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3. ABSTRACT

The results gathered in the presented PhD thesis focus on two pathways of
biopolymers utilization. The first route deals with evaluating new sources of chitin in
sponges (phylum Porifera), specifically Demosponginae class. Consequently, the
publications entitled The demosponge Pseudoceratina purpurea as a new source of
fibrous chitin (Zoéltowska-Aksamitowska S., Tsurkan M., Swee-Cheng L., Meissner
H., Tabachnick K., Shaala L.A., Youssef D.T.A., lvanenko V., Petrenko I., Wysokowski
M., Bechman N., Joseph Y., Jesionowski T., Ehrlich H. Int. J. Biol. Macromol. (2018)
112: 1021-1028) and First report on chitin in non-verongiid marine demosponge:
The Mycale euplectellioides case (Zéttowska-Aksamitowska S., Shaala L.A., Youssef
D.T.A., El Hady S., Tsurkan M., Petrenko I., Wysokowski M., Tabachnick K., Meissner
H., lvanenko V., Bechman N., Joseph Y., Jesionowski T., Ehrlich H. Mar. Drugs (2018)
16: 68) aim to investigate, for the first time, the presence of chitin in species P. purpurea
and M. euplectellioides. The chitin isolation was performed using the standard approach
of sodium hydroxide based demineralization, followed by decalcification and
desilicification. Subsequently, isolated scaffolds were thoroughly investigated using
various techniques, including calcofluor white staining, FTIR analysis, electrospray
ionization mass spectrometry (ESI-MS), scanning electron microscopy (SEM),
fluorescence microscopy, and chitinase digestion test. The studies confirm with solid
evidence the presence of alpha-chitin in the skeleton of both sponges. Nevertheless, the
discovery of chitin within the representatives of verongiid sponge P. purpurea and non-
verongiid sponge M. euplectellioides opens new perspectives on the development
of renewable sources of both chitin and biologically active metabolites, which have great
potential to be used in biomedicine, pharmacology, and tissue engineering.

The second path of the presented thesis focused on applying spongin-based
scaffolds isolated from commercial sponges to obtain novel hybrid materials based
on either carbonized spongin scaffolds or spongin itself. Likewise, the thermal
degradation Kkinetics of spongin was investigated to evaluate the potential of this
biopolymer to be a new source of structured biocarbons. Therefore, in work entitled
Thermal decomposition behaviour and numerical fitting for the pyrolysis kinetics
of 3D spongin-based scaffolds. The classic approach (Zéltowska S., Koltsov 1., Alejski
K., Ehrlich H., Ciatkowski M., Jesionowski T. Polym. Test. (2021) 97: 107148) the values
of activation energy Ea, pre-exponential factor A and form of function f(a) were
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investigated based on data obtained from thermogravimetric analysis (TG). Various
mathematical approaches such as Coats—Redfern method and the model-free iso-
conversional Friedman, Kissinger—Akahira—Sunose (KAS), and Ozawa—Flynn-Wall
(OFW) methods were used to calculate the values of kinetic parameters. Moreover, based
on the theory of the active complex of reagent, the changes of entropy (45), enthalpy
(4H), and free Gibbs energy (4G) were computed. For the first time, this study takes
up the challenge of describing the pathway and course of thermal degradation of spongin
owing to the physicochemical properties of spongin and biocarbons.

Further studies evaluate the potential of spongin-based skeletons in the
preparation of advanced hybrid materials. Thus, the immobilization of silver and cobalt
was performed to obtain novel composites, as described in the publication entitled
Commercial sponges in heterogeneous catalysis: developing novel composites with
cobalt and silver (Zoltowska S., Modelska M., Piasecki A., Jesionowski
T. Physicochem. Probl. Miner. Process. (2020) 56(6)). The effectiveness
of functionalization was evaluated using various techniques, including scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS), Fourier-transform
infrared spectroscopy (FTIR), and thermogravimetric analysis (TG). However, the main
point of that study was applying prepared composites as a catalyst in the reduction
reaction of 4-nitrophenol with 4-aminophenol in the presence of sodium borohydride
in the aqueous environment. The obtained results showed high catalytic activity
of prepared materials with significant stability during repetitive reuse. Moreover,
structural studies of spent catalysts showed no visible changes in their morphology.

Finally, the possibility of preparation of advanced structured biocarbons from
spongin was comprehensively studied. For this reason, low-temperature carbonization
was carried out at temperatures 400 °C, 500 °C, and 600 °C. The resulting biocarbons
were used as a support and functionalized with cobalt oxide and nickel hydroxide, nickel
oxide, and metallic nickel phases by the simple sorption-reduction method. The structure
and chemical composition of the prepared materials, as well as biocarbons, was deeply
investigated employing various analytical techniques, including transmission electron
microscopy (TEM), SEM with EDS, FTIR, X-ray photoelectron spectroscopy (XPS),
X-ray fluorescence spectroscopy (XRF) low-temperature nitrogen sorption, and X-ray
diffraction (XRD). Further, obtained composites were tested as potential catalysts in

various oxidation-reduction reactions.
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The carbonized spongin based scaffolds functionalized with cobalt oxide described in
work entitled Three-dimensional commercial-sponge-derived CosO4@C catalysts for
effective treatments of organic contaminants (Zéttowska S., Minambres J.F., Piasecki
A., Mertens F., Jesionowski T. J. Environ. Chem. Eng. (2021) 9: 105631) were
successfully applied in the oxidation of styrene, decolorization of rhodamine B dye and
reduction of 4-nitrophenol. It was shown that fibrous structure with open porous canals
provides good accessibility for substrates to the surface of the catalysts, resulting in high
catalytic activity. Reusability studies proved good activity even after the fifth catalytic
cycle in both oxidation and reduction reactions.

The composites obtained after functionalization with nickel species described in the
publication Modification of structured bio-carbon derived from spongin-based
scaffolds with nickel compounds to produce a functional catalyst for reduction and
oxidation reactions: Potential for use in environmental protection (Zoéltowska
S., Bielan Z., Zembrzuska J., Siwinska-Ciesielczyk K., Piasecki A., Zielinska-Jurek
A., Jesionowski T. Sci. Total. Environ. (2021) 794: 148692) showed significant activity
inthe oxidation of phenol, 4-chlorophenoxyacetic acid (4-CPA) and
methylchlorophenoxypropionic acid (MCPP) as well as reduction of 4-nitrophenol.
The mechanism of reactions was discussed, and the support's effect on catalytic properties
was evaluated in detail.

Spongin-based scaffolds show great potential to be used to produce three-dimensional
composites for various applications. Moreover, the kinetically favorable carbonization
of those scaffolds leads to obtaining structured materials that can be easily modified with
a metal-containing phase having impressive catalytic performance in the treatment of

emerging compounds.
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4. STRESZCZENIE

Otrzymane rezultaty w ramach zrealizowanej pracy doktorskiej dotyczg dwoch
nurtow poznawczych wykorzystania biopolimeréw. Pierwsza $ciezka zwigzana jest
Z poszukiwaniem nowych zrodet chityny w gabkach (typu Porifera), a konkretnie
w klasie Demosponginae. W konsekwencji powstaly publikacje The demosponge
Pseudoceratina purpurea asa new source of fibrous chitin (Zoltowska-
Aksamitowska S., Tsurkan M., Swee-Cheng L., Meissner H., Tabachnick K., Shaala
L.A., Youssef D.T.A., Ivanenko V., Petrenko 1., Wysokowski M., Bechman N., Joseph
Y., Jesionowski T., Ehrlich H. Int. J. Biol. Macromol (2018) 112: 1021-1028) oraz First
report on chitin in non-verongiid marine demosponge: The Mycale euplectellioides
case (Zéttowska-Aksamitowska S., Shaala L.A., Youssef D.T.A., El Hady S., Tsurkan
M., Petrenko 1., Wysokowski M., Tabachnick K., Meissner H., lvanenko V., Bechman
N., Joseph Y., Jesionowski T., Ehrlich H. Mar. Drugs (2018) 16: 68) opisujace po raz
pierwszy obecno$¢ chityny w wybranych gatunkach gabek morskich P. purpurea
I M. euplectellioides. Izolacj¢ chityny przeprowadzono stosujgc standardowa metode
demineralizacji wodorotlenkiem sodu, a nastepnie dekalcyfikacji i desillifikacji.
Chitynowy biopolimer w wyizolowanych szkieletach zostal potwierdzony przy
zastosowaniu roznych technik badawczych, m.in. takich jak: barwienie metoda
Calcofluor White, spektrofotometria FTIR, spektrometria masowa z jonizacja przez
elektrorozpylanie (ESI-MS), skaningowa mikroskopia elektronowa (SEM), mikroskopia
fluorescencyjna i enzymatyczne trawienie chitynazag. Na podstawie uzyskanych
rezultatow i ich analizy jednoznacznie potwierdzono odkrycie alfa-chityny w szkieletach
obu gabek. Nalezy podkresli¢, ze to odkrycie otwiera nowe perspektywy rozwoju
odnawialnych zrodet zar6wno chityny, jak 1 biologicznie aktywnych metabolitow, ktore
maja ogromny potencjat aplikacyjny w biomedycynie, farmacji i inzynierii tkankowe;.

Druga $ciezka zaprezentowana w omawianej dysertacji  doktorskiej
koncentrowala si¢ na zastosowaniu sponginy pozyskanej z komercyjnych gabek
morskich, celem uzyskania nowych materiatdow hybrydowych opartych zaréwno na
szkieletach sponginowych oraz na karbonizowanych rusztowaniach sponginowych.
Dlatego waznym elementem prac bylo wyznaczenie Kinetyki termicznej degradacji
sponginy, aby oceni¢ potencjal tego biopolimeru jako nowego zrodta strukturyzowanych
biowegli. W pracy zatytulowanej Thermal decomposition behaviour and numerical

fitting for the pyrolysis kinetics of 3D spongin-based scaffolds. The classic approach
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(Zottowska S., Koltsov 1., Alejski K., Ehrlich H., Ciatkowski M., Jesionowski T. Polym.
Test. (2021) 97: 107148) okreslono wartosci liczbowe energii aktywacji Ea,
wspoélczynnika przedwyktadniczego A, jak réwniez posta¢ funkcji f(a), na podstawie
danych uzyskanych z analizy termograwimetrycznej (TG). Do obliczenia warto$ci
liczbowych parametrow kinetycznych wykorzystano kilka metod matematycznych,
takich jak metoda Coatsa-Redferna i bezmodelowa izokonwersyjna metoda Friedmana,
Kissingera-Akahira-Sunose (KAS) oraz Ozawa-Flynn-Wall (OFW). Ponadto, w oparciu
0 teori¢ aktywnego kompleksu, obliczono warto$ci zmiany entropii (AS), entalpii (AH)
oraz swobodnej energii Gibbsa (AG). W pracy po raz pierwszy podjeto wyzwanie
opisania szlaku i przebiegu termicznej degradacji sponginy z uwzgl¢dnieniem
wlasciwosci fizykochemicznych zaréwno sponginy jak i biowegli.

Dalsze badania prowadzono pod katem oceny potencjalu uzytkowego szkieletow
sponginowych  w przygotowaniu zaawansowanych  materialtbw  hybrydowych.
W zwigzku z tym przeprowadzono immobilizacj¢ srebra i kobaltu w celu uzyskania
nowych kompozytow, jak opisano w publikacji pt. Commercial sponges
in heterogeneous catalysis: developing novel composites with cobalt and silver
(Zottowska S., Modelska M., Piasecki A., Jesionowski T. Physicochem. Probl. Miner.
Process. (2020) 56(6): 89—100). Skutecznos¢ funkcjonalizacji szkieletow sponginowych
oceniono przy uzyciu réznych technik, w tym skaningowej mikroskopii elektronowej
(SEM) z dyspersyjnag spektroskopig rentgenowska (EDS), spektroskopii w podczerwieni
z transformacjg Fouriera (FTIR) oraz analizy termograwimetrycznej (TG). Jednak
glownym celem tych badan bylo zastosowanie przygotowanych kompozytow jako
katalizatorow w reakcji redukcji 4-nitrofenolu do 4-aminofenolu w obecnosci
borowodorku sodu w $rodowisku wodnym. Na podstawie uzyskanych wynikow
potwierdzono wysoka aktywnos$¢ katalityczng przygotowanych materiatow o znacznej
stabilno$ci podczas wielokrotnego ponownego uzycia. Ponadto badania strukturalne
zuzytych katalizatoréw nie wykazaty widocznych zmian w ich morfologii.

Finalnie wszechstronnie i kompleksowo okreslono mozliwo$¢ przygotowania
zaawansowanych, strukturyzowanych biowggli ze szkieletow sponginowych. W tym celu
prowadzono niskotemperaturowa karbonizacje w temperaturach 400, 500 i 600 °C.
Otrzymane biowegle wykorzystano jako no$niki fazy metalicznej. Dokonano
funkcjonalizacji karbonizowanych szkieletow sponginowych tlenkiem kobaltu oraz

wodorotlenkiem niklu, tlenkiem niklu i metalicznym niklem wykorzystujac prosta
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metode sorpcji 1redukcji. Strukture i sktad chemiczny przygotowanych materialow,
a takze biowegli doktadnie scharakteryzowano wykorzystujac w tym celu transmisyjng
mikroskopi¢ elektronowa (TEM), skaningowa mikroskopi¢ elektronowa (SEM),
dyspersyjna spektroskopi¢ rentgenowska (EDS), spektroskopie W podczerwieni
z transformacja Fouriera (FTIR), rentgenowska spektroskopie fotoelektronow (XPS),
rentgenowska spektroskopie fluorescencyjng, niskotemperaturowg sorpcj¢ azotu oraz
dyfrakcje rentgenowskg (XRD). Ponadto otrzymane kompozyty przetestowano jako
potencjalne katalizatory w r6znych reakcjach utleniania-redukcji.
Materialy sfunkcjonalizowane tlenkiem kobaltu opisane w pracy pt. Three-dimensional
commercial-sponge-derived Co304@C catalysts for effective treatments of organic
contaminants (Zoéttowska S., Minambres J.F., Piasecki A., Mertens F., Jesionowski T.
J. Environ. Chem. Eng. (2021) 9: 105631) zostaly z powodzeniem zastosowane
w reakcjach utleniania styrenu, odbarwiania barwnika rodaminy B i redukcji
4-nitrofenolu. Wykazano, ze wtoknista struktura katalizatorow z otwartymi kanatami
porowatymi zapewnia dobrg dostgpnos¢ substratow do powierzchni katalizatorow, co
skutkuje wysoka aktywnos$cig katalityczng. Dodatkowo w badaniach nad mozliwo$cia
ponownego wykorzystania wykazano duza aktywnos$¢ tych materiatow nawet po pigtym
cyklu katalitycznym, zard6wno w reakcjach utleniania, jak i redukcji.
Kompozyty otrzymane po funkcjonalizacji zwigzkami niklu zostaty opisane w publikacji
Modification of structured bio-carbon derived from spongin-based scaffolds with
nickel compounds to produce a functional catalyst for reduction and oxidation
reactions: Potential for use in environmental protection (Zoltowska S., Bielan
Z.,Zembrzuska J., Siwinska-Ciesielczyk K., Piasecki A., Zielinska-Jurek A.,
Jesionowski T. Sci. Total. Environ. (2021) 794: 148692). Rezultaty badan wskazaly
znaczng aktywno$¢ opisywanych materialbw w utlenianiu fenolu, kwasu
4-chlorofenoksyoctowego (4-CPA) i kwasu metylochlorofenoksypropionowego (MCPP)
oraz redukcji 4-nitrofenolu. Omoéwiono mechanizm reakcji oraz szczegétowo oceniono
wplyw no$nika na wtasciwosci katalityczne.

