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INTRODUCTION

Nanotechnology is a fascinating field with a highly significant impact on revolutionizing
science across various disciplines, such as chemistry, physics, engineering, and biology. It allows
for the manipulation of matter at the atomic or molecular level by involving diverse scientific
branches, offering unique opportunities for technological development and innovation in multiple
areas. In the 21st century, nanoscience and nanotechnology play a crucial role in the industrial
revolution, thus nanotechnology is seen as a new driving force for economic growth.

In recent years, the number of products and applications that contain or use nanomaterials
has increased considerably. Thus, it is evident that nanotechnology, being a major part of materials
science, is also becoming a part of society through the commercialization of nanomaterials. These,
through revolutionary changes in shapes, properties, and functions, promote the development of
industries such as medicine, agriculture, the environment, aerospace, information sciences, and
more, contributing to the improvement of human quality of life [1,2].

The topic of the doctoral thesis holds interest both nationally and at the european level. The
doctoral dissertation titled "Porous Nanomaterials. Preparation, Properties, Applications” is
based on the development of porous nanomaterials such as mesoporous titanium oxide,
mesoporous carbon, and Co and Ni ferrites with spinel structure for various applications in
photocatalysis and adsorption processes. The first part of the thesis, encompassing Chapter 1,
reviews the information from the literature on porous nanomaterials, their specific properties,
characteristic synthesis methods, and their application areas. In the second part, new synthesis
experiments were proposed, developed, and conducted with the aim of improving the properties
of the targeted materials. Thus, the original part of the thesis begins with defining the aim and
objectives. The following paragraph describes the experimental methods used for preparing
mesoporous materials (Chapter 2) and continues in the subsequent chapters with the description
and interpretation of the original results obtained. Chapter 3 presents a study on titanium oxide
nanomaterials obtained using the sol-gel technique, focusing on the influence of synthesis
parameters (ultrasound conditions, the nature of titanium sources, and surfactants) on the
physicochemical properties and the evaluation of the photocatalytic properties for degrading
organic molecules by the resulting mesoporous materials. The preparation of spinel ferrites
CoFe204 and NiFe20s by microwave-assisted sol-gel combustion synthesis using different

combustion agents, as well as the characterization of these materials along with the evaluation of



their adsorption properties for organic pollutants, are described in Chapter 4. Chapter 5 presents
the pyrolysis processes of lignocellulosic biomass leading to the formation of carbon materials,
characterization, and investigation of the sorption properties of these materials for oily liquids.
For each chapter, specific conclusions are listed, followed by the general conclusions and
bibliographic sources. At the end of the thesis, the annexes include: methods of characterization
of the obtained nanomaterials (Annex 1), the scientific activity carried out (Annex Il), and copies

of published works related to the thesis subject (Annex IlI).

Purpose and Objectives
The purpose of this study is to establish preparation methods for porous materials with
controlled structures and properties through synthesis, as well as to identify and define their
application areas.
Throughout the doctoral program, | have proposed and achieved the following objectives:
% Control of synthesis conditions on the structure and properties of mesoporous
titanium oxide (TiO2)
The following parameters were correlated with the properties of the synthesized oxide
products:
Ultrasonication regime
» Structural and morphological examination: analysis through FTIR spectroscopy, XRD, and
SEM to determine how ultrasonication impacts the crystal structure and morphology.
» Evaluation of textural properties: assessment of adsorption-desorption processes of N2, and
correlation with optical properties using UV-DR
> Photocatalytic processes: investigation of photocatalytic degradation of persistent dyes
using the synthesized catalysts, including the identification of active species to elucidate
the degradation mechanism.
Nature of the titanium source
» Synthesis and analysis: development of mesoporous titanium oxide with different titanium
sources, followed by analysis using SEM, XRD, FTIR, UV-DR, and N2 adsorption-

desorption techniques.;



> ldentification of optimal characteristics: determination of the best results in terms of
textural, qualitative, morphological, and structural characteristics for implementation in
photocatalytic systems.

