 mg/L) and the amount of TiO,-ZrO,/La photocatalyst was the highest (35 mg). Fig. 5 shows changes in
the efficiency of degradation of tetracycline from model solutions depending on the weight of TiO,-ZrO,/La photocatalyst
used. For an initial TC concentration of 40 mg/L only two larger weights of photocatalyst were examined, due to the
insufficient degradation efficiency performed using 16 mg of catalyst at an initial TC concentration of 25 mg/L. For all initial
TC concentrations the degradation efficiency increased with increasing irradiation time and weight of photocatalyst. The
optimal reaction time for the lowest concentration of tetracycline solution (10 mg/L) was 120 min (degradation efficiency
100%), while for higher concentrations it increased to 210 min (degradation efficiencies in the range 43%-71%).

The effect of the concentration of tetracycline in model solutions on degradation yield is shown in Fig. 5d. The efficiency
of the photodegradation process increases with a decrease in the tetracycline concentration. The graph also indicates
the different exposure times required to achieve satisfactory pharmaceutic degradation performance: 120 min for 100%
degradation of tetracycline at concentration 10 mg/L, 180 min for 78% degradation at concentration 25 mg/L, and 210 min
for 43% degradation at concentration 40 mg/L.

The effect of pH was measured using 25 mg of TiO,-ZrO,/La material and the 25 mg/L tetracycline model solution. The
exact values of degradation efficiency depending on pH are shown in Fig. 5e. The highest degradation efficiency (74%) was
obtained for pH 5 after 210 min of UV exposure. For pH values of 3, 7, and 9 the degradation efficiency reached 63%, 66%
and 67% respectively. The shape of the photodegradation curves was different for alkaline and neutral environments than
for acidic ones. For pH 9 and 7 photodegradation was rapid in the first hour of the process and then reached a plateau,
while for acidic pH the curves indicate an upward trend in photodegradation during the entire process. Such a behavior
may result from the presence of various forms of tetracycline as well as the various functional groups on the surface of
TiO,-ZrO,/La, and the dependence of its surface charge on the pH. Determining the effect of pH on the photocatalytic
degradation of tetracycline is not straightforward. The highest process efficiency at pH 9 was achieved after 150 min, and
at pH 5 was achieved after 210 min. Therefore, it cannot be unambiguously stated how the pH of the environment affects
the efficiency of photodegradation of tetracycline.
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Fig. 6. Simplified mechanism of tetracycline photodegradation using TiO,-ZrO,/La material.

In previous studies it was proven that combination of ZrO, and TiO, (ZrO,-TiO,, ZrTiO4) may have beneficial effect on
the photocatalytic performance through production of composite with higher photocatalytic activity compared to pure
TiO,, smaller bandgap than pure ZrO,, and good thermal stability (Sulaikhah et al., 2020). UV irradiation of TiO,-ZrO,/La
photocatalyst causes the extraction of the electron from the valence band to the conduction band, leaving an equal number
of vacant sites (holes) (Eq. (3)). It is followed by the separation of electrons and holes by reaction with O, (Eq. (4)) and
reactions of *0,~ with protons from water resulting in production of active oxygen species, such as HO,*, *OH and H,0,
(Eq. (5)). The holes at the valence band react with adsorbed water or surface hydroxyl groups (-OH-) to produce *OH
radicals (Eq. (6)), considered to be the main elements causing photodegradation of organic pollutants (Eq. (7)) (Kubiak
et al,, 2019; Navio et al., 1997). The main steps of proposed mechanism can be represented by equations below:

TiO, — ZrO,/La photocatalyst + hv — e~ — + h™ (3)
e +0, 5" 0,” (4)
*0,” + Hy0 —* OH + HO,+ + H,0, (5)
h* +H,0/OH™ — H' + OH* (6)
*OH or h™ 4+ TC — TC degradation products (7)

A simplified mechanism of the photocatalytic degradation of tetracycline under UV radiation is graphically shown in Fig. 6.

Analysis of the kinetics of the photochemical decomposition of tetracycline shows significant differences in the rate of
degradation of the studied pollutant in the presence of selected catalyst, and at variable parameters (photocatalyst weight,
initial TC concentration, and pH) (Table 1). For an initial TC concentration of 10 mg/L, the highest value of the degradation
reaction rate k (0.0359 min~!) was recorded when 35 mg of photocatalyst was used. With increasing initial concentration
of tetracycline, the degradation reaction rate k decreased irrespective of the weight of photocatalyst. Interpretation of
the kinetic results confirmed that pH significantly affected the degradation rate k. The lowest value of the reaction rate
constant (0.0046 min~') and the longest half-life (169.22 min) were recorded when the photocatalytic test was carried
out at pH 3. The highest values of the rate constant and the shortest half-life were obtained for pH 7 or 9.