Szkielety sponginowe wykazujg ogromny potencjal ich wykorzystania do produkcji
trojwymiarowych kompozytdw o szerokiej gamie zastosowan. Co wigcej, kinetycznie
korzystna karbonizacja tych rusztowan prowadzi do otrzymania strukturalnego materiatu

weglowego, ktory mozna tatwo modyfikowac fazg zawierajacg metal. Dzigki temu
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mozliwe jest uzyskanie w prosty sposob materiatow o imponujacych wilasciwosciach

katalitycznych.
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5. INTRODUCTION
5.1. Biomimetics in materials science — state of the art

Nature always finds a way. The paraphrase of this one of the most iconic pop culture
quote constitutes a proper introduction to the biomimetic topic. Since ancient times nature
has been a constant inspiration and a driving force of the development of humankind.
Nature also provides us with essential, however elementary, tools and materials that
generations are using to develop the most complex inventions. Moreover, the materials
and structures of biological origin usually are built from the fibers or the various types
of receptor systems. Thus, even the most complex and hierarchical organizations can
be created. While treated as an engineering sketch, the living beings and natural products,
contrary to human-build designs with strictly specified properties and prepared as exact
duplicates, have regular features and operate well even if they exhibit some differences
within the same species. On the other hand, exact duplicates' production is a deliberate
act to obtain the product with strictly designed quality [1].

As a result of the centuries of observations of nature and utilizing its products,
the approach of preparing materials and/or systems inspired by nature was called
biomimetic. Even though the biomimetic concept has been known for centuries, just
in 1957, Otto H. Schmitt first used the term biomimetics to describe studies dealing with
mimicry of nature's mechanisms, processes, and methods [1-3]. According to the
definition provided by Janine Benyus, this term refers to "studying nature's most
successful developments and then imitating these designs and processes to solve human
problems. It can be thought of as 'innovation inspired by nature” [4]. Although the term
biomimetics became established in the scientific literature relatively recently, the concept
has been in use for centuries [5].

A prominent example is the preparation of artificial silk by the Chinese more than
300 years ago [6]. Since that time, people have been seeking the solution in nature.
Leonardo da Vinci was inspired to design planes and ships by observing the birds
and fishes [7]. The plane's project made by the Wright brothers was built upon
an observation that birds do not move their wings always, instead of sliding upon the air
current. Another representative example of biomimetics in science is the textile product -
the hook and loop fastener called Velcro, developed by Swiss inventor George de Mestral.
He was inspired by the burrs and their hook-like construction, which he found fixed on his
trousers and dog's fur. In the late sixties of the XX century, the exhaustive study resulted
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in developing new branches derived from biomimetics. The history of the development

of biomimetics studies is gathered in Fig.1.
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Fig. 1. The history of biomimetics, based on [8].

First-generation biomimetics studies were related to molecular biomimetics and the
development of enzymes and bio-membranes at the molecular level [8]. Then the artificial
photosynthesis research has been active since the dye-sensitive solar cells were
developed. However, the establishment of molecular biology has turned biology into the
mainstream to follow evolution and life phenomena. At the same time, the biomimetic
chemistry was turned into bio-inspired materials chemistry [7,9], which covers a wide
array of topics, including the design, synthesis, and development of biologically inspired
complex, hierarchical materials on a nano-, micro-, or even macro-scale, and the self-
assembly of small molecules [10]. Essential to notice as an example is a material based
on the skin concept of sea cucumbers [6]. The skin of sea cucumbers can change the
stiffness from low to high within a few seconds. This is possible due to developing
a nanocomposite where collagen fibers reinforce a low-module matrix.
The biomimetic/bio-inspired materials seem to be promising for designing novel
composites for regenerative medicine, bionic and orthopedic devices. Especially those
which for the external stimulus answer with the change of mechanical properties or self-
healing or self-assembly properties. Another prominent example is one of the most water-

repellent surfaces in nature — the leaf of the lotus plant. By the observation of the surface
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structure of the leaf, it was possible to develop the simple waxy-hydrophobic material
with exceptional anti-wetting properties. Such coatings are used to reduce drag on ship
hulls, stain- and water-proof fabrics, and improve separation processes in mining
industries [8].

Within the biomimetic studies, the particular interest is also paid for the association
of biopolymers with inorganic molecules to create remarkable biominerals similar
to bone, frustules of diatom, seashells, among others, the assembly of mineral content
shape, structure, and size can be controlled. The bioinorganic materials constitute
an inspiration for many scientists worldwide. This curiosity is related to the fact that
simple inorganic materials like silicon dioxide (SiO2), iron sulfate (Fe2(SOa)3), or calcium
carbonate (CaCQOg) are structured into various complex assemblies which are durable and
tough. Therefore, the formation of numerous ceramic-polymer hybrid materials
by utilizing inorganic solids to mimic these natural architectures’ molecular interactions
seems to be a promising possibility and solution for developing the novel class
of functional materials.

The seventies of the XX century can be considered the most groundbreaking
in developing various branches of biomimetics [8-10]. In this decade, studies have
blossomed in mechanics and fluid dynamics fields, which resulted in the development
of robots that mimic the movement of insects, fish, dogs; sensors based on insects' hairs
and radars and sonars that use the echolocation capabilities of baths. Consequently, a new
branch of studies arises called bionics. However, it should be mentioned that terms
bionics and biomimetics are currently considered synonyms because both originate from
observing the system that exists in nature [1]. Nevertheless, such studies continue without
decline until now, mainly in the military, ships, railways, and astronautic industries.

However, in the last decade, a meaningful branch of science has emerged from
biomimetics. In 2010 in Germany, Professor Hermann Ehrlich established Extreme
Biomimetics as a new modern biomimetics field [11-13]. It is a multi- and
interdisciplinary research area, where various science fields, i.e., biology, chemistry,
physics, and materials science, forgather. This research area is gaining importance
in designing a new generation of hybrid materials with a three-dimensional, hierarchical
structure, using methods that mimic extreme environmental conditions (such as high
or low temperatures, high pressure). Extreme Biomimetics's primary goal is to understand

the mechanisms and principles underlying the biomineralization processes in organisms
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adapted to living in extreme conditions. Thus, it will allow for the implementation
of established key principles of Extreme Biomimetics in the context of the synthesis
of novel biomaterials with a wide range of commercial applications. Another turning
point is identifying the biomolecules that play a crucial role in the nucleation processes
and control inorganic crystals' growth. The exceptional thermal stability and ability
to complex metals by various biopolymers, including polysaccharides (cellulose, pectin,
chitin) and proteins (spongin, silk fibers), is evidence that the selected biopolymers can
be successfully used as organic matrices controlling the crystallization process of the
inorganic phase in the hydrothermal phase [11,12].

Extreme biomimetics principles have been applied in modern materials science for
a decade. Various organic-inorganic composites have been synthesized during this time
[14-19]. In general, the biopolymers of natural origin were taken for the synthesis
of advanced composites. The possibility of obtaining three-dimensional chitin skeletons
from marine sponges was the main inspiration for their use in synthesizing advanced
hybrid materials [14,15]. This property opens the way for using well-known solvo- and
hydrothermal synthesis methods, considered classical for preparing new, nano-structured
inorganic-chitin composites [16]. In 2013, a two-step functionalization of the two-
dimensional chitin skeleton of Poriferan origin using the micro- and monodisperse Stober
silica was described for the first time. The obtained hybrid materials were characterized
by the presence of spherical SiO> particles evenly distributed on the chitin fibers, which
probably results from the compatibility of Si-OH groups with the hydroxyl groups
of chitin [17]. The obtained results were vital for applying the hydrothermal method to
obtain an innovative composites following Extreme Biomimetics. In further research,
hydrothermal treatment was applied to modify chitin isolated from the skeleton of
Aplysina aerophoba (Demosponginae; Verongiida; Aplysinidae) marine sponge, with
zirconium dioxide [12]. The B-chitin isolated from the skeletons of marine cephalopods
of the Sepia officinalis was also used as a matrix for forming ZnO crystals in vitro under
hydrothermal conditions — accordingly to the Extreme Biomimetics rules. The presented
results confirmed that this approach allows for the development of inorganic-organic,
nano-structured hybrid materials based on B-chitin with special antibacterial properties,
which gives excellent prospects for the development of inorganic-organic chitin-based
wound-dressing materials [11]. Another prominent example is shown with synthesizing

the a-chitin-GeO, composite. The resulting a-chitin-GeO. composite was characterized
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by several physical properties, such asenhancing photoluminescence properties,
exceeding the previously noted values for other GeO»-based biomaterials. Such a result
suggests that the three-dimensional chitin-based composites can successfully be used
to prepare a new generation of diodes and biosensors [18]. Extreme Biomimetics is also
a valuable tool for preparing multiphase composites such as chitin-(Ti,Zr)O, obtained
by functionalization of chitin of Aplysina aerophoba origin [16]. Moreover, pectin
was modified with the germanium oxide with hydrothermal treatment following this
approach. Resulted material exhibited good antibacterial properties against various
pathogens [19].

Within biomimetics studies, the biomimicry approach must be mentioned as well.
However, many literature sources provide information that biomimicry is a synonym
of biomimetics; historically, both movements had different goals and underlying
connotations. Biomimicry means learning from nature, while biomimetics denotes
the field of study in which concepts and designs are applied. In 1997 Janine M. Benyus
published her book Biomimicry, where the biomimicry term was defined as the emulation
of nature's time-tested patterns and strategies to solve human engineering and life
challenges [4]. It must be mentioned that within the broad term of biomimicry, several

classes can be distinguished (Table 1).

Table 1. The class of biomimicry.

Blomimicry Definition Example Reference
class
Functional physmql and/ or Ch?mlcal false teeth made from
biomimi properties are inspired by . [20]
iomimicry ivory
nature
taking inspiration from the
types and pathways of_a_toms oroducing liquid
Molecular and molecules, acquiring
L crystals based on [21]
biomimicry them, usually from natural .
: a filamentous phage
resources, and finally,
preparing versatile materials
the mimicking of
mechanisms or pathways of .
Process : production of
biomimi conformation of molecules L [22]
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However, the axiom revealing common characteristics of biomimetic materials and
biomaterials science is related to restoring natural function while the original material
IS missing or cannot work properly and sustain the optimal environment for the process.
Consequently, biomimicry may give essential clues for every production step, including
the molecule's selection and method of biomaterial fabrication [8,25]. Biomimicry
is, indeed, a source of inspiration during the design and modification of biomaterials and
biomedical devices.

However, it must be mentioned that it is not a panacea to produce biomaterials
despite the usefulness of biomimetics. Moreover, it has some limitations, which must
be understood to use biomimetics effectively [26,27]. The most critical limitation is the
proper understanding of biomimetics and biomimicry — which does not mean literal bio-
duplication. The mimicking of nature is related to selective observation, taking inspiration
from nature. As in plane design, even though birds are always flapping with their wings
during flight, the engineers adapt only the wings and adapt the wing's variable curvature
to obtain a compromise between the lift drag over in a wide range of speeds. In another
example, nature also produces toxic substances. Therefore, engineers must recognize
decent nature's lessons and copy them in a proper context. Another common mistake
is related to believing that nature always proposes the best solutions. Regardless of their
impressive performance in many ways, natural materials and approaches are not always
and must not be better than artificial materials. Biomaterials cannot be used as a substitute
for processes operated at high temperatures (200 °C and higher, depending on the
material) or/and in chemically harsh conditions — due to the presence of organic matrix.
Despite the biomineralization processes involving metallic particles growing in the living
organism, biomaterials literally do not synthesize metallic phases. For the purposes where
such metallic constructs are essential, biomaterials without proper functionalization are
not the best solutions. However, combining the biomaterials and metal-containing phase
or synthetical polymers to produce the advanced composites fits the biomimetics
approach, although, cannot be called biomimicry [28-30].

Another leading example of biomimetics in material science is a honeycomb
structure (Fig. 2) [31,32]. Bees produce this structure due to its efficient configurations,
low weight, and high resistance. The honeycomb structure is built from uniformly
distributed double-layered hexagonal cells constructed from plant resins named beeswax
and propolis [31].
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Fig. 2. The piece of honeycomb with an example of the hexagonal pattern, based on [31].

Interestingly, the honeycomb structures have not been investigated and
incorporated into material science till the beginning of the XX century; after that, various
metallic [33], paper [34], ceramics [35], and composite materials [36] with honeycomb
structure have been evaluated. However, the big explosion of interest in this particular
structure began in 1999. Hales showed how bees build hives to create the maximum cell
space using the minimum amount of beeswax; thus, it was proved that the honeycomb
structure is one of nature's most stable structures [37]. After this groundbreaking
discovery, the XIX century resonates with the development of materials with
a honeycomb structure for engineering fields, nano-, and biomedical sciences. Activated
carbon honeycombs [38], photonic bandgap honeycombs [39], microporous arrays
in polymeric films [40] are successfully developed via advanced methods [25,41,42].
Nevertheless, with the development of microscopic technologies, new structures similar
to honeycombs have been found in nature. A significant amount of various hexagonal
or similar patterns have been discovered in cell aggregates [43], living tissues [42],
marine sponge skeletons [24], and big molecules [44]. This most stable structure's unique
properties have opened wide properties to develop novel, advanced materials for
emerging applications ranging from 2 nm until 1 mm [31,32].

The continued study of structure-function relationships in biologically inspired
materials and mimicking the strategies and mechanisms observed in nature generate
endless possibilities in designing diverse organic and inorganic materials suitable for
a wide range of applications [7]. Two seem to be leading among the different reasons for
the continually increasing interest in the biomimetic field. Firstly, the regenerative
medicine progress results in the increased interest in the preparation of advanced and
biocompatible biomaterials with specific structures and properties. Secondly, the recent
improvement of characterization and production methods encourages scientists to find

how the structure of natural materials, developed by evolution, might be applied
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to biomimetic engineering projects. Humans have always been learning from nature, and
all resulted findings help survive generations and provide a sustainable future.

In summary, the literature emphasizes the scientific and application importance
of the biomimetic approach in developing novel materials. Among numerous examples
of biomaterials that could serve as the inspiration or precursor for the recreation
of functional composite, two potential biomaterials were evaluated in detail within
the framework of this thesis. Spongin and chitin of marine sponge origin were chosen
to investigate the potential to prepare advanced materials. The mechanical design and
design of porous interfaces on nano and micro-levels of chitin-based and spongin-based
demosponge scaffolds are applicable for various tissue- and material engineering
applications. However, a more detailed justification of their use and functionalization

is presented in subsequent chapters.

5.2. Spongin and chitin from sponges as a novel, biomimetic
source of biomaterials

Sponges (phylum Porifera) are one of the oldest multicellular organisms, which
evolution is dated back to the Precambrian. These simplest animals are distributed either
in marine as well as fresh aquatic ecosystems. Based on the genetic and molecular
analysis as well as their morphology, the taxonomy of the Porifera phylum contains four
classes: Demospongiae, Hexactinellida, Homoscleromorpha, and Calcarea [45]. Despite
the taxonomic class, all sponges build their skeletons in various three-dimensional shapes
from minerals or organic substances to minimize the metabolic cost and water exchange.
Moreover, the skeletons could also be filled out with exogenous materials such
as particles of sands or small crustaceans. Most of the Demospongiae and Hexactinellida
sponge species have silica-made skeletons containing the silica-based elements named
spicules. Their length varies within species between micrometers to centimeters, and they
can subsequently interlock or fuse with each other. Besides, the spicules are characterized
by high variation in shape and size. Therefore, this feature has gained significant attention
in cladistic and taxonomical studies of either living and fossil sponge species.
The Calcarea sponges produce mineralized spicules made from calcium carbonate.
Thus, their skeletal formations are an excellent example of naturally made, rigid
composite calcium carbonate composites.

Currently, there are 11 004 research outputs (state for 1.12.2021) regarding the
marine sponges, their biology, chemistry, possible approaches for their utilization, and
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ecological aspects, which will not be risen in this dissertation. This work pays particular
attention to chitin and spongin and their potential to be the biomimetic precursor

of valuable materials for material chemistry purposes.

