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Functionalization of aluminium oxide for composites based on
unsaturated polyester resins synthesized from waste poly(ethylene
terephthalate

SUMMARY

The aim of this doctoral dissertation is investigation of physical and chemical properties
of composites based on unsaturated polyester resin (UPR) resin, produced from the product
of the catalytic depolymerization of poly(ethylene terephthalate) (PET) in the excess of 1,2-
propylene glycol (PG), with the reinforcement of nano-/micro-scaled alumina particles. There
were two types of alumina fillers: commercial (c-Al,O3) and synthesized one doped with Fe
(Fe-Al,O3). To additionally improve properties of UPR resin, alumina particles were
modified by following silanes: Vinyltris(2-methoxyethoxy)-silane (VTMOEO), 3-
methacryloxypropyl-trimethoxysilane  (MEMO) and 3-(aminopropyl)trimethoxysilane
(APTMS) as well as methyl ester of linseed oil fatty acids (biodiesel - BD). The influence of
the pristine and modified alumina particles size and loading on the mechanical, dynamic-
mechanical and thermal properties of the obtained composites was studied. Synthesized UPR
resin is qualitatively characterized by NMR and FTIR analysis, while alumina particles were
examined by XRD, FTIR, SEM and Image analysis to obtain their morphological
characteristics. The best tensile strength was achieved by incorporating the 1wt% of
VTMOEO modified Fe-Al,0; compared to pure UPR resin, while the micro Vickers
hardness was significantly improved in all analyzed samples. The results of DMA showed
significant influence of the embedding the alumina particles into UPR matrix. It was
remarked that Fe-Al,O3 possessed higher thermal stability in comparison to c-Al,Os.

Three-dimensionally ordered macroporous (3DOM) p-alumina was synthesized using
PMMA as porogen agent. XRD measurements confirmed the y-alumina crystal phase, while
SEM confirmed macro and micro porosity. Synthesized adsorbent was used for Pb?*, Ni%",
and Cd** removal, and the results showed that pH is an important parameter which control
effectiveness of pollutant removal. The quality of the isotherm modelling of adsorption data
was proved by the correlation coefficients and error functions, and the best adsorption model
was found to be Freundlich isotherm for Pb** removal and Dubinin-Radushkevich isotherm
for Ni** and Cd*" removal. The AH? value of 9.59 kJ/mol for Pb?*, 2.45 ki/mol for Ni?* and
6.20 kd/mol for Cd?* adsorption onto y-alumina indicated the dominance of physical
adsorption. The kinetic data of the adsorption on all the investigated adsorbents were well
fitted with the pseudo-second-order kinetic and Weber-Morris models, suggesting that the
rate-limiting step was diffusion rather than chemical sorption. Calculated activation energies,
E., of 4.60 kJ/mol for Ni**, 0.58 kd/mol for Cd** and 5.71 kJ/mol for Pb** indicate that the
adsorption of all three ions onto y-alumina is a mainly physical adsorption process.

The presented technological procedures of waste PET and ceramic material utilization,
have shown that they can be used to obtain useful products with good mechanical and
relatively satisfactory thermal characteristics. Presented innovative technology involves the
processing of municipal solid waste, which represents a national interest in favoring this type
of technology for the development/implementation of the green and circular economy, as is
the case in all developed countries.

Keywords: waste PET based composites, alumina nano/micro-particles, mechanical
properties, thermal properties, silane functionalization, heavy metal ions removal
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Funkcionalizacija Cestica aluminijum-oksida za kompozite na bazi
nezasi¢enih  poliestarskih smola dobijenih iz reciklovanog
poli(etilentereftalata)

REZIME

Cilj ove doktorske disertacije je ispitivanje fizickih i hemijskih svojstava kompozita na
bazi nezasi¢ene smole poliestera (NZPE) sintetisanoj od proizvoda kataliticke
depolimerizacije poli (etilen tereftalata) (PET) u visku od 1,2-propilena glikol (PG) sa
ojacanjem od nano/mikro Cestica alumine. Kori$¢ena su dva tipa alumine: komercijalna (c-
Al,O3) i sintetizovana dopirana sa Fe (Fe-Al,03). Da bi dodatno poboljsali gore navedena
svojstva NZPE smole, Cestice alumine su modifikovane slede¢im silanima: Viniltris (2-
metoksietoksi)silan (VTMOEOQ), 3-metakriloksipropil-trimetoksisilan (MEMO) i 3-
(aminopropil) trimetoksizilan (APTMS) kao metil estri masnih kiselina lanenog ulja (biodizel
- BD). Ispitan je uticaj veli¢ine Cestica i udela netretiranih/modifikovanih ¢estica alumine na
mehanicka, dinamicko-mehanicka 1 termicka svojstva dobijenih kompozita. Sintetisana
NZPE smola kvalitativno je okarakterisana koriS¢enjem NMR i FTIR tehnika, dok su Cestice
alumine ispitivane uz pomo¢ XRD, FTIR, SEM i analizom slike kako bi se dobile njihove
morfoloske karakteristike. Najbolja zatezna Cc¢vrstoca postignuta je udelom 1 mas%
VTMOEO modifikovanog Fe-Al,O3 u poredenju sa ¢istom NZPE smolom, dok je mikro
Vickers tvrdoc¢a znacajno poboljSana u svim analiziranim uzorcima. Rezultati DMA pokazali
su znacajan uticaj ugradnje Cestica alumine u NZPE matricu. Primeéeno je da Fe-Al,O3
glinica poseduje vecu toplotnu stabilnost u poredenju sa c-Al,Os.

Trodimenzionalno orijentisana makroporozna (3DOM) y-alimina sintetisana je koristeci
PMMA kao agens za dobijanje poroznosti kona¢nog proizvoda. XRD merenja su potvrdila
kristalnu fazu y-alumine, dok su mikro i makro pore potvrdene SEM analizom. Sintetisani
adsorbenti su koridéenii za uklanjanje Pb**, Ni®* i Cd®" jona, gde se pokazalo da pH vrednost
predstavlja esencijalni parametar za efikasno uklanjanje navedenih polutanata iz vode.
Kvalitet adsorpcije je potvrden modelovanjem izotermi, gde se najadekvatnijim modelom za
uklanjanje Pb** pokazala Frojndlihova, a za uklanjanje Ni?* i Cd** Dablin-Raduskevicova
izoterma. Vrednosti entalpije od 9.59 kd/mol za Pb*, 2.45 ki/mol za Ni** i 6.20 kJ/mol for
cd* ukazuju na dominantnu fizi¢ku adsorpciju. Kineticki podaci adsorpcije na Svim
ispitivanim adsorbentima su u dobroj korelaciji sa kinetickim modelima pseudo drugog reda 1
Veber-Morrisom, §to sugeriSe da je adsorpcija difuziono kontrolisana. Izracunate energije
aktivacije, E,, od 4.60 kd/mol for Ni**, 0.58 kJ/mol for Cd** and 5.71 kd/mol for Pb?* dodatno
su potvrdile da je adsorpcija navedenih jona na aluminu fizi¢ke prirode.

Predstavljeni tehnoloSki postupci upotrebe otpadnog PET 1 keramickog materijala
pokazali su moguénost dobijanja korisnih proizvoda sa dobrim mehani¢kim i relativno
zadovoljavaju¢im termickim karakteristikama. Predstavljena inovativna tehnologija ukljucuje
preradu ¢vrstog komunalnog otpada, Sto predstavlja nacionalni interes davanja prednosti ovoj
vrsti tehnologije za razvoj/implementaciju zelene i cirkularne ekonomije, kao $to je to slucaj
u svim razvijenim zemljama

Kljuéne reci: kompoziti na bazi otpadnog PET-a, nano/mikro cestice alumine, mehanicka
svojstva, termicka svojstva, funkcionalizacija silanima, uklanjanje jona teskih metala
Naucna oblast: Tehnolosko inzenjerstvo

UZa nau¢na oblast: Inzenjerstvo materijala

UDK broj:
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1. INTRODUCTION

Rapid technological development in many fields leads to reducing of non-renewable
resources, which demands finding new solutions for satisfy all needs of modern humanity.
Tracing that trend, great efforts have been made in development of sustainable and advanced
technologies which include usage of alternative energy and raw material resources.
Conversely, phenomenon caused by globalization and mass production as a consequence,
leads to generating of huge amount of waste materials. The great part in such waste belongs
to polymeric materials which possess short applicable time (primarily bottles and food
packages). Polymeric waste cause severe problems worldwide, especially in non-developed
regions since its proper treatment, including collecting, separation and sorting is expensive
and technologically demanded.

Poly(ethylene terephthalate) (PET), among other commercial polymeric materials, is the
most used material in textile, food, electronic, automotive and other industries. Such
industries and their customers generate huge amount of waste PET, which needs to be
subjected to appropriate recycling processes, respecting the principles of green and circular
economy. Additionally, various environmental, economic and energetic benefits are achieved
by PET recycling which are reflected in preservation of natural resources, lowering the
energy consumption as well as reduced disposal of waste [1-3]. There are myriad recycling
processes for treatment of waste PET, but the most economically and environmentally
promising are the chemical ones (tertiary recycling) [4]. The products obtained by tertiary
recycling processes are monomers from which PET consists (total depolymerization) and
oligomers (partially depolimerization). Monomers/oligomers, used as obtained or purified,
can be employed in synthesis of unsaturated polyester, epoxy or alkyd resins [5-7].

Unsaturated polyester resins (UPRs) with polyurethanes represent a group of the most
commonly used thermosetting matrices for obtaining the advanced composite materials [8].
Considering that UPR is a brittle material, the addition of reinforcements is necessary for
obtaining the high-performance composites. The remarkable improvement of physical and
chemical properties of UPRs can be tuned by addition of various types of organic or
inorganic fillers such as: glass fibers, minerals, natural and synthetic polymers etc. [9-11].
The most commonly used reinforcements for UPR matrix are: silicon(IV)-oxide,
nanocellulose and carbon nanotubes [12-14].

One of the most promising candidates for UPR matrix reinforcement is alumina. Alumina
or aluminum oxide is an amphoteric oxide that exists in nature as the minerals corundum
(Al,03); diaspore (Al,O3-H,0); gibbsite (Al,03-:3H,0); and most commonly as bauxite,
which is an impure form of gibbsite. Alumina exists in numerous crystalline structures.
Metastable phases may be irreversible translated to a-Al,O3 by an adequate thermal or
hydroxylation treatments. The crystal structure of alumina consists from hexagonal and
octahedral sites [15].

The subject of this study could be divided into three distinctive parts: 1) The synthesis of
UPR resin through the reaction between dihydroxyl monomers, obtained by depolymerization
of waste PET, and maleic anhydride (MA), 2) functionalization of commercial and Fe doped
alumina and 3) preparation of composites based on UPR resin and pristine and/or
functionalized alumina. The first step in the producing of UPR resin was obtaining the
hydroxyl-terminated precursor (glycolyzate) by catalytic depolymerization of waste PET
using 1,2-propylene glycol (PG). PG was used in excess towards waste PET (molar ratio
PET:PG=1:1.2). The depolymerization was carried-out in presence of the tetrabutyl titanate
(TBT) as a catalyst, without azeotropic removal of ethylene glycol (EG). Further on, the
obtained glycolyzate reacted with MA which resulted in producing of UPR resin. The UPR
was mixed together with various amount and type of alumina particles to obtain composite
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materials. There were two types of alumina: nano-scaled commercial (c-Al,03) and micro-
scaled Fe doped alumina (Fe-Al,O3). The both types of alumina particles were subjected to
functionalization by vinyl tris(2-methoxyethoxy)-silane (VTMOEO); 3-methacryloxypropyl-
trimethoxysilane  (MEMO), 3-(aminopropyl)trimethoxysilane (APTMS) (one step
modification) and successive modification with APTMS in the first step followed by methyl
ester of linseed oil fatty acids (biodiesel, BD) in the second step.

The influence of alumina type, filler loading and type of functionalization on mechanical
and thermal properties of corresponding composites was investigated in this study. Literature
data, related to subject of interest, are very scarce which makes this research significant. Data
obtained for composites with pristine alumina particles were referent values used for
comparative analysis.

The obtaining of the composites with uniformly distributed alumina capable for
interaction with polymeric matrix represents unique scientific challenge and motive for
experiments included in this thesis. Particles affinity toward agglomeration and
heterogeneous distribution within the UPR matrix were overcome by optimization of filler
type and loading which resulted in high performance composites. Experimental results
broadened the knowledge about alumina functionalization, its application as a reinforcement
in polymeric matrix, as well as mutually influence and connection of functional groups upon
filler surface. Moreover, the contribution in thorough understanding of interactions between
pristine and modified alumina with UPR matrix, reflected in greater compatibility and thus
better composite performance, was achieved.



2. THEORETICAL SECTION

2.1. Literature review of procedures for synthesis of unsaturated polyester
resins

Technologies for production of UPRs have been known since 1930s and recently have
reached the maximum level. UPRs are one of the most used thermosetting polymers with a
wide range of applications due to their low cost, versatility and ability to undergo various
post-polymerization reactions [16]. In general, UPRs are condensation products of
unsaturated acids or anhydrides and two-functionalized alcohols (diols). The synthesis of
UPR resin could be performed by bulk or azeotropic polycondensation giving plausible
results at both, laboratory and industrial level [17]. Such obtained product is polyester which
should be distinguished from UPR resin. Polyester is a rigid material at room temperature and
is not suitable for further processing, which is the reason for its dissolving in the vinyl type
monomer, whereupon a viscous liquid is obtained - UPR resin. The double bonds within the
UPR resin represent the anchoring sites for creation of a three-dimensional structure with the
same ones from vinyl monomers, which is promoted by using of activator and initiator.

Cured UPR resins represent inherently brittle material which limits their applicability
value, i.e. their mechanical and thermal properties are very poor. These performances can be
significantly improved by incorporation of myriad types of additives within UPR matrix
[5,18,19]. The main group of ingredients used for UPR resins production are monomers for
their synthesis and vinyl monomers. Table 2.1 shows monomers for the production of UPR
resins. The most commonly used glycols are ethylene and 1,2-propylene glycol.

Polyesters based on unsaturated diols can be prepared by the transesterification of diethyl
adipate with unsaturated diols, e.g., cis-2-butene-1,4-diol, and 2-butyne-1,4-diol. The
transesterification method is a suitable procedure for the preparation of unsaturated polyesters
in comparison to the direct polycondensation [20].



Table 2. 1. Monomers for synthesis of UPRs [17]

Saturated alcohols

Remarks

1,2-Propylene glycol (PG)
Ethylene glycol (EG)
Diethylene glycol (DEG)
Neopentyl glycol

Glycerol
Tertrabromobisphenol A (TBBPA)
Trimethylolpropane

Trimethylolpropane mono allyl ether (TMPAE)
Undecanol

Most common glycol

Less compatible with styrene then PG
Good drying properties

Good hydrolysis resistance
Trifunctional alcohol for branched UPR;
danger of cross-linking during reaction
Flame retardant

Trifunctional alcohol, cheaper than
glycerol

Weather resistant for coatings

Used as chain stopper

Saturated acids and anhydrides

Remarks

Phthalic anhydride (PA)
Isophthalic acid
Terephthalic acid

Most common anhydride
Good hydrolysis resistance
Superior hydrolysis resistance

HET acid Flame retardant systems
Tetrabromophthalic anhydride Flame retardant systems
Adipic acid Soft resins
Sebacic acid Soft resins
Unsaturated acids and anhydrides Remarks
Maleic anhydride (MA) Most common
F N Copolymerizes better with styrene
umaric acid i .
than maleic anhydride
Itaconic acid -

The synthesis of general purpose UPR resins is performed using PG, phthalic anhydride
and maleic anhydride. If AMK is used without AFK, a resulting UPR resin has high
unsaturation density per the macromolecule unit, which contributes to significant rigidity of
final product. Therefore, to decrease product reactivity, the unsaturated component has been
diluted with a saturated, non-polymerizing component. During the synthesis of the UPR
resin, MA partially converse to its isomer, fumaric acid. Fumaric acid shows remarkable
reactivity towards vinyl monomer (styrene), but is more expensive than MA. Another aspect
for selecting the MA before fumaric acid is a lower amount of reaction water, 2 mol in
comparison to 1 mol when MA is used, which has to be removed from reaction mixture to
achieving the high polyester yield. Anhydrides are preferred over the corresponding acids due
to their higher reactivity. Figure 2.1 shows structural chemical formula of acids and
anhydrides used in UPRs synthesis.

To obtain UPR resin the synthesized polyester is dissolved in the vinyl monomer, which
additionally serves as a curative, i.e. cross-linking agent. The most commonly used vinyl
monomer is styrene. Conversely, styrene exhibits high volatility and carcinogenicity, which
requires seeking for an adequate replacement for it. Other vinyl monomers commercially
used as a curative for UPR resins are: vinyl pyridine, a-methyl styrene, vinyl and divinyl
ethers, acrylates and methacrylates.

During the curing, the vinyl type monomer can evaporate, which causes the changes in
material structure reflecting in shifting the glass transition temperature (Tg) of end-product
[22]. The addition of waxes can prevent this phenomenon by formation the physical barrier
which disables curative evaporation. Conversely, the wax incorporation causes deterioration
of resin characteristics and due to that the more appropriate additives for such purpose are
polyethers/their copolymers, alcoxylated fatty acids or polysiloxanes, with superb bonding
performances [8].
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Figure 2. 1. Structural chemical formula of acids and acid anhydrides used in synthesis of
UPRs [8,21]

The synthesis of UPRs has been performed by polycondensation in batch reactor,
whereby the main products is polyester and the water as a by-product, which is removed from
reaction mixture. In the reactor equipped with stirrer, condenser and water cooling jacket, the
low molecular weight diol component (glycol - the most frequently PG) is charged, in small
excess, to compensate losses resulting from its volatility and for preventing occurring the side
reactions. Then, unsaturated acid or anhydride simultaneously with saturated one are added in
reactor, whereby the molar ratio between glycol, unsaturated and saturated components is
adjusted to be 1.1:1:1, respectively. The reaction is carried-out in inert atmosphere which is
provided by removing the remained air with nitrogen blow.

The polymerization starts at about 90 °C, which is followed by remarkably heat release
(exothermic reaction). Afterwards, a catalyst is added into the reaction mixture to affect the
curing kinetics and prevents color change of the targeted product [23]. The most commonly
used catalysts are lead dioxide, p-toluenesulfonic acid and zinc acetate. Further on, the
reaction temperature is gradually increased to 220 °C, taking into account that steam
temperature never goes over 150 °C, to hinder glycol evaporation. At 150 °C, the
esterification reaction starts, which is manifested in water generation. There are several
approaches for water removal, but the most convenient is using of toluene or xylene to create
azeotropic mixture. Reaction water is collected in a particular container, while azeotropic
agent refluxes into the reactor. Traces of water, glycol and other low-molecular substances
are removed from final product using vacuum distillation technique.

The esterification progress is monitored via quantity of obtained water, but that method is
not suitable for accurate determination of reaction stage. The best available technique for
such purpose is the calculation of acid number (AN) by sampling of reaction mass, its
dissolving in toluene/isopropyl alcohol mixture and titration with an alcohol solution of
potassium(l)-hydroxide. When the AN value is 30-40 mg KOHY/g of the resin, the reaction is
finished which demands the addition of HQ before polyester cooling and dissolving in
styrene. The polyester dissolving is a crucial moment in UPR synthesis whereby the
temperature must be lower than styrene boiling point. There are two problems which may
occur if that condition is not fulfilled:

e If the temperature of polyester is too high, the gelatinization can occur upon styrene
addition,



e If the polyester temperature is too low, its viscosity is too high which disables good
homogenization with styrene.

After homogenization of polyester and styrene, the obtained pale yellow UPR resin is
cooled to room temperature and packed in tin cans or jars. The mass ratio of polyester
towards styrene is very important for preventing phase separation and the ideal one is 60:40.
Figure 2.2 shows UPR synthesis as well as it curing with styrene.
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Figure 2. 2. Synthesis and curing of UPR [24]



2.1.1 The UPR synthesis from waste poly(ethylene terephthalate) (PET)

PET is semi-crystalline, linear, saturated polyester, obtained in reaction between ethylene
glycol and terephthalic acid (Figure 2.3). PET possesses superb mechanical characteristics,
high resistance towards acids and mineral oils and barrier properties (impermeability for
moisture and gases) which makes it suitable for myriad application: food and beverage

packaging, audio and video tapes and so on [25].
OM?

(0]

/{,0
0
Figure 2. 3. Chemical structure of PET

Increased worldwide consumption and short life-time of PET products together, with
human negligence, lead to generation of huge amount of waste in recent decades [26]. That is
the reason why the waste PET has to be properly treated using one of the four distinct
recycling techniques:

e Primary - involves the use of pre-consumer industrial scrap;

e Secondary - physical processing (washing, grinding, melting, reforming);

e Tertiary - subject waste PET to chemical treatment;

e Quaternary - incineration of PET waste to obtaining of energy [3].

Among all the mentioned techniques, tertiary (chemical) recycling processes, as the
economically and environmentally more suitable, are emphasized. The products obtained by
tertiary recycling processes are raw materials (monomers) from which PET consists (total
depolymerization) and oligomers (partially depolimerization).

2.1.1.1 Catalytic depolymerization of waste poly(ethylene terephthalate)

Chemical recycling of PET is provided thanks to presence of ester group within the PET
structure which can react with various type of reagents. In such reactions, ester bonds along
the macromolecules structure are cleaved using an appropriate chemical agents. Depending
on type of used reagents, chemical recycling is divided on following procedures:

e Alcoholysis (alcohols),

o Methanolysis (methanol)
o Glycolysis (glycols)
e Hydrolysis,
o Alkaline
o Acidic
o Neutral
e Other processes,
o Aminolysis
o Ammonolysis [3].

The most commercially applied process for PET recycling is glycolysis, which represents
structural degradation of PET network in presence of the trans-esterification catalysts. In such
a way, the cleavage of the ester bridges results in obtaining of hydroxy terminated product,
i.e. oligoester diols [8]. The most commonly used glycols for such purpose are EG, PG, DEG
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and so on [27]. Glycolysis requires using of an adequate catalyst to achieve complete
depolymerization of PET to bis(2-hydroxyalkyl)terephthalate (BHAT). Conversely, the
reaction is very slow and incomplete, resulting in low yield of BHAT, mixed with other by-
products, which makes difficult its recovering. to cannot be achieved. Thus, significant
research efforts have been directed toward increasing the reaction rate and BHAT yield by
developing highly efficient catalysts. Besides, the optimization of the reaction conditions
(e.g. temperature, time, PET/EG ratio, PET/catalyst ratio) are also taken into consideration
[3]. Figure 2.4 shows scheme of PET glycolysis and possible application of obtained
products.