3.7. Comparison with previous research

Table 2 presents data on tetracycline removal processes obtained for various adsorbents and photocatalysts. As
compared with other adsorbents reported in literature (Chen et al., 2018; Hao et al.,, 2012; Kang et al., 2010; Liao et al.,
2013; Liu et al,, 2017; Wang et al., 2018a,b; Zhang et al., 2011) TiO,-ZrO,/La revealed satisfactory result, especially
considering that after calcination stage this material is also able to remove tetracycline photocatalytically. In comparison
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Table 1
Reaction rate constant (k), correlation coefficient (R?) and half-life (t1/2) of tetracycline photocatalysis in the presence of TiO,-ZrO,/La catalyst.
Dosage of catalyst k (1/min) R? ty/2 (min)
Tetracycline solution — 10 mg/L
16 mg 0.0162 0.9545 43
25 mg 0.0171 0.9848 40
35 mg 0.0359 0.9857 19
Tetracycline solution — 25 mg/L
16 mg 0.0042 0.8888 164
25 mg 0.0051 0.8568 156
35 mg 0.0059 0.8399 118
Tetracycline solution — 40 mg/L
25 mg 0.0016 0.9881 432
35 mg 0.0022 0.9857 312
pH k (1/min) R? t1/2 (min)
Tetracycline solution — 25 mg/L, photocatalyst weight — 25 mg
3 0.0046 0.9872 169
5 0.0051 0.8568 156
7 0.0059 0.9896 118
9 0.0054 0.8216 114
Table 2
Adsorption and photocatalysis of tetracycline on various materials reported in previous studies.
Photocatalyst Degradation Photodegrada- Adsorption Surface Mass of TC initial Irradiation pH Ref.
conditions  tion efficiency capacity area photocatalyst concentration time
(%) (mg/g) (m*[g) (mg/L) (mg/L) (min)
BiOI microspheres Ad - 28.35 28.1 - 50.0 - - Hao et al.
(2012)
BiVO,4/Bi,Ti,07/Fes04  Ad - 103.5 62.9 - 250.0 - 6.0 Wang et al.
(2018b)
Fe-Mn binary oxide Ad - 90.0 - - 130.0 - 6.5 £ 0.1 Liu et al.
(2017)
Al;03 Ad - 3.26 - - 0-20.0 - 5.0 Chen et al.
(2018)
Bamboo charcoal Ad - 22.7 67.8 - 30.0 - 7.0 £ 2 Liao et al.
(2013)
Fe3;04-rGO Ad - 95.0 - - 12.5-75.0 - - Zhang et al.
(2011)
Chitosan powder Ad - 23.92 0.036 - 0-44.4 - 5.0 Kang et al.
(2010)
ZrO, nanoparticles Ad - 82.64 - - 50.0 - 6.0 Debnath et al.
(2020)
Alginate-graphene-ZIF67 Ad - 456.62 138.63 - 50-500 - 6.0 (Kong et al.
aerogel (2020)
TiO,-Zr0O,/La Ad - 69.44 5420 0.25 50.0 - 5.0 This research
TiO, Ph*-UV 914 - 50.0 1 27-103 90 5.0 Safari et al.
(2015)
TiO, Ph-UV 100 - 52.0 1.5 20 75 6.0 Palominos
et al. (2009)
ZnO rod-ACF Ad°-Ph-UV  90.7 - - 5 x 5cm 40 60 8.0 Thi and Lee
sheet (2017)
BiOI Ad-Ph-Vis 72,6 - 28.1 1.0 40 120 - Hao et al.
(2012)
BiVO,4/Bi, Ti, 0 /Fe304 Ad-Ph-UV 97.2 - 1.0 10 60 6.0 Wang et al.
(2018b)
TiO,-Zr0,/La Ad-Ph-UV 100 - 19.0 0.35 10 120 5.0 This research
74 0.25 25 210
43 0.35 40 210

?Ph — Photocatalysis
bAd — Adsorption

with materials previously used for photocatalytic tetracycline removal (Hao et al., 2012; Palominos et al., 2009; Safari
et al., 2015; Thi and Lee, 2017; Wang et al,, 2018a,b) it may be seen that significantly lower amounts of TiO,-ZrO,/La
photocatalyst were used in this study. The TiO,-ZrO,/La hybrid system is very efficient for the photodegradation of low
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initial concentrations of tetracycline. For higher values of antibiotic contamination, an increase in photocatalyst mass is
necessary to obtain high degradation yields.