Nature of the structuring agent

» Structural investigation: analysis of the synthesized oxide materials (XRD), focusing on the
influence of different surfactants on crystallite size;

» Textural characterization: examination of the textural properties using the N2 adsorption-
desorption method;

> ldentification of functional groups: FTIR analysis to identify characteristic groups of
mesoporous titanium oxide, and investigation of morphological properties (SEM) and
optical properties;

» Photocatalytic testing: conducting photocatalytic tests and identifying active species to
determine the possible degradation mechanism.

Optimization study of control factors in titanium oxide synthesis: influence of the titanium
source/surfactant ratio and ultrasonication time:

» Synthesis of TiO>: the synthesis involved varying the titanium source/surfactant ratio and
ultrasonication time to investigate their effects on the physicochemical properties of the
synthesized materials;

» Characterization: the study included detailed investigation of the morphological, structural,
qualitative, textural, and optical characteristics;

> Photocatalytic application: the synthesized materials were tested in photocatalytic
processes under UV light irradiation using an internal lamp.

% Application of an innovative method combining sol-gel synthesis and microwave-
assisted autocombustion for the production of cobalt and nickel ferrites with spinel
structure

e Synthesis design: development of sol-gel synthesis methods through autocombustion under
microwave influence, using various combustion agents to produce ferrites;

e Characterization: the ferrites were analyzed for textural, morphological, structural,
magnetic, and optical properties;

e Adsorption applications: testing CoFe2,O4 and NiFe2O4 ferrites in adsorption applications.



¢ Production and valorization of carbon materials from renewable resources.

e Activated carbon synthesis: synthesis of activated carbon through pyrolysis of vegetal
sources;

e Characterization: the carbon materials were characterized using various analytical
techniques to determine their physicochemical properties and identify potential application

areas, particularly in sorptive processes;

e Sorption testing: the activated carbon was tested for its adsorption capabilities with organic
compounds.



CHAPTER 3: TITANIUM OXIDE NANOMATERIALS

This chapter presents a laboratory study that introduces an original approach by
investigating the effect of various sol-gel synthesis parameters on the physicochemical
characteristics of TiO2 and their corresponding applicability in the field of photocatalysis.

It was observed that varying the synthesis parameters allows for significant control over
the properties of the materials. Literature studies have shown that the surfactant/titanium alkoxide
ratio, synthesis method, and nature of the titanium alkoxide influence the textural, structural, and
morphological characteristics of TiO2 [118-120].

Among the known methods for synthesizing TiO2, the sol-gel technique has garnered
significant attention from researchers due to its ability to ensure good chemical homogeneity.
Additionally, this technique allows for better control over the physicochemical characteristics of
nanomaterials, such as surface morphology, specific surface area, crystallite and nanoparticle size,

crystallinity, and phase type, even at relatively low temperatures.

3.2. Impact of synthesis parameter variation in the preparation of TiO2 nanomaterials

The synthesis of titanium oxide nanomaterials was carried out through sol-gel processes
(as depicted in Scheme 3.1) for three distinct series of samples, each incorporating variations in
synthesis parameters. In this context, the effects of ultrasonication regime, titanium source, and
surfactant on the properties of TiO2 were investigated. The ultrasonication regime was applied in
a pulsating manner, alternating between ultrasonic irradiation for several seconds (on) and pauses
(off). Various titanium alkoxides ((RO)s-Ti) were used as titanium sources, labeled according to
the nature of the R radical: ethyl (TiO2ET), n-propyl (TiO2PR), isopropyl (TiO2IPR), and butyl
(TiO2BU). Nonionic block copolymers (Pluronic F127 and F123) and ionic surfactants (CTAB

and SDS), known for their surfactant properties, were employed as surfactants.

hy lysi .
Ti(OR)4 + 4Ho0 — 2N _ T40R),., (OH), + 4-ny ROH

0
/ condensation >Ti/ \Ti/—

—Ti—OR + HO—Ti— ———>
/ AN
0
/ condensation \ / \ /
—Ti—OH + HO—Ti_— — 5> —Ti Ti—

Scheme 3.1. Schematic representation of the hydrolysis and condensation reactions in the synthesis of
mesoporous titanium oxide