Waste PET
Glycols >
A

Products of

depolimerization
Unsaturated Maleic
fat acids anhydride
A k.

Y

Polycondensation

Unsaturated
polyester resins

Alkyd resins

Diisocyanate -
-

Figure 2. 4. Schematic review of processes from waste PET to useful products [8]

Glycolysis is carried out over a wide temperature range, from 180 to 240 °C, for 30 min to
8 hours [28]. The influence of used glycol is essential for efficacy of PET glycolysis, which is
evaluated through determination of its remaining quantity in the reaction mixture, i.e. how
much is spent on the glycolysis process [29]. It has been shown that PG exhibits the highest
efficacy in PET depolymerization, in comparison to the other glycols.

Khoonkari and co-workers have investigated the PET glycolysis by EG in the presence of
different catalysts as following: ionic liquids (1-butyl-3-methylimidazolium bromide
([bmim]Br)), metal salts (zinc acetate) and hydrotalcites [4]. The usage of zinc acetate brings
good yield, but takes more time to starts reaction, compared to (bmim)Br and hydrotalcites.
Moreover, the required amount of zinc acetate and reaction temperature for successfully
performing of PET glycolysis is higher than for other two catalysts. The purity of obtained
product is low, requiring catalyst recovery, which is quite expensive since that operation is
technologically demanded. The PET glycolysis reaction rate is fast when (bmim)Br is
employed, in comparison to zinc acetate, and product yield at elevated temperature (zinc
acetate temperature condition) is near 100%. If a high yield is to be achieved, there is a
problem with temperature sensibility of the catalyst which disables its recovery. The
utilization of hydrotalcites enables higher reaction rate, although the reaction takes a little bit
more time compared to using of metal salts and ionic liquids. Conversely, the reaction needs



a lower temperature range and the recovery of hydrotalcites is easy, which provides high
purity of the final products.

Lopez-Fonseka and co-workers have studied PET depolymerization in excess of EG,
added, catalyzed by different metal salts: zinc(ll)-acetate, sodium(l)-carbonate, sodium(l)-
bicarbonate, sodium(l)-sulfate and potassium(l)-sulfate [30]. The highest yield of bis(2-
hydrocyethylterephthalate (BHET) (about 70% and 50%, respectively) is achieved by
employing the zinc(ll)-acetate and sodium(l)-carbonate at 196 °C and PET/catalyst molar
ratio 100:1. In comparison with the activity of zinc (11)-acetate, other metal salts do not show
such high degree of conversions. The lowest conversion rate is remarked in the case of
sodium- and potassium(l)-sulfate, due to low solubility of these catalysts in EG.

The severe problems occur with the use of metal salts as catalysts due to their toxicity and
non-biodegradability as well as the non-selectivity. Although zinc (ll)-acetate has been
proven to be the most active catalyst, the small difference in the activity of zinc(ll)-acetate
and sodium(l)-carbonate indicates the potential of using sodium(l)-carbonate as a catalyst
that has no adverse environmental impact.

Besides metals salts, tetrabutyl titanate (TBT) is one of the most commonly employed
catalyst for PET depolymerization. TBT exhibits high activity, good solubility in organic
solvents and easy separation from the product by rinsing with distilled water [31]. Lu and
coworkers [32] have examined the catalytic depolymerization of PET with PG and TBT,
where the PET/PG ratio has been varied. The glycolysis is performed at two temperatures,
first at lower temperature, 190 °C for 5 hours, and second for 1 hour at 210 °C. They
conclude that the degree of depolymerization is increased with amount of PG in reaction
mixture, which is in great accordance with the results presented by Abdelaal and co-workers
[29].

2.1.1.2. Polycondensation of PET glycolyzate with maleic anhydride

There are different types of products, which can be obtained from PET glycolizate, as can
be remarked from Figure 2.4. One of the main product is UPR resin, which is obtained in
reaction between PET glycolyzate with saturated/unsaturated dicarboxylic acids or
anhydrides [25]. The structure and properties of UPR can be tailored by PET/glycol ratio,
reaction time and temperature, type of catalyst and PET/catalyst ratio [33].

Dugue-Ingunza and co-workers has studied the catalytic PET depolymerization using EG
and metal salts as well as parameters for obtaining of the UPR resin in reaction between
BHET and MA [34]. The BHET:MA molar ratio was 1.1:1.0 in all cases. They showed that
as the reaction temperature and time increased, the molar mass of the UPR resin raised,
which irreversibly affected the viscosity raising. The optimal polyesterification conditions
were 180 °C and 4 hours, where the obtaining of processable UPR resin was achieved
(acceptable viscosity). The synthesized resin had a mean molar mass with a numerous
distribution of 1460 g/mol, which was in accordance with the molar mass of commercial
resins. In the synthesis of UPR resins, the mean value of the molar mass should be taken into
account, since in the case of too low molar mass, the cross-linked resins have significantly
lower physical-mechanical characteristics, and in the case of too high, the processability of
the resin is hindered [8].

Lu and Kim [35] investigated the synthesis and cross-linking of UPR, obtained by
polycondensation of waste PET glycolyzate by PG and MA, and compared to a commercial
resin synthesized from MA, FA, and PG. Based on the KB values and the duration of the
polycondensation reactions, it was concluded that the polycondensation of the PET
glycolyzate and MA occurred faster than polycondensation in the case of commercial resin.



2.2 Alumina as filler in polymer matrices

Alumina or aluminum oxide is a natural-based material, which appears in various shapes:
corundum (Al;03); diaspore (Al,03-H,0); gibbsite (Al,O3:3H20); and most commonly as
bauxite, an impure form of gibbsite. Alumina exhibits numerous crystalline structures, which
can be converted one to each other using an appropriate thermal of chemical treatment [15].
Figure 2.5 shows several different forms of alumina. Nanoscale y- and a-alumina are
thermally stable at higher temperature, but are difficult to produce due to grain growth
promotion caused by heating, which hinders obtaining of the such fine alumina powder [36].

Figure 2. 5. Some structural forms of alumina [37]

Al,O3 has superb physical and chemical properties such as high hardness, strength, elastic
modulus and remarkable resistance to chemical impact. Due to that, Al,O3 have extensive
applications in various fields such as: electronics, metallurgy, composites, wear protection,
refractories, catalysis, automotive emission control and hydrogenation [38-40]. Kovacevic¢
and co-workers. demonstrate that the significant increase in mechanical properties can be
achieved by incorporation of pristine Al,Os filler into UPR resin with respect to neat polymer
[41]. However, its application shows some constraints due to poor toughness and inferior
thermal resistance [42].

There are several approaches for synthesis of nano-scaled alumina which generally can be
divided to physical or chemical. The physical methods involve mechanical milling or flame
spray, while chemical implies co-precipitation, combustion, sol-gel methods and so on [43—
45]. The properties of nano alumina particles depend on their size, morphology, and phase
distribution, which can be tailored by selecting a proper synthesis method.

The mentioned methods have some disadvantages; mechanical synthesis needs extensive
mechanical ball milling, vapor phase reaction requires high temperature, while the
precipitation method is complicated and lasts a long time. The combustion method is used to
yield nano-scaled a-Al,O3 particles, which exhibit somewhat degree of agglomeration. The
sol—gel method is based on polymeric precursors usually formed from metal alkoxides [46].

2.2.1 Sol-gel technique for alumina obtaining

The sol-gel method represents one of the most promising approach for alumina synthesis
due to yielding homogeneous powder with high purity at low processing temperature and
great reproducibility [37]. The main disadvantages are the moisture sensitivity of the
precursors (alkoxides), which demands special and costly handling. There are several factors
for designing the needed properties of targeted product such as: raw materials, an adequare
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process parameters (solvents, stirring time, pH value), water content and type of surfactants.
Figure 2.6 shows the block diagram of the sol-gel method.

The sol-gel techniques use a variety of inorganic and organic precursors, commonly
nitrate and chloride salts of aluminum and aluminium isopropoxide. Rogoja et al. obtained
nano-scaled a-Al,O3 at 1000 °C starting with aluminum chloride as an inorganic, and
aluminium triisopropylate as an organic precursor [47]. Such calcination temperature was
suitable for designing proper means for obtaining alumina powder with superb properties,
compared to those synthesized at different temperatures. The nano-scaled a-Al,O3 can also be
obtained by aqueous sol-gel technique using cheap AICIl3;- 6H,O and Al powder, as raw
materials [48].

In sol-gel technique, solvent has an essential role in increasing contact between
precursors, and thus increasing of end-product yield. The most commonly used solvents are
alcohols, ethers and glycols. Beside solvent, the special additives such as urea and citric acid
also have important role in obtaining the desired properties of alumina powder through
control of complex formation, hydrolysis and reactants condensation [37].

PRECURSOR
(Aluminum Salt)

Dissolve

SOL

Dehydration

GEL

Drying

POWDER

Calcination

NANO ALUMINA

Figure 2. 6. Flowchart of sol-gel technique [37]

Li et al. obtained ultrafine a-Al,O3 by an aqueous sol-gel method using a citrate
polymeric precursor prepared from various molar ratio of aluminum nitrate (ANi) and citric
acid (CA). The increasing molar ratio of CA/ANi favored phase transition of y- to a-Al,0s,
whereas the precursor with CA/ANi = 1 yielded an ultrafine a-Al,O3 powder with particle
size of 200 nm [49].
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To reduce particles agglomeration, surfactans, which postpone crystals growth, are
introduced into precursor mixture solution. The commonly used surfactants for such purpose
are: sodium dodecyl sulfate, sodium bis-2-ethylhexylsulfosuccinate and hexadecyl trimethyl
ammonium bromide. The addition of sodium dodecylbenzene sulfonates and sodium bis-2-
ethylhexylsulfosuccinate into the precursor solution, makes from aluminum isopropoxide and
aluminum nitrate hydrate, impacts the alumina particle size, shape as well as degree of their
aggregation [50].

2.3. Composites based on UPR resin and alumina particles

2.3.1 Polymer composite materials

Since the needs of modern humanity demand high-performance materials, composites
attract more attention due to the capability to answer to such requirements. They possess
superb properties suitable for wide fields for application. Composites contain two or more
components with unique characteristics that, when are combined, give materials with
properties quite different from the particular constituents. Composite materials are generally
classified by the matrix into ceramic, metal and polymer composites. Polymer matrix
composites (PMC) became the material of interest in recent years as they provide easy
processability and tuning the desired properties of end-products.

PMC are composed of a reinforcements, shaped as a short/continuous fibers or
nano/micro filler particles, which are uniformly distributed in polymeric matrix. These
reinforcements bring an improvement of physical, chemical and thermal properties of pure
polymeric matrix making it suitable for usage in advanced applications. The mentioned
properties strongly depend on (1) the characteristics of the individual components; (2) the
amount and mass ratio of matrix and reinforcements; (3) the orientation of incorporated fiber
reinforcements and intensity of the bonding strength between the matrix and the
reinforcements and (4) the size, morphology and distribution of the reinforcements [51].
Polymer matrix as well as reinforcements, through offering their particular characteristics,
participate in creating of the properties of final products. Fillers provides remarkable
mechanical properties reflecting in high resistance to bending and breaking under applied
load. Conversely, the polymer matrix absorbs stress by its transfer to the filler particles. The
second role of polymer matrix is providing the protection of reinforcements towards abrasion
and moisture impact [52].

Combination of type and amount/particle size of filler particles provides designing the
composites with desired properties. Generally, smaller filler particles give higher
improvements of pure polymeric materials. The reinforcement loading needs to be carefully
selected to avoid formation of clusters, which deteriorate the quality of end-product [18,19].
Accordingly, the optimization of each aforementioned aspect has to be fulfilled in composite
preparation process to obtain a product with superb characteristics.

Unlike traditional polymer composites containing micro-scaled fillers, the integration of
nano-scaled materials into a polymer matrix results in obtaining the superb properties of
targeted products. Therefore, the properties of composites can be successfully tailored even
using low amounts of filler [53]. To obtain material with superb properties, it is important to
uniformly disperse filler particles into the polymer matrix, using several available techniques
suitable, such as: blending solution, in situ polymerization, sol-gel and so on.
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2.3.1.1 Blending solution technique

One of the most promising way for preparing the polymer/Al,O; composites is solution
blending technique. This method includes three-step procedure for homogenization of filler
into polymeric matrix: mechanical and magnetic stirring/mixing and sonication [15]. There
are several advantages of such method: simplicity and applicability for great assortment of
inorganic fillers as well as easy control of polymer and reinforcement concentration in the
solution [54]. Johan et al. investigated the impact of nano-scaled alumina to ionic
conductivity of solution contained poly(ethylene oxide) matrix, lithium triflate and ethylene
carbonate [55]. The results suggest that the 15 wt% of alumina within the composite provides
the highest conductivity which is potentially related to the presence of Lewis (Al") and
Bronsted (Al-OH) acid sites onto alumina surface which promotes high mobility of ions.
Besides, in such a way is possible to prepare hybrid material based on PET and nano alumina
with loading 1-10 wt% by batch mixing under the inert atmosphere [56]. Moreover,
latex/alumina films were also prepared by combining aqueous colloidal suspensions of
alumina and nanolatex polymer beads. To attain better interaction between the polymeric
particles and inorganic filler, small amounts of acrylic acid was previously incorporated in
the latex [57].

2.3.1.2 In situ polymerization

In situ polymerization is an efficient method to uniformly distribute filler particles in a
polymer matrix. This method implies mixing of filler particles with organic monomers, either
in the presence or absence of a solvent, afterwards polymerization is occurred. The polar
nature of filler surface enables creation of radicals, cations or anions to initiate the
polymerization of the monomers, as well as its anchoring to polymer chains via covalent
bonding [15].

This method is suitable for preparation of laminate composite containing epoxy vinyl
ester matrix strengthened with chemically modified alumina [58]. Alumina/poly(methyl
methacrylate) (PMMA) nanocomposites, synthesized by in situ polymerization, showed
substantially drop of glass transition temperature (Tg) in comparison to pure polymer [59].
Such effect was evidenced by incorporation of very low amount of alumina particles (less
than 0.5 wt.%), while further addition had no influence on Tj,.

Moreover, other characteristics of in situ polymerized materials, such as mechanical and
thermal, can also be improved by introducing the alumina particles within their structure. The
in situ prepared nanocomposites fabricated from vinyl ester matrix and silane functionalized
nano-scaled alumina displayed significantly increased mechanical and thermal properties in
comparison to neat resin [60]. This technique was also suitable for obtaining the adsorbent
for Pb** from aqueous solution [61]. For such purpose, two poly(acrylic acid)/alumina
nanocomposites, with various polymer loadings, were prepared via in situ polymerization of
acrylic acid. When the quantity of PAA in a nanocomposite sample was lower, there was
higher Pb?* sorption capacity due to higher availability (higher active surface) of alumina
pores, i.e. their lesser clogging with polymer chains.

2.3.1.3 Sol-gel
In this process, organic species and inorganic precursors are combined in the non-aqueous
or aqueous solutions where form networks between at moderate temperature. In sol-gel

method, using the polymer with suitable functionality, can be achieved the good
compatibility and linkage between the organic and inorganic moieties in targeted end-
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product. One procedure for the synthesis of composites using this technique is shown in
Figure 2.7, wherein polypropylene grafted with MA (PP-g-MA) is reacted with aluminum
isopropoxide, promoting crosslink formation [62]. The preparation of composites based on
acrylic acid and alumina, previously obtained by sol-gel method, is described in following
publication [63]. The storage modulus, Tg, tensile strength, tensile modulus, and thermal
stability of the corresponding composites increased considerably, even with a very small
amount of embedded alumina, in comparison with pure acrylic resin, but did not change
significantly with rising alumina content.

R(l) ﬂ ?H3
+ —-
Al 0 o + HC
0 o / N\ on o /N
| HO C

OH OH RO OR Hj

AN
R=C;H;, RO” OR

Figure 2. 7. Simplified scheme of PP-g-MA aluminum isopropoxide reaction [64]

2-propanol

2.4 Compatibility between polymeric matrix and filler particles

There are some drawbacks related to achieving of great miscibility/compatibility between
polymer matrix and embedded reinforcements which are primarily due to the hydrophilic
nature of the reinforcements towards the hydrophobic polymer matrices. To achieve good
interactions between the reinforcements and the polymer matrix, reflected in satisfactory
wetting and adhesion, the additional actions need to be come into play. These actions implies
surface modification/functionalization through reaction between modifying agent and myriad
of hydroxyl groups within the reinforcements structure [65,66].

The using of surface modifiers is the best approach to lowering the surface tension
between reinforcement and matrix which results in improving of final properties of polymers.
The most commonly mechanism how modifiers work is reaction between functional groups
within modifier and reinforcement structure, whereas the loose organic parts from the
modifier is inserted into the free space among macromolecule chains in polymer matrix [67].
If these organic tails contain reactive groups they are able to chemically interact with similar
ones from the polymer matrix, even during curing process. In addition, reinforcement surface
modification changes the intensity of interactions between the particles/fibers themselves,
especially if their surface is charged. In that case, competition occurs between electrostatic
repulsion and establishment of intermolecular hydrogen bonds, which results in preventing of
filler agglomeration [68].

Commonly way to design filler/polymer surface is chemical modification. Generally,
chemical modification represents chemical bonding of the modifier/coupling agents or
polymeric chains on the filler surface. By adequate surface or molecular modification of
fillers, it is possible to uniformly distribute them throughout the polymer matrix resulting in
establishment of better interaction between reinforcement and matrix. In such a way, the
significant improvement of polymer material properties with simultaneous decrease of the
final product price is achieved [69]. After the appropriate surface modification, filler particles
become hydrophobic, which decreases their surface tension and leads to better miscibility and
compatibility with the hydrophobic polymer matrix [70]. Moreover, surface functionalization
causes changing in the surface charge which is manifested in competition between
electrostatic reflection of the particles themselves and formation of the intramolecular
hydrogen bonds [71].
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2.4.1 Chemical modification of alumina particles

The hydrophilic nature of alumina nanoparticles leads to high moisture absorption,
formation of agglomerates and incompatibility with hydrophobic segments of polymeric
matrices. These disadvantages are most frequently overcome by surface modification of
alumina nanoparticles, using silane coupling agents. The obtained structures enable the
establishment of a great linkage with polymeric matrices, especially with those which contain
double bond segments.

Employing the coupling agents to overcome these drawbacks is the best available
technique covered in literature and praxis. Organosilanes have bifunctional structure suitable
for their usage in treatment of natural fiber and inorganic fillers since both bear reactive
hydroxyl groups onto the surface [14,21]. These functional groups enable anchoring of
hydrophobic segments capable for creation of linkage with polymeric chains. Mechanism of
silane grafting onto filler particle is depicted in Figure 2.8. Table 2.2 shows the most
commonly used silanes as coupling agents: amino, vinyl, acryl, methacrylate and azido.
Aminosilanes are, according to literature data, the most suitable for natural fibers in
combination with both, thermoplastic and thermosetting, polymers [72]. Methacrylate treated
fillers display high reactivity towards UPRs, azido are extensively used for modification of
inorganic fillers to react with thermoplastic matrices, while vinyl and acryl need peroxide
based initiators for establishing of linkage between matrix and reinforcements [73].

° a -AlL,O5 particle
| Initiator
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Ema— — py §
—— ~8i
- AM-NH, \/’0—60&/\ kil
——
AM-Br
AM-POEGMA

Figure 2. 8. Schematic presentation for grafting Al,O3 membranes with poly(oligo (ethylene
glycol) methyl ether methacrylate) (POEGMA) brushes via surface-initiated atom-transfer
radical polymerization (SI-ATRP) [*APTS - 3-Aminopropyl)triethoxysilane, BIBB - 2-
bromoisobutyryl bromide] [74]

Jin et al. [75] prepare the nanocomposites based on ethylene-vinyl acetate (EVA) and
modified nano-scale AI203. Tensile strength, elongation at break and viscosity of
EVA/AI203 nanocomposites are significantly improved with respect to pure EVA. Zunjarrao
and Singh [76] investigate the effects of particle size and silane treatment on the fracture
toughness for epoxy resin reinforced with nano- and micro-scaled rigid aluminum particles.
They observe that fracture toughness of epoxy reinforced with as-received 20-100 nm
aluminum particles is higher than that reinforced with as-received 3-4.5 pum particles.
Furthermore, it is remarked that, although silane treatment of both nanometer and micrometer
particles leads to a better particle-matrix bonding, agglomeration issues limit the
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enhancement achieved in fracture toughness of the composites with nanometer sized
particles. Mallakpour and Dinari [77] report the modification of Al203 with KH550 coupling
agent. The obtained results indicate that AI203 nanoparticles form aggregates of several
hundred nanometers in diameter. On the contrary, KH550-modified AI203 are finely
dispersed in the polymer matrix.

Table 2. 2. Silanes used for the natural fiber/polymer composites: chemical structures, functionalities
and target polymer matrices [73]

Structure Functionality Abbreviation Target matrix

Epoxy
Polyethylene
(RO)5Si-(CHy)3-NH, Amino APS Butyl rubber
Polyacrylate
PVC
Polyethylene
(RO)3Si-CH=CH;, Vinyl VTS Polypropylene
Polyacrylate
Polyethylene
Polyester
Natural rubber
PVC
Epoxy
(RO);Si-(CH,);-O-CH,CHCH,0 Glycidoxy GPS Butyl rubber
Polysulfide
Polyethylene
PVC
Polypropylene
Polyethylene
Polypropylene
(RO)s-Si-R"-N3 Azido ATS Polyethylene
Polystyrene
Polyethylene
Natural rubber

(RO)3Si-(CH,)s-OC(CH3)C=CH, Methacryl MPS

(RO)5Si-(CHy)3-SH Mercapto MRPS

R,-Si-Cl, Chlorine DCS

VTS grafted plastics Vinyl VSPP

Rashid et al. investigated the influence of pristine and modified alumina on flexural
properties of epoxy based composites [78]. They added up to 50 wit% of both, untreated
(UTAL) and treated (TAL) alumina and found that the flexural strength decreased with
10 wt% of introduced reinforcement and gradually increased until 50 wt% (Figure 2.9). The
strength of the material depends not only on the dispersion of the filler in the matrix, but also
on the presence of voids and holes within the material structure as well as the quality of the
interface between the reinforcements and polymeric matrix [78].