4. Conclusions

In summary, a TiO,-ZrO,/La hybrid system was fabricated via a modified sol-gel technique. Effective synthesis of the
TiO,-ZrO , oxide material, and its successful enrichment with lanthanum, were confirmed by the results of EDX, XPS and
FTIR analyzes.The material had surface area of 540 m?/g and an average pore size of 3.6 nm, which predispose it to act as
an efficient tetracycline adsorbent. Thermal treatment caused an expected decrease in the porous structure parameters,
but on the other hand enabled the formation of the crystalline phases responsible, among others, for the photocatalytic
activity of the synthesized material. A key element of the research was analysis of a comprehensive process of removal
of the active pharmaceutical ingredient (tetracycline), combining its adsorption and photodegradation. As expected, the
mesoporous TiO,-ZrO,/La exhibited satisfactory capacity for adsorptive removal - the maximum adsorption capacity with
respect to TC was calculated to be 69.44 mg/g - and excellent photocatalytic performance in the degradation of tetracycline
under UV irradiation - TiO,-ZrO,/La photocatalyst was able to remove TC from model solutions of selected concentrations
in 120 min with 100% efficiency. This fact indirectly confirms the versatility of the synthesized hybrid oxide system and
justifies its design and application in similar processes. Moreover, the obtained experimental results indicate that studies
related to the development of a new type of materials, combining adsorptive and photocatalytic properties, are potentially
highly beneficial and are worthy continuation.
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Mechanochemical synthesis

of alumina-based catalysts
enriched with vanadia and lanthana
for selective catalytic reduction

of nitrogen oxides

Ewelina Weidner'2, Rabindra Dubadi?, Bogdan Samojeden3, Adam Piasecki®,
Teofil Jesionowski?, Mietek Jaroniec? & Filip Ciesielczyk™*

Novel alumina-based materials enriched with vanadia and lanthana were successfully synthesized

via in situ modification using a mechanochemical method, and were applied in ammonia-induced
selective catalytic reduction of nitrogen oxides (SCR process). The synthesis was optimized in terms of
the ball milling time (3 or 5 h), vanadium content (0.5, 1 or 2 wt% in the final product), and lanthanum
content (0.5 or 1 wt% in the final product). Vanadium (V) oxide was immobilized on an alumina
support to provide catalytic activity, while lanthana was introduced to increase the affinity of nitrogen
oxides and create more active adsorption sites. Mechanochemical synthesis successfully produced
mesoporous materials with a large specific surface area of 279-337 m?/g and a wide electrokinetic
potential range from 60 to (- 40) mV. Catalytic tests showed that the incorporation of vanadia resulted
in a very large improvement in catalytic performance compared with pristine alumina, increasing its
efficiency from 14 to 63% at 400 °C. The best SCR performance, a 75% nitrogen oxide conversion rate
at a temperature of 450 °C, was obtained for alumina enriched with 2 and 0.5 wt% of vanadium and
lanthanum, respectively, which may be considered as a promising result.

The high level of pollution with nitrogen oxides has an undeniable negative impact on the environment and
public health, which leads to tightening of the regulations on their emission'~. Nitrogen oxides, or NO, (for
example NO, NO,, N,0), are emitted from stationary sources (such as thermal power stations) and from mobile
sources (such as vehicle exhausts), making a significant contribution to acid rain, photochemical smog, and ozone
layer depletion®. Selective catalytic reduction (SCR) is a promising process for decreasing NO, pollution levels.
Currently, SCR is widely used in power station boilers, furnaces, and other industrial coal-fired equipment, being
the best commercial technology—in terms of efficiency?, selectivity, and economics—to control NO, emissions
from stationary sources®. Moreover, selective catalytic reduction of NO, with NH; (NH;-SCR) is reported to
be one of the most effective technologies for the removal of NO, from diesel engines’. Over the years, various
catalysts have been used in SCR-NO,. These materials can be divided into three main groups: (i) V-based oxide
catalysts, (ii) Cu or Fe zeolite catalysts, and (iii) vanadium-free oxide catalysts. Due to their high NO, reduction
activity, oxide catalysts containing vanadium, particularly commercial V,05;-WO5/TiO, and V,05;-MoO5/TiO,,
are most often used®'°. However, they exhibit certain drawbacks, including low resistance to SO, and H,O poi-
soning, and a narrow operating temperature range (300-400 °C) in the case of NH;-SCR'. It is widely known
that vanadium-containing catalysts supported on alumina, at temperatures approaching 400 °C and at low SO,
concentrations (as found in many flue gases), exhibit high resistance to deactivation by SO, poisoning'*~!*. Due
to the presence of sulfur compounds (mainly sulfur oxides, SO,) in all gas streams containing NO,, this feature is
extremely important in air pollution control'!. In addition, the use of a highly mesoporous support may result in
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Figure 1. Schematic illustration of the applied synthesis route.

increased surface area, which can lead to a higher number of active sites, enabling greater dispersion of vanadia
and improving overall catalytic activity. Miyamoto et al. claimed that ammonia is strongly adsorbed adjacent to
V=0 sites as NH,*, and that the reaction rate is directly proportional to the number of surface V=0 bonds".
To enhance NH; adsorption capacity the Al,O;-vanadia material reported in this study was modified by intro-
ducing lanthana during the synthesis. SCR catalysts have previously been modified with La compounds. In the
case of formic acid decomposition under SCR-relevant conditions, the addition of a small amount of lanthana
to the catalyst led to a base-induced promotional effect'®. The promotional effect of a basic gas phase reactant
(ammonia) on formic acid decomposition activity was achieved catalytically'”'®. Moreover, lanthana has been
reported to cause substantial improvement in the adsorption capability of various materials'®, which may be
beneficial in the case of NH;-SCR. This phenomenon is due to the electron configuration in La, which means
that its ions can react with functional groups of Lewis acids®.