5.2.1. Chitin of sponges’ origin

Within the wide range of research regarding the marine sponges, particular attention
Is paid to representatives of Demosponginae class. Taxonomically this class is the largest
among phylum Porifera, including approx. 80% of all living species [45] Demospongiae
class isdivided into three subclasses: Verongimorhpa, Heteroscleromorpha, and
Keratosa. The increasing interest in this class of sponges is related to their unique and
characteristic fibrous skeletons made from chitin or spongin as the main organic
components.

Chitin, one of the most abundant polysaccharides, has been identified
as an evolutionary ancient skeletal construct found in various organisms across the globe
[46]. It occurs as crystalline nano- and microfibrils that form structural elements of the
exoskeletons of arthropods and in fungal cell walls. Moreover, for other living organisms
in the animal kingdom, chitin plays a role in reinforcement and strength protection [46].
From the first successful chitin isolation from mushrooms in 1811 till the present day,
this biopolymer has been recognized to build the uni- and multicellular organisms
of foraminifera [47,48], diatoms [49,50], hydroids, coelenterates, brachiopods,
polychaetes, Pogonophora [51], several species of sponges [52], mollusks [53,54],
and crustaceans [55-60], as well as epidermal cuticles of fish [61,62]. The annual chitin
estimated natural worldwide production rate was estimated to be approximately 10** tons
[46]. However, the material form of chitin is usually a white and complex nitrogenous
polysaccharide that is inelastic. On the other hand, chitin is also considered as the
emerging source of beach pollution in coastal areas [46].

However, the presence of chitin in representatives of sponges was established
relatively late — in 2007 by the discovery of chitin in the skeletal fibers of the demosponge
Verongula gigantea [63]. The team of Prof. H. Ehrlich proved that the isolated chitin
is similar to a-chitin found in invertebrates. This meaningful discovery opens the door for
seeking chitin in other representatives of sponges by Prof. Ehrlich's group. Consequently,
the chitin has been described in the glass sponge Farrea occa [64], species
of demosponges of Verongiida order [65-67], Mexican Pacific species of the genus

Aplysina and in the sponge Aplysina fistularis (all belong to verongiids) [68,69],
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freshwater demosponge Spongilla lacustris [70], holdfast of freshwater demosponge
Lubomirskia baicalensis [71], Ochridaspongia [72] and as well as heavily mineralized
Verongiida demosponge Suberea clavata [73]. Moreover, recently the presence of chitin
has also been confirmed inanother representative of the order Verongiida,
Pseudoceratina purpurea [74], and non-Verongiida marine demosponges from the family
Poecilosclerida: Acarnus wolffgangi, Echinoclathria gibbosa [75], and Mycale
euplectellioides [76]. Those studies provide evidence about chitin existence and focus on
the evolutionary aspect, where the hypothesis about chitin formation has been proposed
[52].

Moreover, the ecological importance of chitin in the marine environment should
also be mentioned. According to Johnstone, carbon and nitrogen could rather disappear
from the ocean if chitin would not return in biologically functional form because those
two elements are limited in the marine ecosystems [77,78]. Globally, the majority
of chitin is produced inornear the aquatic environment. The annual production
is balanced by the chitin degradation making possible cycling of nutrients in the oceans
[79].

Consequently, the worldwide abundance of chitin makes this biopolymer a perfect
candidate for application in biomimetics and materials science studies. The versatility
of its use is related to easy processible into different products, such as hydrogels [80],
membranes [81,82], nanofibers [83,84], beads [85], micro/nanoparticles [80,86],
scaffolds [87] and foams [80]. Furthermore, the high porosity, predictable degradation
rate, biodegradability, structural integrity, non-toxicity to cells, and biocompatibility
made chitin the perfect candidate to fabricate novel, biomedical composite materials [80].
However, to produce such advanced materials, chitin isolation must be carried
out by adjusting the approach to the source of chitin. However, all methods are focusing
on the removal of protein that binds chitin chains together and minerals. Depends on the
chitin source, sometimes a decolorization is carried out to remove the additional
pigments. Over the years, numerous methods have been applied and developed for chitin
production. However, the chemical and biological methods are principal, among others
described in literature [52]. Detailed investigations regarding the methods of chitin
isolation from various sources have been gathered elsewhere [46,88]. Industrially, chitin
is obtained from crustaceans’ shells in the form of flakes, microparticles, and powders.

In that form, chitin is used to produce chitosan, but for the production of 3D scaffolds

29



. . FACULTY
Poznan University of Technology DF CHEMICAL
TECHNOLOGY

Sonia Zéttowska

for tissue engineering or material science purposes, the other, often more expensive
processes of forming 3D structures are needed [52].

The chitin isolated from demosponges has fibrous, tubular 3D morphology, with
various channels possessing swelling abilities. Such constructs can reach up to 50 um
in diameter, exhibiting the capillary effect. These properties distinguish chitin isolated
from demosponges from chitin obtained commercially from crustaceans [52]. Likewise,
proved higher thermal stability of demosponges chitin (up to 400 °C) [52] than fungal
chitin makes demosponges a prime source of chitin over other commonly developed.
Because marine sponges can be cultivated, they can be considered a 3D, naturally
prefabricated chitin source. Consequently, chitin of sponges’ origin is a promising
and ready-to-use 3D scaffolding material with vast possible applications in biomedical
and material sciences purposes. Therefore, seeking new species of sponges with skeletons
built from chitin is essential not only from a systematic point of view but also
for searching for new potential sources of three-dimensional chitin structures.

Within the aim of the presented PhD thesis, the new sources of chitin were
discovered and described, showing that chitin preserved the structure of the sponge
skeleton and might be applied as ready-to-use scaffolds for various applications
(Publications 1 and 2). The detailed investigation of chitin isolation is described in the

chapter 6 of the presented thesis.

5.2.2. Spongin

Within Demosponginae class, particular attention has also been paid to the
utilization of spongin - biopolymer building the skeletons of Demosponges from the
Dictyoceratida and Dendroceratida orders — commonly referred to as "keratose or horny
sponges” [89,90]. Interestingly, their skeletons do not possess the siliceous spicules — but
only proteins: spongin as a main organic component, and often collagen, which is the
intercellular organic framework [89].
Although, prior to a detailed discussion, attention should be paid to the definitions
of basic terms, including commercial sponges, sponges, and sponge skeletons. As stated
by Jesionowski et al. [91], a commercial sponge is a skeleton build from spongin.
In contrast, the term skeleton means cell and tissue free, dried, demineralized, and
depigmented skeletal construct, and finally, term sponges refer to the whole organism:

body and skeleton.
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In the presented dissertation, the spongin derived from the Hippospongia communis
species was used. Spongin is considered a point of interest due to its thermal stability,
unique, fibrous, three-dimensional morphology, and the presence of various heteroatoms
(nitrogen, sulfur, iodine, bromine) in its structure [91]. Moreover, the keratosa sponges
can be considered asarenewable source of spongin. Nowadays, sponge farming
is an established business line, where China, Europe, and North America are considered
significant players. The global Natural Sea Sponge market is constantly growing, starting
from 20 million USD at the beginning of the XX century. The world sponge market
Is under constant evaluation, which started in 1980 when the natural sponges started to be
cultivated for commercial purposes [91]. Currently, the cosmetics and baby care markets
are the primary natural sponge users and generate most of the market.

Furthermore, the COVID-19 pandemic seems to have an impact on the increase
of demand in this market. Nevertheless, such impact might be visible in the following
years. Likewise, commercial sponges have also become an interesting source
of biomaterials for modern biomimetics and material science. Therefore, they seem
to have the potential to be implemented to prepare advanced supports for catalysis
purposes. Considering the increase in scientific paper publication regarding marine
sponges' and spongin application in the past 10 years (see Fig. 3), evaluating their

potential seems to be a natural step.
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Fig. 3. The number of scientific articles in the Scopus database for the keywords marine sponges

and spongin (date of access: 1.12.2021).

Interestingly, the detailed chemical composition of spongin is still considered
unknown. Nevertheless, it contains the same amino acids already described in collagen
and keratin [91]. In some sources, it can be found that spongin is defined as a collagenous
protein typical for sponges. For a better overview, the gathered information regarding the

content of amino acids in various representatives of Keratose sponges is given in Table 2.
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Table 2. The amino acid content in various Demosponges belonging to the Dictyoceratida order.

Content calculated per 100 g of spongin
. . Common sponge Spongia graminea [95 Mean value for Ircinia
Amino acid Common bath Hippospongia (Hippospopngig S = variabilis, Hippospongia
sponge communis : . ) .
[92] [93] Genus Spongin A | Spongin B | communis, (?acospongla
[94] scalaris [96]
Alanine 0.2 2.8 5.4 7.9
Arginine 5.9 4.3 5.1 5.4 4.6
Aspartic acid 4.7 4.5 74 9.3 10.4
Cystine Traces 2.8 0.5 1.1 2.0
Diiodotyrosine Traces
Glutamic acid 18.1 18.4 8.6 8.9 7.7
Glycine 13.9 14.0 14.4 12.5 15.0 30.0
Isoleucine 1.9 1.6 2.1
Histidine 0.2 0.4 0.4 0.4
Hydroxylysine 1.2 2.8 2.9
Hydroxyproline 8.5 8.6 8.7
Leucine 7.5 2.2 2.2 2.8
Lysine 3.0 0.8 2.5 3.8
Methionine 0.4 0.3 Traces
Phenylalanine 3.3 1.0 1.2 1.3
Proline 6.3 5.7 5.3 5.8 7.3
Serine 2.3 1.7 2.2
Threonine 3.0 2.2 2.3
Tyrosine 2.8 0.8 0.5 0.6 0.5
Valine 2.0 1.9 2.8
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As shown in Table 2, the amino acid composition of spongin varies with different

sponge species. The deeper discussion regarding the chemical composition, types of spongin,
and collagen types associated with spongin, their chemistry, and biology was not in the scope
of the presented dissertation. In any case, that information can be found elsewhere [89,90,97].
Going deeper into the elemental composition, the results of recent studies revealed that
spongin-based skeletons of Hippospongia communis possess a high content of carbon,
oxygen, hydrogen, and nitrogen [91]. Moreover, the presence of halogens and other elements
such as sulfur, sodium, silicon, calcium, magnesium, or iron has been confirmed using the
energy-dispersive X-ray spectroscopy (EDS) technique [91]. Halogens are related to 3,5-
diiodotyrosine and 3-bromotyrosine [92], where in Dictioceratida order, halogenated
tyrosines exist together with proteinogenic amino acids. Due to the existence of tyrosine
compounds, the presence of aromatic carbon has been confirmed using FTIR analysis ([98],
Publication 5 [99]). The presence of sulfur is associated with the existence of cysteine
in amino acid chains of spongin — what is the example of similarity of spongin to keratin.
Moreover, the studies performed within the framework of this dissertation and the
previous works of the research group confirmed the presence of the low amount of Fe, Si —
those elements might be incorporated into the skeletons during the sponge's growth [98-101].
The existence of sodium, calcium, magnesium, aluminum has been proved in other studies
and may depend on the environment [102]. Interestingly, as was shown in Publications 3-6
[99,100,103,104], the cleaning procedure does not remove all materials aggregated in the
sponge structure. However, some micro debris or sand particles can be successfully removed.
Despite their unique chemistry, the spongin-based skeletons are an interesting source
of biomaterials also from the morphological point of view. The skeletons have a hierarchical,
multi-level organization of fibers with thickness varying from few to several micrometers —
typically 10-15 pum (Publication 5 [99]). Those fibers are built from densely packed
microfibrils and arranged within a preferential orientation — typically in concentric layers.
The diameter of microfibrils has been a measure to be approx. 10 um [91]. The spongin-
based skeletons are three-dimensional, reticular, possessing open-pores cellular structures

with multi-junctional regions (Fig. 4).
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Fig. 4. SEM images of the spongin-based skeleton from H. communis sponge at different magnifications
adapted from [105].

On the macroscale, the structure of spongin-based scaffolds seems to be favorable
compared to other biomaterials. The hierarchical arrangement of fibers that form a system
of open channels, often hexagonal in shape, recalls the honeycomb-like structure commonly

observed in nature (Fig. 5).

Fig. 5. Images from the optical microscope of the spongin-based skeleton, showing the fibers
arrangement [98,105,106].

Due to the growing conditions of sponges, where they must face the constant water
current, those simple animals developed skeletons that can withstand it. In addition, their
high porosity allows for the pumping of vast volumes of water. However, the sponges'
skeletons do not ideally resemble the honeycomb structure. The cellular structure exhibits
similarities and is a reason for extraordinary mechanical properties at low weight and low
density and functional features (such as firmness, elastic limits, compression modulus,
rigidity and stiffness, among others) [107]. Nature use such extraordinary strategy in the
number of biological systems, including wood, bone, or cork. Nevertheless, these unique

properties make spongin an interesting material for use in material science purposes.
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Moreover, despite the hierarchical and multi-level organization of fibers and fibrils,

the hydrophobic interactions [108] together with various cross-links such as sulfur-sulfur
type derived from cysteine and cysteine residues and those between the molecules of the
tropocollagen elements and aromatic rings of some amino acids provide the extraordinary
skeleton stabilization. The surface area of spongin has been estimated to be 2.5 and 3.4 m?
for 3to 4 g per skeleton [91], Publication 3 [104]. Either way, a detailed investigation
regarding the mechanical properties of different Demosponginae representatives has been
shown in the work of Louden and co-workers [109].

Interestingly spongin exhibits high resistance toward enzymatic treatment compared
to collagen. As an example, spongin is resistant toward enzymatic action of pepsin, bacterial
collagenases, chymotrypsin, trypsin, papain, protease, amylase, cellulase, lysozyme,
and elastase [108]. Besides the resistance to enzymatic treatment, spongin is also insoluble
in acids and can withstand the treatment with 5% trichloroacetic acid at 90 °C [23], similar
to keratin. However, the alkaline treatment results in the dissolution of spongin to its amino
acids hydrolysates.

Additionally, spongin is thermally stable, as was proved in Publication 3 [104];
the thermal degradation (in an inert atmosphere) started at a temperature between
140-150 °C, while the particular temperature depends on the heating rate. Such thermal
stability is similar to that associated with keratin. On the other hand, similarities with collagen
are related to the flexibility and support which gives spongin.

Taking into consideration the features mentioned above and the properties of both
spongin and chitin, it is apparent that they can be successfully applied to prepare biologically
inspired materials using tools provided by biomimetic and extreme biomimetic approaches.

Such prominent examples will be presented in the following chapter.

5.2.3. Application of spongin and chitin derived from marine
sponges in modern materials science

Among many possible applications of sponges and their skeletons and metabolites
in pharmacy, cosmetic chemistry industry, or tissue engineering within this dissertation, the
possibilities for the development of advanced composites will be investigated.
The previously mentioned unique properties of spongin and chitin of sponge origin make

those biomaterials promising to be used to prepare novel composites with a wide range
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of possible applications. Numerous attempts have been applied to use the chitin

as a functional matrix to prepare advanced composites via Extreme Biomimetic routes,
as described in Chapter 5.1 of the dissertation [10-11; 13-15; 17-18].

On the other hand, spongin-based scaffolds were utilized to prepare advanced
composite as well. The hydrothermal approach was used to prepare composites of spongin
with hematite [110] or titanium dioxide [111], where resulted material had a positive effect
on the capacity of energy storage devices and was an effective photocatalyst for the photo-
degradation of methylene blue. Spongin-based scaffolds were also used as a support for
enzyme immobilization [112]. Moreover, they were functionalized via dyes adsorption
to prepare novel hybrid materials with antibacterial [106], antiradical [105],
and photocatalytic properties. As an example, spongin—copper-phthalocyanine [101] and
spongin-iron phthalocyanine [98] materials showed significant activity in the degradation
of phenol, its halogenated derivatives, and rhodamine B. Recently, the functionalization with
cobalt and silver via sorption-reduction approach resulted in the preparation of cobalt-, silver,
and cobalt-silver-spongin-based composites, which exhibited promising activity in the
reduction of 4-nitrophenol (Publication 4 [103]).