Figure 2.9 shows that the alumina loading up to 30 wt% reduces the flexural strength of
corresponding composites in comparison to neat epoxy resin, whereas the presence of TAL in
composites structure displays better results. By further increasing the alumina content,
flexural strength for both, UTAL and TAL, raises, respecting the same trend remarked for
lower filler loading. The lower amount of alumina is probably not well dispersed in epoxy
matrix which suggests that interaction established between reinforcement and matrix is poor.
Conversely, these phenomena are improved by embedding more alumina particles, where
higher interactions are established between TAL and epoxy matrix in relation to
UTAL/epoxy system.
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Figure 2. 9. Variation of flexural strength of the UTAL and TAL composites as a function of
the alumina content in wt% [78]

2.5 Mechanical properties of polymer/alumina based composites

Hardness, tensile and flexural strength (o, of) are the most important indicators for
mechanical properties of composite materials, which need to be tested before their
application. During the material being subjected to external force, micro cracks start to create
and moving further on, causing deterioration of structural integrity of the composite.
Parameters, obtained by examination of mechanical characteristics of composites are: Young
modulus, stress and strain, Poisson's coefficient and so on [8]. Standard specimens, cut from
bigger boards or casting into mold, are used for determination of above mentioned
performances of composites. The load and the corresponding longitudinal and transverse
deformations shall be continuously recorded during the test. The device used for this purpose
is testing machine which works at a wide range of speeds, 1-500 mm/min, depending on type
of the material. On the basis of data about the sample condition before and after test, a stress-
strain curve is constructed which gives tensile/flexural strength, elongation at break and
Young modulus, E [8]. Conversely, hardness represents the resistance of the material to local
deformation caused by the effect of external force. There are a various of standard methods
for determination of composite hardness, such as: Vickers, Brinell, Knoop, Shore, Rockwell
and so on.

Lins and co-workers have investigated the influence of alumina on mechanical and
thermal properties of high-density polyethylene (HDPE) based composites [79]. The loading
of alumina in corresponding composites were varied from 5 to 10 wt% with respect to HDPE
matrix. They found that the tensile strength of alumina-HDPE composite decrease due to
weak adhesion between filler particles and polymer matrix evidenced in Figure 2.10 as well
as a slight degree of fiber detachment. Low adhesion (Figure 2.10 (a) and (b)) combined with
the particle clustering results in low surface area and formation of voids between filler and
matrix, which can act as crack initiation points.
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Figure 2. 10. Micrographs of the

s
fractur

urfaces of HDPE

(@), AL,O3-7.5% (b) and Al,03-10% (c) [79]

-alumina composites: Al,03-5%

Mohanty and Srivastava used nano alumina in the short glass/carbon fiber reinforced
epoxy based composites to improve their flexural and impact properties [80]. They tested
alumina/epoxy composites with and without glass/carbon reinforcements and the results
revealed that the incorporation of 2 and 3 wt% of alumina increased the impact and flexural
strength for 84% and 20% in comparison to pure epoxy matrix, respectively. Besides, the
2 wt% of alumina nanoparticles loading, combined with amount of 5 wt% of glass/carbon
fibers within the composites structure showed the highest enhancement of flexural and impact

strength compared to pure epoxy resin. Such trend can be observed from Figure 2.11(a).
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With an increase in alumina nanoparticles loading in epoxy matrix, the impact energy
increased up to a marked concentration and drastically decreased thereafter. The slope
decrease in absorption of impact energy is due to the heterogeneous particle distribution in
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bulk matrix, i.e. appearance of the filler agglomerates which causes fracture initiation, fast
growth and thus material collapse [5,19].

Somewhat similar trend showed changes in flexural strength and modulus when alumina
was introduced within the composites structure. Figure 2.6(b) showed that flexural strength
raised until critical concentration and thereafter slightly decreased. The explanation for such
phenomenon is the same as for the impact strength, i.e. higher filler loading leads to particles
clustering which represents the weak spots into the material.

Baskaran et al. were also examined mechanical properties of UPR/alumina based
composites and found that the critical filler concentration was 5 wt%, i.e. the maximum
increase of tensile, flexural and impact strength was achieved with mentioned loading of
alumina particles [82]. The presence of fine particles, well dispersed within the composite
structure, enhances the material mechanical integrity making plastic deformation easier. Such
phenomenon is the result of good matrix/filler adhesion capable for bearing the applied load
and thus delaying the material collapse. Further addition of alumina in UPR matrix
deteriorated mechanical properties, mostly due to agglomeration of fine filler nano-scaled
particles (Figure 2.12). The agglomerated particles represent rigid spots within the material
where stress concentration occurs, resulting in decrease of mechanical properties [8,21].
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Figure 2. 12. Mechanical properties of UPR/alumina based composites: (a) Tensile, (b)
Flexural and (c) Impact strength [82]

As mentioned above, poor compatibility between reinforcements and polymer matrix
leads to failure of mechanical properties, which can be improved by chemical
functionalization of filler particles. The obtained surface architecture, most frequently created
by silane coupling agents, is suitable for establishment of a great linkage with polymeric
matrices. Moreover, the aggregation of filler particles is prohibited in this manner, which can
cause the mechanical deterioration of composites. Nevertheless, some drawbacks, such as
loading and size of filler particles, as well as the viscosity of the polymer matrix have to be
overcome to achieve uniform dispersion of reinforcements. Guo et al. evaluated the effect of
addition functionalized alumina on the mechanical properties of vinyl ester resin using a
tensile test [60]. Figure 2.13 displays stress-strain curve of neat resin and corresponding
composites contained 1 an 3 vol% of functionalized nano-alumina.

It can be remarked the significant improvement of tensile strength, 20.8 and 76.4 for the
addition of 1 and 3 vol% of nano-alumina in comparison to neat resin, respectively. Such
observation is a consequence of great adhesion established between alumina particles and
vinyl ester resin, enabled by hydrophobization of filler surface using silane.
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Figure 2. 13. Stress—strain curves of the cured pure resin, 1 vol%, and 3 vol% of
functionalized alumina in nanocomposites [60]

Moreover, alumina nanoparticles can be effectively applied in powder coatings to their
improve corrosion and wear behavior [83]. Golgoon and co-workers added 10 and 20 wt% of
nano alumina to polyester based powder and obtained composites were cured in two regimes
by microwave and oven. The obtained results suggested that the samples contained 10 wt%
of nano alumina possessed the highest corrosion and wear resistance with respect to pure
sample. That is clearly evidenced from SEM micrographs of pure and coatings with alumina
nanoparticles cured by two abovementioned regimes (Figure 2.14). It can be remarked that
the surface of pure polyester coatings displayed myriad pores and cracks within their
structure which deteriorated protective characteristics of these materials. Furthermore, the
samples which were subjected to curing by microwave regime showed better corrosion and
wear resistance in comparison to those cured in oven (Figure 2.14).
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Figure 2. 14. The SEM micrographs from upper surface of cured coating in oven and
microwave [84]
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2.6. Thermal properties of polymer/alumina based composites

Thermal properties of composite materials have been investigated using two most
commonly methods: thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) [85]. Thermal analysis determines the physical and chemical properties of the material
as a function of temperature and/or time, with the sample being exposed to a particular
temperature regime in a suitable atmosphere. The results of thermal analyzes are used to
evaluate the stability of the material over a given temperature interval, as well as for
quantitative and qualitative determination of the presented phases [21].

TGA is a dynamic method of continuously determining the change in mass of a test
specimen as a function of temperature, at a constant heat rate or temperature as a function of
time. Using the TGA method, it is possible to determine the following parameters: moisture
content and easily volatile substances, inorganic fillers content, thermal stability of the test
sample under different conditions (N, O, air) and so on [86].

The DSC method is based on the measurement of the energy that must be brought to the
material to keep the temperature difference of the test and reference sample at zero
throughout the course of the experiment. The measurement is performed by placing the
reference and measuring samples in thermally insulated pots of the measured furnace cell
whereby the samples are heated with a linear change in temperature over time. The
instrument measures the amount of heat supplied per unit of time, mJ/s, and the thermogram
shows the results as a dependence of mJ/s, mW/mg or cp on temperature or time.

The thermal properties of composites depend on myriad factors, including the filler type,
amount, particle size and surface nature, i.e. interfacial interaction with polymer matrix. It
was shown that reinforcing of HDPE with alumina and combination of alumina and glass

fibers significantly improved thermal stability of corresponding composites (Figure 2.15)
[79].
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Figure 2. 15. TGA curves of the pure HDPE and corresponding composites [79]

The presence of glass fibers additionally improve thermal stability of examined
composites since the content of inorganic materials were increased. The used filler exhibit
barrier and catalytic effect, which are in antagonism since the first one is responsible for
protecting the material for further exposing to heat flux and thus causes higher thermal
stability while the latter promotes premature degradation of the polymer [79].
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The onset temperature, end temperature and degradation temperatures at 10% weight loss
obtained from the TGA data of pure UPR and corresponding composites are tabulated in
Table 2.3 [87]. Shown results indicate that introducing the alumina particles within the
polymer structure increases its thermal stability. For pure UPR, the maximum degradation
temperature is 344 °C, while for the composites it increases from 32 to 41 °C in comparison
to neat polymer. The improvement of thermal stability by embedding of alumina can be
attributed to its homogeneous distribution into the polymer matrix as well as the tortuous path
in the composites that hinders diffusion of the volatile decomposition products compared to
that in pure UPR [87].

Table 2. 3. TGA data of pure UPR and UPR/alumina nanocomposites [87]

Composition temperature  temperature  Tnma [°C]  T1% [°C]  residue
[°C] [°C] [%0]
UPR 165 422 344 263 3.0
0,
UPR/1 wt% nano 168 425 376 279 4.9
alumina
UPR/3 wt% nano
alumina 168 430 37 28 +0
0,
UPR/5 wt% nano 170 433 381 285 2.8
alumina
0,
UPR/7 wt% nano 173 436 383 286 5.8
alumina
0,
UPR/9 wt% nano 178 438 385 289 6.7
alumina

Mallakpour and Dinari investigated thermal properties of neat poly(amide-imide) (PAI)
and composites contained 5, 10 and 15% of nano-scaled alumina [88]. The testing was
performed by TGA at a heating rate of 10 °C in nitrogen atmosphere. Figure 2.16 and Table
2.4 exhibit the TGA profiles and the corresponding thermoanalysis data, including the Ts and
T1o temperatures degradation occurs and char yield at 800 °C. The pure PAI gave the Ts of
415 °C, which gradually increased by raise of alumina content up to 493 °C corresponding to
15% of filler amount.

Table 2. 4. Thermal properties of the PAI and different alumina nanoparticles [88]

— 5
Samples Decomposition temperature [°C] Char yield [%6]
T5 TlO
PAI 415 450 54
Al,055% 453 474 58
Al,0310% 476 497 62
Al,0315% 493 511 67

Besides, the char yields for corresponding composites exhibited the same increasing
pattern as the change of Ts, in comparison to neat PAI. The remarked enhancement was from
7.4 to 24.1% compared to pure PAI. This enhancement in the char formation can be ascribed
to the high heat resistance exerted by the Al,Os. In addition, the nano-scaled alumina offers a
larger surface area responsible for the improving of thermal covering/protection effect. The
loose tails of coupling agents at alumina surface potentially may interact with the PAI
macromolecule, establishing hydrogen bonds. These bonds hindered the thermal motion of
PAI segments, enhanced the breaking energy during the heating process and thus improved
the thermal stability of corresponding composites.
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Figure 2. 16. TGA thermograms of (a) PAI/AI,O3 (15 wt%), (b) PAI/Al,O3 (10 wt%), (c)
PAI/ALO; (5 Wt%) and (d) pure PAI [88]

Edhikari et al. prepared UPR based composites strengthened with jute fibers and metal
oxides, Al,O3 and ZrO,, and studied their thermal properties [89]. Weight loss of different
composites was observed between 32°C and 460°C. Thermal stability, degradation
temperature for weight loss of 50 wt% (Tsp), , weight change between mentioned
temperatures and residue content at 600 °C is shown in the Table 2.5. It is clearly that
corresponding composites exhibit better thermal stability in comparison to neat UPR resin.
Thermal stability was found to be highest for UP/jute/ZrO, composites, while the influence of
alumina is obvious but slightly lower.

Table 2. 5. Thermal properties of different UP based composites with 20 wt% filler content

sample Thermal Teo [°C] Weight loss at Residue content
P stability [°C] 50 460 °C [wt%)] [%]
UPR/jute 325 346.18 97.195 1.135
UPR/jute/ZrO, 37.07 352.12 94.025 2.001
UPR/jute/Al,O4 36.14 349.26 96.745 1.775

2.7. Dynamic-mechanical properties of polymer/alumina based composites

Dynamic-mechanical analysis (DMA) is one of the most accurate and widely used
methods for analyzing the viscoelastic behavior of polymeric materials. The principle of this
technique is based on measuring the viscoelastic response of the test sample to the effect of
cyclic (sinusoidal) stress [90]. Stress or deformation changes periodically, most often as a
time depending sinusoidal function. In the case of a viscous body, the impact of the
sinusoidal stress leads to a strain that delays behind the stress by 90°. In viscous bodies, the
rate of deformation is proportional to the stress, not the deformation. In the case of polymers,
the effect of sinusoidal stress leads to deformation which is delayed by the stress by an angle
d (0 - 90°). This delay is caused by the relaxation of the polymer chain segments. To separate
the elastic and viscous response of the viscoelastic material, the stress vector can be
represented as the sum of the components, one in phase and the other out of phase, i.e. delays
for 90° to the deformation. The relation between the stress in phase with the deformation and
the deformation itself is called the modulus of the stored energy, G'. The ratio of the
component of stress that is not related to the deformation, i.e. phase shifted by an angle of 90°
and the deformation itself is called the lost energy modulus, G". The relationship between the
two modules is called the loss angle tangents, tand [8].

One of the main parameters, which is determined by the DMA method, is the Tq of the
polymer. Ty represents a narrow temperature interval where the changing of the following
properties: specific volume, specific heat, viscoelastic properties, thermal conductivity, etc. is

23



occurred [90]. Below Tg, the polymeric material is in the glassy and above in the rubbery
state [91]. In the glassy state, the segments of the macromolecular chain only vibrate around
the established equilibrium positions. As the temperature increases, the amplitude of the
mentioned vibrations increases, so that the polymer chain segment motions are triggered at
Ty. Above T, the segments can produce rotational, translational, and diffusive motion, while
at sufficiently high temperatures in linear polymers, viscous flowing occurs as irreversible
deformation.

The parameters that affect the T, of polymeric materials are: structure and polarity, molar
mass, network density, fillers, etc. The presence of a filler reduces or increases Ty, depending
on the type and intensity with the polymer matrix. This is explained by the occurrence of
complementary relaxation processes related to the filler-polymer matrix interaction. Some
studies show an increase in Ty after the addition of char, SiO, or other fillers, while others
indicate no change in T4. The nature of the interfacial interactions between the polymer and
the filler particles may explain some of the different results related to the effect of the filler
on Tyg. DMA investigations are often used to study the influence of filler particles on Ty of
polymers, where conclusions are brought based on the position of the temperature depending
tand peak remarked in the glass transition region.

The influence of different loadings of nano alumina on dynamic-mechanical properties of
UPR base composites is presented in the following publication [87]. They found that the
addition of alumina up to 5 wt% increases T, afterwards slightly decrease is remarked, by
further incorporation of the filler particles. The maximum achieved value for Tg was 120 °C
which is evidenced in Figure 2.17.
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Figure 2. 17. Temperature dependence of tand of UPR/alumina nanocomposites, (a) Pure
polyester, (b) UPR/1% nano alumina, (c) UPR/3% nano alumina, (d) UPR/5% nano alumina,
() UPR/7% nano alumina, (f) UPR/9% nano alumina [87]

The increase in Ty is potentially related to enhancing the interfacial interaction between
UPR matrix and nano alumina particles, which causes restriction the motion of
macromolecule segments within the resin structure [92]. Higher filler loading causes particles
clustering, which deteriorates the material homogeneity, weakens the polymer
matrix/alumina adhesion and thus decreases mechanical and dynamical properties of end
product. The same trend is depicted at storage modulus, where the maximum value, 51%
higher in comparison to neat UPR resin, is obtained for composite that contains 5 wt% of
alumina.
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Conversely, Arimateia et al. show that the addition of two types of alumina, commercial
and synthesized (ALC and ALS, respectively), have no significant effect to dynamic-
mechanical properties of PMMA based composites [93]. The addition of ALS and ALC to
polymer matrix does not cause shifting the tand peak to lower or higher temperatures,
suggesting that the presence of the alumina has no influence to segmental motion of PMMA
macromolecule chains (Figure 2.18b). Contrary to this, there is a slightly increase of E',
observed for composite containing 3 wt% of ALC, which is evidenced in Figure 2.18a.
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Figure 2. 18. Temperature dependence of E' and tand: (a) E' versus temperature and (b) tand
versus temperature [93]

2.8. Usage of alumina based composites as adsorbents for heavy metal ions
removal

Environmental pollution, caused by releasing of toxic substances from industries, such as
heavy metal ions (lead, cadmium, nickel) has attracted much concern in recent years [94].
These heavy metal ionic are classified as carcinogen elements linked to myriad forms of skin,
lung, liver, bladder and kidney cancers [95]. Moreover, their toxic effect is caused by
replacing metal ions naturally presented in biological systems (calcium, zinc, magnesium
etc.) followed with modification of active biological molecule conformations and blocking of
essential functional groups [96,97].

Therefore, it is important to develop a highly efficient, reliable and economically cost-
effective technique for heavy metal ion removal from natural and wastewaters. Various
treatment methods such as ultrafiltration, ion exchange, coagulation/precipitation, membrane
filtration, reverse osmosis, and adsorption have been used for wastewater purification.
Among the above technologies, adsorption is classified as promising technology due to its
simplicity in design, ease of handling and ability to overcome secondary pollutants [98].
Many adsorbents have been reported in the literature for the removal of heavy metal ions
such as amino-modified nanocellulose impregnated with iron oxide [99,100], amino modified
and oxidized multi-walled carbon nanotubes [101], cerium supported porous carbon [102]
and iron-oxide-coated eggshell and porous wollastonite as natural based adsorbents [95,103].

Moreover, three dimensionally ordered macroporous materials (3DOM) with ordered
arrays of pores of diameters from tens to hundreds of nanometers and high specific surface
area are well promising candidates to be used as adsorbents [104]. The colloidal crystal
template (CCT) method is a very effective way to prepare 3DOM materials with well-ordered
packed structure of silica, polystyrene (PS), or poly(methyl methacrylate) (PMMA)
microspheres [105].
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Alumina is, among other applications, widely used for a broad range of adsorbents [106].
To achieve high adsorption capacity and faster kinetics, comprehensive studies were
performed specifying the high adsorption capability of y-alumina either in the form of
activated alumina [107] or nanoparticles [108]. For successful adsorption, it is necessary to
adjust/optimize the various parameters such as contact time, adsorbent dosage, and
temperature.
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3. EXPERIMENTAL PART

3.1 Materials and chemicals

Waste PET flakes, obtained by crushing of obsolete PET bottles previously liberated from
impurities and adhesives, were procured from RKS Kompoziti Ltd. Propylene glycol,
tetrabutyltitanate (TBT), styrene, sodium hydroxide, toluene, pyridine, methyl ethyl ketone
peroxide, cobalt octoate, maleic anhydride, hydroquinone (HQ), methanol, absolute ethanol,
tetrahydrofuran (THF), commercial alumina, c-Al,O3, and iron(lll)-chloride (FeCls-6H,0),
potassium persulfate (KPS) were obtained from Sigma-Aldrich. Monomer methyl
methacrylate (MMA) (M55909, Sigma Aldrich) was distilled to remove inhibitor just prior to
use. Locron L (Alx(OH)sCl-2.5H,0), used for alumina synthesis, was supplied by Clariant.
The 3-(aminopropyl)trimethoxysilane  (APTMS), vinyl tris(2-methoxyethoxy)-silane
(VTMOEO) and 3-methacryloxypropyl-trimethoxysilane (MEMO) were supplied by
Dynasylan, Evonik Industries (Figure 3.1). Poly(ethylene glycol) (PEG), used as a dispersing
agent, was procured from Lipoxol 6000, Sasol. Atomic adsorption standard (AAS) solutions
of metal ions: Pb* (Pb(NOs), in HNO; 0.5 mol/L, Merck, Darmstadt, Germany), Ni**
(Ni(NO3)-6H,0 in HNOs;, Accu Standard, New Haven , CT, USA), Cd** (AppliChem
Panreac ITW Companies, Darmstadt, Germany) were further diluted to the required
concentration.
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Figure 3. 1. Silanes used for chemical functionalization of commercial and Fe doped alumina
particles

3.2 Synthesis of unsaturated polyester resin from waste poly(ethylene
terephthalate)

The UPR synthesis was carried-out through two-stages procedure: (i) catalytic glycolysis
of waste PET by PG and TBT (molar ratio PET:PG was 1:0.65) and (ii) polycondensation of
previously obtained polyol with MA. Pilot-scale synthesis of UPR resin (molar ratio PG:MA
was 1:0.95) was performed in accordance with previous publication [14] in a custom-made
pressure reactor (81 of reactor volume) equipped with mechanical stirrer, nitrogen inlet
system, reflux condenser, Dean-Stark azeotropic separator, temperature and pressure
controllers, and indicators. 4 kg of PET flakes was carefully placed into 1.54 1 of PG,
previously preheated at 190°C for 3 h, to provide controlled depolymerization. The
glycolysis lasted for the next 6 h at 220 °C, without removal of ethylene glycol (classical
glycolysis method). Afterwards, the reaction mixture was cooled down to 90 °C and the first
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portion (0.015 wt%) of HQ was added. The temperature was increased from 90 to 210 °C at
heating rate 15 °C/h. When the reactor temperature reached 150 °C, the MA ring opened and
the polycondensation reaction started, which was manifested by the formation of water as a
by-product. To separate water from system and favor the polycondensation reaction, 2 wt%
of toluene was added to the reactor. After completion of the reaction, the reaction mixture
was cooled to 120 °C and the second portion of HQ was added to the reactor. Vacuum
distillation was performed to remove residual water, toluene and other easily volatile
components. The resulting resin was then dissolved in styrene (33 wt.% of styrene in relation
to the total amount of the mixture) with vigorous stirring to homogenize the system. A
styrene reserve of 7 wt% (final weight ratio of polyester and styrene is 60:40 in UPR resin) is
left for easier preparation of composite materials, i.e. dispersion alumina particles. The
prepared UPR resin had the following characteristics: acid value (AV) 12 and hydroxyl value
(HV) 41.

3.3 Synthesis of alumina doped with iron(l11)-oxide

Alumina particles doped with iron(l11)-oxide have been prepared by sol-gel technique,
accordingly to the published procedure [109]. The Al,CI(OH)5-2.5H,0, demineralized water
and 1.5wt% FeCl;-6H,O were placed into the reactor and left to gel. Hence, the such
obtained material was thermally treated at 900 °C for the next 2 h.