Co-precipitation and sol-gel synthesis are the most popular methods for obtaining oxide systems for use as
catalysts in the process of selective reduction of nitrogen oxides?'~**. It is desirable to obtain more environmen-
tally friendly catalysts using a solvent-free synthesis method. Mechanochemical synthesis of advanced materials
is currently propagated as a favorable alternative to traditional solution-based methods, which involve heating,
addition of expensive or hazardous reagents, and multi-step processing. In conventional chemical synthesis the
solvent often plays a key role in energy dispersion, dissolution/solvation, and the transportation of chemicals. An
efficient mixing process can overcome the problem of high solvent consumption by enabling solid phase reac-
tions using only nominal amounts of solvent (wet ball milling or liquid-assisted grinding). This approach enables
chemical transformations to be induced by mechanical means such as compression, shearing, or friction®. In
terms of physicochemical properties, mechanochemical synthesis can afford materials with higher surface area
and surface energy by altering their structure, chemical composition and/or chemical reactivity throughout
the milling process®. These parameters are of particular importance in the design and preparation of advanced
materials for a range of catalytic applications. There are many reports on the use of mechanochemical protocols
to obtain various catalysts (supported metal nanoparticles, nanocomposites, and nanomaterials) with improved
catalytic activity and selectivity?*?**?’, demonstrating the potential of this method to provide more sustainable
routes for the preparation of catalysts®.

Here we report the application of alumina/vanadia/lanthana hybrids, obtained via mechanochemical synthe-
sis, as catalysts in the selective catalytic reduction of nitrogen oxides with ammonia. The main objectives of the
study included: (i) optimization of the mechanochemical soft-templating synthesis of Al,0;/V,0s/La,O5; (ii)
detailed physicochemical and structural analysis of the resulting catalysts; and (iii) practical application of these
catalysts in the selective catalytic reduction of NO,. This study is based on the hypothesis that the incorpora-
tion of vanadia and lanthana may have a significant impact on the physicochemical and structural properties
of the alumina-based materials, as well as on their catalytic performance. It is expected that the combination of
alumina as a support, vanadia as an active mass, and lanthana as an activator and element affecting the affinity
of the catalyst to the gas phase components should result in the formation of functional materials dedicated for
environmental catalysis processes.

Experimental

Al,05/V,0;/La,0; synthesis. Mesoporous oxide materials, based on alumina modified with vanadium
species, were obtained by a one-step mechanochemically assisted soft-templating synthesis, similar to that
described elsewhere?, as shown in Fig. 1.

Approximately 3 g of (EO),, (PO),o(EO),, triblock copolymer (Pluronic” P-123 from BASE, Co), 1.2 g of
alumina precursor (boehmite), an appropriate amount of vanadia precursor (NH,VOj;,>99.0%, from Fisher Sci-
entific Co.), 5 mL of deionized (DI) water, and 100 pL of HNO; (Acros Organics) were introduced to a grinding
jar equipped with 8 yttria-stabilized zirconia grinding balls, each of diameter 1 cm. For blank samples, vanadia
precursor was not added. In the case of lanthana-modified samples, a specified amount of lanthanum chloride
heptahydrate (>99.99%, from Acros Organics) was introduced. The resulting mixture was milled for a set time
(3 or 5 h), with a rotation speed of 500 rpm, in a Planetary PM200 mill (Retsch) to pulverize the boehmite par-
ticles along with the added metal salts. After milling, the samples were dried at 60 °C for 12 h and then at 100 °C
for a further 12 h to evaporate the solvent. The resulting paste-like materials were then calcined in air at 600 °C
for 4 h in a tubular quartz furnace to remove the polymeric template and to achieve the desired crystallinity.
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No Sample name | Vanadium c (wt %) | Lanthanum content (wt %) | Ball milling time (hours)
1 A-3 - -

2 A-3V0.5 0.5 -

3 A-3V1 1.0 - ’
4 A-3V2 2.0 -

5 A-5 - -

6 A-5V0.5 0.5 -

7 A-5V1 1.0 - >
8 A-5V2 2.0 -

9 A-3V2La0.5 2.0 0.5

10 A-3V2Lal 2.0 1.0 }

Table 1. List of prepared samples.