3.3 Study of the effect of ultrasound regimes on the characteristics of TiO2
In this study, titanium dioxide (TiO2) samples synthesized under various ultrasonic regimes

were characterized using X-ray diffraction (XRD) to understand the impact of ultrasonic treatment
on the crystalline structure of the material. The XRD analysis revealed that the ultrasonic regime
significantly influences the nucleation and crystal growth processes, which are crucial in
determining the final structure of the TiO.. The diffractograms displayed characteristic peaks for
titanium dioxide at specific 26 angles, corresponding to the anatase crystalline phase, as identified
by the JCPDS 21-1272 standard. These peaks were observed at 26 angles of 25.4°, 38°, 48°, 54°,
55.2°, 62.8°, 69.14°, 70.18° and 75.2°. Additionally, the ultrasonic regime can lead to the

formation of a secondary brookite phase, indicated by a minor peak at 26 = 31°.
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Figure 3.7. X-ray diffraction patterns of samples synthesized under (a) ascending/constant on/off
ultrasound regimes and (b) alternating ascending/descending on/off ultrasound regimes

According to the Scherrer equation, the crystallite sizes calculated for the synthesized TiO2
samples ranged between 7.1 and 7.9 nm (as shown in Table 3.3). Similar crystallite sizes were

also obtained using the Williamson-Hall theory.
Table 3.3. Structural parameters of TiO, samples from series |

ID 20 FWHM Dscherrer Dw-H d(1o1) (nm) do S

samples | (degrees) (nm) (nm) (nm)

TiO21.1 25,42 1,15 7,8 8,2 0,35 0,40 0,0047
Ti0z2.1 25,37 1,18 7,6 7,0 0,35 0,40 0,002
TiO23.1 25,36 1,23 7,3 8,9 0,35 0,40 0,0051
TiO24.1 25,37 121 74 7,3 0,35 0,40 0,0034
Ti021.3 25,38 1,26 7,1 6,7 0,35 0,40 0,0018
Ti022.2 25,40 1,13 7,9 9,1 0,35 0,40 0,0051

FWHM - Full width at half maximum for the representative peak of anatase (degrees); Dscherrer — Crystallite size
calculated using the Scherrer equation (nm); Dw_n — crystallite size calculated using the Williamson-Hall method
(nm); d(i01) — interplanar spacing (nm); ao — lattice parameter (nm); € — relative strain.
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isotherms obtained were of Relative pressure P/P0

type IV with H2-type Figure 3.9. Nitrogen adsorption-desorption isotherms and pore size

hysteresis loops, characteristic distribution calculated using the BJH method on the adsorption isotherm
’ for the TiO, samples from series |
of such materials. Capillary

condensation, primarily occurring in mesopores, was observed at relative pressures p/p0 = 0.4-0.8.
The type of hysteresis loop varied with the ultrasound regime applied, indicating that adjusting the
ultrasound duration can lead to a more uniform pore distribution or the formation of pores within
a broader range (3-20 nm).

These results suggest that the TiO2 oxides prepared using the ultrasound-assisted sol-gel
technique exhibit optimal properties and characteristics for photocatalytic applications. The
samples from series | were tested for the photodegradation of the azo dye Congo Red (CR), which
is not susceptible to photolysis under UV light.
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Figure 3.12. (a) Adsorption in the absence of light and photocatalytic degradation of CR dye under UV

light exposure, (b) Efficiency of CR dye removal in the presence of TiO photocatalysts (series ), where

the initial pollutant concentration is 50.0 mg/L, catalyst dosage is 1g/L, and temperature is maintained at
20+ 2°C.