3.4 Surface modification of alumina reinforcements

Firstly, 1 g of both alumina particles, c-Al,O3 and Fe-Al,O3, were dispersed in 75 ml of
toluene using ultrasonic bath (Bandelin electronic, Berlin, Germany, power 120 W, frequency
35 kHz) for 10 min. Obtained slurry was introduced in reactor equipped with condenser,
dropping funnel, heating system and thermometer. Afterwards, 1 g of VTMOEO/MEMO was
step-wise added in reactor and reaction was carried-out for the next 22 h at 25°C. After
completion of reaction, the targeted particles, c-Al,O;VTMOEO, Fe-Al,O3VTMOEO, c-
Al,OsMEMO and Fe-Al,OsMEMO, were separated by filtration, purified with hexane and
dried under the low pressure at 40 °C for 12 h [110].

The described process gave the successfully performed laboratory modification pattern,
which was used in semi-industrial level using following reagents: (i) APTMS (one-step
modification) and (ii) APTMS modified Al,O3 was subsequently modified with methyl ester
of linseed oil fatty acids (biodiesel of linseed 0il-BD) synthesized according to the previously
published method (two-step modification) [5]. Modification procedure was carried-out in the
following manner:

a) First step —modification with APTMS. Alumina particles, c-Al,O; or Fe-Al,Os3,
(0.1 kg) were dispersed in 2| of toluene using ultrasonic probe for 1 h. Obtained
suspension was poured in reactor, which was used in above described procedure.
Afterwards, 20 ml of APTMS was added and the reaction was lasted for the next 48 h
at 25 °C under inert atmosphere. After the reaction was finished, the excess of solvent
was removed by vacuum filtration, while the targeted products, c-Al,OsAPTMS or
Fe-Al,O3APTMS, were purified by vigorously washing with toluene and dried. Such
products were further used in composite production or subjected to second
modification step.

b) Second step—modification with BD. The amino-terminated alumina was
dispersed in 2 | of THF. Then, 160 g of BD was charged into the four-necked glass
reactor (51), equipped with a mechanical stirrer, temperature measurement unit,
condenser with calcium chloride protection tube and nitrogen inlet tube. The reaction
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took place for 12 h at room temperature and then, the temperature was increased to
60 °C for the next 2 h. The final products, c-Al,OsAPTMS-BD and Fe-Al,O;APTMS-
BD, were filtered under the low pressure, thoroughly purified two times with THF
and absolute ethanol, and dried at 40 °C for 12 h.
The pristine, c-Al,O3 and Fe-Al,O3, as well as the modified fillers were used in
composites production as a reinforcements in UPR matrix.

3.5 Preparation of composites based on UPR and alumina reinforcement

Composites have been prepared via the solution blending method by compounding the
defined amount of UPR resin and pristine or functionalized alumina filler. The general
formula for composites is UPR/a-Al,O3N(n), where specific letters have a following
meanings:

e a-the type of alumina particles (commercial or Fe doped);

e N - alumina modification type (c-Al,O3VTMOEO, Fe-Al,O3VTMOEO, c-
AlgOgMEMO, Fe-AI203MEMO, C-A|203APTMS, Fe-AI203APTMS, C-
Al,O3APTMS-BD and Fe-Al,O3;APTMS-BD);

e n - the amount of added filler into UPR matrix: (a) 0.1, (b) 0.25, (c) 0.5, (d) 1.0, and
(e) 2.5 wit%.

All ingredients, binder, fillers and the curing system (cobalt octoate/methyl ethyl ketone
peroxide), were placed into a vacuum molding device, equipped with mechanical stirrer,
where homogeneous slurry was obtained by vigorous blending, which was further injected
into the mold. The cured samples were taken out from the mold and subjected to post-curing
at 50 °C for an additional 2 h. Schematic view of UPR synthesis, semi-industrial alumina
modification and composite preparation is presented in Figure 3.2.
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3.6 Synthesis of ultra-fine PMMA microspheres in methanol-enriched
aqueous media

The PMMA microspheres were synthesized according to emulsifier-free emulsion
polymerization [111]. The procedure was carried out in a 500 mL round-bottomed flask with
a mechanical stirring at 100 rpm under a inert atmosphere at 70 °C. Firstly, 200 g of methanol
and 80 ml of water were placed into the reactor and then 10 g of MMA was added. When the
reaction mixture reached 70 °C, an aqueous solution of KPS (0.075 g KPS/20 mL H,0) was
added as initiator. The polymerization was carried out for 1 h, afterwards the mixture was
cooled, filtrated and purified with the mixture of cold methanol and water. The excess of
solvent, ethanol and water was removed by centrifugal purification at 4500 rpm. The purified
PMMA microspheres were dried and used as pattern for manufacturing the highly ordered
alumina.

3.7 Synthesis of highly ordered alumina adsorbent

The highly order alumina (3DOM alumina) was prepared by a CCT method using an
aqueous solution of Al,CI(OH)s-2.5H,0 as the precursor (15:20 wt/wt). 2g of PMMA
microspheres were added in the mixture solution consisting of 0.98 mL PEG and 3.34 mL
aluminum hydroxide. The obtained mixture was vigorously stirred at 800 rpm for 1 min.
Such material was kept at room temperature for 5 h to allow the self-assembly of the PMMA
microspheres followed by a drying at 40 °C for 48 h. The dried samples were calcined in a
tubular furnace, with a heating rate of 1 °C/min to 800 °C and kept for 5 h at this temperature.

3.8 Adsorption and kinetics experiments

Batch experiments for adsorption of Pb?*, Ni** and Cd** ions were applied to evaluate the
effect of diffusion processes on the performance of the highly ordered y-alumina-based
adsorbents. Various suspensions of the adsorbent material with large range of densities (200,
300, 400, 500, 600, 800, 1000, 2000, 2500 and 300 mg/L), were introduced in vials
containing 25 mg/L of standard solutions of Pb*, Ni?* or Cd*" ions. The adsorption and
Kinetic experiments were performed at 25, 35 and 45 °C. The kinetics measurement
conditions were as follow: the contact time of adsorbent and ions of interest was in the range
0 - 24 h, ions concentration was 5 mg/L, density 200 mg/L, while the was pH 6.5 for Pb**, 6
for Ni** and Cd®* ions. The average value from the three iterations was used for processing
the experimental data. The amount of adsorbed Pb**, Ni** and Cd** ions was calculated using

Eqg. (3.1):
q= (Cir'ncf) V3.

where q is adsorption capacity in mg/g of adsorbent, C; and C: are the initial and final
concentrations of Pb?*, Ni**, and Cd* ions in mg/L, respectively, V is the volume of solution
in L and m is the mass of the adsorbent in g.
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3.9 Characterization methods for filler particles, polymer matrix and
corresponding composites

3.9.1 Determination of acid value and gel time

The AV value was determined according to the standard ASTM D3644 method. AV is
the mass of KOH expressed in mg, required to neutralize the free acid groups per gram of
sample. The measured sample was dissolved in 50 ml of isopropanol/toluene mixture
(50/50 v/v), afterwards a few drops of phenolphthalein dissolved in ethanol (10 g/L) were
added. Further on, the titration with standard solution of KOH (0.5 mol/L) was performed
until the solution became pale pink. Conversely, the gel time was determined according to
standard ASTMD 2471-99 method.

3.9.2 Nuclear magnetic spectroscopy (NMR)

The *H NMR spectra of the UPR resin was recorded in deuterated chloroform (CDCls) on
a Varian-Gemini 200 spectrometer. *"H NMR spectrum was recorded at 200 MHz and
50 MHz, respectively.

3.9.3 X-ray diffraction (XRD) of alumina particles

XRD analysis was performed using a Bruker D8 Advance diffractometer in Bragg-
Brentano transmission mode 6/60 with the primary germanium (Ge (111)) monochromator of
Johannson type (CuKal radiation). Anodic voltage and anodic current were 40 kV and
30 mA, respectively. The diffraction data were collected by using scintillation counter of Nal
(T1) type and the scan-step method in the range of 20 diffraction angle from 10-90°, with step
size of 0.05° and counting time of 6s per step. The corundum structure of the alumina
particles is confirmed by comparison of the XRD data to the standard card 93096-1CSD.

3.9.4 Infrared spectroscopy with Fourier transformation (FTIR)

FTIR spectroscopic is a non-destructive method suitable for determination of chemical
composition, microscopic structure and intensity of interactions between organic and
inorganic materials [8]. Fourier transform infrared spectra (FTIR) of pristine and modified
alumina particles, UPR resin and corresponding composites as well as synthesized PMMA
microspheres were recorded in transmission mode, between 400 and 4000 cm™, at 4 cm™
resolution, using an FTIR Bomem spectrometer (Brown & Hartmann). Samples were ground
and mixed with potassium(1)-bromide (KBr) and compacted on a laboratory hydraulic press.

3.9.5 Scanning electronic microscopy (SEM) and image analysis

Microstructural characterization of the modified alumina particles, the corresponding
composites and PMMA microspheres was obtained using a Field Emission Gun Scanning
Electron Microscopy device with field emission gun TESCAN MIRAS3 electron microscope
at an accelerating voltage of 20 kV. Prior to the observation, the samples were degassed and
sputter coated with gold using a Polaron SC 502 Sputter Coater (Fison Instruments, UK). The
obtained SEM images of both types of pristine alumina partisles as well as VTMOEO and
MEMO modified ones were used for detailed morphology analysis using Image ProPlus
software.
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3.9.6 Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Thermogravimetry analysis and differential scanning calorimetry of pristine/modified
particles as well as corresponding composites were performed using SDT Q600 instrument.
Samples were heated at 10 °C min™ to 800 °C in a flow of nitrogen (100 cm® min™).

The thermal stability of the alumina/PMMA composites was investigated by non-
isothermal thermogravimetric analysis using a SETARAM SETSYS Evolution 1750
instrument. The measurements were conducted at a heating rate of 10 °C/min in a dynamic
argon atmosphere (flow rate 20 cm®min) in the temperature range of 30 — 800 °C.

3.9.7 Dynamic-mechanical analysis (DMA)

Dynamical-mechanical properties of composites were obtained using Discovery Hybrid
Rheometer HR2. The DMA was conducted in a torsion rectangular mode (sample
dimensions: 6x1x0.2 mm®) from 25 to 250 °C at a fixed strain amplitude of 0.1% and angular
frequency of 1 Hz. The glass transition temperature, determined by the dynamic mechanical
measurements, was estimated as the maximum value at the temperature dependence curve of
the loss factor, tand [112].

3.9.8 Uniaxial tensile measurements

Uniaxial tensile measurements of standard cured samples were performed using an AG-X
plus Universal testing machine, Shimadzu Corporation according to ASTM D882-12
standard method. All the tests were performed on three replicates for each sample at room
temperature and crosshead speed of 0.5 mm/min.

3.9.9 Micro Vickers hardness (VH)

The hardness of the composites was measured using micro Vickers hardness (VH) tester
Leitz, Kleinharteprufer Durimeti with a load of 4.9 N according to ASTM E384-16 standard
method. A pyramidal indenter with a penetration angle of 136° was used. To obtain credible
results, the indenter injection time was up to 25 s (usually 10-15 s). The average VH value is
expressed as the average value obtained from three points, while the standard deviation was
calculated in Microsoft Office Excel software.

3.9.10 Determination of molecular weight of synthesized PMMA
microspheres

The molecular weight of the synthesized PMMA microspheres was determined from the
results of viscosity measurements. The sample was dissolved in chloroform by mixing at
ambient temperature for 24 h, and then thermostatically controlled at 25 °C before conducting
the viscosity measurement in an Ubbelohde viscometer at 25 °C. Five solutions of PMMA
microspheres, from 0.00275 to 0.00500 kg/L, were used.
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3.9.11 Adsorption spectrometry (AAS)

The concentrations of Pb®*, Ni**, and Cd*" ions were measured by atomic adsorption
spectrometry (AAS) using a Perkin Elmer PinAAcle 900T instrument according to the
standard method 3111B [111]. A laboratory pH meter, InoLab Cond 730 precision
conductivity meter (WTW GmbH), with an accuracy of + 0.01 pH units, was used for the pH
measurements. The pH values at the point of zero charge (pHpzc) were measured using the
pH drift method, before and after metal adsorption [113].°
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4 RESULTS AND DISSCUSION
4.1 Structural analysis of UPR and pristine/modified alumina particles

4.1.1 NMR structural analysis of UPR resin

'H NMR analysis of synthesized UPR indicates that reactive fumaric moiety, necessary
for achieving high cross-linking reactivity, is present within the resin structure. Results of the
analysis of ‘H NMR spectrum of UPR resin (Figure 4.1) are: *H NMR (CDCls): 1.15-1.42
(m, 6H, CHs), 3.99-4.54 (m, 6H, CH,CH-), 4.33-4.67 (m, 4H, —-O—-CH,CH,-0-), 5.24-5.47
and 6.69-6.77 (m, 2H, fumaric moiety), 8.05 (s, 4H,Hpp-terephthaloyl moiety).

The *H NMR spectra show that the dominant products of glycolysis are glycol esters of
terephthalic acid: bis(2-hydroxylpropyl) terephthalate,(2-hydroxyethyl)(2-hydroxypropyl)
terephthalate and glycols [14]. Results of NMR analysis confirm successful synthesis of UPR
resin.

~8.05
745
~7.34
16.77
£6.74
6.69
84
80
47

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
1H (ppm)
Figure 4. 1. '"H NMR spectra of UPR resin

4.1.2 XRD analysis of alumina reinforcement

The XRD diffractogram of calcined alumina particles doped with iron oxide at 900 °C is
shown in Figure 4.2. The alumina based particles with the addition of FeCl; had dominant
n-Al,03 (39.4%, PDF-2 77-0396), x-Al,O3 (35.1%, PDF-2 73-1199) and a-Al,O3; phases
(25.5%, PDF-2 74-1081) after heat treatment at 900 °C. Detailed study of the influence of
processing parameters on the formation of crystalline form of Fe-Al,O3 has been recently
published [109].
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Figure 4. 2. XRD diffractogram of synthesized alumina particles doped with iron oxide — Fe-

Al,O3 with crystalline planes

The addition of ferrous ion promotes the formation of the corundum crystalline form
(a-Al;03). The establishment of dense order in a-Al,O3 through alumina phase transition
leads to the diminishing of porous structure within the basic material reflecting in lowering
the specific surface area as the particle size increases [114]. The synthesized Fe-Al,O;
particles were of submicron size [115] while the c-Al,Os, y phase were of diameter <50 nm.

The transition of sol-gel mixture of Al and Fe precursors to final product takes place in
following manner: the crystalline single phase y-(Al, Fe).O3 of spinel structure is established
from starting material, which is followed with directly transformation to a-(Al, Fe),03 solid
solution. It is interesting to remark that there is no nucleation of ferric oxide seeds before
mentioned transformation. The formation of a-Al,O3 is favored at lower temperatures due to
segregation of Fe-rich clusters within the y-(Al, Fe),0O3 matrix which act as seeds for
nucleation and growth of a-Al,O3 [116].

Moreover, the interaction between y-Al,0; and a-Fe,O3 occurs at the temperature of
900 °C [116]. The width of the miscibility gap in the Fe,O3-Al,03; system at 900 °C is
between ~8 wt% Al,O3 in hematite (ss) and ~8 wt% Fe,O3 in corundum (ss). According to
the calculated lattice parameter of obtained alumina particles by PowderCell 4.3 software
(Fe-Al,03, a = 4.673 A), the introduced iron ion was effectively incorporated into the #-
Al O3 lattice.

The presence of corundum in Fe-Al,O3 particles can physically improve hardness of UPR
based composites, but the y c-Al,O3 provides better interfacial interactions with the polymer
matrix due to the higher specific surface area, resulting in overall superb mechanical
properties [109].

4.1.3 FTIR analysis of pristine/modified alumina and corresponding
composites

The FTIR spectra of pristine, APTMS and APTMS-BD modified c-Al,O3 and Fe-Al,O3,

are presented in Figure 4.3. The influence of utilized functionalization processes in tailoring
of filler surface characteristics is studied.
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Figure 4. 3. FTIR spectra of pristine and APTMS and APTMS-BD modified alumina
particles

The specific peaks of c-Al,O3 and Fe-Al,Os particles, remarked at about 3450 cm™ and
1638 cm™ are attributed to hydroxyl group stretching and bending vibrations, respectively
[38,117]. This suggests that most of OH groups are on the alumina surface, which points to
surface affinity for adsorption of ambient moisture [118]. Moreover, pristine alumina shows
characteristic broad bands in the range 550-750 cm™ originated from Al-O-Al and Al-O
vibrations [119]. The contribution of introduction the Fe atom within the alumina structure is
expressed in shifting the band around 553 cm™ of c-Al, 05 to the higher value (568 cm™) at
the Fe-Al,O3 spectrum ( Fe-O bending vibration) [120].

The peaks for modified alumina, observed at 2927, 2867 and 2851 cm™, originate from
CHj3; and CH; groups stretching vibrations, respectively. The stretching v(N-H) vibrations,
which are overlapped with OH vibrations are remarked at ~ 3400 cm™. The peaks displayed
at 1638 (amide 1) at 1562 cm™ (amide 1) (Figure 3.3(a)) are associated with the C=0O
stretching vibration and N-H bending vibration coupled with the C-N stretching vibration of
amide group, respectively [121]. In the range 1650-1600 cm™ ethylenic double bonds,
originated from BD, give the intensity to corresponding peaks. Moreover, these groups are
overlapped with the ones corresponding to OH bending vibrations. Symmetrical C-H
deformation vibrations of CHs groups are observed at 1493 and 1486 cm™ (Figure 3.3(a) and
(b), respectively). Stretching vibrations of N-H mixed with 6N-H, from amino and primary
amide bond present in c-Al,OsAPTMS-BD are observed at 1129 cm™ (Figure 3.3(a)). Two
overlapped asymmetric bands at 1114 and 1068 cm™ belong to Si-O stretching vibrations
[122,123].

The FTIR spectra of UPR and chosen composites, UPR/Fe-Al,O3;, UPR/Fe-
Al,O3VTMOEO and UPR/Fe-Al,OsMEMO are shown in Figure 4.4.
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Figure 4. 4. FTIR spectra of UPR and composites reinforced with 1 wt% of pristine and
modified Fe-Al,O3 particles

The wide band at ~3450 cm™ originates from the stretching vibrations of the hydroxyl
groups present in UPR resin and corresponding composites. The two narrow peaks remarked
at 3065 cm™ and 3028 cm™ are ascribed to =C—H stretching vibrations of reactive vinyl
groups and aromatic ring in the terephthaloyl moiety. In addition, two pair of peaks, at
2928 cm™ and 2848 cm™ and at 1450 cm™ and 1387 cm™, are corresponded to the stretching
and bending vibrations of methyl and methylene groups, respectively. The intensive band at
1733 cm™ belongs to the stretching vibrations of carbonyl C=O ester groups in the
terephthaloyl moiety. The two peaks at 1649 cm™ and 1601 cm™ represent the skeletal C=C
vibrations related to the phenyl core. The narrow adsorption peaks at about 730 cm™ and
705 cm™ are associated to the skeletal y(CH) vibrations of the substituted benzene rings [19].

4.1.4 Curing Kkinetics of composites containing pristine and
VTMOEO/MEMO modified alumina particles

The FTIR technique was also used in a kinetics measurements during the cross-linking
reaction between ethylenic segments from UPR resin and vinyl moiety from styrene through
the consumption of the characteristic styrenic C=C peak (Figure 4.5). The styrene
consumption was quantified by the peak area change at 909 cm™ and the obtained kinetics
kinetic data were processed according to Beer’s law [124]. The styrene conversion (o) was
calculated in the manner shown by the Eq. 4.1:

I-1

a=——(4.1)
Iy

where lp and | are the normalized transmittances of the characteristic peak before the reaction
and at an appropriate reaction time, respectively.
Figure 4.5 shows that after 20 min, styrene conversion for all specimens, excluding UPR/Fe -
Al,OsMEMO, reaches more than 75% of conversion. After 2 h, further increase of styrene
conversion, above 80% is remarked, whereas the highest value is displayed for UPR/c-Al,O3
and UPR/Fe-Al,03VTMOEO composites (higher than 90%). To achieve complete
conversion of styrene into polymer network, the additional heating at 50°C for 2 h is
performed. The highest value for styrene conversion of 99.5% upon additional heating is
achieved for UPR/Fe-Al,O3VTMOEOQO, while for the another composites is in range 88 —
97%. This means that the part of styrene is evaporated during heating, while some quantity is
captured within the composites.
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Figure 4. 5. Styrene conversion during curing of UPR resin and composites reinforced with
APTMS/APTMS-BD modified alumina particles determined by FTIR method

These results approves the influence of alumina surface vinyl functionalities on cross-
linking reactions during the curing process. It has been known that neat alumina particles ((c,
Fe)-Al,O3) exhibit slight accelerating effect on curing process [125]. Silane domains onto
alumina generally shows the negative influence on styrene depletion, except for Fe-
Al,O3VTMOEO, causing slower cross-linking reactions. It seems that the steric hindrance
caused by larger size of modified alumina overcomes the mutual affinity of reactive vinyl and
methacryloyl functionalities involved in cross-linking reactions. The introduction of
functionalized particles, especially Fe doped and MEMO functionalized alumina, reduces the
free volume needed operative orientation of surface functionalities towards reactive ethylenic
moieties present in UPR resin and styrene structure. Further on, embedding the large Fe-
Al,O3 particles into polymer matrix increases the viscosity of corresponding composites,
which limits the movement of macromolecule segments and thus, hinders diffusion process
[126]. Lower mobility disables effective occurring of the free radical reaction (radical
transfer reaction). Moreover, once the chain radical transfer takes place, it generates lower
reactivity center due to steric hindrance of neighboring groups and lower mobility of filler
particle. The consequence of all mentioned phenomena is the lower degree of styrene
conversion. Another factor that control reactivity of the system originates from the potential
for establishing of chemical interactions: dipole/dipole, dipole/induced dipole, Lewis
acid/base between alumina and styrene. Considering that, a particular quantity of
styrene/resin is anchored onto the alumina particle surface resulting in the reduction of
available reactive centers. The large consumption of styrene at the first period of the curing
substantially changes the conversion rate (Figure 4.5). Vinyl modification of the alumina
increases the preferred compatibility with styrene which is reflected in the highest styrene
conversion of UPR/Fe-Al,O3VTMOEO composite. Conversely, the low reactivity remarked
for UPR/Fe-Al,OsMEMO composite is a consequence of incompatibility between
methacryloyl and vinyl functionality which decreases the possibility for establishing the
strong chemical interactions among them.
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415 Curing Kkinetics of composites containing pristine and
APTMS/APTMS-BD modified alumina particles

Curing kinetics of UPR resin and composites, containing 1wt% of pristine and
APTMS/APTMS-BD modified fillers is also measured by FTIR technique (Figure 4.6).
Figure 4.6 shows that styrene conversion in the initial stage of curing (first 20 min - inset S1)
is in range 77 - 87%. Composites reinforced with pristine alumina exhibit somewhat higher
degree of styrene conversion (about 5%) in comparison to the ones strengthened with
modified fillers. Further on, the prolonged heating for 2h at 50°C rise up styrene
consumption for the additional 8 - 11% for all composites excluding the one reinforced with
alumina modified with APTMS. The reason for such phenomenon is the inhibitory effect
exhibited from amine functionalities which could participate in radical transfer reactions with
peroxy radical (initiator) or alkyl radicals (chain transfer radical-propagation). This leads to
formation of aminoxyl radicals of lower chain transfer capability which further could
participate either in propagation or could return to their amino form. Another factor which
define the system reactivity represents the potential for establishing the hydrogen bonds
between amino groups from APTMS and carbonyl groups from UPR resin. Decreased
flexibility of macromolecule segments causes reduced efficacy of radical transfer between
ethylenic segments from UPR resin and styrene which slow down the cross-linking reaction
[127].