Next, the samples were cooled naturally to room temperature, and without further purification were subjected
to physicochemical analysis. The list of prepared samples is presented in Table 1.

Measurements and characterization. X-ray fluorescence (XRF) analysis (Epsilon 4, Malvern Instru-
ments Ltd., UK) and energy-dispersive X-ray spectroscopy (EDX; PTG Prism Si (Li), Princeton Gamma Tech.,
USA) were used to determine the elemental composition of the obtained materials. Porous structure param-
eters—BET surface area (Szzp), pore width (w) at the maximum of the pore size distribution, and total pore
volume (V,)—were determined from low-temperature (— 196 °C) nitrogen adsorption/desorption isotherms
(ASAP 2020, Micromeritics Instrument Co., USA), by the method reported elsewhere®. The pore size distribu-
tion (PSD) was calculated using the Kruk-Jaroniec-Sayari method calibrated for cylindrical pores and consider-
ing the maximum of the curve as the pore width (w)***. To determine the particle size distribution and particle
aggregation, the non-invasive back scattering (NIBS) method was applied, using a Zetasizer Nano ZS (Malvern
Instruments Ltd. UK). Scanning electron microscopy (SEM) images were taken using a MIRA3 scanning elec-
tron microscope (Tescan, Czech Republic). Powder X-ray diffraction (XRD) measurements were performed on
an Empyrean diffractometer (PANalytical, UK) to determine the crystalline structure of the catalyst. Electroki-
netic (zeta) potential was determined by the electrophoretic light scattering (ELS) method (Zetasizer Nano ZS,
Malvern Instruments Ltd., USA, equipped with an MPT-2 auto titration device).

Catalytic tests. The performance of selected samples was examined in the selective catalytic reduction of
nitrogen oxides (NO,) induced with ammonia. The catalytic process was carried out in a fixed-bed flow micro-
reactor under atmospheric pressure at temperatures from 150 to 450 °C, with 200 mg of catalyst. In a standard
run, the reaction mixture (800 ppm of NO, 800 ppm of NHj, in He with 3% (v/v) addition of O,) was introduced
into the microreactor through mass flow controllers, maintaining a total flow rate of 100 cm® min~". The catalytic
unit downstream of the reactor was used to decompose any NO, that might be formed to NO. The concentra-
tions of NO and N,O (a by-product of the reaction) in the product stream were measured every 65 s using an
NDIR (nondispersive infrared) sensor from Hartmann and Braun. NO conversion was calculated according to
the following formula:

Noconversion = (Noin - Noout) /Noin) (1)

where NO,, is the inlet concentration of NO and NO,,, is the outlet concentration of NO.

Results and discussion

Synthesis optimization. The focus of this study was the optimization of the synthesis of vanadia- and
lanthana-modified alumina and investigation of its catalytic performance in the process of selective catalytic
reduction of nitrogen oxides. The first step was to determine the optimal amount of vanadia and grinding time.
Increasing the grinding time from 3 to 5 h did not significantly improve the structural properties of the obtained
materials, and in some cases the opposite effect was observed (see Table 2). Therefore, on economic grounds,
the optimal process time was taken as 3 h. The optimum vanadium content (2 wt%) was determined by gradu-
ally increasing the quantity and checking whether the properties of the material were significantly changed.
Ultimately, the A-3V2 sample with grinding time 3 h and the highest vanadium content was identified as opti-
mal and was used for further investigations. The conditions for obtaining this sample were further modified by
introducing La precursor in quantities equivalent to 0.5 and 1 wt% of La.

Morphology of selected samples. Scanning electron microscopy (SEM) was used to determine the mor-
phology, shape, and size of individual grains of the obtained materials. The SEM images are presented in Fig. 2.
In the case of sample A-3, some large agglomerates are visible. The SEM image also reveals the relatively smooth
surface of the particles. The addition of vanadia precursor in sample A-3V2 caused a significant reduction in the
size of agglomerates. An increase in the roughness of the material surface can also be observed. In both cases
in which AL,O; was modified with vanadia and lanthana (A-3V2La0.5 and A-3V2Lal), the particles consist of
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Figure 2. SEM images with 5 um scale bar for the samples selected for catalytic testing: A-3, A-3V2,
A-3V2La0.5 and A-3V2Lal.

Figure 3. EDX surface mapping of (a) A-3, (b) A-3V2, (c) A-3V2La0.5 and (d) A-3V2Lal samples, including
SEM image and images showing distribution of Al, O, V and La.
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grains having different sizes and irregular shapes, which tend to agglomerate. It can be concluded that the intro-
duction of additional elements to Al,O; increases the heterogeneity of its structure.