It was observed that both the amount of dye adsorbed and the degradation rate depend on
the nature of the photocatalyst. Before the photocatalytic tests, the CR solution was left in contact
with the TiO2 samples for 30 minutes to achieve adsorption equilibrium. The TiO, 4.1 sample
exhibited the highest adsorption potential (40%). The efficiency of dye degradation increased
slightly to values above 70%. (Figure 3.12) The best results were recorded for the TiO2 4-1, TiO23-
1, and TiO22-1 catalysts, obtained by applying 4on-1off, 3on-1off, and 2on-1off ultrasound

regimes, respectively.
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Analyzing the data in Table 3.8, it is observed that as the number of carbon atoms in the
alkyl chain of the titanium source increases, the BET specific surface area of the titanium dioxide
decreases. Since the specific surface area values increase similarly to the reactivity of the titanium
sources, the samples in series Il can be arranged in the order: TiO2IPR > TiO2ET > TiO2PR >
TiO2BU.

Table 3.8. Textural Parameters of TiO, Samples (series I1)

Sample ID | Sget, M?/g | Viot, €C/g | Dpor, (M
TiOET 116 0,20 8,50
TiO.PR 108 0,22 9,16
TiO2IPR 136 0,27 7,81
TiO,BU 98 0,13 5,97

Seer — specific surface BET; Vi — total pore volume; Dyor — pore diameter.

The effect of the titanium
source in the ultrasound-assisted sol-
gel synthesis on the morphology of
mesoporous TiO2 was investigated
using electron microscopy (SEM and
TEM). The study showed that

alkoxides with different alkyl chain

TiO, IPR
lengths lead to slightly varied shapes
and sizes of titanium dioxide

particles, as observed in the images in

Figure 3.17. These images indicate

the aggregation of porous particles,

o Figure 3.17. SEM and TEM images of the TiO, samples
confirming the results of BET  synthesized from different titanium sources and histograms

analysis representing the particle size distribution (nm)

The titanium oxide materials in series Il, synthesized with different titanium sources,
demonstrated favorable mesoporous textural and structural characteristics. The TiO, sample
obtained from titanium isopropoxide exhibited the highest values of specific surface area and pore
volume. The crystallite sizes, ordered in decreasing series TiO2IPR > TiO,BU > TiO2PR >
TiO2ET, were predominantly in the anatase phase, sensitive to the UV region. These characteristics

recommend these materials as photocatalysts for testing in the photocatalytic degradation of the



CR dye. As seen in Figure 3.19, the degradation of CR dye in the presence of the synthesized

photocatalysts was successfully achieved.
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Figure 3.19. Time evolution of dye photodegradation on the surface of TiO- catalysts from series 1l (a)
and the efficiency of the photocatalysts in CR degradation under UV light (b)

3.5 Investigation of the characteristics of TiO2 nanomaterials generated in the presence of

different surfactants
The evaluation of
the textural parameters
through the nitrogen
adsorption-desorption
isotherms, represented in
Figure 3.23, highlights
the

porous structure,

providing insight into
how different surfactants
used in the synthesis can
influence the textural
properties of titanium
oxide nanomaterials. The
isotherms studied for this

series (type IV according
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Figure 3.23. Nitrogen adsorption-desorption isotherms and pore size
distribution characteristics of TiO, samples (series I11)

to IUPAC) indicate mesoporosity with complex pore structures, defined by an H2-type hysteresis



loop. The pore size distributions show that the F127 sample has a narrow and uniform pore
distribution, while the other samples exhibit a broader distribution, which can be explained by the
different micelle sizes and the interaction between the surfactant and precursor.

The isotherm data were used to calculate specific surface areas (Sger), total pore volumes
(Vy), and the average pore diameter (Dpor) Was determined from the pore size distribution graphs
(Table 3.13).