Nowadays, a new trend is developing where the spongin-based skeletons are applied
as a source of biomass to prepare structured bio-carbons in an oxygen-free atmosphere.
In this manner, several composites have been prepared. For example, MnO2/carbonized
spongin composite was first prepared by simple carbonization of spongin-based scaffolds
and further functionalization [113]. Interestingly, the unique structure of spongin preserved
carbonization at temperature as high as 650 °C, within the framework of this work, resulting
in material exhibited good electrochemical properties, based on the results obtained from
cyclic voltammetry. Consequently, preserving the spongin's structure after carbonization
at temperature 650 °C encourages scientists to perform carbonization at temperatures as high
as 1200 °C [114]. Thereupon, the turbostratically disordered carbon has been obtained with
a high surface area [114].

Moreover, the hierarchical, fibrous-like structure — typical for spongin-based skeletons
was preserved after carbonization at such a high temperature. Besides, those carbonized
scaffolds were characterized by enhanced mechanical properties. Further,
its functionalization via electrochemical deposition of copper oxide(l) results in the
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formation of a three-dimensional catalyst with promising activity towards reducing

4-nitrophenol in simulated seawater and deionized water. Likewise, owing to the properties
of spongin-based scaffolds after carbonization, this biomaterial has been tested as potential
support for the metal-containing phase after low-temperature carbonization.
As a consequence, several composites have been developed based on carbonized spongin-
based skeletons at temperatures 400 °C, 500 °C, and 600 °C functionalized with C0304
(Publication 5 [99]) and Ni(OH)2/NiO/Ni (Publication 6 [100]). Those materials have been
characterized in detail and tested as potential catalysts in the oxidation-reduction reaction
of numerous organic compounds. Both studies proved the potential of low-temperature
carbonized spongin-based skeletons in preparing advanced materials for catalytic purposes.

In summary, the current studies unveil just the tip of the iceberg of the application
of chitin and spongin to prepare advanced materials. The current findings add substantially
to our understanding of the importance of developing novel sources of chitin, which do not
require expensive structure formation. Moreover, several noteworthy contributions have
been made to applying spongin-based scaffolds in material science, particularly
to developing new, advanced heterogeneous catalysts, photocatalysts, and electrochemically
active components. The successful attempts to apply spongin-based scaffolds as a precursor
of carbonized materials were a primary motivation in further developing this topic in detail.
For this reason, the discussion regarding spongin and chitin as the precursor of bio-carbons
is evaluated in the next chapter, where an overview of the features, advantages, and

disadvantages is given.

5.3. Structured, three-dimensional carbon materials derived from
biomass for catalytic purposes

The growing environmental pollution and the rapid increase of population
and industrialization force the societies to develop more sustainable routes of further
industrial and social development [115,116]. Among many possible solutions to solve the
worldwide economic and environmental crisis, the increasing interest in applying biomass
and swage to produce the emerging materials seems to be a reasonable pathway [117-119].

Before investigating this topic, the expression of “emerging materials” should
be explained. The emerging materials consider a broad variety of composite materials, hybrid

materials, carbonaceous, metal, ceramic, polymeric, electronic materials in various forms,
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shapes, 1D, 2D, or 3D structures, either of organic and inorganic origin [120].
Those materials are an important key for technological industries. However, the seeking
of new precursors pursues different properties of these materials, depending on the section.
Nevertheless, what means emerging rely upon the industry and the specific application [115].

In the field of heterogeneous catalysis, stability in a wide range of conditions, good
mechanical properties, and proper structure are primary constraints. Therefore, carbonaceous
materials have become a promising option in the past years, especially for sustainable
development and green chemistry. Specifically, biomass utilization for producing
carbonaceous materials, even those with specific three-dimensional structures, has attracted
particular attention recently [121-125]. The literature analysis from the last decade shows
the constant increase of interest in bio-carbons, their synthesis, functionalization, and
applications for catalytic purposes. The graph showing the number of Scopus indexed

original research articles focusing on bio-carbons is demonstrated in Fig. 6.
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Fig. 6. The number of scientific articles in the Scopus database for the bio-carbons and carbon-

supported catalysts (date of access: 1.12.2021).

Such materials referred to in the scientific literature as "bio-carbons” are obtained
by transformation of the carbon-rich biomass source into a porous material by the artificial
processes, including the thermal, hydrothermal carbonization, or templated method [126].

The bio-carbon term has a broad scope and covers various materials: activated carbons,
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biochar, and hydrochar, among others, where they are produced from biomass [127]. The bio-

carbons exhibit advantages over classical carbonaceous materials and other advanced
catalytic supports such as zeolites, graphene, or CNT, as follows:

e The biomass materials are cheap and abundant; thus, this feedstock is considered

as cost-effective;

e The carbonization under inert gas protection resulted in biomacromolecules skeleton

preservation and the formation of interconnected carbon structures with nanopores;

e The versatile precursors can be converted into bio-carbon, applying simple

purification, carbonization, and activation procedures. Moreover, various heteroatoms

or functional moieties can be introduced during the carbonization to obtain strictly
tailored properties;

e The transformation of biomass into bio-carbon is considered an eco-friendly process.
Regarding the last point, opposite to the preparation of carbon nanotubes (CNT), graphene,
or mesoporous silicas, the production of structured bio-carbons does not require high
pressures or harsh chemicals. Moreover, bio-wastes utilization to produce functional bio-
carbons represents a state-of-art of "green-pathway" to produce a new generation
of functional materials.

The starting point in preparing any bio-carbon is the proper selection of the precursor,
which has a critical influence on the final product's properties and morphology. The good
precursor should have a high carbon and other doping elements content, three-dimensional,
nanoporous structure to enhance the properties of resulted materials for catalytic purposes.
Therefore, it is crucial to have a good understanding of the chemical and elemental
composition of biomass, making it possible to predict the composition and structure of bio-
carbon. Such huge diversity in bio-carbon precursors leads to the urgent need to develop
a general strategy to produce bio-carbons with strictly tailored content of heteroatom doping,
structure, and porosity.

Different biomass types have been utilized to fabricate the bio-carbons, including
cellulose, various peels, fungal and crustacean chitin, egg white, poplar catkin, lignin,
spongin, collagen, and keratin [28,41,46-67]. The term biomass covers all forms of organic

materials, including plants either in living and waste form and animal wastes as well
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as microorganisms, in other words, materials derived from nature. All these biomaterials can

be divided into groups (Fig. 7).

Fruit-based

unicipal solid waste

Fig. 7. Types of biomass, based on [115].

As presented above, biomass groups differ in chemical and elemental composition,
doping level, and structural properties. Consequently, the detailed investigation of the
structural-chemical relationship is crucial to find suitable material for the specific

application. In Table 3, different types of biomasses are gathered and compared to visualize
these differences.
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Table 3. Elemental compositions of different types of biomasses (in dry weight % basis).

Elemental content (%)

Biomass
C H (0] N S Ref.
Coconut coir 46.22 5.44 4047 0.36 - [128]
Bagasse 48.60 6.30 45.10 - - [128]
Poplar 50.02 6.28 42.17 0.19 0.02 [129]
Corn stover 40.82 5.41 47.85 143 036 [130]
Rice husk 43.06 0.08 46.60 4.26 - [131]
Banana peels 35.65 6.19 4594 194 20.75 [132]
Kraft lignin 57.83 342 33.66 047 4.62 [133]
Rubber seed shell 48.80 590 4730 150 0.10 [134]
Saline corn leaves 41.27 5.86 43.86 130 0.24 [135]
Chicken feathers 4740 7.16 n.a 15.12 - [136]
C. pagurus (crab shell) 43.8 7.20 39.7 640 <0.02 [137]

A. bisporus (common mushroom) 42.8 7.10 46.7 3.40 <0.02 [137]
D. confragosa (bracket fungus) 43.30 6.50 50.60 0.20 <0.02 [137]

Spongin 47.00 6.28 mn.a 16.06 087 [24]
Scenedesmus sp. algae 50.20 6.90 35.80 6.80 0.30 [138]
Collagen from Nukbone® 4392 n.a 31.41 2387 na [139]
Collagen protein powder 7.70  n.a 4030 4380 na [140]

n.a denotes no information

The importance of the precursors' elemental composition lies in the fact that the oxygen
and nitrogen contents can significantly affect the yield, conductivity, and microstructure
of corresponding bio-carbons. For example, the precursor's pyrolysis with high oxygen
content usually leads to obtaining the bio-carbon with less yield and lower crystallinity, and
more defects. On the contrary, the carbonization of nitrogen-rich precursors results in the
formation of nitrogen-doped bio-carbons with better electrochemical properties [141,142].
Moreover, the carbonization of carbon-rich sources would not always lead to obtaining bio-
carbon with high efficiency. Interestingly, the overall content of carbon is not the main factor
affecting the effectiveness of pyrolysis. The presence of thermally stable biomacromolecules

with high molecular weight, such as lignin, chitin, and keratin, can ensure a higher yield
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of aromatic carbon structures [119]. Likewise, doping with sulfur in the form of disulfide

bridges is more beneficial among possible sulfur groups. It should be mentioned that not only
S-S linkages but other types of intermolecular crosslinking provide the formation of high-
quality biomass-derived carbons in high yield [119]. Therefore, to obtain the bio-carbon
suitable for catalytic purposes, with a considerably high graphitization order, a low number
of lattice defects, and various surface functional groups, the biomass precursor should
be nitrogen or sulfur dopped, with possibly low content of oxygen.

Not without significance is the fact that various potential applications of biomass-
derived bio-carbons are already gathered in several reviews. For example, Zhou et al. [143]
and Deng et al. [144] provided a comprehensive work about the synthesis and application
of biomass-derived carbons. Other works focused on bio-carbons particular application,

and the mechanism of carbonization was also released [127].

53.1. Types of polymorphs and modification procedures
of carbonaceous materials

The diversity in the carbonaceous materials is one of the reasons why these solids are
attractive for catalysis purposes. However, considering the aspect of catalyst design,
knowledge about the polymorphic form of catalysts/support is crucial. As shown in Fig. 8§,

several different polymorphs of carbon can be differentiated within carbonaceous materials.
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Fig. 8. Types of carbon polymorphs, based on [123].

The crystalline polymorphs of carbon are widely utilized in various branches
of chemistry, including electrode preparation for energy storage devices, biomedical
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composites, chromatography, the supports for catalytically active particles, or as catalysts

themselves. However, their preparation usually includes the application of high-pressure
conditions, harsh and corrosive chemicals. Therefore the accessibility for these materials
is somehow limited [145-150].

On the other hand, amorphous carbon is the primary form of carbon built from
the disordered graphitic sheets connected by strong covalent bonding in the basal plane.
The activated carbon is the most known among the amorphous carbons, and its utilization
and production are dated from the XIX century [151]. The vast surface area, micro-,
and mesopores, with a significant volume and controlled geometry, are the main reason
for applying activated carbon in heterogeneous catalysis, among others [152,153].
Interestingly, practically every carbon material, which constitutes a significant carbon source,
can be evaluated as a potential activated carbon source [121,152,153]. For example, due to
their easily tuned surface functionality, porosity, and large surface functional groups, bio-
carbons are considered activated carbons.

Nevertheless, the preparation of activated carbons involves several steps, including the
pre-carbonization at moderate temperatures (up to 800 °C), followed by chemical or physical
activation and final carbonization. The activation step often requires the application
of various toxic chemicals and results in a significant amount of waste. Due to these
disadvantages, another polymorph of amorphous carbon — the templated carbon
was developed [127,154,155].

The advantage of templated carbons is the possibility of designing and controlling the
shape and size of pores and overall structure. Their synthesis is mainly based on the soft- and
hard-template approaches. As a result, materials with a high surface area (up to 4100 m?/g)
with huge pore volume can be obtained [156,157]. However, it must be mentioned that the
preparation of carbonaceous materials with strictly desired structure, geometry, and porosity
might be achieved by applying the proper source of carbon — for example, biomass
[116,117,158-160]. The natural precursors offer a wide variety of structures, geometries,
and chemical compositions.

Moreover, the carbonization using the inner gas atmosphere results in preserving the
structure of resulted templated carbon and develops the nanoporous structure in-situ

[119,127,158]. The fabrication method based on simple carbonization and sometimes
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additional activation processes do not need high-pressure systems and harsh chemicals.

Although, the proper biomass source selection is a critical point in the development
of structural carbons. The chemical composition and the presence of various heteroatoms
influence the yield of carbon product, porosity, and final chemical composition. Therefore,
the chemical-structure relationship is essential to find a proper precursor for desired
application [119,125,127]. Nonetheless, the price of biomass precursor and the cost
and efficiency of manufacturing still has a decisive influence on the precursor choice.
Some biomaterials, such as the eggshells or silk cocoon, despite their superior properties
after carbonization, are excluded from commercial use due to the necessity of carbonizing
the significant amount of precursors [114,161,162].

The methods of structured carbons functionalization have been developing based
on the resulting product's already desired application. Generally, surface functionalization
is carried out using in-situ or post-synthetic approaches to implement different chemical
moieties, which are essential for various applications — including catalysis. The general
strategy of carbonized materials modification, including the structured one, is shown

in Fig. 9.

Carbon preparation and modification Post-carbonization surface functionalization

Functional
materials

Surface modified with

SO tre{a\tcri:em
-COOH =

-OH
groups

Thermal proces
with in-situ
functionalization

Thermal
process
with in-situ

activation functionalized composite

N, S, P - doped Cu, Ni, Co, Pt, Pd or/and oxides
carbon material functionalized composite

Fig. 9. The general strategy for the bio-carbons preparation and structure functionalization,
based on [125].

One of the most standard functionalization methods is acid modification through

introducing the sulfonic groups using concentrated sulfuric acid or its derivatives [163].
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The sulfonic groups are the standard class of Brensted acid and, together with hydroxyl

and carboxyl groups, enhance the catalytic activity of biocarbon, especially in esterification
and hydrolysis reactions [164].

The functionalization of carbonaceous material with metal particles can be carried out
either after carbonization or in-situ during thermal treatment. Usually, the treatment
of carbonaceous matrix after carbonization is related to the soaking of carbon solid in the
solution of metal salt. The ions of metal enrich the pores and surface of the treated material.
The thermochemical or chemical processes are implemented in the next step to obtain the
metal oxide on the carbonaceous material's surface [165,166]. The impregnation-
precipitation procedure can also be carried out by mixing two agents, where the metal-
carrying reagent is also precipitant. Sometimes, the hydrolyzing agents are used to enhance
the precipitation of metallic particles.

On the other hand, the impregnation of carbon precursor with metal salts prior
to carbonization results in carbon-supported metallic composite in-situ [167]. In this case,
the metallic precursor is not only adsorbed on the surface of the precursor but also gets into
the precursor interior. Then, during the thermal treatment in an inert atmosphere, it can form
a metallic phase. Similarly, magnetic particles can be introduced to the carbonaceous
material [168]. Unfortunately, all the different types of impregnation, impregnation-
precipitation, or sorption-reduction methods suffer some disadvantages, mainly the poor
particle dispersion and blocking of active sites [125]. The introduction of carbon surface
functionalization via heteroatoms doping, surface grafting, or oxygen groups is applied
to overcome these obstacles [147,169,170]. The wide variety of surface functional groups
on the carbonaceous surface creates more attaching sites, enhances the sorption efficiency,
and improves the metallic particle dispersion [147]. Moreover, functional crystalline carbon
polymorphs like graphene, graphene oxide, carbon nitride, carbon nanotubes, and zero-valent
iron can also successfully modify the structure of carbonized material, combining
the superior properties of two components — structured carbon and the crystalline carbon
polymorph [121,165].