Chemical composition of prepared materials. Determination of the chemical composition of the sam-
ples enabled indirect confirmation of the effectiveness of the mechanochemical synthesis of materials based on
aluminum, vanadium, and lanthanum oxides. Detailed oxide compositions of all synthesized samples are given
in Table 2, and EDX surface mappings of samples A-3, A-3V2, A-3V2La0.5 and A-3V2Lal are shown in Fig. 3.
The surface mapping images reveal the uniform distribution of all elements on the samples’ surfaces. Further-
more, distinct signals from both doping elements are clearly visible, which provides indirect confirmation of the
effectiveness of the synthesis process.

An increase in the percentage of vanadium leads to more intense vanadium signals, confirming the higher
V,0O; content in the samples, as presented in Table 2. What is more, an increase in the content of vanadium,
consistent with the assumptions of the synthesis process (see Table 1), confirms the effectiveness of the proposed
modification method.

The XRF spectra obtained for samples A-3, A-3V2, A-3V2La0.5 and A-3V2Lal are shown in Fig. 4a. For all
samples, signals originating from aluminum were detected at around 1.486 keV (KaAl). In samples synthesized
with ammonium metavanadate, peaks characteristic of vanadium were observed at around 4.949 keV (KaV) and
5.426 keV (KBV); these reflect the vanadium content, which ranges from 1.1 to 4.3 wt%. In the case of samples
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Figure 4. XRF spectra (a), adsorption-desorption isotherms (b), XRD patterns (c), and graphs of zeta potential
vs. pH (d) obtained for samples A-3, A-3V2, A-3V2La0.5 and A-3V2Lal.
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Oxide content (%) Element content (%)
No | Sample Sper (m?/g) | V,(cm?/g) | w(nm) | ALO; | V,05 |La,0; |Al o V |La
1 A-3 319 1.06 19 100 - - 51.1 |489 |- -
2 A-3V0.5 309 1.24 24 97.8 22 - 49.7 492 |11 |-
3 A-3V1 330 1.39 30 95.6 44 - 489 486 |25 |-
4 A-3V2 317 1.32 31 91.4 8.6 - 49.5 1463 |43 |-
5 A-5 289 1.26 18 100 - -
6 A-5V0.5 337 1.28 18 97.9 2.1 -
7 A-5V1 279 1.12 25 96.1 39 - No data
8 A-5V2 330 1.31 33 91.5 8.5 -
9 A-3V2La0.5 | 286 0.91 29 90.3 8.6 1.1 52.0 |43.7 |3.7 |05
10 A-3V2Lal 317 1.05 33 89.3 8.7 2.0 50.2 |447 |39 |11

Table 2. Structural parameters and chemical composition of the analyzed samples.

prepared with the addition of LaCls, the presence of La, in the form of La,0;, was also confirmed, with contents
of 0.5 and 1.1 wt% for A-3V2La0.5 and A-3V2Lal, respectively. These results provide indirect confirmation
of both, the effective synthesis of aluminum oxide with incorporated vanadia and lanthana, and the assumed
composition of the materials.

Porous structure parameters. Low-temperature nitrogen adsorption analysis was used to determine the
porous properties of the synthesized materials: surface area (Syzy), total pore volume (V;), and mesopore size
(w) at the maximum of the pore size distributions. Data for all samples are given in Table 2. All samples have
a relatively large specific surface area, close to 300 m*/g; the lowest value (279 m?/g) was obtained for sample
A-5 V1, and the highest (337 m?/g) for sample A-5V0.5. The total pore volume was not significantly affected
by the changes in material’s composition. The data also show that increasing the process time from 3 to 5 h did
not lead to a significant increase in the surface area of the resulting materials. For this reason, sample A-3V2
was selected as a base material for modification with lanthana. That modification did not significantly affect the
surface area of the material. The nitrogen adsorption-desorption curves for samples A-3, A-3V2, A-3V2La0.5
and A-3V2Lal are presented in Fig. 4b. In all curves, the presence of a hysteresis loop is visible. These curves
can be characterized as type IV isotherms according to the IUPAC classification, characteristic for mesoporous
materials®?. Isotherms of this type, in combination with an increase in adsorption at high pressures approaching
the saturation vapor pressure, are mainly observed for hierarchical porous materials with a wide range of pore
size distribution, including meso- and macropores®. Moreover, it is known that type IV isotherms represent
mono- and multilayer adsorption at low and moderate relative pressures followed by capillary condensation at
higher relative pressures®. This leads to the conclusion that mechanochemical synthesis is an effective method
for obtaining mesoporous alumina/vanadia/lanthana materials.