Table 3.13 Textural parameters of TiO; (series I11)

Sample Sget, M2/g | Vi, cC/g | Dpor, NM
Code
F127 156 0.13 3.32
P123 88 0,25 10,9
CTAB 87 0,23 3,28
SDS 108 0,26 8,45

Following the analysis of the Tauc plots, the bandgap energy values were determined for
each sample. As observed in Figure 3.25, the obtained materials exhibit bandgap energy values
that are close to those typical for the anatase phase. This indicates that these materials can be
activated by UV light, which is advantageous in the degradation processes of hazardous organic
substances [163].
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Figure 3.25. Tauc plots of TiO, samples (series I1)

The materials from series Il were tested for their photocatalytic properties in the
photodegradation of the CR dye. As shown in Figures 3.26.a and b, the photocatalytic efficiency
decreases in the order of F127 > CTAB > P123 > SDS. The F127 sample exhibits the highest
activity in dye degradation, a result that correlates with its textural characteristics, as F127 is the

mesoporous material with the highest specific surface area (Table 3.14).
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the reduction of dye concentration in aqueous solutions during the photodegradation process (a) and the
efficiency of the catalysts in degrading CR (b)

3.6 Trapping experiments of active species

The photocatalytic activity of titanium nanomaterials involves the generation of reactive
oxygen species (ROS) when the material is exposed to ultraviolet light. These reactive species,
such as hydroxyl radicals (*OH), play a crucial role in the photodegradation of organic
contaminants in the environment. In this context, the mechanism of photodegradation of organic
molecules in the presence of TiO2 was investigated. Photodegradation experiments of the CR dye
were conducted in the presence of active species scavengers in the reaction medium. Isopropyl
alcohol (IPA), hydroquinone (HQ), ethylenediaminetetraacetic acid (EDTA), and potassium
chromate (K.CrO4) were used as scavengers for hydroxyl radicals HOe [179], superoxide Oz*
[180], holes h* [181], and electrons e", respectively [182].

The results of these investigations allowed the development of a mechanism for the
photodegradation reaction of CR dye on TiO2 photocatalysts synthesized via the sol-gel method.
The schematic representation of this reaction is shown in Figure 3.29. By absorbing light energy,
the electrons in the valence band (VB) of titanium oxide are excited to the conduction band (CB),
leaving positively charged holes in the VB. These photo-generated electrons and holes can either
recombine or interact with electron donors or acceptors on the surface of the titanium
photocatalyst, such as hydroxyl (-OH) radicals on the surface of TiO2 or superoxide O radicals
in the reaction medium. These free radicals attack dye molecules and induce oxidation reactions

until complete mineralization is achieved [183-185].
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3.7. Optimization of mesoporous titanium oxide synthesis considering surfactant/Ti source
ratio and ultrasonication time as control factors.

In addition to varying synthesis parameters, a specific objective of this chapter included an
optimization study of control factors in the synthesis of mesoporous titanium oxide. To optimize
the synthesis process, a series of nine TiO2 samples were prepared according to statistical design
of experiments (DoE), simultaneously varying the surfactant/Ti source mass ratio and

ultrasonication time (Figure 3.30).
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Figure 3.30. Schematic representation of the sol-gel synthesis applied for the preparation of TiO»
nanomaterials in the optimization study

The study aimed to investigate the factors that can influence the synthesis process and the
properties of the resulting materials. Nitrogen adsorption/desorption isotherms were recorded to
assess these properties. For each synthesized material in the M1-M?9 series, specific surface areas
and pore volumes were determined. As seen in Figure 3.32, sample M4 exhibits the highest

specific surface area of 132 m?/g and the largest pore volume of 0.331 cm?3/g.



The particle size (histogram in Figure 3.36) for sample M5 is Dtem = 8.89 nm, consistent
with the crystallite size. Additionally, a selected area electron diffraction (SAED) pattern obtained

from TEM (Figure 3.36) shows that sample M5 exhibits significant diffraction at low angles,
indicating that the titanium oxide material has an ordered porosity.
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Figure 3.32. Variation of specific surface area (a), total pore volume (b), and pore size distribution (c) for
TiO; samples

Figure 3.36. TEM images for sample M5 with corresponding particle size distribution histogram and
SAED diffraction pattern