(a) 100 - (b) 100
%0 : 98+ —— UPR/c-AL)05
S 2 964
= s = 9% —— UPR/Fe-Al, 0,
g = N~ = T ——UMR ’
2604 Sl V7 S ol
Z 5 [y z ] —— UPR/c-Al,03APTMS-BD
4] /i ————
= 2w { 2 921 —+— UPR/Fe-Al,03APTMS-BD
8 40+ g /I 8 1
2 I 90
2 2 "]
2 20 ’ 2 881 —— UPR/c-AL,0;APTMS
” o Ti,?qz [h] " o 864" ——UPR/Fe-Al,O3APTMS
0 — T T T T T
0 1 2 3 4 4.00
Time [h] Time [h]

Figure 4. 6. Styrene conversion during curing of UPR resin and composites reinforced with
APTMS/APTMS-BD modified alumina particles determined by FTIR method

Conversely, APTMS-BD modified alumina contains approximately six double bonds per
molecule (equivalent number) capable to react with ethylenic segments from UPR resin and
styrene. Figure 4.6 shows that the styrene consumption is higher, comparing to UPR/(c, Fe)-
Al,O3;APTMS composites, regardless of geometry/size of BD structure which could hinder
effective approach of the reactive centers. The equivalent number for APTMS-BD is
sufficient to overcome the influence of flexible/coiled BD structure, leading to obtaining
higher end-value of styrene conversion (Figure 4.7).

The embedding of pristine alumina ((c, Fe)-Al,O3) enables auto-acceleration of curing
reaction and thus higher values for styrene conversion [128]. A lower value is obtained for
Fe-Al,O3 due to increased viscosity which causes obtaining the lazy system, i.e. material with

decreased reactivity [129]. Those results approve that system reactivity significantly depends
upon filler surface properties.
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4.2 The gel time and maximum curing temperature of UPR resin and
corresponding composites

The gel times and maximum curing temperatures, determined from curing exotherms, of
UPR resin and composites with 1 wt% of filler particles are shown in Table 4.1. The results
suggest that addition of pristine alumina decreases the gel time compared to pure UPR resin,
while the maximum curing temperature is slightly increased. The remarked phenomenon is
potentially related to a catalytic effect exhibited from nano/submicron-scaled alumina when
the radical polymerization reaction is done [130]. The incorporation of larger functionalized
alumina particles (Figure 4.7) prevents the approaches of vinyl moieties from UPR resin and
fillers, causing the decrease of Tmax [5]. The composites containing BD modified alumina
have slightly higher gel time and maximum curing temperature compared to samples with
APTMS modified reinforcements due to unsaturation segments present in BD capable to
react with vinyl moieties from UPR resin/styrene. Moreover, amino group show low
retardation effect to system reactivity which is reflected in lower Tyax. Table 4.1 shows that
the best compatibility between ethylenic segments from applied modifiers and UPR resin, i.e.
system reactivity, is displayed in composites containing VTMOEO modified alumina. On the
other hand, composites reinforced with MEMO functionalized alumina show the highest gel
time and the lowest Tyax. A steric hindrance of methyl group present in the MEMO silane
causes poor availability for radical attack during curing and thus significantly lower
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reactivity. These results are in fully accordance with trend obtained by FTIR curing kinetics
measurements.

Table 4. 1. The gel time and maximum curing temperature of UPR resin and analyzed composites

Sample Gel time, min Toax °C
UPR 11.75 95.6
UPR/c-Al,05(d) 11.50 97.8
UPR/c-Al,0sAPTMS(d) 12.25 92.1
UPR/c-Al,0;APTMS-BD(d) 11.75 95.3
UPR/c-Al,0sVTMOEO(d) 11.00 100.8
UPR/c-Al,OsMEMO(d) 13.50 98.2
UPR/Fe-Al,05(d) 11.25 97.1
UPR/Fe-Al,0;APTMS(d) 12.75 91.3
UPR/Fe-Al,0;APTMS-BD(d) 12.00 93.8
UPR/Fe-Al,03VTMOEO(d) 11.50 101.2
UPR/Fe-Al,O;MEMO(d) 15.25 84.7

4.3 Microstructural analysis of alumina particles

The microstructural properties of pristine and alumina particles modified with APTMS
and APTMS-BD are determined using FEG-SEM technique (Figure 4.8). The nano-sized
commercial alumina exhibit high affinity toward the ambient moisture resulting in forming of
the micro-scaled, regularly shaped aggregates (Figure 4.8(a)). Conversely, the Fe doped
alumina creates smaller, irregular shaped agglomerates [109] (Figure 4.8(d)). The
modification of c-Al,O3 resulting in breakage of large agglomerates to smaller ones (Figure
4.8(b, c)). It can be remarked that the agglomeration degree is higher for APTMS-BD
modified c-Al,O; due to establishing dipole-dipole and hydrogen chemical bonding
interaction [5,14]. Slightly larger agglomerates of Fe-Al,OsAPTMS are noticed, compared to
the c-AlL,O3;APTMS (Figure 4.8(e)), while similar morphology of c- and Fe-Al,O3;APTMS-
BD fillers is dispayed (Figure 4.8(f)).

The FEG-SEM technique combined with Image ProPlus 6.0 software was utilized to
analyze the microstructure of the alumina particles before and after surface modification
using VTMOEO and MEMO. The surface modification of c-Al,O3 with VTMOEO designs
hydrophobic surface of filler suitable for good its dispersibility throughout the polymer
matrix and thus enabling good contact/wetting between two phases (Figure 4.9a) [131].

The usage of MEMO silane provides obtaining of a smooth filler surface, due to the
affinity of silane towards alumina. Another phenomena occurred in this case is particle
coupling through condensation/polymerization of silane (Figure 4.9b). Surface modification
with VTMOEO contributes to deterioration the cluster structure, increasing filler potential to
have uniform distribution within the UPR matrix. Consequently, a higher number of reactive
groups could be involved in the cross-linking reaction.
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4.4 Mechanical properties of composites based on UPR resin and
pristine/modified alumina particles

To monitor the effect of pristine and functionalized alumina particles on the mechanical
properties of UPR resin, the comparative analysis of tensile strength and micro Vickers
hardness was performed. The influence of the physicochemical properties of the above
mentioned fillers, i.e. the particle amount, particle size and geometry, on the specific
properties of the corresponding composites was examined.
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4.4.1 Tensile properties of composites with pristine VTMOEO and MEMO
modified alumina particles

The tensile strength depends on the morphological properties of alumina, the type of
introduced functionalities via modifications and distribution within the UPR matrix. The
particles incorporated into the inner layer of the formed aggregates are insufficient
wetted/wrapped by UPR resin, resulting in lower o, & and E; of the corresponding
composites [19,132]. The composite structure is mainly heterogeneous and capability for
efficient load transfer from the polymer matrix to filler particles significantly depends on
these factors.

It can be remarked that the incorporation of the both pristine and modified alumina
particles, in the range of 0.1 to 1 wt%, resulting in improving of the o; and g for
corresponding composites (Table 4.2). The addition of 2.5 wt% of fillers deteriorate tensile
properties due to the impossibility for uniformly distribution of reinforcement within the UPR
matrix. Such phenomenon is the most obvious for UPR/Fe-Al,O3(e) and UPR/Fe-
Al,O3sMEMO(e) composites.

The presence of vinyl domains onto filler particles generally provides the highest
improvement of tensile properties of UPR matrix. The influence of Fe doped alumina
modified by VTMOEO and MEMO on tensile properties of corresponding composites is
more pronounced in comparison to using of commercial alumina. These enhancement is 35%
and 27%, for UPR/c-Al,O3(VTMOEO, MEMO) (d), and 62% and 50%, for UPR/Fe-
Al,O3(VTMOEO, MEMO)(d), respectively. Such results indicate higher accessibility of vinyl
groups, capable to establish myriad covalent bonds with ethylenic domains in UPR resin. The
created bonds additionally strength the material providing an adequate conditions for a
successful load transfer from the polymer matrix to the fillers, which is reflected in the
substantially improvement of tensile properties [133].

To thoroughly explain previous conclusions, the SEM analysis of the fracture surface of
the composites with 1.0 wt% alumina particles is performed (Figure 4.10). The both pristine
alumina show a higher tendency to form agglomerates due to their higher surface energy
whereas the Fe-Al,O3 particles produces smaller clusters (Figure 4.10(a, d)). It can be
remarked that macromolecule segments penetrate into the clusters (Figure 4.10a), which
indicates good compatibility between the two phases. Figure 4.10d shows the appearance of
pronounced crack front which is the consequence of the lack of adhesion between the
polymer matrix and the reinforcement (enlargement of Figure 4.10d) [134].

Likewise, the UPR/c-Al,O3 composite exhibits defects (cavities) inside the agglomerates,
formed by stress concentration originated from the high attractive forces between the
particles. Figure 4.10b shows a fracture surface of the UPR/c-Al,O3VTMOEO composite
indicating that deformation of particle aggregates represents the response to the applied load.
The reinforcing effect is more pronounced for the UPR/Fe-Al,OsVTMOEO composite,
Figure 4.10e where filler particles act as a physical barrier which changes the crack spreading
mechanism by deflecting the direction of deformation. That is allowed by strong bonding of
particles with polymer matrix which gives a great endurance to impact of external force
resulting in an increased toughness of the composites. On the other hand, the presence of the
Fe-Al,OsMEMO clusters on the edge of the crack represents defects for stress concentration
and crack initiation (Figure 4.10f). That is the reason for the lower mechanical properties of
UPR/Fe-Al,0sMEMO composites.

44



Table 4. 2. Tensile properties of UPR/(c, Fe)Al,Oz; and composites with modified particles

Sample o [MPa] £ [%0] E.[GPa]

UPR 31.23+0.73 3.06+0.13 0.96+0.07
UPR/c-Al,05(a) 31.14+1.34 3.80+0.14 0.84+0.07
UPR/c-Al,05(b) 35.09+1.48 4.31+0.15 0.82+0.08
UPR/c-Al,05(c) 36.59+1.64 3.55+0.14 1.06+0.12
UPR/c-Al,05(d) 41.65+1.13 4.81+0.13 0.96+0.05
UPR/c-Al,0O5(e) 30.54+1.55 3.04+0.13 0.96+0.11
UPR/c-Al,0sVTMOEO(a) 34.81+1.46 4.32+0.16 0.90+0.06
UPR/c-Al,0sVTMOEO(b) 39.22+1.31 4.57+0.16 1.00+0.07
UPR/c-Al,0sVTMOEO(c) 40.99+1.71 4.55+0.11 1.03+0.10
UPR/c-Al,0;VTMOEO(d) 42.04+1.78 4.81+0.18 1.00+0.08
UPR/c-Al,0sVTMOEO(e) 27.38+1.09 3.55+0.10 0.98+0.07
UPR/c-Al,0;MEMO(a) 26.58+0.88 1.99+0.11 1.71+0.14
UPR/c-Al,0sMEMO(b) 28.08+1.03 2.79+0.14 1.59+0.10
UPR/c-Al,OsMEMO(c) 36.75+1.35 2.99+0.13 1.62+0.11
UPR/c-Al,O0sMEMO(d) 39.64+1.21 3.78+0.17 1.60+0.09
UPR/c-Al,O0sMEMO(e) 19.03+1.17 1.59+0.15 1.68+0.12
UPR/Fe-Al,0O3(a) 30.85+1.60 3.80+0.13 0.87+0.11
UPR/Fe-Al,03(b) 36.56+1.42 4.05+0.14 0.99+0.07
UPR/Fe-Al,05(c) 38.58+1.13 4.56+0.13 1.04+0.06
UPR/Fe-Al,03(d) 39.69+1.34 4.81+0.17 1.01+0.08
UPR/Fe-Al,Oz(e) 23.99+1.85 2.23+0.14 1.08+0.12
UPR/Fe-Al,0sVTMOEO(a) 35.51+1.32 7.10+0.17 0.62+0.08
UPR/Fe-Al,0sVTMOEO(b) 40.26+1.53 6.82+0.19 0.76+0.07
UPR/Fe-Al,0sVTMOEO(c) 44.53+1.44 9.54+0.23 0.75+0.11
UPR/Fe-Al,0sVTMOEO(d) 50.74+1.74 11.18+0.25 0.72+0.09
UPR/Fe-Al,0sVTMOEO(e) 32.13+1.27 7.08+0.21 0.83+0.09
UPR/FeAl,O;MEMO(a) 33.69+1.22 4.09+0.25 1.03+0.14
UPR/FeAl,O3MEMO(b) 39.94+1.47 5.46+0.23 0.82+0.08
UPR/FeAl,O;MEMO(c) 44.07+£1.54 9.28+0.28 0.78+0.07
UPR/FeAl,O;MEMO(d) 47.00+1.88 6.55+0.31 0.84+0.10
UPR/FeAl,O;MEMO(e) 33.07+1.31 4.10+0.19 1.00+0.11

b <
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Figure 4. 10. FEG-SEM images of composite containing 1 wt% of reinforcements: a) UPR/c-
Al,03, b) UPR/c-Al,03VTMOEDO, ¢) UPR/c-Al,0sMEMO, d) UPR/Fe-Al,03, ) UPR/Fe-

Al,O3VTMOEDO, and f) UPR/Fe-Al,OsMEMO
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These results reflect the contribution of the type of functionalization, physico-chemical
interactions between filler and polymer matrix (compatibility) and filler content and size on
improvements of the tensile properties of composites [19]. It can be concluded that the
primary factor which impacts the tensile properties of the analyzed composites is the
interfacial adhesion between the filler particles and the polymer matrix. This implies that
higher loadings of filler contribute to the creation of a myriad potential sites responsible for
crack initiation and growth. The mechanism of fracture propagation are mainly controlled by
the UPR matrix resistance [19].

The Energy absorption of UPR/Fe-Al,O3VTMOEOQO composites, with the highest tensile
strength, is determined from the area under the curves from tensile stress-strain diagrams
(Figure 4.11). The best fracture toughness, defined by tensile modulus E; (Table 4.2) exhibits
UPR/FeAl,03VTMOEO(d) composite. The toughness of this composite is increased for
~477%, compared to neat UPR resin. The addition of filler in the range from 0.1 to 0.5 wt%,
also cause the increasing the composite toughness (the increase is in a range of 135-234%).
The addition of 2.5 wt% of reinforcement improves UPR resin toughness, but quite lesser
(96%) due to non-uniform distribution of alumina into polymer matrix, resulting in higher
brittleness of corresponding composite. Still, this result is a quite remarkable when compared
to neat UPR matrix.
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Figure 4. 11. Toughness of Fe-UPR/AI,O03VTMOEO composﬂes represented as energy
absorption (area under tensile stress-strain diagram) versus Al,O3 Fe-VT particle content

4.4.2 Mechanical properties of the composites based on UPR resin and
APTMS/APTMS-BD modified alumina

The tensile strength, determined via ai, & and E, is shown in Table 4.3. These properties
gradually increase up to 1.0 wt% of filler loadings, while the mechanical properties
dramatically decrease by further addition of reinforcement. The main reason for such trend is
the appearance of particle aggregates at higher loading (>1.0 wt%) which cause formation of
the concentrated stress sites and deterioration of mechanical characterizations [18].

There are negligible differences between values of the stress at break for composites
reinforced with pristine and modified alumina particles (Table 4.3), while significant
differences are remarked in comparison to cured UPR resin. The highest increase in o is
achieved for 1.0 wt% of filler loading: 59.6, 52.1, 42.2, 56.3, 44.2 and 78.1% for
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incorporation of c-Al,O3, Fe-Al,03, c-Al,OsAPTMS, c-Al,O;ATPMS-BD, Fe-Al,0sAPTMS
and Fe-Al,O3;APTMS-BD, respectively.

Generally, lower reinforcing effect, obtained by embedding of APTMS modified alumina,
is the result of steric repulsion/interactions and higher particles geometry which hinder the
effective approach/diffusion of reactive centers. The observed phenomenon is overcome with
the introduction of APTMS-BD modified alumina within the polymer matrix due to myriad
ethylenic bonds in flexible structure of BD, efficiently involved in cross-linking reactions
[135]. Besides, it is proved that the appropriate ratio of length/functionalities of the fatty acid
chains enhances the ductility of the composites through establishing a disordered
conformation which enables easier deformation of the materials [136]. On the other hand, it is
reported that ethylenic segments disable chains elongation resulting the decrease of the
maximum strain [137]. According to values of & and E (Table 4.3), both factors are into play,
considering the somewhat higher elongation at break of composites. Moreover, higher &,
observed for APTMS-BD reinforced composites, are related to flexibility of BD segments
which also manifest an appropriate plasticizing effect [12].

Table 4. 3. Values of oy, &, E and VH of UPR/alumina composites

Ot E

Sample [MPa] & [%0] [GPa]
UPR 26.10+0.28 3.06+0.13 0.96+0.07
UPR/c-Al,05(a) 31.14+1.34 3.80+0.14 0.84+0.07
UPR/c-Al,05(b) 35.09+1.48 4.31+0.15 0.82+0.08
UPR/c-Al,05(c) 36.59+1.64 3.55+0.14 1.06+0.12
UPR/c-Al,05(d) 41.65+1.13 4.81+0.13 0.96+0.05
UPR/c-Al,O5(e) 30.54+1.55 3.04+0.13 0.96+0.11
UPR/c-Al,0;APTMS(a) 30.79+1.14 2.61+0.16 1.49+0.16
UPR/c-Al,O0;APTMS(b) 34.09+0.30 3.37+0.12 1.07+0.05
UPR/c-Al,0;APTMS(c) 36.43+1.22 3.59+0.23 1.18+0.13
UPR/c-Al,0;APTMS(d) 37.11+1.24 3.12+0.17 1.21+0.19
UPR/c-Al,0;APTMS(e) 27.68+1.16 2.28+0.15 1.39+0.11
UPR/c-Al,0;APTMS-BD(a) 30.78+1.34 3.40+0.14 1.01+0.08
UPR/c-Al,0;APTMS-BD(b) 32.25+1.52 3.64+0.13 0.98+0.09
UPR/c-Al,0;APTMS-BD(c) 38.44+1.73 4.13+0.16 1.02+0.10
UPR/c-Al,0;APTMS-BD(d) 40.79+1.66 4.37+0.19 1.06+0.11
UPR/c-Al,0;APTMS-BD(e) 30.78+1.34 3.40+0.14 1.01+0.08
UPR/Fe-Al,03(a) 30.85+1.60 3.80+0.13 0.87+0.11
UPR/Fe-Al,05(b) 36.56+1.42 4.05+0.14 0.99+0.07
UPR/Fe-Al,O3(c) 38.58+1.13 4.56+0.13 1.04+0.06
UPR/Fe-Al,03(d) 39.69+1.34 4.81+0.17 1.01+0.08
UPR/Fe-Al,O3(e) 23.99+1.85 2.23+0.14 1.08+0.12
UPR/Fe-Al,0;APTMS(a) 32.08+1.21 2.98+0.14 1.41+0.06
UPR/Fe-Al,0;APTMS(b) 33.20+0.99 3.07+0.12 1.23+0.08
UPR/Fe-Al,O0;APTMS(c) 35.09+1.63 3.02+0.13 1.07+0.12
UPR/Fe-Al,0;APTMS(d) 37.64+1.47 3.11+0.19 1.51+0.11
UPR/Fe-Al,0;APTMS(e) 31.22+1.26 3.01+0.18 1.06+0.06
UPR/Fe-Al,O0;APTMS-BD(a) 32.42+1.28 2.99+0.18 1.00+0.12
UPR/Fe-Al,O0;APTMS-BD(b) 36.46+1.28 3.73+0.19 1.12+0.06
UPR/Fe-Al,O0;APTMS-BD(c) 41.93+1.35 4.12+0.15 1.01+0.11
UPR/Fe-Al,O0;APTMS-BD(d) 46.48+1.47 4.79+0.17 0.97+0.15
UPR/Fe-Al,O0;APTMS-BD(e) 30.22+1.15 2.90+0.15 1.18+0.13
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4.4.3 Micro Vickers hardness of composites with pristine VTMOEO and
MEMO modified alumina particles

Micro Vickers hardness (VH) tests are performed to determine the resistance of a material
to the penetration of a foreign body. The results from micro Vickers hardness testing are
measured and summarized in Table 4.4. The addition of pristine alumina results in moderate
increase of VH (59 and 14% for c-Al,O3(d) and Fe-Al,O3(d), respectively), but still
significant if compared to cured UPR resin. This is due to the better adhesion/interactions
with the UPR matrix, which is confirmed by the SEM images (Figure 4.10). The standard
deviation increases at higher filler loadings, due to the non-homogeneous structure of the
composites compared to UPR resin.

The surface modification enhances compatibility of fillers with polymer network, which
results in uniform distribution and obtaining the compact materials capable to endure the
force originated from the indenter. The greatest HV is found for the UPR/Fe-
Al,O3VTMOEO(d), which is for =387% higher than for cured UPR resin. Similar trend for
changes of the tensile strength and VVH properties by increasing the filler loadings, given in
Tables 4.2 and 4.4, respectively, confirms the significance of good compatibility of polymer
matrix and the fillers. The improved micro Vickers hardness broadens the field of application
for such materials since they possess increased resistance to wear, cutting and scratching
[19].