On the other hand, biomass utilization for bio-carbons production is also advocated
from the kinetics point of view. The knowledge of the value of activation kinetics is a crucial

factor in selecting the biomass precursor. Considering the literature report, the values
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of activation energies calculated using either model-involved and model-free methods

for lignocellulosic materials do not exceed 300 kJ/mol [171-173]. Interestingly, proteins
are characterized by significantly higher values of activation energies being in the range
of 80 kJ/mol, even up to 1000 kJ/mol [174-176].

Considering the possibilities mentioned above of bio-carbons preparation and their
final physicochemical properties, their use in heterogeneous catalysis seems to be justified.
Therefore, the main directions of using bio-carbons as metal phase support or structured

catalysts are discussed in the next part of the dissertation.

5.3.2. Application of structured bio-carbons in catalysis

The structured bio-carbons have indeed gained significant attention, not only because
of the incredible variety of precursors, which can be inexpensive and renewable
[119,144,148,177]. The properties of resulted materials including low density, diverse porous
structure, easy accessibility, low cost, resistance to primary and acidic media, good resistance
for hydrolytic effect in an aqueous environment, recycling ability, and above all possibility
to functionalize the surface by activation, impregnation of doping methods, make them
promising catalysts supports and even catalytically active materials [165,167].
Their utilization as potential catalytic materials is related to the presence of various
heteroatom doping, high surface area, and the defects and holes in the crystalline structure
that can act as active sites [116]. The designed hierarchical structure provides good diffusion
and accessibility parameters during catalytic processes [178]. The possibility for applying
carbonaceous materials as sorbent and catalysts was first shown by Robert W. Coughlin
in 1969 [179]. Coughlin explained the behaviour of carbonaceous materials from
the structural, electronic, and surface chemistry point of view and explained their catalytic
activity due to their physicochemical properties, including surface chemistry, crystalline
structure, and existence impurities. This work was a starting point for further developing
of carbonaceous structures in catalytical application [180,181]. The carbonaceous materials
are currently investigated under the name carbocatalysts or metal-free catalysts in different
reactions. The 4-nitrophenol reduction is a well-recognized reaction that occurs using
the carbonaceous materials (dopped or not) as a catalyst [182,183]. Also, other oxidation and
photooxidation reactions or even C-C bond formation reactions can be catalyzed with

carbonaceous materials [121,145,182].
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On the other hand, the use of metal-free catalysts is still limited only to the laboratory

scale. This is related to the expensive doping processes, high fabrication costs of crystalline

carbons, or the insufficient stability of carbonaceous materials obtained from the biomass.
Therefore, analogous to mesoporous silica or zeolites, the structured carbons
can be transformed into the next level of applicability by their surface functionalization with
various molecules. Such transformation leads to further optimizing the interfacial and bulk
properties of catalysts and can open the way to develop new advanced applications
[156,165,184].

At the same time, carbonaceous materials have been used as a support for metallic
aswell asmetal derivatives particles. Surprisingly, for the first time in 1984,
the methodology of dispersion of metal or metal derivatives particles on carbonaceous
substrates was described [185]. From this time, the various carbon-based composites have

been widely utilized in different catalytic reactions — as is shown in Fig. 10.
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Fig. 10. The catalytic application of bio-carbon-based materials, based on [125].

Within the tremendous amount of catalytic reactions, the advanced oxidation processes
(AOPs) can be considered one of the most crucial processes developed nowadays [186].
These considerably low-costs processes required using catalysts and oxidants, mainly

hydrogen peroxide, to synthesize the hydroxyl radicals responsible for the decomposition
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of organic pollutants [187]. Various modification of the general idea of this oxidation proves

have evolved. In photocatalytic processes, the presence of an oxidant is often replaced by UV
light, or it synergistically interacts with the oxidant and photocatalysts. The latter is usually
composed of titanium, zinc, zirconium, or oxides [188-191]. However, historically the first
oxidation process was carried out by Henry John H. Fenton, who used a small number
of ferrous ions to oxidize the tartaric acid with hydrogen peroxide.

In conclusion, Fenton proved that the Fe?* takes part in the reaction as a catalyst, with
a minimal amount being enough to promote the complete degradation of even a considerable
volume of tartaric acid [192]. Since then, homogeneous and heterogeneous Fenton-oxidation
processes have been developing using various catalysts, including iron, cobalt,
or manganese-based composites [181,187]. On the other hand, more attention has been paid
to sulfate radical-based oxidation processes (PMS) [190] in the last decade. In this eco-
friendly approach, the sulfate radicals are generated by activating peroxymonosulfate (PMS,
HSOs") [193]. To date, various catalysts based on cerium, iron, or cobalt have been evaluated
in this process [194-198]. It must be mentioned that, recently, carbonaceous materials have
been recognized to be promising supports for catalytically active phases and catalysts on their
own [199]. The immobilization of metal-containing phase on the surface of carbonaceous
materials is a reasonable pathway, considering their low cost. In contrast, carbonaceous
materials are derived from biomass, unique electrical properties, renewability, rich surface
chemistry. Therefore the bio-carbon together with the bio-carbon-based composited have
gained much attention [125].

Another critical group of catalytic reactions, which has long been in industrial
and academic interest, is the hydrogenation reactions [125]. In these reactions, different
industrially important nitroarenes are produced, which are further used to produce
pharmaceutically active compounds, agrochemicals, dyes, fine chemicals, and polymers.
Moreover, the hydrogenation of nitroaromatics often gives intermediary compounds such
as hydrazines, hydroxylamines, azoarenes, and azoxyarenes [200-204]. In those processes,
the catalysts are prepared mostly from precious metals such as Pt, Pd, Rh, Ir, or Au. However,
their high price and limited ability result in looking for cheaper alternatives. Currently, zero-
valent nickel or its oxides, as well as zero-valent iron or nickel-molybdenum composites,

are widely applied. However, single-component catalysts are characterized by low
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effectivity, selectivity, and stability and often require high-pressure processes and high

temperatures [203]. Because good surface exposition is a key point to obtain high catalytic
activity and being aware of a negative agglomeration effect that hampers the stability and
activity of nanoparticles led to the formation of structured, supported catalysts. For this sake,
bio-carbons with a well-developed hierarchical structure are promising candidates.
The utilization of such bio-carbon-based catalysts is a prominent pathway in developing
catalysts for nitroarenes hydrogenation nowadays [200,203]. Not without significance is the
fact that hydrogenation of lignin and furfural or production of n-heptane are also one of the
most evaluated reactions where the bio-carbons and their composited are tested [205,206].
The proper development of the metal-containing phase plays an essential role in creating the
electron reservoir during the reduction. Moreover, the structure of carbonaceous support
must guarantee the proper diffusion and minimalization of deactivation phenomena.
Therefore, currently, the naturally structured bio-carbons support is developed.

It is well known that the acid catalysts can be applied to the esterification
and transesterification reactions [207,208]. In esterification reaction, the biodiesel
is synthesized from inexpensive feedstock with high content of fatty acids (FFA), including
non-edible vegetable oil waste and cooking oils, among others. Only in the last decade
application of bio-carbons derived from biomass as a simple catalyst for esterification
reaction has been evaluated. The biomass precursor is usually carbonized in a lower
temperature in the range of 400-600°C, functionalized with a sulfonic group that can
be successfully applied as a carbocatalyst in the esterification of acid oil. Compared
to standard solid acid catalysts, the favorable catalytic activity of functionalized bio-carbons,
including the HZSM-5, is related to the strong acidic sites of functionalized carbocatalysts
[209,210]. The straightforward procedure of preparation followed by a simple
functionalization procedure is the main advantage of bio-carbons over the solid commercial
catalysts in this type of reaction [207]. Nevertheless, the challenge to find more effective
ways to perform the esterification and transesterification reactions is still open
[164,211,212].

The bio-carbon-based catalysts can also be applied for oxygen reduction reactions
(ORRs) in microbial fuel cells (MFC). In the last decade, a considerable number of studies
have been published on this topic. For instance, the sewage sludge has been described
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as naturally rich in nitrogen and other transition metals feedstock of self-supported bio-

carbon [213]. High pyrolysis temperature led to obtaining bio-carbon rich in heteroatoms
which exhibited high activity in the oxygen reduction reaction. Within the years of research,
it was proved that the existence of heteroatoms including S and N have a positive effect
on the ORR efficiency by changing the electronic structure of bio-carbons. Within the time,
various carbocatalysts and bio-carbons functionalized with metal-containing phase derived
from watermelon rind, waste pomelo peels, corncob Enteromorpha, among others, have been
prepared and successfully utilized as electrocatalysts in ORRs [214-217].

The utilization of catalysts based on biocarbons in catalytic conversion of biomass
Is also an important point to evaluate. Great attention has been paid to the degradation of non-
edible parts of biomass such as cellulose, lignin, among others [218,219]. Various inorganic
oxides deposited on carbonaceous supports have been evaluated as potential catalysts, such
as cellulose conversion to sugar alcohols. Such materials show promising activity due to their
ability to selectively position catalytic metals, water tolerance, and tailorable surface area,
enhancing catalytic dispersion [218,220,221]. Moreover, compared to classic zeolite-based
catalysts, the carbon-based materials show better selectivity toward the formation of sugar
alcohols and better resistance to hydration. Moreover, the constant development of 3D carbon
materials with versatile and accessible pore structure increase carbon role as a support
for biomass conversion [222].

It is visible that bio-carbons represent one of the most industrially and technologically
promising materials because of their relatively easy synthesis, low costs, and the tremendous
number of composition/synthesis possibilities. Additionally, bio-carbon-based catalysts have
been recognized as decently designed by well-developed methodologies utilizing high
surface area, porosity, and rich surface chemistry. Nevertheless, their application in catalysis
is still limited due to several challenges. Mainly their complex surface chemistry and
heterogeneity impede the tailoring of the catalyst surface on a multi-level stage. Therefore,
the development of several approaches in the design and synthesis of bio-based catalysts
is observed. Firstly, itis crucial for future research to prepare low-cost catalysts based
on bio-carbons and cheaper metals instead of noble or rare metals and the enhancement
of recovery and recycling of materials. The catalyst design procedure should also include
large-scale manufacturing capabilities. Secondly, the proper identification of functionality,
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catalytic activity, and the synergy effect of metal-containing phase with the bio-carbon, the

understanding of the mechanism of action of resulted catalysts might open a door for finding
a new branch of utilization in industrial catalysis.

Furthermore, finally the type of biomass that determines the properties of resulted bio-
carbon. The future study must combine the properties of biomass feedstock with the
mechanism of catalyst reaction to extend the scope of application. Moreover, the selection
of bio-carbon precursor must be based on its accessibility, renewability, and proper structure
to obtain the desired bio-carbon via facile, low-cost, and straightforward preparation
procedure.

Owing to mind the above discussion, a general conclusion has been drawn. Spongin
is a promising source of material that can be used to produce structured bio-carbon using
the biomimetic approach. The unique mechanical stability and chemistry give endless
opportunities for molding the final properties of the prepared composite. In the presented
PhD dissertation, the detailed description of the carbonization process is shown in detail
(Publication 4) by means of a description of the Kkinetics of this process. Furthermore, the
evaluation of low-temperature carbonization to obtain the functional support for the metal-
containing phase was described for the first time in Publications 5 and 6. A thought
description and motivation for the following works are presented in chapter 5 of the

dissertation.

6. DESCRIPTION OF THE CONTENT OF PUBLICATIONS

The results presented in Publications 1-2 contain a detailed investigation regarding
the isolation and identification of chitin in sponges of various orders. It must be mentioned
that since the first discovery of chitin in the skeleton of marine sponges, the studies focusing
on monitoring of other species among representatives of four classes of sponges
(Hexactinellida; Calcarea; Demospongiae: Homoscleromorpha) are continued.

The particular interest in seeking new sources of chitin-based scaffolds of sponge
origin is connected to the fact that those scaffolds resemble the shape of the sponge skeleton.
In other words, the isolation of chitin from sponges results in the formation of ready-to-use,
unique, and naturally pre-structured scaffolds. Consequently, in Publication 1, chitin has
been discovered in demosponge Pseudoceratina purpurea (Carter, 1885) representative
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of genus Pseudoceratina within Verongiida order, collected in the coastal waters

of Singapore. This work describes the first attempt to extract and identify chitin from
a member of the Pseudoceratina genus.

In Publication 2, the representative of Poecilosclerida order: Mycale euplectellioides
(Heteroscleromorpha: Poecilosclerida: Mycalidae) collected in the Red Sea was investigated
as anew source of chitinous scaffolds. Similarly, a detailed study of the isolation and
identification of chitin from the skeleton of representative of this order was shown for the
first time.

Both studies' approach for chitin isolation is based on the stepwise extraction

as shown inFig. 11, which led to obtaining spicule- and protein-free 3D scaffolds
(see Fig. 12).

. [ Pseudoceratina purpurea
sponge

24 h, 25°c | Washing in deionized water,
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purpurea
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Fig. 11. Step-by-step isolation procedure of chitinous scaffolds from the skeleton of marine demosponge

P. purpurea (Publication 1).

Depending on the sponge species, after decalcification and deproteinization processes,
additional desilicification is needed to remove existing siliceous spicules or sand particles.
For this reason, desilicification is carried out using a diluted solution of hydrofluoric acid.
Moreover, the sodium hydroxide and acetic acid concentrations are far below the threshold

concentration where the transformation of f-chitin into o-chitin starts to occur.
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Thus, the applied conditions do not destroy the 3D structure of isolated chitin. At this point,

it should be mentioned that the influence of acidic and alkali treatment was thoughtfully

investigated using stereo and fluorescence microscopy.

A

Fig. 12. Fragment of a freeze-dried specimen of P. purpurea (A) and M. euplectelloides (B)
demosponges with their completely pigment-free and demineralized scaffold isolated using the approach

described in Publications 1 and 2.

The microscopic study proved that the applied chemical treatment does not destroy
the structure of isolated chitinous scaffolds (Fig. 12B, D). Still, it led to obtaining a three-
dimensional tubular scaffold with translucent structure and exhibiting micro- and nanofibril
organization (for comparison, see SEM images in Publications 1 and 2). Both obtained
chitinous scaffolds closely resembled the morphology of sponge. Likewise, the investigation
proved that the additional treatment with diluted hydrofluoric acid is essential to obtain pure
organic microfibers and complete removal of foreign spicules and other debris. Interestingly,
such treatment does not destroy the fragile structure of isolated chitinous scaffolds, even after
the dissolution of supporting spicules (please see the optical and SEM microscope images

in Publications 1 and 2), as well as does not lead to obtain chitosan.
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At this point, it should be mentioned the primary difference between the isolated

scaffolds from P. purpurea and M. euplectellioides, the microfibers of the latter are not
densely packed as in the case of multilayered microfibers observed in various representatives
of verongiid sponges — and P. purpurea.

After successful isolation (Fig. 12), the identification of chitin was carried out using
various bioanalytical tools. Calcofluor white staining, Fourier-transform infrared
spectroscopy (FTIR), electrospray ionization mass spectrometry (ESI-MS), and fluorescence
microscopy, as well as a chitinase digestion assay, were applied to confirm with strong
evidence the finding of a-chitin in the skeleton of either P. purpurea or M. euplectelloides.

The calcofluor white staining (CFW) is the first step for the preliminary recognition
of the presence of chitin in isolated skeletons. The fluorescent dye binds to the particular
bonds in B(1—3) and B(1—4)-linked polysaccharides, and as a result, emits a bright blue
light under UV excitation [47]. By using fluorescence microscopy, the changes after staining
can be observed. Such observations for stained chitinous scaffolds isolated from P. purpurea
and M. euplectellioides showed strong fluorescence even under light exposure time as short
as 1/3700 s.