The study demonstrated that sample M5, when used in an immersed lamp photoreactor,
exhibited remarkable photocatalytic efficiency. Figure 3.39.a shows an efficiency of 98.7% in
degrading the CR dye within 150 minutes, while the degradation of the 2,4-D herbicide was 50.4%
after 240 minutes (Figure 3.39.b). This is attributed to the more complex structure of the 2,4-D

molecule.
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Figura 3.39. (a) Time variation of efficiency in the photodegradation of CR and 2,4-D in the presence of
the M5 catalyst, (b) Photocatalytic efficiency (%) of sample M5 in degrading CR dye and 2,4-D herbicide



Conclusion

In conclusion, this extensive study initially focused on synthesizing a set of six mesoporous
TiO2 samples using the ultrasound-assisted sol-gel method (series 1), with variations in the
ultrasound regime. The goal was to identify an optimal ultrasound regime that would promote the
formation of materials with suitable physicochemical properties to support superior photocatalytic
efficiency. All the obtained materials demonstrated the presence of the anatase phase as the
primary phase. As the duration of the "on" cycle in the ultrasound regime increased, a slight
reduction in crystallite size was observed (from 7.8 to 7.4 nm). These materials exhibited bandgap
energy values (3.1 - 3.2 eV) characteristic of the anatase phase. Considering that a longer
ultrasound time in the "on" cycle generated titanium oxide material with a larger specific surface
area, this sample (TiO2 4.1) showed the highest efficiency in degrading the azo dye CR, achieving
98.28% degradation. Consequently, it was found that the titanium oxide nanomaterial obtained
under the 4on/1off ultrasound regime showed the highest first-order rate constant in the CR
degradation process (ki = 3.0 X 102 min™).

A second series of titanium oxide materials was synthesized using different titanium
sources. In this case, titanium tetra(isopropoxide) proved to be the source that yielded mesoporous
titanium dioxide with the largest specific surface area, 136 m2/g, and the highest pore volume, 0.27
cc/g. Additionally, the crystallite size was the largest for this sample, with a decreasing trend in
the order TiO2IPR > TiO.BU > TiOPR > TiOET. Corroborated with morphological
investigations, the structural results revealed that the particle sizes were the same as the crystallite
sizes, presenting a uniform distribution and evident crystallinity, indicating the presence of anatase
as the main phase. These improved characteristics of titanium oxide materials, compared to others
similarly reported in the literature, recommend them as efficient photocatalysts in the degradation
of organic compounds. Thus, the results obtained in the photocatalytic degradation experiments of
the CR dye successfully demonstrate the efficiency (over 89%) of the photocatalysts from the
series: TiO21PR > TiO2ET > TiO2BU > TiO2PR, with the highest photodegradation, 98.28%,
achieved by the TiO2IPR sample.

When another synthesis parameter was modified, namely the type of surfactant (CTAB,
F127, P123, SDS) used as a structuring agent in TiO2 synthesis, a third series of titanium oxide
materials was obtained. The results demonstrated that the TiO. structure generated by the block

copolymer micelles, F127, had the largest specific surface area and the smallest total pore volume.



Additionally, it was observed that the crystallite size differed, following a decreasing trend in the
order: CTAB > F127 > P123 > SDS. Once again, anatase was the main phase for which the
bandgap energy values were well-known (3.2 eV). However, the photocatalytic efficiency in CR
degradation followed a decreasing trend in the order F127 > CTAB > P123 > SDS, with F127
showing an efficiency of 98.2%.

An optimization of the ultrasound-assisted sol-gel synthesis of mesoporous TiO2 was also
carried out, considering two experimental factors as variables. Thus, the ratio between the
surfactant and titanium precursor (r), as well as the ultrasound time (t), were varied, applying
statistical design (DoE) and response surface methodology (RSM) to identify the optimal synthesis
parameters that could lead to the formation of a titanium oxide material with improved
photocatalytic activity. The investigations of CR dye and 2,4-D herbicide degradation under UV
light revealed that 3 g of Pluronic F127 and 60 minutes of ultrasound were the optimal synthesis
parameters for generating a more performant TiO> material (sample M5) with maximum
degradation efficiencies of 98.4% for CR and 46.3% for 2,4-D. The Kkinetics of the
photodegradation processes followed the pseudo-first-order reaction model, with rate constants of
ki =8.86 x 1072 (min') and k> = 6.84 x 102 (min') associated with the (TiO2 + CR) and (TiO2 +
2,4-D) systems, respectively. In conclusion, the synergy between crystallite size, specific surface
area, porosity, particle morphology, and optical properties was successfully demonstrated,
showing a direct dependence on the conditions under which the titanium oxide material was