Crystalline structure of the obtained materials. The XRD patterns of the obtained powders are pre-
sented in Fig. 4c. The patterns for all samples contain diffraction peaks corresponding to signals originating from
Al,O; with cubic crystal symmetry exhibiting a face-centered lattice. Signals originating from a-Al,O; (peaks at
400, 422 and 620), y-AL,O; (peaks at 220, 311, 222 and 140) and 8-Al,O; (peak at 140) are visible in the patterns.
All diffraction peaks in the patterns suggest that they are consistent with the standard Al,O; pattern (JCPDS
database, Card Number 79-1558)%*-%". The addition of V or La had no significant impact on the course of the
curve, and thus on the crystalline structure of the sample. No diffraction peaks from any other chemical species
are detectable in the diffraction patterns.

Surface charge properties. The materials surface electrokinetic potential may be important for assessing
the effectiveness of adsorption processes, being a determining factor for catalytic degradation efficiency. The
value of the surface charge of the material controls its bonding with the adsorbate via the mechanism of electro-
static attraction. Figure 4d shows the electrokinetic potential as a function of the pH of the solution for the four
selected materials.

For all tested materials, the curves follow the same trend—the materials have positive zeta potential at slightly
acidic pH, reaching the isoelectric point (IEP) around a neutral pH of 6-8, and developing a negative charge in a
more basic environment. The zeta potential values decrease with increasing pH due to the smaller number of H*
ions. In more alkaline environment, due to the presence of hydroxyl ions (OH"), the negative charge builds up at
the sample surface®. Consequently, an increase in pH may lead to a reduction in the zeta potential value. For the
pristine Al,O; material (A-3) the maximum zeta potential is 43 mV and the minimum is — 21 mV. The addition
of vanadia precursor during the synthesis caused a reduction in the material’s potential range, to 33—(— 39) eV.
Similar changes in the potential have been observed in the case of other inorganic oxides doped with vanadium?.
While the addition of vanadia precursor reduces this range, the incorporation of lanthana results in a significant
increase in the pH range in which the zeta potential remains positive. The presence of a positive charge on the
material’s surface is probably related to the protonization of OH groups.
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Figure 5. Results of catalytic tests using the selected materials, including NO, conversion (a) and by-product
(N,0) production (b).

The isoelectric point (IEP), evaluated from the graph of zeta potential vs. pH, plays an important role in
the process of heterogeneous catalysis, because it affects the adsorption capacity of reactants on the catalyst
surface®. The IEPs of A-3, A-3V2, A-3V2La0.5 and A-3V2Lal were found to lie at pH values of 5.6, 4.4, 7.3 and
7.9, respectively. This means that the materials obtained are positively charged in solutions with pH values lower
than these points, and negatively charged in solutions with pH above these points.

Catalytic activity. The catalytic abilities of selected aluminum oxide-based materials were tested in the
process of ammonia-induced selective catalytic reduction of NO,, within the temperature range 150-450 °C. The
test results are presented in Fig. 5.

Generally, as the reaction temperature increases, an upward trend in the reduction of nitrogen oxides is
observed, as expected. The lowest catalytic activity is observed for pure Al,O; (A-3), which achieves a maximum
reduction of 14% at 400 °C. For this material, the beginning of NO, production is observed above 400 °C. A very
large improvement in catalytic activity is observed for the vanadium-containing sample A-3V2 in comparison
with the pristine material. The highest NO, reduction rate of 63% was obtained with this material at 400 °C,
and was significantly higher than the result for the pure Al,O; material. This is probably related to the fact that
the enrichment of alumina with vanadia significantly improves its catalytic properties. As mentioned in the
introduction, ammonia is strongly adsorbed adjacent to V = O sites as NH,*, and the reaction rate is directly
proportional to the number of surface V.= O bonds'®, which facilitate the SCR reaction. Moreover, the presence
of nitrogen in the form of NH," may significantly strengthen the catalytic activity of the materials. Unfortunately,
for sample A-3V2, the conversion of NO, at temperatures above 400 °C was found to be problematic. However, for
the samples modified with lanthana this problem disappeared. The incorporation of lanthana into the structure
of the AL,05/V,05 materials did not significantly improve their catalytic performance in the temperature range
150-400 °C, but enabled elimination of the production of nitrogen oxides at temperatures above this range.
This behavior may also be due to the wider range of positive surface charge of lanthana-modified samples. By-
product production was constantly monitored during the experiments, and the results are presented in Fig. 5b.
For all samples, the amount of by-product increased gradually with increasing reaction temperature. However,
in the case of vanadia- and lanthana-modified samples the amount of N,O did not exceed 23 ppm in the whole
temperature range. For the pure Al,O; sample higher N,O production was observed, reaching almost 31 ppm
at 450 °C, which is nevertheless fairly low. Based on the results, a mechanism for the catalytic action of AL,O,/
V,05/La,0; materials was proposed (see Fig. 6).