Further confirmation of the chitinous nature of isolated scaffolds focused on
evaluating the course of enzymatic and acid hydrolysis. Subsequently, the enzymatic
digestion tests were carried out using the chitinase enzyme, as was previously performed
during the isolation of chitin in various sponges. The chitinase enzyme can degrade chitin
into low molecular oligomers (such as N-acetylglucosamine (GIcNAc)). The degradation
process can be monitored using an optical microscope, as is shown in Publications 1 and 2.
Such a test is additional confirmation of the chitinous nature of isolated scaffolds.
Furthermore, the Morgan-Elson assay has been applied to determine the amount
of D-glucosamine released after chitinase tests. Accordingly, the 950 + 1.5 pg and 700 + 1.5
ug of N-acetylglucosamine per mg of the isolated chitinous scaffold was released. Such
results are in accordance with that reported for chitin isolated from other demosponges.

In addition, the electrospray-ionization mass spectrometry technique was applied to confirm
the presence of chitin. Consequently, the acid hydrolysis of chitin was carried out, resulting

in the formation of D-glucosamine, which is easily detected using the ESI-MS method
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(Fig. 13). Such an approach is a standard procedure applied for the identification of chitin,

even in complex organisms.
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Fig. 13. The ESI-MS spectrum of chitin isolated from P. purpurea and M. euplectelloides with spectra of

commercial D-glucosamine (as inner plot).

The spectra of both P. purpurea and M. euplectelloides show the same ion peaks. The ion
peak of m/z 162 and 180 are identical to the peaks of the standard D-glucosamine spectrum.
The ion peak m/z 162 is equivalent to the D-glucosamine molecule after losing the H20O
molecule, and ion peak m/z 180 is related to the [M+H]" molecule of D-glucosamine.
The additional ion peaks m/z 202 and m/z 381 are connected to species paired with K*
accordingly [M+K]" and [2M+K]*, which the latter is a non-covalent dimer.

On the other hand, more sensitive techniques were also used to identify the chitin
within the isolated scaffolds. For this reason, FTIR and Raman spectroscopies were applied.
Both methods are liable for intra- and intermolecular interactions and geometry of the
molecules. Thus, the isomorphic type of chitin can be distinguished. In Fig. 14, the FTIR
spectra of chitin isolated from P. purpurea and M. euplectelloides are shown compared
to standard a-chitin. The results of Raman spectroscopy analysis are demonstrated

in Publication 1.

55



. . FACULTY
Poznan University of Technology OF CHEMICAL
Sonia Zottowska TECHNOLOGY

!
o i . :
“4 Isolated P. purpurea chitin Standard a-chitin Isolated M. euplectello:d'e's
' chitin
\
\ / \
" \ Y
2l t \
i, \ J 1258
1202 \ |
( | \ 428 300 7, \s97
||| 1aog | Iges | | 1483
1153 I 165 373
W [ b | 505 oo
| 1261 | “eas e
| 685 | 1538 o
1644 1373 { \ : \1sss 1108
1108 \ J 1644
1633 1306 \ A 1563
"‘J /633
1552 566 | 547
1059
1061}/ 524
1026 anes
1500 1000 500 1500 1000 500
Wavenumber, cm*! Wavenumber, cm-! ‘ Wavenumber, cm-'!

Fig. 14. The 1700-500 cm™* region of FTIR spectra of chitin isolated from P. purpurea and

M. euplectelloides compared with spectra of standard a-chitin.

The amide moiety region between 1700-1500 cm™ is essential to differentiate the proper
chitin polymorph. In this region, either the spectra of chitin isolated from P. purpurea
or M. euplectelloides show an intense amide band I assigned to stretching vibrations of C=0
groups. The characteristic feature visible for a-chitin is splitting the amide | band into two
subpeaks due to intermolecular C=0 N-H and C=0 HO-CH: hydrogen bonds. Such feature
is depicted on spectra of chitin from P. purpurea and M. euplectelloides. Likewise, the band
at wavenumber 949 cm for P. purpurea chitin and 950 cm™ for M. euplectelloides chitin
is characteristic of CH3z wagging along chain vibrations, and it is typical for a-chitin.
Furthermore, the very indicative band assigned to PB-glycosidic bonds is observed
at a wavenumber of 898 cm™ and 897 cm™ for P. purpurea M. euplectelloides chitin,
respectively. The detailed comparison of measured spectra with the one from a-chitin shows
the strong resemblance of chitin polymorph. Moreover, the obtained spectra do not exhibit
the bands characteristic for CaCO3 (855-867 cm™) and SiO2 (720 cm™), which confirms
the purity of isolated chitinous scaffolds.

The importance of the above-described works lies in the fact that the discovery
of chitin within the representatives of Pseudoceratina, and the Mycale genus, is a critical step
in evaluating these globally distributed sponges as a new source of chitin and possibly

biologically active compounds that are promising to be wused in biomedicine
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and pharmacology, respectively. As it was stated in Publications 1 and 2, both sponges are,

probably, among the richest sources of pharmacologically active compounds such
as pateamines [223], mycalolides [224], purealidins [225], aplysamine [226-227], among
others. All those compounds exhibit promising properties to produce novel drugs and other
pharmacologically active molecules. However, the biggest challenge, so far, is related
to develop the technique of subsequent isolation of chitinous scaffolds and those metabolites.

Spongin was another biomaterial of sponge origin evaluated according to the second
pathway of biopolymers utilization explored within the framework of this thesis. Spongin-
based skeletons' usefulness as a source of structured bio-carbons was studied in detail
in Publication 3. In this work, for the first time, the thermal decomposition behavior
of spongin-based scaffolds isolated from Hippospongia communis marine demosponge
was characterized by using thermogravimetric analysis. Additionally, the study of volatile
products released during thermal treatment was performed using mass spectrometry.

Evaluating the kinetics of thermal degradation of any biomaterial is essential from
the process design point of view. Knowing the course of thermal degradation helps determine
the optimal pyrolysis condition and finally obtaining the product with strictly designed
properties. Consequently, the description of that aspect for such promising biomaterial
as spongin is fundamental and constitutes the innovative element of the mentioned work.
Thus, the thermogravimetric analysis of spongin-based scaffolds was performed in the first
stage with the different heating rates (Fig. 15A).

B Peak temperatures
A 100 Possible assignment | Characteristic peaks (m/z) ( E
C)
80- H,O 16,17, 18 [ 100, 300 °C
;:‘ Co, 12, 16,22, 28,29, 44, 45,46 | 200, 340, 600, 800 °C
- 60 C.H, 25,26 | 200-700°C
8 C;H, 27,39,40,41, 42 | 200-700°C
@ 40- (CH3),CO 43 | 200-s00°C
7] < o
p — 2.5°C/min NH, 15,16,17 | 250-700°C
= 20 — 5°C/min NO 15,16, 30 | 200-500°C
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0l — 20 °Cimin HCN 26,27 | 250-600°C
T T T T T T T T T
100 200 300 400 500 600 700 800 9001000 CHLCN 39,40, 41 280-500°C
o H.S 33,34 | 2s0-450°C
Temperature ("C) 50, 48, 64 270, 890-1000°C
(CH,CO),8 43 200-500°C

Fig. 15. TG curves of spongin-based scaffolds measured in the temperature range 25-7100 °C (4) with
the possible product degradation identified by MS during thermal treatment spongin scaffold in an inert

atmosphere (B).
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In Publication 3, it was indicated that the heating rate does not influence the thermal

degradation course. Typical two-weight losses, described in other words, are observed. First,
noted at temperature range 80-150 °C is a consequence of evaporation of humidity and
physically adsorbed water. The second significant mass loss is observed at temperatures
between 200-420 °C, and it can be associated with the thermal decomposition of peptide
bonds, disulfide bridges, and breaking of hydrogen bonds. In addition, this negligible weight
loss observed at higher temperatures might be a consequence of the different heating rates
applied, which affect the kinetics of material transformation. Besides, the results of TG-QMS
analysis (Fig. 15B) proved that various gases such as H20, CO2, NH3, NOx, HCN, SO, HzS,
hydrocarbons are released together with the thermal treatment. The temperature of releasing
the sulfur or nitrogen can be estimated, which is essential to design the carbon-based material
dopped with a particular heteroatom. Moreover, those results showed that the degradation
products are also released at temperatures as high as 600-950 °C. Additional, low-
temperature nitrogen sorption tests performed from material obtained after pyrolysis
in different temperatures (for comparison, see Publication 3) proved that with the increase
of pyrolysis temperature, the surface area of resulted material also increases, and pore volume
and size of pores decrease.

However, the most important part of Publication 3 was calculating the kinetics
of spongin thermal degradation. The Kkinetic parameters: activation energy Ea, pre-
exponential factor A and analytical form of reaction model function f(@) and g(a) were
calculated using the methods including integral Coats-Redfern approach, where the 17 solid-
state kinetics models were checked to express the dependence of conversion on the process
rate. Likewise, model-free iso-conversional methods based on the assumption that the
reaction rate is only a function of temperature for a given constant value of the extent
of conversion were also used to calculate kinetic parameters.

= k(T)f(ma - mf), 1)

__ d(mg—my)
dt

k(T) = Aexp (%), (2)

where t denotes time (min), « is the degree of conversion, f(m,- my) is the kinetic part of the
equation related to the mass of reactant taking part in the reaction, m, and mr are the masses

of the sample measured for a specified o, and in the final stage respectively, k(T) is the kinetic
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rate constant, A (min) is the pre-exponential factor, Ea (kJ/mol) is the activation energy,
T isthe absolute temperature, and R is the universal gas constant (8.314 J/mol-K).
Consequently, using the k(T) from equation (2), linking dt to the heating rate into, and

rearranging the equation (1) can be written as:

a da _ T ﬂ d_T_
[ 7= I Aexp (32)F = 9(@. 3)

As a result, equation (3) is used as a starting equation to evaluate thermal degradation

kinetics. In Table 4, the final linear equations obtained using various methods are given.

Table 4. The numerical method applied to calculate the kinetics of thermal degradation

of spongin-based scaffolds.

Calculation method Final equation
g(a) _ AR E,
Integral Coats-Redfern In <W) =1In (m) — =7
Model-free iso-conversional da —E
. =I(4f@) - (22)
Friedman dt RT
Model-free iso-conversional B AEN  Ey
™ | in(L) = (AE) - Ex
Kissinger-Akahira-Sunose (KAS) TZ) R ) RT
Model-free iso-conversional AE, E,
In(8) = In (T) - 2135 - 0.457 4

Ozawa—Flynn-Wall (OFW)

Where: f(o) and g(a) are model functions.

Furthermore, based on the kinetic calculations, the changes of entropy (AS), enthalpy
(AH), and free Gibb's energy (AG) were evaluated using the theory of the active complex
of the reagent.

Before kinetics calculations, the course of the reaction profiles was plotted for each
value of heating rate as a function of the degree of conversion versus reaction time.
Based on that, three reaction stages could be distinguished (for comparison, see Fig. 4
in Publication 3). The first stage can be associated with the decomposition of some
impurities and the desorption of absorbed water. This part is omitted from the overall kinetic
calculation due to its physical nature. The primary pyrolysis process begins when the degree
of conversion (o) is higher than 0.11 and decomposition progressively increases; thus, the
highest rate is achieved, and this part is called the acceleration period. Finally, the declaration

period begins when the process rate slowly decreases and lasts until the reaction is completed.
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Consequently, based on the data obtained from TG, the calculations of kinetics were

performed. The calculated values of activation energies using the Coats-Redfern approach
were in the range of 39.3-48.7 kJ/mol. The best correlation of experimental data with
theoretical models was achieved for the third-order reaction model. Thus, it was assumed
that this model could be used to describe the mechanism of thermal degradation with the
highest accuracy. On the other hand, within the Coats-Redfern approach, a good correlation
of experimental data with theoretical models was also achieved for diffusion model type 4 —
Zhuravlev equation with calculated activation energies in the range 64.2-81.5 kJ/mol.
Nevertheless, due to the nature of spongin-based scaffolds, it was suggested that diffusion
would not have a decisive impact on the overall rate of pyrolysis.
Interestingly, the calculated values of activation energies were significantly higher for model-
free iso-conversional methods than data obtained using the Coats-Redfern approach.
Such results are connected to the different approximations of temperature integral used
in each proposed method. Not without significance is the fact that the correlation coefficients
calculated for model-free iso-conversional methods are lower than for the Coats-Redfern
approach. It is apparent especially for the Friedman model, where the low correlation
coefficient obtained for calculations with those results was excluded from evaluation.
Consequently, due to low values of correlation coefficients, it seems that the iso-conversional
methods cannot describe the thermal degradation of sponging with excellent approximation.

As mentioned before, the topic discussed in Publication 3 is fundamental from
the design point of view. The knowledge of activation energy value can help choose the
proper biomass precursor for the production of novel bio-carbons. Moreover, bringing
together those results with the evaluation of the properties of received biocarbons will give
a comprehensive overview of the possibilities, mechanism, and results of the pyrolysis
of a particular biomass representative. Based on those results, it can be stated that spongin
Is a promising source of naturally prefabricated, three-dimensional biocarbons for various
purposes, and its carbonization to obtain a functional material is described in detail
in Publications 5-6.

It should be mentioned that the application of spongin in material science was already
thoughtfully studied within the framework of previously conducted two Ph.D. theses where

the attention was paid to develop the novel photocatalysts or composites for electrochemical
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applications [228-229]. However, the possibility of using the spongin to support the metal-

containing phase for catalytic oxidation-reduction reactions has not been investigated before.
Therefore, Publication 4 is concerned with the functionalization of spongin-based scaffolds
with cobalt and silver by immobilization of particular ions followed by reduction with
sodium borohydride, then the characterization of resulted composite materials and their
application as heterogeneous catalysts in the standard reduction reaction of 4-nitrophenol
to 4-aminophenol in water. Three different materials, labeled Co_spongin, Ag_spongin,
and Co-Ag_spongin, were prepared, and the conditions of functionalization are showed
in Table 5.

Table 5. Conditions of the functionalization process.

Prepared catalyst Metal precursor Functionalization conditions
Co_spongin 100 mL of 5 g/L solution | 3 g of spongin.
of Co(NO3)2 Sorption 60 min at temp. 25 °C.
Ag_spongin 100 mL of 5 g/L solution | Reduction with 0.1 mol/L solution of
of AgNOs NaBHs dosed with speed 1 mL/min
Co-Ag_spongin 50 mL of g/L solution | to existing mixture; reduction time
of Co(NO3); and 50 mL | 60 min
of 5 g/L solution of AgNOs | The procedure was repeated three
times.

After functionalization, the materials were tested as potential catalysts in the reaction
of reduction 4-nitrophenol to 4-aminophenol in the presence of sodium borohydride
as a source of hydrogen. This reaction was chosen as a "gold standard reaction” to check the
potential catalytic activity of metals particles from block d of the periodic table of elements.
Even though this reaction is thermodynamically possible (Eo|4-NP/4-AP= —-0.76 V,
Eo|H3BO3/BHs= —1.33 V), the kinetics barriers stop the reaction to proceed without using
a catalyst. Thus, the potential catalyst must play the role of an electronic relay system where
the electron is transferred from BH4 donor groups towards 4-nitrophenol acceptor groups.
Moreover, this reaction is 100% selective towards forming 4-aminophenol and can be carried

out and monitored in-situ using the UV-Vis spectrophotometer.
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Nonetheless, prior to catalytic tests, the effect of functionalization was checked

by evaluation of the physicochemical properties of resulted composites. The SEM images
obtained after functionalization exhibited the formation of agglomerates of the metal-
containing phase. For Co_spongin and Co-Ag_spongin, the size of agglomerates does not
exceed 2 pum, although, for Ag_spongin, the metal-containing phase was characterized by the
formation of spherical particles with a size smaller than 1 um. EDS analysis results confirmed
the successful coverage of spongin-based scaffolds fibers with cobalt- or silver-containing
phases with similar content equaled approx. 83%. Based on the data and Pourbaix diagrams
of cobalt and silver, Coz0O4 and metallic cobalt were suggested to represent the cobalt phase.
At the same time, the silver-containing phase consists mainly of silver particles.
Interestingly, when both cations were presented during the functionalization, the spongin
seemed to have a higher affinity to bind silver than cobalt. Thus, the content of silver is much
higher than cobalt in the Co-Ag_spongin sample. Further analysis showed that prepared
composites possess higher thermal stability than spongin-based scaffolds. FTIR analysis
results showed that a wide variety of functional groups characteristic for spongin-based
scaffolds is also present for composite materials. Although, due to the strong overlapping
of Co-O groups, the particular bands typical for those vibrations are not present in the spectra
of Co_spongin and Co-Ag_spongin. It was also stated that the amine groups from cysteine
were mainly responsible for immobilizing silver and cobalt ions on the surface of spongin-
based scaffolds.