Table 4. 4. Micro Vickers hardness of composites strengthened with pristine and VTMOEO/MEMO
modified alumina particles

Micro Vickers Hardness (VH)

Sample Particle content,

! wt. % — 0 0.10 0.25 0.50 1.00 2.50
UPR 31.2+0.7 - - - - -

UPR/c-Al,O3 - 37.2+0.6 39.2+2.3 41610 49.6+3.6 38.4+24
UPR/c-Al,0sVTMOEO - 58.2+44 62.9+1.0 73.4+16 82.2+0.6 66.6+2.9
UPR/c-Al,O;MEMO - 64.2+1.0 67.2+#1.7 73.7+3.7 74159 68.716.6
UPR/Fe-Al,O; - 24.8+0.7 25.9+04  279+1.7 35.7+0.6 26.9+0.9
UPR/Fe-Al,03VTMOEO - 78.9+7.0 110.1+8.0 112.0+7.8 122.846.9 89.1+6.2
UPR/Fe-Al,OsMEMO - 68.1+6.1 70.6+1.3 105.6+6.9 112.0+5.3 82.7+4.2

Table 4.4 shows that the introduction of the commercial alumina has greater influence on
increasing of VH in comparison to Fe doped alumina. The myriad hydroxyl groups onto c-
Al,O3 surface establish greater interaction with polar sites in UPR matrix than Fe-Al,O3
particles, which possesses reduced OH content. The exceptional improvement of mechanical
properties for the addition of MEMO and VTMOEO modified fillers originates from the
introduction of reactive groups capable for establishing the covalent bonds with UPR matrix.
Besides, the hydrophobic filler surface is designed in such a way, which improves the
compatibility between reinforcements and polymer matrix resulting in better mechanical
properties. The slightly higher VH remarked for the Fe-Al,O3(VTMOEO, MEMO) reinforced
composites, can be due to a presence of hard Fe atom within the corresponding fillers. The
remarked trend is in fully accordance with the ones obtained from the tensile measurements
(Table 4.2).
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4.4.4 Micro Vickers hardness of the composites based on UPR resin and
APTMS/APTMS-BD modified alumina

Micro Vickers hardness values, shown in Table 4.5, suggest that embedding of these
reinforcements significantly improve VH of the composites based on UPR resin and
APTMS/APTMS-BD modified alumina. A slightly higher increase of stress at break and VH
for incorporation of the c-Al,O3, compared to Fe-Al,Os, is a consequence of higher amount
of surface hydroxyl sites which participate in intermolecular interaction with polymer matrix,
as evidenced by amount of grafted modifiers (see Table 4.7). Higher amount of APTMS and
subsequently BD modifier found for c-Al,O3 particle reflect forming of thicker layers via
available hydroxyl groups. Oppositely, at Fe-Al,O; lower quantity of modifiers are
homogeneously distributed and tightly bonded to filler surface providing better interfacial
filler/matrix adhesion (Figure 4.13 and Table 4.7).

Table 4. 5. Micro Vickers hardness of composites strengthened with pristine and APTMS/APTMS-
BD maodified alumina particles

Micro Vickers Hardness (VH)

Sample Particle content,

| W% —> 0 0.10 0.25 0.50 1.00 2.50
UPR 31.2+0.7 - - - - -

UPR/c-Al,O3 - 37.2+0.6 39.2+2.3 41.6+1.0 49.6+3.6 38.4+24
UPR/c-Al,O0sAPTMS - 59.9+2.1 62.3+29  65.4+1.8 68.3x1.7 50.3+8.2
UPR/c-Al,O0;APTMS-BD - 54.6x1.4 56.8#1.3 59.7+19 70.5+0.9 52.9%+2.2
UPR/Fe-Al,O; - 24.8+0.7 25.9+04  27.9+1.7 35.7+0.6 26.9+0.9
UPR/Fe-Al,O;APTMS - 458448 55.0+2.6 57.6+3.2 61.1+57 42.0+2.3
UPR/Fe-Al,O0;APTMS-BD - 65.4+2.3 67.6+4.3  73.4+3.7 82.3+2.2 56.1+4.9

In general, better improvement of mechanical properties is attained by incorporation of
APTMS-BD modified alumina. Still, VH significantly increase for incorporation the both
functionalized fillers. The highest increase of 119, 126, 96 and 163% for addition of c-
AlL,O3APTMS(d), c-Al,OsATPMS-BD(d), Fe-Al,O0sAPTMS(d) and Fe-Al,OsATPMS-
BD(d), respectively, is obtained. Such results indicate that created covalent bonds between
ethylenic groups from BD and UPR resin provide an appropriate conditions for a load
transfer from polymer matrix to filler particles [133].

4.5 Thermal properties of the pristine and VTMOEO/MEMO modified
alumina

Results obtained by TG analysis of pristine and VTMOEO/MEMO modified particles are
shown in Table 4.6 and Figure 4.12. The pristine alumina exhibits different thermal behavior
depending on the structural and surface properties. The commercial nano-scaled c-Al,O3 (y-
form) exhibits a high moisture affinity, which is in accordance with the supplier remark. The
Fe-Al,O3 particles has poor tendency to absorb ambient moisture due to the lower number of
surface hydroxyl groups which participate in forming of hydrogen bonds with water
molecules. The high number of surface hydroxyl groups onto the c-Al,O3 also provides the
establishment of covalent bonds with silane coupling agents. The highest mass loss is
remarked for c-Al,OsMEMO which indicates the higher amount of attached organic phase
originates from coupling agent. Besides, this suggests that the introduction of VTMOEO
domains into alumina is obstructed due to steric hindrance induced by presence of three
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flexible 2-methoxyethoxy groups within the VTMOEO structure [5]. Thermal dehydration
and decomposition at lower temperatures cause the formation of stable condensed structures
on the surface of the alumina particles (Figure 4.12c). Further decomposition at higher
temperatures is remarked as a broad DTG peak in the range of 250 — 650 °C.
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Figure 4. 12. Thermal properties of pristine and VTMOEO/MEMO modified alumina
particles
Table 4. 6. TG analysis of pristine and VTMOEO/MEMO functionalized alumina particles
- Residual
sample Toos [°C Graft[evstg;gdlﬂer content DT((Bo Cr;)eaks
[wt%]
c-Al,O; 230.9 - 94.5 50.5
Fe-Al,Os 516.7 - 92.6 93.3
c-Al,OsVTMOEO 245.8 1.9 93.8 55.0/256.5
c-Al,O;MEMO 249.3 2.7 91.8 55.1/294.0
Fe-Al,O;VTMOEO 486.6 5.6 86.6 58.6/245.7
Fe-Al,OsMEMO 375.8 9.8 82.8 53.8/249.5/404.9

4.6 Thermal properties of the pristine and APTMS/APTMS-BD modified
alumina

The thermal properties of pristine and functionalized alumina as well as amount of
grafted modifiers are determined using TG, DTG and DSC analysis (Figure 4.13). The
amount of grafted modifiers is calculated from the difference between residual content for
modified and pristine fillers (higher weight loss of modified particles above 125 °C is
attributed to loss of organic modifier) - Table 4.7. The weight loss for all analyzed samples
between 25 °C and 125 °C is attributed to the loss of moisture/volatile compounds adsorbed at
the surface of alumina [138]. TG profile for pristine fillers (Figure 4.13(a)) shows that they
are more thermally stable then modified ones, with the weight loss of 7.4% and 5.5% for c-
Al,O3 and Fe-Al, O3, respectively (Table 4.7).

The TG profile of pristine alumina is similar, while the degradation pattern for
functionalized alumina depends on the surface chemical structure. The weight loss of
modified alumina, in the range 125 - 260°C, originates from dehydration/thermal
transformation of the functional groups bound via silanol groups at the alumina surface.
Thermal dehydration and conformational rearrangements of BD residues occur at lower
temperatures (endothermic peak on Figure 4.13(c)) [135]. This phenomenon is not remarked
for Fe-Al,O3 based fillers, probably due to thermal stability of more ordered/tightly bound
surface functionalities. At temperatures above 260 °C conjugated ethylenic domains in
linoleic and a-linolenic fatty acids induce decreasing of the thermal stability of corresponding
composites [135]. The modification with APTMS-BD shifts the temperature of the highest
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decomposition from 460 °C to 600 °C, in comparison to APTMS modified alumina. The
highest weight loss, 24.8%, is noticed for c-Al,OsAPTMS-BD. The both, pristine and
functionalized Fe doped alumina exhibit higher thermal stability, compared to c-Al,Os
particles, which is attributed to lower amount of attached organic modifiers.
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Figure 4. 13. Thermal properties of unmodified and APTMS/APTMS-BD modified alumina
particles determined by (a) TG, (b) DTG and (c) DSC analysis

Table 4.7 shows the temperatures where 5 wt% of the materials weight decrease (To.s),
residue content at 800 °C, the amount of grafted modifiers as well as DTG characteristic
peaks. Higher thermal stability of Fe doped based alumina indicates relationship between
larger weight loss and increased percentage of the thermodegradable organic functionalities
in APTMS-BD modified particles.

The DTG peaks of APTMS and APTMS-BD modified alumina (Figure 4.13 (b)) are
grouped and, independently on type of particles, show similar pattern within the same group.
Introduction of the BD onto the alumina leads to the deeper decomposition where high
amount of low molecule weight volatile compounds is obtained, which is reflected in shifted
peaks (~103 °C) compared to APTMS modified particles (~55 °C). Peaks at about 240 °C
originate from the partial decomposition and peak at 407/435 °C corresponds to the complete
thermal degradation of modifying agents and dehydration of silanol group.

Table 4. 7. The Ty s, residue content, grafted modifiers and DTG peaks of unmodified/modified
alumina particles

Residual Grafted
Sample Toos [°C] content modifier DTG peaks [°C]
[wt%] [wt%]
c-Al,03 230.9 92.6 - 94.2
Fe-Al,O4 516.7 94.5 - 48.8, 382.7
c-Al,O;APTMS 225.9 84.1 8.5 58.2,247.2,407.4
c-Al,O;APTMS-BD 108.1 75.3 19.2 102.7, 243.9, 434.5
Fe-AlL,O;APTMS 3713 92.0 25 54.2,158.9, 406.9, 565.1
Fe-Al,O;APTMS-BD 188.0 86.0 8.5 102.7, 243.9, 434.6

4.7 Dynamic-mechanical properties of the composites reinforced with
pristine and VTMOEO/MEMO modified alumina

DMA is used for studying the viscoelastic response of the cured UPR resin and
UPR/alumina composites. The data obtained from DMA include the temperature
dependencies of the storage modulus (G’) and loss modulus (G"), which reflect the elastic and
viscous behavior of cured UPR resin and corresponding composites, respectively, and
damping factor (tand) (Table 4.8). The G'gs and G'rp Vvalues for glassy state and rubbery
plateau are also given in Table 4.8.
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It is well known that the incorporation of reinforcement to a polymer matrix increases its
moduli [139]. The DMA curve patterns show that the increase in G’ is the greatest above the
Tg, in the plateau regions of the viscoelastic spectrum. The temperature dependences of G’
and G” exhibit similar behavior for all tested specimens and modulus values are generally
higher for the composites than for pure UPR resin (Table 4.8). The increased G' in the
rubbery state of the composites compared to the pure UPR resin is a result of two combined
phenomena: the restriction of free segmental movement by the filler particles and the higher
cross-link density of the composites [19]. The data given in Table 4.8 indicate that
composites reinforced with c-Al,O3; particles have a slightly higher cross-link density
compared to the composites with the Fe-Al,O3 based particles. The composite with 2.5 wt%
c-Al;03 has the highest increase of G' in the rubbery region (84 %), when compared to UPR
matrix, and therefore, the highest cross-link density.

Table 4. 8. DMA results of the UPR resin and composites reinforced with VTMOEO/MEMO
modified alumina particles

G'GS G'Rp Tg(tanﬁpeak) tano tan 6 width
Sample [MPa]  [MPa] [°C] height [°C]
UPR 080 249 169.2 0.286 60.1
UPRIC-AL,04(a) 967 255 182.5 0.248 89.7
UPR/C-Al,05(b) 1202 326 185.1 0.236 90.9
UPR/c-ALOs(c) 1107 313 185.1 0.234 92.4
UPR/c-AlLO4(d) 1093 458 197.6 0.197 101.0
UPR/c-Al,04(e) 985 302 192.4 0.231 90.8
UPR/C-Al,0,V TMOEO(a) 1181 28.2 179.0 0.257 102.1
UPR/c-Al,O;VTMOEO(b) 1196  27.2 177.6 0.263 93.3
UPR/c-Al,0,VTMOEO(c) 968 233 177.8 0.258 91.2
UPR/c-Al,0,VTMOEO(d) 1336 36.2 185.1 0.242 90.6
UPR/c-AlL,O;VTMOEO(e) 1002 252 177.4 0.260 92.2
UPR/Cc-AL,O;MEMO(a) 1088 236 169.8 0.265 83.8
UPR/c-Al,0,MEMO(b) 1062 285 186.5 0.241 85.6
UPR/c-Al,O,MEMO(c) 1411 417 186.8 0.225 86.2
UPR/c-Al,O;MEMO(d) 1126 335 193.6 0.236 80.2
UPR/c-AlL,O,MEMO(e) 1245 361 188.7 0.225 83.8
UPRIFe-Al,04(2) 998 261 182.4 0.248 92.1
UPR/Fe-Al,Os(b) 1095 256 183.4 0.246 93.5
UPR/Fe-Al,05(c) 1328 330 184.7 0.243 97.8
UPR/Fe-Al,04(d) 1146 307 189.5 0.252 84.9
UPR/Fe-Al,04(e) 1173 295 181.1 0.251 78.7
UPR/Fe-Al,O;V TMOEO(a) 1021 234 180.4 0.258 98.1
UPR/Fe-Al,0;V TMOEO(b) 1270 290 180.1 0.256 104.8
UPR/Fe-Al,0,V TMOEO(c) 1168 25.0 1816 0.257 99.6
UPR/Fe-Al,0;V TMOEO(d) 1153 330 192.4 0.251 95.6
UPR/Fe-Al,0;VTMOEO(e) 1136 25.9 177.7 0.257 101.6
UPR/Fe-Al,O,MEMO(a) 961 247 179.6 0.254 88.0
UPR/Fe-Al,O,MEMO(b) 979 306 190.8 0.240 89.7
UPR/Fe-Al,O;MEMO(c) 1061 29.2 191.3 0.244 87.3
UPR/Fe-Al,O;MEMO(d) 1022 344 198.5 0.242 85.0
UPR/Fe-Al,O;MEMO(e) 1031 319 194.7 0.240 92.0

The low values of the damping factor (tand) for the UPR matrix and corresponding
composites indicate their high cross-linking densities (Table 4.8). The effect of surface
modification of the alumina particles is studied by comparison of the T4 values, determined as
the maximum of tand(T) curve (Tguanspeak)), the height of the peak on the tand(T) curve
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(tand(neighyy) and the width of the peak on the tan (T) curve (tandwigwn)) (Table 4.8). Alumina
reinforcement shifts the tand maximum to a higher temperature and it simultaneously
broadens. The broadening of the transition region increases as the volume fraction of particles
increases or as the particle size of the filler decreases for a given volume fraction [139]. The
values of tand width suggest that the c-Al,O3 particles have the smallest diameter in the
pristine form, while Fe-Al,O3 particles are dissipated to smaller particles after VTMOEO
modification. The established interactions between fillers and UPR matrix substantially
increase the Ty, decrease the tand height and increase the tand width as the result of the
polymer chain restriction. The incorporation of filler particles promotes restriction of the free
segmental movement and so, the peak height is lower than that for the pure UPR [140]. Such
trend is observed for all the investigated composites. Thus, the storage modulus of is
increased as a measure of elastic response to the external force.

4.8 Dynamic-mechanical properties of the composites reinforced with
pristine and APTMS/APTMS-BD modified alumina

To quantify the changes of rheological properties as influenced by adding the pristine and
functionalized alumina, some characteristics are given in Table 4.9. The data include
temperature dependences of storage modulus in glassy (G'ss) and rubbery (G'rp) regions at
50 and 235°C, as well as damping factor (tand) height, glass transition temperature
determined from tand peak position (Tqqans) and cross-linking density (v). The cross-linking
density is calculated using equation which describes rubbery elasticity theory (Eq. 4.2)
assuming the absence of macromolecule entanglements [141]:

GRP
——~ (42
V=RT (4.2)

where, v represents cross-linking density, G rp storage modulus in rubbery plateau at
temperature T = T4 + 50 °C and R is universal gas constant.

The G' value is nearly constant below 50 °C, and decreases as the temperature increases
(Figure 4.14). A slightly different pattern and higher G'gs, observed for UPR/c-Al,Os3(c), is
related to the strength of intermolecular forces and the way the polymer chains packing [142].
The drop of G' as the temperature goes up is attributed to the higher mobility of polymer
segments. With increasing temperature, the composites which contain higher filler amount
show a less significant drop in G', manifested as two separate relaxation processes. Hereupon,
the remarked broadening of the transition region may be related to heterogeneity in the
molecular weight between cross-links [143]. Furthermore, composites containing higher filler
loading exhibit a higher rubbery modulus since rigidity of the filler and the filler/matrix
interface are less affected by the temperature than the rigidity of the bulk matrix. That causes
the restriction in macromolecule segments mobility at the filler/matrix interface which is
reflected in higher cross-linking density of the corresponding composites [18].

Generally, the maximum G' values are found for the composites with 1 wt% filler loading
for all samples (Figure 4.14). The UPR/c-Al,O3 exhibits the highest increase of G'rp) and
cross-linking density, 93.6 and 88.3% in comparison to neat UPR resin. Besides, the presence
of 1.0 wt% of c-Al,O3sAPTMS-BD filler leads to 67.9 and 61.7% increasing of G'rp and v. At
filler addition above 1 wt%, the G' tends to decrease markedly. Nevertheless, shifted rubbery
plateau (T from Eqg. 1) of composites (T > 235 °C) indicates higher cross-linking density
compared to neat UPR resin (T > 220 °C) [5].

As the G' of all composites is higher than the neat UPR, the extent of reinforcing is
evaluated using the coefficient of reinforcement (C), calculated by Eq. 4.3. The obtained
results are given in Table 4.9 [144]:
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_ (GV GS/G'RP)composite

(GGS/GRP)resin
Generally, the C value decreases as filler loadings increase which implies higher
strengthening effect in composites containing more incorporated alumina particles. These
results follow the ones obtained for v value proving that higher restriction of polymer
segment movements is occurred for composites with c-Al,O; and Fe-Al,OsAPTMS-BD
particles. Moreover, cross-linking density of samples which contain APTMS modified
particles is in accordance with trend obtained for mechanical properties of corresponding
composites which is a result of previously discussed phenomena (see Chapter 4.4.2).

(4.3)

Table 4. 9. DMA results of UPR and corresponding composites
. . Ty(tand tanod
G'ass Gre

v-10° Constant

Sample [MPa] [MPa] p[‘f,g‘j) h%‘f;ﬁt molidm¥  [C]

UPR o71 244 1687 029 60 :
UPRIc-ALO5 () 901 262 1821 025 62 0.87
UPR/c-Al,Os(b) 890 300 1899 023 70 0.82
UPR/c-ALOs(c) 1081 358 1853 024 85 0.77
UPR/c-AlLOs(d) 050 489 1973 020 113 0.50
UPR/c-ALOs(e) 999 326 1857 023 77 0.78
UPRIC-ALO,APTMS(a) 1009 234 1703 025 57 1.10
UPR/c-ALOAPTMS(b) 1085 223 1713 027 54 124
UPRIC-ALO,APTMS(c) 1071 255 1751 026 62 107
UPRIc-ALOAPTMS(d) 1021 287 1758 022 69 0.90
UPR/c-ALOAPTMS(e) 953  27.9 1727 025 68 0.87
UPRIC-ALO,APTMS-BD(@) 951 214 1690 027 51 113
UPR/C-ALO,APTMS-BD(b) 1052 252 1740 027 61 1.06
UPR/c-ALOAPTMS-BD(c) 1148 351 1844 024 83 0.83
UPRIc-ALOAPTMS-BD(d) 1216 418 1936 022 97 0.74
UPR/C-ALO,APTMS-BD(e) 1285 314 1670 027 77 1.04
UPR/Fe-AlLO5(a) 882 265 1828 025 63 0.85
UPR/Fe-Al,Os(b) 956 208 1825 025 71 0.82
UPR/Fe-Al,05(c) 1020 327 1842 025 77 0.79
UPR/Fe-Al,Os(d) 1173 352 1898 026 83 0.85
UPR/Fe-AlLOy(e) 1061 305 1808 025 7.3 0.88
UPR/Fe-Al,0;APTMS(a) 1036 23.8 175.0 0.25 5.7 1.11
UPR/Fe-Al,O,APTMS(b) 966 250 1754 026 6.0 0.98
UPRIFe-AlL,O,APTMS(c) 1071 285 1856 025 67 0.96
UPR/Fe-ALOAPTMS(d) 1010 299 1895 025 7.0 0.86
UPRIFe-Al,O,APTMS(e) 923 283 1725 026 6.9 0.83
UPRIFe-AlLO,APTMS-BD(@) 871 310 1757 022 75 0.71
UPR/Fe-ALO,APTMS-BD(b) 836 331 1760 022 80 0.64
UPR/Fe-Al,O;APTMS-BD(c) 871 35.0 177.2 0.22 8.4 0.63
UPR/Fe-ALO,APTMS-BD(d) 915 363 1815 022 86 0.64
UPR/Fe-ALO,APTMS-BD(e) 884 353 1755 022 85 0.64
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Figure 4. 14. Temperature dependences of storage modulus for UPR resin and composites
reinforced with pristine and APTMS/APTMS-BD modified alumina particles

The broadening of the G" peak of analyzed composites in comparison to the neat UPR
resin indicates the influence of filler incorporation (Figure 4.15). It is related to the inhibition
of the relaxation process within the composites as a consequence of higher number of chain
segments upon filler addition. Other factor potentially originates from the heterogeneous
structure of the composites caused by phase separation during copolymerization with styrene
and different intramolecular interactions [145]. The heterogeneity is mainly related to the
formation of tighter microgel structures composed of distinct regions of densely cross-linked
network distributed among a loosely cross-linked matrix [146]. Great dynamic
heterogeneities of a thermosetting resins established via formation of a complex structure are
also reported, where a bimodal distribution of local relaxation times due to slow and fast
relaxing regions is found [147].
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Figure 4. 15. Temperature dependences of loss modulus for UPR resin and composites
reinforced with pristine and APTMS/APTMS-BD modified alumina particles

The peak of tand, positioned between 175 °C and 200 °C, is attributed to the T, i.e.
relaxation corresponding to the neat polyester matrix (Figure 4.16). The addition of filler
causes the appearance of two relaxation regions remarked at lower temperatures. Maximum
damping occurs in a region where the most of the chain segments take part in a cooperative
movements caused by applied force. The transition observed at 75 °C can be related to the
motion of the phenyl groups in the styrene domains. The transition about 120 °C mainly
originates from local modes of polyester units remote from the cross-link junctions. The main
segmental relaxation of UPR represents the glass transition of the whole network, while the
minor relaxation, at a lower temperature is ascribed to the polyester segments between cross-
links [148]. The complexity of the transition region is due to multiple relaxations, occurred as
a consequence of the heterogeneous network structure of cross-linked polyesters. The peak
intensity of the main relaxation decreases as the transition becomes progressively broader.
The introduction of cross-links leads to a decrease in the conformational freedom for the
macromolecule segments and results in restricted mobility in the vicinity of the cross-link
junctions. The constraint imposed by the cross-links typically manifests itself by increase in
Ty with increasing cross-link density [149]. The temperature of remarked relaxation is shifted
to higher temperatures in the composite as a consequence of the mobility reduction caused by
filler incorporation. Temperature shifts ranging from 10 to 25 °C are the reflection of high
cross-link densities, where the average distance between cross-link junctions approaches the
characteristic length scale of local segmental rearrangement.