Nitrogen oxides are adsorbed on the surface of Al,0,/V,0s/La,0; and, due to the presence of active vanadium
sites, ammonia reacts with them. Moreover, the incorporation of lanthana causes an increase in the number of
active sites on the catalyst’s surface, which facilitates the adsorption of nitrogen oxides and thus makes their selec-
tive catalytic reduction more effective. Ammonia holds a dominant position in competitive adsorption between
NH; and NO on similar vanadium-containing metal oxide catalysts, and so analogous behavior probably occurs
in the case of Al,05/V,05/La,0;. Therefore, the bonds between nitrogen and oxygen are broken, enabling the
formation of molecular nitrogen, water, and N,O. Nitrogen oxides can be adsorbed on the surface of the catalyst
and then transformed into monodentate species of nitrite and nitrates, which is favored by the presence of O,
and significantly inhibits NH; adsorption, hindering the SCR reaction®!.

Comparison with previous studies. Alumina-based materials modified with various metal species have
previously been used as catalysts in SCR processes. However, they have mostly been investigated in hydrocar-
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bon-assisted SCR, whereas NH;-SCR is currently the leading technology for the elimination of nitrogen oxides
from diesel engines. Oton et al.'! modified alumina with Pt, Co, Fe and Ni by a wet impregnation procedure,
and tested them in the selective catalytic reduction of NO, by CO. Platinum- and cobalt-containing alumina
achieved an NO, conversion rate of almost 100% at 400 °C, while Fe-Al,O; achieved around 60% and Ni-Al,O,
0%. By comparison, the vanadia-modified alumina sample obtained in this work reduced 63% of nitrogen oxides
at that temperature. Kumar et al.** prepared a series of La,O;-modified AlL,O; supports for Ag, using a wet
impregnation method, and obtained materials with relatively high surface areas (161-281 m?/g). These materi-
als produced high N,O conversion rates, reaching 100% on 5%Ag/1%La,0,-Al,0; at 600 °C. However, at lower
temperatures these materials gave much worse results—less than 40% reduction for all samples—while in our
study the highest NO, reduction rate of 75% was obtained for the A-3V2La0.5 material at 450 °C. Nascimento
et al.¥ investigated Al,05-La,0;-based catalysts modified with bimetallic species of Ni-Mo, Co-Mo and Pt-Mo
by a wet impregnation method, and investigated their performance in a CO-assisted SCR process. At 400 °C, Ni-
Mo/Al,0;-La,0;, Co-Mo/Al,0;-La,0;, and Pt-Mo/Al,0;-La,0; achieved NO, conversion rates of 0%, <40%
and < 60%, respectively. By contrast, synthesized under presented study A-3V2La0.5 material enabled to achieve
a 70% conversion rate at 400 °C, higher than that achieved by the Pt-Mo/Al,0;-La,0; sample, justifying the
claim that vanadium compounds are promising modifiers of catalysts for SCR processes.

Conclusions

In this work, an effective mechanochemical synthesis of alumina-based oxide materials, and their successful
enrichment with vanadium and lanthanum species were accomplished via in situ modification. The presence of
V (1.1-4.3 wt%) and La (0.5-1.1 wt%) in the modified samples was confirmed by EDX analysis. XRF analysis
further confirmed the presence of these elements in the oxide forms V,0; (2.2-8.8 wt%) and La,0; (1.1-2.0 wt%).
All nitrogen adsorption—desorption isotherms were classified as type IV, characteristic for mesoporous materi-
als, due to the presence of a hysteresis loop. The proposed synthesis route led to materials with a large specific
surface area of 279-337 m*/g. While SEM images of pristine Al,O; show agglomerates of significant size, all
other samples reveal irregular structures with various grain sizes and degrees of agglomeration, which suggests
that the introduction of additional metal-containing species to Al,O; increases the structural heterogeneity of
the material. Surface charge properties were determined by measurements of electrokinetic potential. All of the
samples exhibited similar curves, with positive zeta potential values at acidic pH, reaching the isoelectric point
around a neutral pH of 6-8, and developing a negative charge in more basic environments. The incorporation
of vanadia caused a decrease in the zeta potential, while the addition of lanthana caused its significant increase.
It is concluded that the proposed mechanochemical synthesis is an effective method for obtaining mesoporous
alumina/vanadia/lanthana hybrids.
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Selected samples were subjected to SCR catalytic testing. As expected, pristine alumina exhibited the lowest
catalytic activity, achieving a maximum reduction of 14% at 400 °C. The incorporation of vanadia resulted in a
very large improvement in catalytic performance, with the efficiency of 63% at 400 °C. The addition of lanthana
eliminated the re-production of nitrogen oxides at temperatures above 400 °C. Among the tested samples,
A-3V2La0.5 and A-3V2Lal achieved the best SCR catalytic performance, reaching conversion rates of 75% and
71%, respectively, at 450 °C, which may be considered as a promising result. This study has shown that alumina
with incorporated vanadia and lanthana exhibits high catalytic performance in the ammonia-assisted SCR reac-
tion, and may also be a beneficial material for other applications.
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