The focal point of Publication 4 was to evaluate the prepared composites
as a possible catalyst, and the activity of particular materials is depicted in Fig. 16.
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Fig. 16. UV-Vis spectra of 4-nitrophenol and 4- nitrophenolate anion (A); the reaction mixture before
reaction (left) and after the reduction (right) (B); UV-Vis spectra of reduction of 4-nitrophenol after
addition of NaBH4 in the presence of different catalysts: Co_spongin (C), Ag_spongin (D), Co-
Ag_spongin (E) and spongin (F).

In the beginning, 0.5 mL of water solution of NaBH4 was introduced to 2.5 mL
of the solution of 4-nitrophenol, which results in the color change from pale yellow to dark
yellow (see Fig. 16B) and shift of the absorbance maxima to 400 nm — which is characteristic
for the 4-nitrophenolate anions. Consequently, the intensity of this band is further evaluated.
The 5 mg of the prepared catalyst was introduced to the cuvette to start the reaction.
Depending on the catalyst used, the 100% reduction was achieved after 4 min
(for Ag_spongin and Ag-Co_spongin) or 5 min for Co-spongin. Interestingly, the non-
functionalized spongin-based scaffolds were also used in the same reaction, where after
60 min of reaction, the reduction efficiency was equaled 65%. The shape of spectra proved
that the 4-nitrophenol is gradually transformed into 4-aminophenol. Such extraordinary
activity of spongin-based scaffolds may be connected to the presence of hydroxyl and amide
functional groups, which can enhance the sorption of reagents and serve as an electron relay
system. However, such a long reaction time excluded spongin from being considered
as an effective catalyst.

On the other hand, the functionalization with silver and cobalt led to obtaining active

catalysts. The metal-containing phase catalyzes the formation of hydrogen from borohydride
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anion or because of the formation of an effective electron relay system. Nevertheless, spongin

might be considered an "active support"” that can assist reagent sorption and electron transfer.
In the next part of the work, the kinetics of the reduction was calculated using zero- and

pseudo-first-order reaction models, where the linear equations are presented below:
3
Co

In (g—z) =In(Cy) — k-t ®)

The experimental data are in agreement with the pseudo-first-order model.

= —k-t (4)

Thus, the calculated rate constants were evaluated based on this model. Interestingly the
calculated rate constant for Ag_spongin was the lowest, even though the reduction with
Co_spongin was one minute longer. Such results may be explained by the strongest
interactions of silver particles with cysteine groups that could hamper the reduction
efficiency. Moreover, for the Co-Ag_spongin composite, the calculated rate constant has the
highest value, proving that the combination of two metal-containing phases forms an active
catalyst where two phases can act synergistically. However, further reusability studies
showed that the highest stability characterizes the Ag_spongin during repetitive use. For this
material, the decrease in the value of the rate constant was insignificant. However, for
Co- and Co-Ag_spongin, despite the high value of the rate constant in the first cycle, the
value of constant rate decreases gradually after five repetitive reuses of those materials.
The exceptional stability of silver over other prepared materials might be a consequence
of the strong interaction between the silver particles and cysteine groups.

This work proved that spongin itself could be an effective support for the
immobilization of metallic compounds active in reduction reactions, which was shown for
the first time. However, due to the interesting three-dimensional fibrous morphology, the
presence of various heteroatoms, and the relatively low activation energy of pyrolysis,
spongin seems to be a great biomass precursor of naturally structured biocarbons that might
have been suitable supports for metallic particles. Thus, Publications 5-6 evaluated this
possibility by performing the low-temperature pyrolysis and functionalization with cobalt
and nickel moieties. Such an approach of low-temperature pyrolysis was never applied before

for spongin-based scaffolds. Therefore, the novelty aspect of mentioned publications deals
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with the new route of using spongin-based scaffolds, their functionalization, and application

in various oxidation-reduction reactions.

Spongin-based scaffolds were carbonized at relatively low temperatures 400 °C, 500 °C, and
600 °C and then modified using the same approach of immobilization followed by the
reduction. The low carbonization temperatures were chosen to preserve the heteroatoms
in the structure of resulted biocarbons because their presence would enhance the variety
of surface functional groups after functionalization. Consequently, in Publication 5,
the resulted biocarbons were modified with cobalt to obtain the materials mostly covered
by cobalt oxide Co030s as denoted Co030:@C400, Co304@C500, and Co030:@C600
(see Fig. 17). The results of XRD and XPS analysis proved that the cobalt-containing phase
was also composed of other cobalt oxides (CoO and CoO3) and the surface layer of Co(OH)s.
The energy-dispersive X-ray spectroscopy (EDS) analysis proved that the content of the
cobalt-containing phase varied with support used, and it is in the range of 15.64-36.93%.
Interestingly, the highest coverage was observed for Co030s@C500 material, equaled
36.93%. Such a result might arise from the highest surface area of biocarbon and its chemical
composition (for comparison, see supplementary note of Publication 5). Microscopic studies
proved that the carbonized fibers were densely covered with the CozOs-containing phase.
Taking a closer look at the morphology of the fibers, it is apparent that the metal-containing
phase forms different structures depends on the support used. The Co30s@C400
is characterized by rod-like, round-shaped aggregates having a length equaled 1 um, while
for Co304@C500, agglomerates have uneven shapes, but rod-like structures might also
be distinguished.
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Bio-carbons before functionalization

Fig. 17. SEM investigation of bio-carbons obtained at temperatures: 400 °C (4), 500 °C (B), and 600 °C
(C) with corresponding catalysts prepared during functionalization process CosOs@C400 (D),
C030,@C500 (E) and Co3:04@C600 (F).

Interestingly, the surface of the fiber of Cos04@C600 is covered with tiny rods and round
shape particles aggregated in big structures. It seems that the increase of the cobalt content
results in the aggregation of rod-like structures into larger systems and the formation
of round-like crystallites. Interestingly, the measure BET surface area of prepared materials
was not high and varied for different support. The highest value was measured for
C0304@C500 equaled 26.3 m?/g. Then, the values gradually decreased to be 6.4 and 5.1 m?/g
for Coz04@C400 and Co304@C600, respectively. The FTIR analysis revealed bands
characteristic for vibrations of Co-O and O-Co-O bonds, among other groups derived from
the biocarbons such as hydroxyl, amide, sulfoxide. The presence of sulfur and nitrogen was
also confirmed using EDS and X-ray fluorescence spectroscopy (XRF) analyses. However,
the FTIR spectra do not exhibit any features characteristic for silica and iron, which existence
was shown using EDS and XRF techniques. Moreover, the results of XRF analysis revealed
the presence of iodine and bromine even after carbonization at a temperature as high
as 600 °C. Those results proved the diversity of the elemental composition and thus surface

functional groups that might enhance the catalytic activity of prepared materials.
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Consequently, in Publication 5, the focus was paid for utilization of prepared

materials as potential catalysts in the oxidation of styrene, decolorization of rhodamine B,
and, finally, reduction of 4-nitrophenol. The oxidation of styrene was carried out using two
oxidants: hydrogen peroxide and tert-butyl hydroperoxide (TBHP). The results are presented
in Table 6.

Table 6. Comparison of styrene oxidation efficiency for prepared catalysts with calculated rate constant.

Styrene Styrene oxide Benzaldehyde
Catalyst Oxidant conversion, selectivity, selectivity,

% % %
Co304@C400 19.8 - 76.8
C030,@C500 H20: 15.2 - 81.2
C030:,@C600 20.0 - 98.8
Co304@C400 86.7 74.6 -
Co304@C500  TBHP 91.8 69.7 -
C030:,@C600 93.2 72.4 -

Reaction conditions: ratio of H,O; to styrene 3:1, the concentration of styrene 100 mmol, temperature 65 °C;
the ratio of TBHP to styrene 2:1, the concentration of styrene 10 mmol/L, temperature 70 °C. Catalyst
concentration 0.8 g/L reaction time 8 h.

Interestingly, using hydrogen peroxide as an oxidant, the overall styrene conversion did not
exceed 20% - independently of reaction conditions or catalyst used. The main product of the
oxidation was benzaldehyde, with a selectivity that exceeded 80%. Such low styrene
conversion was a consequence of the fact that the primary reaction on the surface of the
catalyst was the decomposition of hydrogen peroxide, followed by the production of water
molecules. Thus, the change of oxidant for TBHP resulted in increased styrene conversion
from 86.75% for the Co30,@C400 catalyst to 93.2% for Cos04@C600. However, it should
be mentioned that the change of oxidant resulted in the evolution of the reaction mechanism,
where instead of benzaldehyde, which was not observed within the reaction products,
the epoxide was the main product of oxidation. Selectivity varied with catalyst used and
equaled 69.7% for Co304@C500, 74.6% for Coz04@C400, and 72.4% for Coz04@C600.

It should be noted that despite the highest content of the cobalt-containing phase,

the Co304@C500 catalyst possesses surprisingly low catalytic ability toward styrene
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oxidation. It was stated that they could hamper the diffusion of substrates towards the

catalyst's surface, considering the morphology of this material with huge agglomerates
of cobalt oxide. In contrast, Cos04@C600, with its more diversified morphology and larger
average pore sizes that CosO4s@C500 seems to offer better accessibility of surface for
reagents. Consequently, the reaction Kkinetics calculated using the second-order reaction
model proved the exceptional activity of Co3O4@C600 in the oxidation of styrene, where the
computed rate constant was equaled 0.0044 L/mmol-h. Finally, based on the literature, the

oxidation mechanism was proposed (see Fig. 18).

CHs CH,

CHs

CHj

STEP I

Co'-peroxo

STEP IV STEP 1l

Peroxo
metallocycle

Fig. 18. Proposed mechanism of styrene oxidation.

In the first step, the TBHP molecules coordinate the Co sites forming Co'"-oxo species
activated by the presence of TBHP molecules into Co''-peroxo species. Consequently,
the interactions between the styrene molecules and those species result in the formation of
peroxo metallocycles to finally form styrene oxide molecules and the regeneration of Co'"
sites.

To prove the versatility of prepared materials, they were used in catalytic
decolorization of rhodamine B with hydrogen peroxide and reduction of 4-nitrophenol with
sodium borohydride. The decolorization of rhodamine B was carried out in acidic pH
to prevent the aggregation of the dye molecules. The progress of each reaction was monitored
by UV-Vis spectroscopy (Fig. 19).
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Fig. 19. The representation of rhodamine B degradation and reduction of 4-nitrophenol with
corresponding UV-Vis spectra [96].

Decolorization results proved that after 2 hours of reaction, the value of Amax typical for
rhodamine B decreases gradually for every tested catalyst. Interestingly, it was found that the
Co0304@C500 catalyst exhibits the best decolorization ability, which can be a consequence
of the highest content of the cobalt-containing phase. Thus, it seems that morphological
issues do not seem to play an important role for this catalyst in this reaction. Moreover, the
course of catalytic action was determined. The catalyst's surface plays a role of a place where
the active radicals are formed, according to the pattern similar to the Fenton process, which

can be described by the following reactions (1-3).

Co%" + Hy02 + HY <> Co®" + OH + H20 (1)
OH + H202 + <> HOO + H20 (2)
Co% + HOO «» Co?* + Oz + H* (3)

The results of the 4-nitrophenol reduction proved that all prepared catalysts possess
similar, high catalytic activity. Independently of the material used, the total reduction was
achieved after 5 min of the reaction. The kinetics studies answer which catalyst might
be considered as the most active. The pseudo-first-order reaction model was used

(see equation 2 in Publication 4), due to the excessive amount of sodium borohydride

69



. . FACULTY
Poznan University of Technology OF CHEMICAL
Sonia Zottowska TECHNOLOGY

applied in the reaction to calculate the reaction kinetics. Interestingly, calculated rate

constants are similar for each catalyst; the values equaled 0.642 min* for Co30.,@C400,
0.742 min? for Co304s@C500, and 0.755 min? for Co304@C600. Consequently, the
Co304@C600 material was considered the most suitable for this reaction.

Moreover, during the catalytic study, the non-modified bio-carbons were tested
to oxidize styrene and reduce 4-nitrophenol. However, it was shown that biocarbons possess
activity either instyrene oxidation and 4-nitrophenol reduction, but the selectivity
of oxidation and kinetics of reduction were significantly lower. Thus, it was stated that
modification brings an advantage in a significant increase of the catalytic activity, but the
supports might synergistically enhance those properties.

Notably, the reusability of the catalysts was tested for every reaction for catalyst
showing the highest activity Co304@C600. Based on the results, a cobalt oxide-based
catalyst can be successfully applied in an oxidation-reduction reaction several times without
significant losing activity. However, the prolongation of reaction time was significant. On the
other hand, for the reduction of 4-nitrophenol, it was proved that the calculated effectiveness
of reaction after 5 minutes of reduction was high — equaled 90%. It could be explained by the
partial deactivation of catalysts during repetitive reuse. Nevertheless, results obtained within
the framework of Publication 5 are significant considering that in the existing literature,
oxidation-reduction reactions of environmentally emerging contaminants are carried out
using complicated oxidation systems or photocatalytic processes.

The successful functionalization with cobalt inclines the extend of studies and test the
possibility of biocarbons modification with nickel hydroxide, oxide, and metallic nickel.
Consequently, three NiO/Ni(OH)2/Ni-carbonized spongin-based materials were prepared via
simple sorption-reduction method and named NiO/Ni(OH)2/Ni_400, NiO/Ni(OH)2/Ni_500
and NiO/Ni(OH)./Ni_600, respectively to the temperature of support carbonization.
Consequently, prepared materials were utilized as potential catalysts in the oxidation-
reduction reactions of various phenolic compounds: 4-nitrophenol, 4-chlorophenoxyacetic
acid (4-CPA), methylchlorophenoxypropionic acid (MCPP), and phenol.

The phase composition was evaluated using XRD and XPS studies. The surface content
of the nickel-containing phase was estimated to be in the range 15.2-26.0 wt% - according

to the results of EDS measurement. Moreover, various heteroatoms, including nitrogen,
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sulphur, oxygen, iron, silica, and aluminium, were shown. Such varied chemical composition

Is responsible for the high diversity of surface functional groups, as was proved using FTIR
analysis. The scanning electron microscopy investigation revealed interesting features

in fibers morphology (Fig. 20).

Fig. 20. SEM investigation of prepared materials: NiO/Ni(OH)2/Ni_400 (A), NiO/Ni(OH)./Ni_500 (B),
and NiO/Ni(OH)2/Ni_600 (C), adapted from [100].