Composites with pristine alumina exhibit higher T, values compared to neat UPR and
other composites. The maximum increase of Ty is 16.9% and 12.5% for composites with c-
Al,O3 and Fe-Al,03, respectively. This indicates the establishment of dipolar/hydrogen bonds
between filler and polymer matrix which contributes in restricted macromolecule segments
motions. Although modification processes design filler surface reactivity, steric hindrance
caused by presence of voluminous modifiers plays significant role, reflecting in higher
mobility of polymer segments. Moreover, flexible BD segments in participate in overall
segment motions which are reflected in lower Ty values of corresponding composites
(plasticizing effect).

Generally, the incorporation of the both two-step modified alumina, leads to further
improvement of dynamical-mechanical properties of the corresponding composites.
Availability of the NH, and OH surface groups within APTMS modified particles, which
participate in creation of hydrogen/dipole-dipole bonding interactions with polymer matrix, is
limited as a result of the steric hindrance of APTMS segments (Figure 4.7). Conversely, this
phenomenon is overcome by introducing the fatty acid segments with ethylenic bonds (BD)
suitable for establishing covalent bonds with UPR matrix [125].
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Figure 4. 16. Temperature dependences of damping factor for UPR resin and composites
reinforced with pristine and APTMS/APTMS-BD modified alumina particles

4.9 Comparative analysis of mechanical properties of composites reinforced
with alumina based fillers

DMA and tensile test provide the information about the composite behavior at the macro-
level under different test conditions. Tensile test provides data about the material response to
uniaxial mechanical stress which is manifested through the fracture mechanism. The micro
indentation test enables the obtaining of the hardness at the micro-level, and gives the
information about the uniformity of the specimen. In that sense, such properties for two
basically different systems are analyzed in the light of the structural reinforcing effect.

The results presented in Table 4.10 provide insight into the influence of the crystalline
structure, surface properties, shape and amount of added alumina fillers to the mechanical
properties of PMMA and UPR based composites. The PMMA based composite reinforced
with 3 wt% of spherical alumina nanoparticles, whiskers and fibers has an increased storage
modulus for 9%, 63% and 100%, respectively. The elastic modulus of PMMA composites
reinforced with spherical alumina whiskers and fibers, i.e. the stiffness of the composite, is
significantly increased compared to neat PMMA [150,151].

The presence of higher content of transition phases of alumina (y, # and x) causes
improved composite toughness, while a phase significantly increases the hardness. It is also
found the relation between processing of alumina and obtained properties. Increase of the
calcination temperature causes a decrease of surface area, from 96.4 m® g for Fe-Al,O3
(700 °C) to 89.7 m? g’ for Fe-Al,O5 (900 °C), with concomitant decrease of surface hydroxyl
groups [109] and increase of a phase content. All of these factors contribute to increase of
composites hardness, i.e. 36% (PMMA+3 wt% Fe-Al,O3 (700 °C)) versus 99% (PMMA+3
wt% Fe-Al,O3 (900 °C)) (Table 4.10). Contrary to this, decrease of fracture toughness from
1.887 J to 1.495 J, respectively is remarked. Such behavior depends on content of # and «
phases [109]. Utilization of the Fe-Al,O3 particles as a reinforcement in UPR resin, which
contain 25.5% of a phase, does not contribute to significant increase in hardness and
toughness of corresponding composites due to the weak interfacial adhesion polymer matrix.
To retrieve the composite toughness, without sacrificing hardness, the most effective method

57



presented here is subjection the alumina to vinyl surface modification to achieve an excellent
combination of mechanical properties of the UPR based composite.

Table 4. 10. Percentage change of mechanical properties of composite reinforced with alumina fillers
compared to matrix used

Crystal oy, E, HV,

Sample structure  [%]  [%]  [%] Ref.
UPR/Fe-Al,O;VTMOEO(d) 1, K o +62°  63°  +387°  [152]
PMMA+3 wt% Al,O; nanofibers a — +134°  +158°  [151]
PMMA+3 wt% Al,Os particles y - +10° +8° [151]
PMMA+3 wt% Al,O; wiskers - - +96°  +64° [151]
PMMA+3 wt% Fe-Al,05 (900 °C 9 n K o 552 -3° +99 [109]
PMMA+3 wt% Fe-Al,O; (700 °C % n and x -48° +2° +36 ° [109]
PMMA+3 wt% Al,05 (700 °C 9 n 332 +11° +26 ° [109]

4.10 Alumina/PMMA composites as adsorbents for Pb?*, Cd** and Ni**
removal

4.10.1 Structural characterization of alumina/PMMA composite
constituents

The chemical structure of synthesized monodisperse PMMA microspheres, alumina
precursor, the calcined highly-ordered alumina and the y-alumina after the adsorption test is
examined by FTIR spectroscopy (Figure 4.17). The intensive ethylene C-H stretch bands for
PMMA at 2840, 2953 and 2998 cm™ are remarked [153]. These peaks within the alumina
precursor are overlapped with broad OH stretching vibrations at about 3400 cm™ (Figure
4.20a). The characteristic band originates from C=0 from ester group within the PMMA is
displayed at 1731 cm™. It can be remarked the typical peak at 1352 cm™, attributed to O—CHj
deformation vibration. There are also two peaks noted in 1140-1160 cm™ area which
originates from methyl ester groups. The other bands present in the spectrum of PMMA are a
doublet in the region 1500-1425cm™, a medium-to-strong band near 1150 cm™ and a
medium intensity band at 750-725 cm™. The FTIR spectra of atactic and syndiotactic PMMA
are qualitatively identical containing band at 1063 cm™, which is absent within the isotactic
PMMA [154].

FTIR spectrum of the alumina precursor, which contains PMMA microbeads shows a
substantial increase of a typical absorption at ~3440 cm™ associated with the presence of H-
bonding interactions between the water molecules and the OH groups from the hydroxide-
based layers (Figure 4.17a) [155]. The presence of water in these materials is also approved
by the medium-intensity bending absorption peak at 1641 cm™ [156,157]. The bands,
between 740 and 500 cm™, could be related to vibrational modes associated with the
[M""(OH)g] ** complexes distributed along the layered double hydroxide (LDH) layers
[158].

The FTIR spectrum of the highly ordered alumina shows the tetrahedral and octahedral
vibrations bands of the Al-O at ~600 and ~800 cm™, respectively, which indicates that the
synthesized alumina has a y crystalline structure (Figure 4.20b) [159-161]. The AI-O
stretching mode is remarked at 630 cm™ while the torsional mode can be noted at 736 cm™
[162]. The bands at 1121 cm™ and 1074 cm™ represent the 8,(Al-O—-H) and 8s(Al-O—H)
modes of boehmite, respectively [163].

The ATR-FTIR spectra of the y-alumina, after Pb**, Ni?*, and Cd®* adsorption, are shown
in Figure 4.20b. The bands remarked at 1520-1570 cm™ and/or 1350-1410 cm™ can be
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attributed to adsorption of CO, and NOj3 onto y-alumina surfaces. The CO; is probably the
part of bicarbonate anion, which is the most abundant specie present onto alumina surface.
[164]. Besides, according to intensity of CO, peak, it can be concluded the presence of an
impurities identified on the alumina surface which enhance the ability for CO, absorption
[165]. Such impurities include Na* ion which amplifies the intensity of the area about
3500 cm™ which generally represents the series of the peaks of different origin.

The peak at 1639 cm *, related to the bending vibration of OH groups, is significantly
changed after adsorption: severe intensity drop is found after Pb** adsorption, while it is
moderate for Ni®" and Cd®*. The broad bands at ~ 112 cm™, assigned to the da(Al-O—
H)/6s(Al-O-H) modes of boehmite, are increased after cation adsorption. Moreover, the ion
adsorption causes the appearance of the absorbed bands belonging to new species which are
recorded at 500-1250 cm . They are considered as cation association with the Al-O bond,
whereas those vibrations depend on the cation type. The previous study claims that hydrated
y-Al,O3 surface contains no tetrahedral AlO4, while both phases, octahedral AlOg and
tetrahedral AlO,, are present in the bulk [166]. Creation of metal-Al complexes require
appropriate geometrical adaption, which makes a change in intensity and peak shifting. The
structural transformation of the surface geometry of y-Al,O3 after cation attaching is
markedly remarked in the FTIR spectra in the form of different contributions, defined by
deconvolution, in the spectral region 500-1000 cm™ (Figure 4.20 c)-f)).
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Figure 4. 17. FTIR spectra of: a) monodisperse PMMA microspheres and alumina precursor,
b) pure 3DOM y-alumina, and after cation adsorption; a multiple peak fit of the y-alumina
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4.10.2 Molecular weight determination of the PMMA microspheres by
viscosimetry measurements

The molecular weight of the PMMA microspheres is calculated according to Eq. (4.4)
[167], using the Mark-Houwink parameters for PMMA at 25 °C in chloroform: K - 10°= 4.8
g/mL, a = 0.8 [168] and [5] = 71.33 dm®Kkg:

1/a
M, = <[1K]> (4.4)

The synthesized monodisperse PMMA microspheres have a molecular weight, determined by
the previous equation, of 16400 g/mol.

4.10.3 SEM analysis of PMMA microspheres and highly ordered y-alumina

The Figure 4.18a) shows SEM micrograph of PMMA microspheres organized in well-
ordered hexagonal close-packed pattern. The alumina displays a highly ordered macroporous
structure formed by the thermal degradation of the PMMA microspheres. The surface of the
3DOM y-alumina allows insight into the layers below the one at the top (Figure 4.21b). Well-
ordered, regularly shaped pores and interconnected walls create an "inverse-opal” structure in
three dimensions. The obtained ordered structure is established due to the high
monodispersity of the PMMA microspheres, sufficient to attain an appropriate degree of
crystallization [169]. The main parameters extracted by the image analysis of the SEM
micrograph are presented in Table 4.11. The difference between the average radius of the
PMMA microspheres and the pore size of the 3DOM alumina, is a result of the shrinkage of
the PMMA template (8.77%) during the calcination. This result shows a significantly lower
extent of shrinkage compared to ones obtained by a similar method (26-34%) [104,170]. Low
shrinkage and retained 3DOM structure indicate good thermal and structural stability of the
samples.

» W) . .
Figure 4. 18. SEM images of: a) CCT based on PMMA microspheres, b) highly ordered y-
alumina

Table 4. 11. SEM image analysis of PMMA microspheres and the highly ordered y-alumina

Distance Distance Specific
between the Wall P
PMMA between the . . surface
. centers of thickness  Pore radius
microsphere PMMA PMMA of alumina [nm] areaof -  pHpzc
radius [nm] . spheres alumina
microspheres [nm] 2 1
[m] [nm] [m“g7]
250.9 (10.0) 573.1(27.8) 69.2 (4.9) 21.3(4.7) 228.9(2.3) 77.3 6.4
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4.10.4 Thermal analysis of PMMA, alumina precursor and calcinated
alumina

The TG/DTG curves of the PMMA, alumina precursor and alumina after calcination at
800 °C are shown in Figure 4.19. Small gradual decrease in weight of 9.1 wt% (Figure 4.19a)
is attributed to PMMA decomposition where the easy volatile products are obtained. This
change is recorded at 175 °C (Figure 4.19b) on the DTG temperature dependency curve.
Further on, the severe weigh loss of 86.6 wt% is occurred at 376 °C (Figure 4.19b) whereas
the main bonds within the PMMA are deteriorated. The residue after 800 °C (0.6 wt%)
indicates that the decomposition of PMMA template is fully completed. The alumina
precursor displays three decomposition steps during the calcination. The first one at 85 °C is
attributed to the removal of remained solvent (6.3 wt%) used for dissolving of Al,CI(OH)s
and PEG during the alumina preparation. Two significant weight losses (24.2 and 38.6 wt%)
at 256 and 376 °C (Figure 4.19b), are assigned to the decomposition of starting materials for
alumina synthesis and PMMA template [170]. The results obtained in the TG/DTG analysis
indicate that used calcination temperature is appropriate for the formation of single-phase y-
alumina crystallites [171]. The reached yield for 3DOM jy-alumina is higher than the one
reported by Han and co-workers [170], which is due to the consequence of used precursor.
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Figure 4. 19. a) Thermogravimetric (TG) and b) derivate thermogravimetric (DTG) curves of
the PMMA colloidal crystal template, alumina precursor before calcination and alumina after
calcination at 800 °C

4.10.5 Textural properties and pHpzc of the highly-ordered macroporous y-
alumina

The pH of the point of zero charge, pHpzc, is the measure of the negatively charge present
onto y-alumina surface, and is measured by the method of pH drift. Regarding the knowing
the pHpzc of y-alumina, the surface sites could be protonated and positively charged by its
mixing with solution having a pH value lower than pHpzc of p-alumina. At pH>pHpzc the
adsorption process takes place via electrostatic interactions, while at pH values bellow pHpzc
the adsorption of metal ions occurs via chemisorptions or precipitation [172]. The textural
properties of highly ordered macroporous y-alumina were determined using BET, i.e. specific
surface area, and given in Table 4.11.
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4.10.6 Influence of pH on the adsorption capability of y-alumina

The solubility of metal ions, the concentration of counter ions on the functional groups of
the adsorbent and the degree of ionization of the adsorbent are affected by the pH of the
aqueous medium. That is the reason why the effectiveness of pollutant removal vs initial pH
(pH;) is studied whereas the obtained results are presented in Figure 4.20.
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Figure 4. 20. Influence of pH on Pb**, Ni** and Cd** removal by 3DOM y-alumina (C; =
5 mg/mL, m/V =200 mg/L, t = 25 °C)

It could be observed from Figure 4.20 that the percentage of cation adsorption onto
3DOM y-alumina is almost independent of pH in the range 5-7 where the process efficacy for
removal of Pb?* is 90%, while for Ni?* and Cd*" is quite lower, 25-40%. A subsequent
gradual increase of Ni** and Cd®* removal is observed at pH > 8, which is not in accordance
to published results, where the similar effect is obtained at pH = 2—7 [173]. This phenomenon
is thoroughly explained by metal speciation as shown in Figure 4.21.

At pH>pHpzc, the negatively charged surface of 3DOM y-alumina attracts positively
charged ions by electrostatic interactions. The contrary is true for the system at pH<pHpzc.
The goal is avoiding the low pH of environment which hinders the metal ions adsorption due
to presence of protons which also have the great affinity towards surface active sites. The
increasing the pH value to above 6 leads to hydrolysis of Pb?* species with a known
equilibrium constant (Figure 4.21) [174]. Considering the region about pH=7, the
concentration of H* ions is low and the adsorption capability for Pb** ions is optimum at
pHpzc =6.4. According to the literature about the hydrolysis of Cd** and Ni** species (Figure
4.21), obtained using MINTEQ 3.0 software [175], high removal degree is expected at higher
pH values [108]. Higher adsorption at pH>8 could be a consequence of the precipitation of
insoluble metal hydroxides [176]. Thus, the removal adsorption curves for studied cations
represent the sum of adsorption and precipitation at pH>8. According to this, at pH<8, it is
certain that removals of Pb?*, Cd®* and Ni** are not affected by hydroxide/salt precipitation.
In this sense, the selection of pH 6 for Cd®* and Ni** removal and pH 6.5 for Pb** are an
adequate choice to attain high adsorption capacities. Such a conclusion is in accordance with
previous findings that the maximum removal of cations is observed at pH values near the
PHpzc [177].

The adsorption of bivalent metal ions at the alumina/electrolyte interface is followed by
the exchange of hydrogen from surface hydroxyl groups forming outer or inner sphere
complex given by Eq. (4.5) and (4.6):

AlOH+M* S(AIOO)M™+H"  (4.5)
2AI0H+ M*" —(A10),M"+2H"  (4.6)
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As the pH of the solution increases, the concentration of H* ions decrease favoring the
adsorption of metal ions. The bonding of ions onto alumina surface creates a double-layered
structure where cations are more tightly bound to hydroxyl groups present in the inner sphere
of the double layer as a result of a geometric transition triggered by the
protonation/deprotonation processes. In addition, experimental results and modeling, using
MINTEQ software, show a slight increase in the adsorption of cations with increasing ionic
strength (sodium nitrate at 0.05, 0.1 and 0.5 mg/mL). These results could be explained by the
higher activity of the counter ions at the outer surface that compensates accumulation of the
surface charge generated by specific cation adsorption. In general, the distribution of the
charge on the y-alumina surface is formed due to the reaction of both surface groups with the
electrolyte ions and protonation/deprotonation and adsorption of the cations of interest.
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Figure 4. 21. Speciation of: a) Pb?*, b) Ni** and c) Cd** obtained using MINTEQ 3.0 software
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b,

4.10.6.1 Effects of contact time on the solution pH change

To investigate the effect of contact time on pH change of the solution in the course of
Pb**, Ni** and Cd** removal from water, experiments were conducted with different contact
times in the range 0-24 h. The results of this study are presented in Figure 4.22, where the
maximal removal of Pb*, Ni** and Cd** ions is obtained after 24 h for an adsorption system
containing 2 g/L of the studied cation.

o Pidsorbent dose 0.2 g/L, =25 c  _Adsorbent dose 1.0 g/L, 1=25 °C ¢ dsorbent dose 2.0 g/L, 1=25°C
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Figure 4. 22. pH value change versus contact time for adsorbent dose: a) 0.2 g/L, b) 1.0 g/L,
c)2.0g/L

The time-dependent change in pH during adsorption, shown in Figure 4.22a)-c), is
attributed to the release/consumption of hydrogen ions from/by surface functional groups and
the cation adsorption processes (Eg. 4.5). The observed change in pH is a consequence of two
contributing factors: more intensive exchange with surface OH groups and the attachment of
the adsorbate. Generally, cation adsorption on 3DOM y-alumina takes place via the the
sorption processes: adsorption, ion-exchange, surface complexation and co-precipitation,
whereby complexation plays the main role in the surface protonation/deprotonation
processes.
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4.10.6.2 Effect of adsorbent dose and temperature on the removal efficiency and solution
pH

To investigate the effect of adsorbent dosage, the amount of adsorbent is varied in the
range of 200-2000 mg/mL and the results are presented in Figure 4.23. Higher removal
efficiencies of Pb*, Ni?* and Cd’ ions are obtained at higher adsorbent dosages and
temperatures. Increasing the quantity of adsorbent enhances the number of active surface
sites resulting in higher ions removal efficiency [173]. As the adsorbent dosage increases, the
competition between present ions for binding sites decreases.

The adsorbent dose-dependent pH change exhibits similar trend as time-dependent
change of pH during adsorption, showing the severe pH decrease as the quantity of adsorbent
goes down (Figure 4.23d)-f)). This result indicates a higher coverage of the adsorbent surface
which causes the higher hydrogen release as a consequence.
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Figure 4. 23. Removal efficiency of highly ordered y-alumina versus adsorbent dose (t =
24 h) and temperature: a) 25 °C, b) 35 °C and c) 45 °C; pH value change versus adsorbent
dose (t = 24 h) and temperature: d) 25 °C, €) 35 °C and f) 45 °C

4.10.6.3 Equilibrium study of Pb?*, Ni** and Cd** adsorption on y-alumina

Isotherm studies were conducted to calculate the adsorption capacity of the highly
ordered y-alumina for Pb?*, Ni?* and Cd*" ions removal. For this purpose, three commonly
isotherm models were used, i.e. the Langmuir, Freundlich and Dubinin-Radushkevich
isotherms. The equation of the Langmuir isotherm model is [95]:

C ! + Ce 4.7)
9. 9.KL 4q, '

where Qe is the adsorbed amount of metal ions per mass of the adsorbent at equilibrium
(mg/qg); Ce is the equilibrium concentration of metal ions (mg/L); gm (Mg/g) is the maximum
theoretical Pb®*, Ni** and Cd** capacity and K, (L/mg) is Langmuir constant related to the
affinity of the binding sites. The constant related to Langmuir isotherm model is calculated
from the slope and intercept of the plot of 1/q. versus 1/Ce.

The equation for the Freundlich model is represented by Eq. (4.8) [108]
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1
logq,= logK .+ HlogCe (4.8)

where the K¢ is Freundlich constant, n is a constant that gives information about the degree of
heterogeneity of the surface sites. The constants of this model are calculated by the slope and
intercept of a plot of log ge versus log Ce.

The Dubinine-Radushkevich (D-R) isotherm model was used to predict the nature of the
adsorption processes as physical or chemical by calculating the sorption energy. The linear
form of this model is described by Eq. (4.9) [178]:

1 2
Ing_= InQ,- Kpg [RTln (1+C—e>] (4.9)

where Kpr (mol?/kJ?) is the D-R constant, which is determined as the slope of Inge versus

2
[RT In[hciﬂ
¢/1 | and the intercept yields the adsorption capacity Qo (mg/g).
Results from Table 4.12 indicate that the Freundlich isotherm model fitted well Pb*

adszorption on y-alumina while the D-R isotherm model gave the best fitting for Ni** and
Cd*".

Table 4. 12. Adsorption isotherm parameters (C;= 25 mg/mL, t = 24 h, m/V = 200 mg/L, m4=1, 2, 3,
4,5, 7 and 10 mg, pH = 6.5 for Pb®*and pH = 6 for Ni** and Cd**)

Isotherm model Ni? cd* Pb**

and model 25°C  35°C 45°C 25°C 35°C 45°C 25°C 35°C 45°C

parameters
gn 21.15 22.88 2539 19.22 2098 2332 93.99 9475 95.39
Langmuir K. 1251 1216 1176 2493 2322 2131 41822 48592 53307
isotherm K. 0.021 0.021 0.020 0.022 0.021 0.019 0.202 0.234 0.257
R® 0.934 0912 0.937 0.947 0.937 0.924 0980 0.987 0.986

Ke 0.234 0.273 0.294 0.196 0.227 0.266 1524 17.28 18.55

Eget‘;]r;fr':fh Ln 1300 1348 1339 1442 1381 1317 0754 0731 0734
R® 0941 0926 0955 0956 0941 0922 0.986 0.987 0.987
Oubinin. Gm 2347 2369 2396 2152 2249 2347 4729 4942 50.70
madushievicn K 782 782 780 856 852 847 839 834 83
isotherm . 7993 7998 800 764 766 758 772 774 1.75

R®  0.992 0990 0.997 0984 0991 0995 0.738 0.766 0.773

4.10.6.4 The thermodynamics of the adsorption process

The influence of temperature on the adsorption process was examined at the three
different temperatures 298, 308 and 318 K. The Gibbs free energy, enthalpy (AH®) and
entropy (ASP) for Pb?*, Ni** and Cd®* ions adsorption was calculated according to Eq. (4.10)
and (4.11):

AG’= -RTIn(K; ;) (4.10)
AS"  AH’

hl(KL]): T - ﬁ (411)

where AG? is the Gibbs free energy change (kJ/mol), T is the absolute temperature (K), R is
the universal gas constant (8.314 Jmol/K) and K is a non-dimensional constant derived from
Eq. (4.6).

The negative values of AG? indicate the feasibility and spontaneity of Pb**, Ni** and Cd**
adsorption on y-alumina (Table 4.13) [113]. Due to the endothermic character of Pb**, Ni®*
and Cd?* ions adsorption on y-alumina the beneficial processes take place at higher
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temperature (Table 4.12). The value of AH? give an information about the type of Pb?*, Ni?*
and Cd*" adsorption onto y-alumina as follows [178,179]: AH® in the range from 2.1 to
20.9 kJ/mol for physical adsorption and from 80 to 200 kJ/mol for chemical adsorption. It can
be deduced that the adsorption of the ions of interest represents the physical process. The
positive values of AS® reflect an increase in the randomness between solid and solution
interface during the uptake of Pb*, Ni**, and Cd** onto y-alumina. The higher value of AS’
found for Pb?* ions points to a more spontaneous adsorption process.

Table 4. 13. Calculated Gibbs free energy, enthalpy and entropy for y-alumina

AG’ (kJ/mol) 0 0 )

208 K 08 K I8 K AH" (kJ/mol) AS” (J/mol K) R
Ni** -27.48 -28.49 -29.49 2.45 100.40 0.999
cd* -28.95 -30.15 -31.31 6.20 117.92 0.998
Pb?* -36.33 -37.94 -39.41 9.59 154.09 0.986

An additional criterium used to assess the feasibility of the studied adsorption processes on
the given adsorbent, i.e., the separation factor (R.), is calculated using Eq. (4.12):
1
R, (7.0 (4.12)

where Co (mol/dm?) is the initial adsorbent concentration and K (dm%mol) is the Langmuir
constant. The value of R, indicates the type of an isotherm: irreversible (R = 0), favorable (0
< R_ <1), linear (R. = 1) or unfavorable (R_ > 1). The R values obtained for the adsorption
of Ni**, Cd** and Pb®* on y-alumina are in the range 0.824 to 0.980, 0.818 to 0.981 and 0.279
to 0.832, respectively, which indicate that the studied adsorption are favorable processes.

4.10.6.5 Kinetics study of y-alumina adsorption

Kinetic studies were performed to determine the rate of the adsorption process. The
kinetic models used for this purpose include pseudo-first order kinetics (Eq. (4.13)) [108]:
ksl
IOg(qe- qt) - log(qe) - 2303t (4.13)

and pseudo-second order (PSO) kinetics (Eq. (4.14)) [108]

t 1
—= +—t (4.14
q  koq? g, 19
where ge and q; are the adsorption equilibrium capacity (mg/g) at time t, respectively. The
rate of adsorption uptake is generally considered as one general step, as described by the
pseudo-first order and PSO equations.
Second order equation used for adsorption is given by Eq. (4.15):
1 1
C. kot+ C. (4.15)
where C. and C; are the adsorbent equilibrium concentrations (mg/mL) at time t, respectively.
More elaborated modeling is achieved using the inter-particle diffusion model, i.e. the
Weber—Morris model, which is calculated as follows [108]:
q=kyt™ (4.16)
where ky, (mg/g min~) represents the intra-particle diffusion rate constant and t denotes
contact time (min). The Weber-Morris model considers four consecutive steps: pollutant
transport in the bulk, diffusion through the liquid film surrounding the particle surface (film
diffusion), diffusion through the pores inside of particles (intra-particle diffusion) and
chemical reaction (adsorption/desorption). The variable and constant of each kinetic model

1/2
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are calculated and presented in Tables 4.14-4.16. The correlation coefficient (R%) values of
the second order kinetics are the highest for Ni** and Cd** while ones for Pb?* indicate that
experimental data could be better described by a pseudo-second order kinetic model.

Table 4. 14. Kinetic parameters for Pb?*, Ni**, and Cd** onto y-alumina (C; =25 mg/mL, m,¢ = 10 mg,
V=5mL, pH=6)

Sorbat/kinetic law order Pseudo-first Pseudo-second Second order
Oe 11.686 10.337 10.337
Ni%* K (Ks1, ks2, k2) 0.0368 0.00796 0.002099
R 0.963 0.947 0.972
Oe 11.362 12.471 12.471
cd* K (Kst, Ks2, k2) 0.030 0.004 0.001822
R? 0.935 0.876 0.968
Oe 5.278 13.187 13.187
Pb?* k (Ksz, Ksz, ko) 0.1282 0.0397 0.057813
R? 0.946 0.999 0.944

According to obtained kinetic results, the activation energies are calculated using the
Arrhenius equation, (Eq. (4.17)) [113]:

'Ea
k,=kqexp (ﬁ) (4.17)
where k; (g/(mgmin)) is the pseudo-second order rate adsorption constant, ko (g/(mmol-min))
is the temperature independent factor, E; (kJ/mol) is the activation energy.

Table 4. 15. Pseudo-second order kinetic model parameters for Ni%*, Cd** and Pb*" adsorption on y-
alumina at 25 °C, 35 °C and 45 °C

Adsorbate k, [g /mg min] Aq [%] R?
25 °C 0.002099 3.36 0.972
Ni%* 35°C 0.001974 3.68 0.971
45 °C 0.001867 3.87 0.970
25 °C 0.001822 3.91 0.967
cd* 35°C 0.001809 4.04 0.942
45 °C 0.001796 5.19 0.905
25 °C 0.057813 3.35 0.944
Pbh** 35°C 0.062165 3.33 0.945
45 °C 0.066844 3.21 0.946

Calculated results are as follows E, = 4.60 kd/mol for Ni** ions, E, = 0.58 kJ/mol for Cd**
ions and E, = 5.71 kJ/mol for Pb®* ions. In the physical adsorption the equilibrium is usually
quickly achieved and easily reversible, due to the energy requirement is small (E; = O-
40 kd/mol) [178]. The values of activation energy for Pb**, Ni** and Cd*" confirm that the
adsorption of all three metal ions onto y-alumina is a physical adsorption process.

The consideration of adsorption process as consecutive/competitive stepwise process is
satisfactorily described by the use of Weber-Morris (W-M) model and results are given in
Table 4.16.

The W-M fitting reveal that two successive linear steps well describe adsorption process:
fast kinetics in the first step followed by very slow reaching the equilibrium in the second
stage. A larger intercept found for the y-alumina indicates higher resistance, i.e. slower ionic
transport due to hindered intra-particle diffusion. The first linear step describes the external
mass transfer from the bulk solution to the most available adsorption sites, while the second
step represents processes which highly depend on adsorbent porosity, i.e. pore geometry and
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network density. The intra-particle and film diffusion resistance slow down adsorbate
transport. The adsorption takes place at low rate at the final stage of the process, until
saturation of all available surface sites is achieved.

Table 4. 16. The rate constants of intra-particle diffusion kinetic modeling (C;=25 mg/mL,
Mags=10 mg, V=10 mL, pH=6)

Step Constants Ni** cd* Pb**
Step 1 Koz (Mg/g min™®?) 1.539 1.903 3.094
(Intra-particle diffusion) C (mg/g) -0.5969 -1.4989 2.347

R? 0.995 0.997 0.999
Step 2 ko2 (Mg/g min™®?) 0.6510 0.797 0.466
(Equilibrium) C (mg/g) 3.671 2.534 9.860

R? 0.997 0.993 0.996

4.10.7 Comparative analysis of the adsorption performance of y-alumina

Comparison of adsorption capacity of highly ordered p-alumina with PMMA
microspheres template was difficult to perform due to insufficient literature data for
application of such materials in such purpose. Only, 3DOM y-alumina supported CoMo-
based catalyst significantly enhances the hydrodesulfurization activity of dibenzothiophene in
striking contrast to commercial mesoporous alumina supported catalyst [170]. Hence, the
comparison of adsorption performance of synthesized highly ordered y-alumina and available
literature data is performed to recognize benefits of the possible use of synthesized adsorbent
in a water purification processes (Table 4.17).

Table 4. 17. Material properties and adsorption capacities of y-alumina

lon Adsorbent pHpzc Capacity [mg/g] Reference
3DOM y-alumina 6.4 95.39 (pH 6.5) [180]
Pb* y-alumina - 65.67 (pH 7.0) [173]
nanostructured y-alumina 109.04 (pH 4.5) [181]
3DOM y-alumina 6.4 25.39 (pH 6.0) [180]
NiZ* y-alumina NP” - 38.14 (pH 10) [108]
alumina/humic acid 7.0 21.0 (pH 7.0) [177]
alumina/walnut shell 6.0 6.8 (pH 7.0) [177]
3DOM y-alumina 6.4 23.32 (pH 6.0) [180]
cd* alumina/humic acid 7.0 13.9 (pH 7.0) [177]
alumina/walnut shell 6.0 9.3 (pH 7.0) [177]

Comparison of the gmax values of materials based on y-alumina, with similar pHpzc and
regardless to the applied synthesis conditions, indicates that three-dimensional ordered
structure contributes to improved absorption capability of y-alumina. The results obtained for
the capacity of 3DOM y-alumina compared to those for y-alumina [173] show higher
potential for Pb?* removal, as results of structure itself, i.e. higher number of available
adsorption surface sites for pollutant removal. Higher capacity of 3DOM jy-alumina with
respect to Cd**, comparing to hybrid alumina/humic acid adsorbent [177], proves the superb
adsorption performance of material present in this study. Also, results presented in Table
4.17, show that adsorption capacity of 3DOM y-alumina with respect to Ni** is comparable
with literature data found for hybrid material based on alumina [177], while is lower to those
found for alumina nanoparticle [108].
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Presented study is performed with a goal to obtain scientific results useful for
consideration of possible application in macroscopic/realistic system for water purification.
Conversely, the adsorption properties of 3DOM y-alumina could be improved by changing
surface properties by introducing the iron oxide deposit/layer in a controlled procedure [99].
The development of new modification approaches, must be justified by an appropriate
increase in adsorption capacity. This goal will be achieved through the synthesis of modified
3DOM y-alumina adsorbents to manufacturing the novel material suitable for removal of
heavy metals from natural water.
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5 CONCLUSION AND FURTHER RESEARCH PERSPECTIVE

The primary purpose of the research described in this dissertation is to use commercial
industrial waste (PET) to produce new eco-friendly and multifunctional materials for
potential use in industry, construction and mining. Waste PET was used to synthesize UPR
resin that served as a polymeric matrix for the incorporation of alumina nano- and micro-
scaled particles. UPR resins was synthesized by a stepwise polycondensation process from
two-function products of catalytic depolymerization of PET and maleic anhydride. The
relatively poor mechanical and thermal properties of pure cross-linked UPR resin limit its
application in high performance materials. The aforementioned disadvantages can be
compensated by the addition of inorganic or organic fillers of appropriate dimensions,
textural features and surface functionality.

The UPR resin was synthesized by a two-step process: 1) catalytic glycolysis of PET
using propylene glycol and 2) polycondensation of the obtained intermediate (polyol) with
maleic anhydride. NMR qualitative analysis showed that the predominant products of PET
glycolysis are the symmetric and asymmetric glycol esters of terephthalic acid and glycols.

Commercial nano-scaled and synthesized Fe doped submicro-scaled alumina were
completely characterized and used as reinforcement in UPR based composites. Mechanical
test results indicate that the tensile strength micro Vickers hardness of the composites are
higher than the pure UPR resin for both types of alumina particles and its loadings.
Somewhat better results were obtained for composites strengthened with commercial nano-
scaled alumina, as expected. Since alumina particles posses hydrophilic nature, which is
incompatible with hydrophobic segments of polymeric matrices, some actions were required
to be done to additionally enhance mechanical properties of corresponding composites. To
address this issue, alumina was modified using organosilanes capable to anchor to filler
surface via myriad of available hydroxyl groups. Such obtained particles are suitable for
establishment of a great linkage with polymeric matrices, such as UPR.

Dynamic-mechanical, tensile properties and hardness of nominally brittle, thermosetting
UPR and UPR/alumina composites was studied in relation to quantity, structure and surface
properties, and extent/type functionalities of added c-Al,O3; and Fe-Al,O; filler. The obtained
results showed that the critical concentration of filler loading was 1 wt%, above it dramatic
decline in mechanical properties of composites was remarked. A greater increase of o,
33.4%, for UPR/c-Al,O3(d) in comparison to 27.1% for UPR/Fe-Al,O3(d) was found. Also,
low increase, 34.6% and 26.9%, for UPR/c-Al,O3VTMOEO(d) and UPR/c-Al,0sMEMO(d)
composites, respectively, were found. Contrary to this, significant increase, 62.5% and
50.5%, for Fe-UPR/AI,O3(VTMOEO, MEMO)(d), respectively, showed that extent/type of
alumina surface modification significantly influences o; change. Obtained results indicated
two contributing factors of main reinforcing effect: physical interactions (intermolecular
interactions) and chemical cross-linking (covalent bonding) to system reactivity and change
of mechanical properties. First phenomenon was main operative in both, UPR/c-Al,O3 and
UPR/Fe-Al,0O3; composites, higher in the first one, while covalent bonding had the highest
contribution in UPR/Fe-Al,O3VTMOEO composites. Higher accessibility of vinyl groups,
bound at a lower extent in the inner interfacial layers of UPR/Fe-Al,O3(VTMOEO,
MEMO)(d), efficiently participate in a cross-linking reactions. Additionally, SEM analysis of
UPR/AI,O3 indicated that the structured aggregates with embedded polymeric chains created
an inner interface between UPR macromolecules/filler increasing effectiveness of
intermolecular interactions and increase of the tensile strength was a consequence.

Similar reinforcing phenomena operative in both, UPR/c-Al,03(VTNOEO, MEMO) and
UPR/Fe-Al,03(VTMOEO, MEMO), clearly showed the significance of the optimal alumina
modification to achieve higher performances of produced composites. Vinyl functionalized
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alumina, i.e. Fe-Al,O3VTMOEO, contributed to significant improvement of the fracture
toughness and VH. Besides, increased T4 confirmed the improvement of storage and loss
modulus, and dynamical-mechanical properties of UPR based composites.

Using the APTMS and APTMS-BD modified alumina contributed in somewhat lower
improving of mechanical properties of UPR resin. Obtained results showed that better
reinforcing effect was obtained with embedding pristine alumina particles into UPR matrix.
Somewhat better mechanical improvement was achieved by incorporation of the APTMS-BD
modified alumina into UPR matrix.

Dynamical-mechanical properties of the composites strengthened with APTMS and
APTMS-BE modified alumina were significantly improved which was mostly reflected in
elevated Ty Ty showed lower values for functionalized alumina due to steric hindrance
exhibited by modifiers segments attached onto filler particles. Moreover, free BD segments in
composites with APTMS-BD modified particles additionally lowering the Ty values
(plasticizing effect).

The obtained eco/multi-functional materials are potentially suitable for application in
industry, mining and construction. According to mechanical properties, composites with
embedded pristine alumina are more suitable for materials which will be subjected to
dynamic loadings, while the ones containing modified fillers are better for the materials
which will be undergone to high static loadings.

Further research plans will focus on finding an adequate styrene replacement as a
monomer for cross-linking of UPR resins. Since alumina is well known material used as
flame retardant, the goal is to modify/combine it with, a reactive substance containing
phosphorus, nitrogen or silicon, to additionally improve this characteristic. In this manner,
environmental friendly flame retarders will be obtained. In addition, the idea is to utilize
melamine, siloxane and/or bio-renewable resources (glycerol, fatty acids from natural oils)
that would be liquid to maintain compatibility and processing during the preparation of UPR
resin and appropriate composite. Incorporation of long, flexible fatty acid chains to the
formulation of these products will plasticize, while presence of a rigid aromatic ring from
PET will retain partial rigidity of end-products. Introduced unsaturation or reactive groups
within the products thus obtained would react with the previously synthesized acrylic or
methacryloyl chloride, thereby producing a replacement for styrene as a cross-linking
monomer. Styrene replacement would be done gradually until an adequate composite
formulation will be found that would give a product that is as satisfying as a flame retarder
(the target achieved a V-0 standard according to the UL-94 standard method) and could
provide means for completely styrene substitution.

Three-dimensionally ordered macroporous (3DOM) y-alumina was synthesized using
PMMA as porogen agent. XRD measurements confirmed the y-alumina crystal phase, while
SEM confirmed macro and micro porosity. Synthesized adsorbent was used for Pb?*, Ni*",
and Cd?* removal, and the results showed that pH is an important parameter which control
effectiveness of pollutant removal.

The quality of the isotherm modelling of adsorption data was judged by the correlation
coefficients and error functions, and the best adsorption model was found to be Freundlich
isotherm for Pb?* removal and Dubinin-Radushkevich isotherm for Ni** and Cd** removal.
The AH° value of 9.59 ki/mol for Pb?*, 2.45 kd/mol for Ni** and 6.20 kd/mol for Cd**
adsorption onto y-alumina indicated the dominance of physical adsorption. The positive
values of AS? reflect suggest high spontaneity of adsorption processes. Time dependent
studies showed that the best fitting kinetic model is parabolic or Weber-Morris model giving
the highest values of correlation coefficients compared to the other investigated models. The
kinetic data of the adsorption on all the investigated adsorbents were well fitted with the
pseudo-second-order kinetic and Weber-Morris models, suggesting that the rate-limiting step
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was diffusion rather than chemical sorption. Calculated activation energies, E,, of 4.60 kJ/mol
for Ni**, 0.58 kd/mol for Cd** and 5.71 kJ/mol for Pb** indicate that the adsorption of all three
ions onto y-alumina is a mainly physical adsorption process.
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Ovi licni podaci mogu se objaviti na mreznim stranicama digitalne biblioteke, u
elektronskom katalogu i u publikacijama Univerziteta u Beogradu.

Potpis autora
U Beogradu,
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Prilog 3
Obrazac 7.

Izjava o koriS¢enju

Ovlas¢ujem Univerzitetsku biblioteku ,,Svetozar Markovi¢®“ da u Digitalni repozitorijum
Univerziteta u Beogradu unese moju doktorsku disertaciju pod naslovom:
,Funkcionalizacija c¢estica aluminijum-oksida za kompozite na bazi nezasi¢enih
poliestarskih smola dobijenih iz reciklovanog poli(etilentereftalata)®

koja je moje autorsko delo.

Disertaciju sa svim prilozima predao/la sam u elektronskom formatu pogodnom za trajno
arhiviranje.

Moju doktorsku disertaciju pohranjenu u Digitalnom repozitorijumu Univerziteta u Beogradu
1 dostupnu u otvorenom pristupu mogu da koriste svi koji poStuju odredbe sadrzane u
odabranom tipu licence Kreativne zajednice (Creative Commons) za koju sam se odluéio/la.
1. Autorstvo (CC BY)

2. Autorstvo — nekomercijalno (CC BY-NC)
@Autorstvo — nekomercijalno — bez prerada (CC BY-NC-ND)

4. Autorstvo — nekomercijalno — deliti pod istim uslovima (CC BY-NC-SA)

5. Autorstvo — bez prerada (CC BY-ND)

6. Autorstvo — deliti pod istim uslovima (CC BY-SA)

(Molimo da zaokruzite samo jednu od Sest ponudenih licenci.

Kratak opis licenci je sastavni deo ove izjave).

Potpis autora
U Beogradu,

89



1. Autorstvo. Dozvoljavate umnozavanje, distribuciju i javno saopS$tavanje dela, i prerade,
ako se navede ime autora na nacin odreden od strane autora ili davaoca licence, ¢ak i u
komercijalne svrhe. Ovo je najslobodnija od svih licenci.

2. Autorstvo - nekomercijalno. Dozvoljavate umnozavanje, distribuciju i javno
saopStavanje dela, i prerade, ako se navede ime autora na nacin odreden od strane autora ili
davaoca licence. Ova licenca ne dozvoljava komercijalnu upotrebu dela.

3. Autorstvo — nekomercijalno — bez prerada. Dozvoljavate umnozavanje, distribuciju i
javno saopStavanje dela, bez promena, preoblikovanja ili upotrebe dela u svom delu, ako se
navede ime autora na nacin odreden od strane autora ili davaoca licence. Ova licenca ne
dozvoljava komercijalnu upotrebu dela. U odnosu na sve ostale licence, ovom licencom se
ogranicava najveci obim prava koris¢enja dela.

4. Autorstvo — nekomercijalno — deliti pod istim uslovima. Dozvoljavate umnozavanje,
distribuciju i javno saopstavanje dela, i prerade, ako se navede ime autora na nacin odreden
od strane autora ili davaoca licence i ako se prerada distribuira pod istom ili slicnom
licencom. Ova licenca ne dozvoljava komercijalnu upotrebu dela i prerada.

5. Autorstvo — bez prerada. Dozvoljavate umnoZzavanje, distribuciju i javno saopStavanje
dela, bez promena, preoblikovanja ili upotrebe dela u svom delu, ako se navede ime autora na
na¢in odreden od strane autora ili davaoca licence. Ova licenca dozvoljava komercijalnu
upotrebu dela.

6. Autorstvo — deliti pod istim uslovima. Dozvoljavate umnozavanje, distribuciju i javno
saopStavanje dela, i prerade, ako se navede ime autora na nac¢in odreden od strane autora ili
davaoca licence i ako se prerada distribuira pod istom ili slicnom licencom. Ova licenca
dozvoljava komercijalnu upotrebu dela i prerada. Sli¢na je softverskim licencama, odnosno
licencama otvorenog koda.
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