With the increase of the nickel species loading, the structure of the metal-containing phase
was significantly altered. The fiber's surface of NiO/Ni(OH)./Ni_500 (characterized by the
lowest content of nickel moieties) is covered by spherical agglomerates.
For NiO/Ni(OH)./Ni_400, the metal-containing phase is forming needle-like structures with
a length around 3-5 um. The surface of NiO/Ni(OH)2/Ni_600 thick and long needle-like
structures characterize the material, which has the highest nickel species loading. However,
the TEM images revealed that the structure of the metal-containing phase in nanoscale
is similar and composed of thin sheets. The development of porous structure is essential for
the application of particular material in catalysis. Although, the described in Publication 6
material possesses the low value of BET surface area, which does not exceed 10 m?/g (see for
comparison Fig. 5 in Publication 6). On the other hand, the three-dimensional, fibrous
hierarchical structure of biocarbon with a well-developed system of channels can provide

good diffusion of substrates towards the catalytic surface, despite the low porosity.
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Because the prepared materials were investigated as potential catalysts for reactions

carried out in the aqueous phase, the electrokinetic behavior of prepared materials was
evaluated using the measure of zeta potential versus pH. The measured isoelectric point (IEP)
equals 4.30, 4.41, and 5.79 for NiO/Ni(OH)2/Ni_400, NiO/Ni(OH)2/Ni_500 and
NiO/Ni(OH)2/Ni_600, respectively, and the protonation and deprotonation mechanism
of hydroxyl groups of Ni(OH)2 and NiO was proposed as follows (4-5)

—Ni—OH + H* - —Ni — OHS (4)
—Ni—OH + OH™ - —Ni — 0~ + H,0 (5)
The results indicated that the coverage with nickel species and the content of electron
releasing groups directly influence the value of the isoelectric point.

Thereupon, prepared materials were firstly evaluated as catalysts in the reduction
of 4-nitrophenol in water with the presence of sodium borohydride as a source of hydrogen.
The course of the reaction was monitored using UV-Vis spectroscopy. It was proved that all
materials possess similar activity towards reduction of 4-nitrophenol, and the reaction time
varied between 4-6 min. However, the course of reaction for each catalyst was different.
The induction period was observed for NiO/Ni(OH)2/Ni_400, which was related to the
transformation of the surface charges.

Interestingly, for NiO/Ni(OH)2/Ni_500, stepwise reduction of the peak intensity typical for
4-nitrophenolane anion was exhibited, while NiO/Ni(OH)2/Ni_600 its gradual decrease was
observed. Thus, it was suggested that surface-mediated hydrogen transfer plays a major role
during the reduction process for these materials. Kinetics evaluations showed that, despite
the content of nickel species, the NiO/Ni(OH)2/Ni_400 possess the highest value of the rate
constant, and thus, the highest activity towards 4-nitrophenol reduction. The surface
morphology of this solid explained such a result. The needle-like structures are thinner and
shorten for NIO/Ni(OH)2/Ni_400 than for NiO/Ni(OH)2/Ni_600 material; ergo,
the accessibility to the surface of catalyst might be better for the NiO/Ni(OH)2/Ni_400 solid.
Not without significance is the presence of various heteroatoms in the support structure,
which may create additional active catalyst centers.

The reusability studies performed for NiO/Ni(OH)2/Ni_400 showed the prolongation
of reaction time and decrease of the constant rate value, possibly due to the blocking of active

sites of catalysts. Even after the fifth cycle, the rate constant -calculated
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for NiO/Ni(OH)2/Ni_400 was still higher than the rate constant obtained for the

NiO/Ni(OH)2/Ni_500 catalyst in its first cycle. Moreover, based on the existing knowledge
and obtained results, the reduction mechanism was proposed.

Subsequently, the catalytic oxidation reactions were carried out in an aqueous phase,
atdifferent pH using phenol, methylchlorophenoxypropionic acid (MCPP),
and 4-chlorophenoxyacetic acid (4 CPA) as substrates (Fig. 21).
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Fig. 21. The efficiency of oxidation of phenol, MCPP, and 4-CPA using various carbonized spongin-
based catalysts at pH 3 (A) and pH 8 (B) (concentration of substrate 0.0005 mol/L, catalyst
concentration 1 g/L, time of reaction 4 h, 60 °C), adapted from [100].

In contrast to the results of the reduction of 4-nitrophenol, where the differences in catalytic
activity within the catalyst were relatively small, for oxidation reaction,
the NiO/Ni(OH)2/Ni_400 is showing the exceptional activity in the oxidation of MCPP and
4-CPA (oxidation yield more than 99%) and sufficient oxidation of phenol (oxidation yield
80%) at acidic pH. Interestingly, atthe same reaction conditions, the effectiveness
of oxidation for other catalysts does not exceed 40%. As was mentioned before,
the exceptional activity of NiO/Ni(OH)2/Ni_400 can be aconsequence of favorable
morphological structure, the biggest pore size among tested catalysts, and the chemical
composition of biocarbon support. Interestingly, at basic pH, the yield of reactions
is relatively low, which is an interesting finding considering the effect of pH
on the protonation/deprotonation of the catalysts. It was proved that despite acidic pH,
the oxidation process is not hampered by the repulsive electrostatic interaction between the
substrate molecules and the catalyst surface significantly. Likewise, the prepared materials

catalyzed the formation of hydroxyl radicals (at pH 3) or hydroxyl ions (at pH 8), which
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participate in the oxidation of phenolic compounds. Therefore, an increase in the pH of the

reaction mixture has a significant negative effect on oxidation efficiency.

Due to the exceptional catalytic activity of NiO/Ni(OH)./Ni_400, the reusability tests were
carried out only for this catalyst. After five catalytic runs, the decrease of oxidation efficiency
of MCPP and 4-CPA reached 80% and 40% for phenol. As mentioned before, the significant
reduction of efficiency could be related to loss of catalytic mass or poisoning of its active
sites. The latter can be significant, especially for MCPP and 4-CPA, where the intermediate
oxidation products contain chloride. Moreover, based on HPLC-MS results, the oxidation
mechanism of MCPP and 4-CPA was proposed.

The most promising aspect of applying carbonized spongin-based scaffolds
as a support for the metal-containing phase is their three-dimensional fibrous structure.
The SEM images in Publications 5 and 6 show this exceptional architecture of interlaced
fibers, which create channels with different shapes: triangle-like, rectangular-like,
pentagonal-like, and hexagonal-like — similar to those observed in honeycomb structures,
with sizes I between 1 to 300 um. In addition, the carbonization of those scaffolds does not
lead to the breaking of their initial structure. Thus, they can be prepared in strictly designed
shape. Moreover, spongin-based scaffolds are obtained from commercial sponges, which are
cultivated worldwide, creating a sponge market worth more than US$20 million.

Spongin-based scaffolds are without a doubt great material for application
in heterogeneous catalysis either before or after carbonization. However, their pyrolysis led
to the formation of structured biocarbons possessing excellent stability, robustness, and good
physicochemical properties. Moreover, the relatively simple modification approach applied
in Publications 4-6, which does not require the use of extreme synthesis conditions
or hazardous and expensive reagents, creates more possibilities for the synthesis and
modification of bio-inspired materials, which is definitely in line with the philosophy

of sustainable development.

74



Poznan University of Technology T AL
Sonia Zéttowska TECHNOLOGY
7. SUMMARY

The presented doctoral thesis is focused on:

1) the seeking and investigation of new sponge species having the skeleton made from
chitin within Demosponginae sponge class;

2) evaluation of the spongin-based scaffolds pyrolysis and investigation their usefulness
to produce the advanced composites based either on spongin on biocarbons received

after its carbonization.

For the first time, it was shown that chitin is present as a structural component
in skeletons of the Verongiida sponge P. purpurea and non-verongiid representative
of Mycale genus Red Sea demosponge M. euplectelloides. Their detailed evaluation proved
that isolated chitin resembles the shape of a sponge skeleton and is built from a-chitin
polymorph. The studies pointed out the possibilities of evaluating these sponges as new,
promising sources of chitin and secondary metabolites for pharmacy, tissue engineering, and
materials science.

The investigation of spongin-based scaffolds began with evaluating its usefulness
as a source for producing the biocarbons by calculating the kinetics of its thermal degradation
using thermogravimetric analysis (TG). The kinetic parameters of the pyrolysis in a nitrogen
atmosphere were calculated using standard methods, including a model-fitting approach
(Coats—Redfern method) and the model-free iso-conversional Friedman, Kissinger—Akahira—
Sunose (KAS), and Ozawa—Flynn-Wall (OFW) methods. The TG analysis revealed that this
biomaterial’s thermal degradation does not depend on the heating regime, and during
pyrolysis, two weight losses can be observed. The analysis of gases released during thermal
degradation allowed identifying the discharged compounds and described the pathway of the
process. Kinetics studies showed that the chemical reaction model best described the
experimental data of thermal degradation. The activation energies calculated by the Coats—
Redfern method were in the range 39.3-48.7 kJ/mol, which is slightly lower than for the
commercial polyurethane foams. Such comprehensive study of pyrolysis of spongin-based
scaffolds with the attempt to mathematically describe the process, which has never been
explained before in the literature, proved this biomaterial's potential to be a source for

biocarbon production.
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Furthermore, the spongin-based scaffolds were applied as a support for cobalt/cobalt

oxide, silver particles, as well as cobalt/cobalt oxide-silver particles. The utilization
of a spongin-based scaffold for such purposes was performed for the first time. The fibers
of resulted composites were evenly covered with metal-containing phase particles forming
the agglomerates of different shapes and sizes. Those materials were successfully utilized
as catalysts in the reduction of 4-nitrophenol to 4-aminophenol in water. The profound
kinetic and reusability studies proved that the functionalization with metallic particles led
to obtaining materials with great catalytic performance, good reusability properties,
and significantly higher thermal stability.

Consequently, considering the unique structure of spongin-based scaffolds and their
physicochemical properties, they were applied to produce biocarbons utilized further
to support different cobalt oxide-based catalysts. The carbonization was carried out
at temperatures of 400 °C, 500 °C, and 600 °C, followed by metallization via the sorption-
reduction method. The low-temperature spongin carbonization used to prepare functional
materials was described for the first time. Various techniques including XPS, XRD, XRF,
SEM+EDS, FTIR, low-temperature N2 sorption isotherms were applied to characterize
composites' physicochemical and morphological properties. Carbonized materials without
functionalization were also studied, and their properties compared with the prepared
composites. It has been proved that all prepared composites exhibited superior catalytic
properties in the oxidation of styrene, decolorization of rhodamine B, and reduction
of 4-nitrophenol. The studies showed that the temperature of carbonization directly impacts
the final material's structure and chemical composition. Nevertheless, support and metal-
containing phase synergistic effect was suggested as a primary reason for such superior
catalytic activity. Moreover, the recycle studies performed for the most active material
proved that it could be reused several times without significant loss of catalytical activity
in each tested reaction.

A similar approach was used to prepare Ni(OH)2/NiO/Ni-carbonized spongin
composites. The functionalization with nickel species was performed for biocarbon also
obtained at temperatures 400 °C, 500 °C, and 600 °C. The study focused on the deep
morphological and physicochemical characterization of resulted materials and their testing
as a potential catalyst of oxidation and reduction of various emerging phenolic compounds.
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Such deep study was depicted for the first time. The catalytic evaluation showed that all

prepared materials exhibited good activity in the reduction of 4-nitrophenol. A reaction
mechanism was proposed: the decomposition of borohydride anions takes place on
crystallites of nickel moieties, which served as an electron relay system. In the oxidation
studies of phenol, methylchlorophenoxypropionic acid (MCPP), and 4-chlorophenoxyacetic
acid (4-CPA), only one catalyst, namely Ni(OH)2/NiO/Ni_400, exhibited great activity in
acidic conditions with using hydrogen peroxide as a green oxidation agent. Consequently, it
was stated that the enhanced catalytic activity of prepared materials might be related to the
multiphase composition of the nickel-containing phase. That increases the variety of active
centers of catalysts; evenly distributed metal-containing phase. Finally, the unique
morphology of the metal-containing phase synergistically acts with the three-dimensional
structure of support, enhancing the diffusion of reagents to the catalyst’s surface.

The listed achievements confirm the practical character of the realized studies
and introduce significant novelty to the field associated with the production, characterization,
and practical application of materials based on spongin and chitin.

The presented studies contribute to the knowledge about marine sponges and are

located in the context of contemporary research about biomimetic materials.
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8. FUTURE OUTLOOK

Growing ecosystems pollutions and an increase in energy demand are among the most

significant challenges of humankind in the XXI century. Therefore, the scientific efforts are
focused on developing new methods, materials, and technologies that will
be environmentally friendly, low-cost, and sustainable development concerned.
Consequently, the evaluation of new sources of biomaterials such as chitin fits perfectly
in the current social-ecological targets. However, the development and description of a chitin
source with a pre-fabricated structure are not only important from the evolutionary biology
point of view. But it is also crucial for material science to look for new chitin sources which
do not need additional structurization methods. Consequently, it is just the beginning of the
route to obtain the functional materials. It is not without significance that marine sponges can
be easily cultivated, providing a renewable source of three-dimensional chitin. Consequently,
seeking new chitin sources offers a wide range of opportunities to integrate sponges
as a renewable source for material science, environmental protection, pharmacy, and tissue
engineering on an industrial scale. Despite the vast potential of chitin, its application in tissue
engineering still shows broad development prospects. The various chitin modification
approaches — through chemical or physical modification — might allow the preparation
of scaffolds with desired shapes and ideal degradation rates, which could be suitable for bone
graft alternatives. Moreover, the bioactive factors can be incorporated easily to obtain
beneficial properties for osteogenesis. Likewise, the chemical nature of chitin, the possibility
of easy protonation and further functionalization opens new possibilities for utilization of this
promising biomaterial.
However, several issues remained unsolved. The most critical aspect lies in the long time
necessary for chitin isolation using a classical approach. Likewise, the secondary metabolites
removed during the standard procedure are not utilized further and are mostly treated like
wastes. However, the attempt to reduce chitin isolation time was successfully developed,
although only for Verongiida sponges. Consequently, there is a space for evaluating a less
time-consuming approach of simultaneous chitin and secondary metabolites isolation
to explore the full potential of sponges.

The great potential of spongin-based scaffolds has been shown in several works

already published. Moreover, their application does not cause a threat to the environment
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because species of commercial sponges are cultivated worldwide as well, creating a sponge

marked worth more than US$20. Consequently, their utilization is environmentally
and economically beneficial. Nevertheless, several aspects of applying spongin-based
scaffolds to produce advanced composites or form carbonized materials should
be investigated in the future. The atomistic simulation might be performed to provide
an additional overview of the optimization of carbonization parameters. The evaluation
of the pyrolysis mechanism can provide additional insight and represent a milestone in the
optimization process and help to establish the carbonization conditions more suitable
for further application in material engineering. The effects of additives might also
be investigated to evaluate their impact on the properties of biocarbons. Further studies could
be performed about the functionalization mechanism and application of other metallization
methods, such as a photo-deposition approach to develop a new branch of bioinspired
materials. Likewise, the functionalization of biocarbons obtained at higher temperatures
seems to be interesting to investigate in the future to check how the development of the
crystalline structure of resulted carbon impacted the properties of the final composite
material.

Regarding catalytic studies, the detailed characterization of spent catalysts might
be an exciting topic for evaluation, investigating the effect of catalytic actions on the changes
in composite physicochemical properties and morphology. Moreover, the promising activity
in oxidation-reduction reaction opens the possibility of evaluating those materials in other
organic reactions, such as creating C-C bonds or reactions in the gas phase. Especially
composites functionalized with nickel hydroxides and oxides seem to have great potential
to be applied as a part of electrode systems in producing energy storage devices or advanced
electrocatalysts. Likewise, the heat and current conduction of those materials shall be studied
to prove their potential in other branches of chemistry.

Owing to the sustainable development philosophy, the utilization of biopolymers
to produce advanced materials without employ harsh production conditions or expensive
reagents has an excellent perspective for the future. Therefore, the results obtained within the
thesis framework constitute a milepost in developing bio-inspired materials based on spongin

and indicate the potential for further growth of this interesting topic.
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