obtained.



Chapter 4. COBALT AND NICKEL FERRITES WITH SPINEL STRUCTURE

4.1 Introduction

This study aimed to obtain and characterize spinel-type ferrites with the formulas CoFe204
and NiFe2Os. The primary objective of this chapter is to investigate the effect of the nature of the
combustion agent on the characteristics of spinel-type ferrites obtained through the sol-gel method,
with a novel approach involving microwave-assisted combustion. Additionally, to meet the
requirements of adsorption processes, the ferrites were tested as adsorbents for the removal of the

Orange 11 dye from synthetic polluted water.

4.2 Synthesis of Co and Ni Spinel Ferrites by Microwave-Assisted Sol-Gel Combustion

For the synthesis of CoFe>04 and NiFe 04 ferrites, metal nitrates of iron, cobalt, and nickel
were used as cationic sources, while citric acid, maleic anhydride, and urea were employed as

combustion agents.
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Figure 4.1. Schematic representation of the sol-gel synthesis via microwave-induced combustion
of Co ferrite, including the reactions corresponding to each combustion agent: (1) maleic
anhydride, (2) citric acid, and (3) urea.



The first step involved dissolving the nitrate species in stoichiometric amounts with the
corresponding combustion agent. The mixture was then stirred in a water bath at 80°C until the
gel formed. Combustion was triggered by microwave irradiation, after which the obtained

materials were subjected to calcination (Figure 4.1).

4.3 Characterization

The choice of combustion agent and the use of microwaves significantly affect the textural
characteristics of the nanoparticles, as illustrated by the N2 adsorption-desorption isotherms in
Figure 4.5a,b. The isotherms for cobalt ferrites (CoMA, CoCA, CoU) and nickel ferrites (NiMA,
NiCA, NiU) exhibit a sigmoidal shape characteristic of Type Il isotherms, indicating non-porous
or macroporous materials. However, the isotherms for NiCA, NiU, and CoU suggest a transition

towards Type IV, typical of mesoporous materials, with H3-type hysteresis, indicating slit-shaped
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The BJH method confirms the mesoporosity of the synthesized materials. The spinel
ferrites obtained using citric acid and urea exhibit a broader pore size distribution compared to
those synthesized with maleic anhydride (CoAM, NiAM). Specifically, the CoAM and CoAC
ferrites have larger pores than CoU, NiAC, and NiU. Table 4.2 presents the specific surface areas
(SBET), total pore volumes (\Vt), and pore sizes (Dpor) of the studied materials. The nature of the

combustion agent significantly influences the specific surface area and total pore volume of the

ferrites.
Tabel 4.2. Textural parameters of the synthesized ferrites.
Sample Sget (M?/Q) Vi (cm¥/g) Dpor.(NM)
CoMA 8,3 0,020 2,6;7,3
CoCA 8,5 0,022 7,2;12,3
CoU 66,3 0,128 5,03
NiMA 22,0 0,034 3,5;4,3;6,0
NiCA 12,6 0,025 4,3
NiU 94,0 0,176 59

Combustion agents can induce variations in the microstructure of the material, influencing
factors such as crystallite size, grain distribution, and defect density, which in turn affect the
magnetic behavior. The magnetic properties of cobalt and nickel ferrites, measured using a
Vibrating Sample Magnetometer (VSM) at room temperature, are presented in Figure 4.8a,b. Key
magnetic parameters, including saturation magnetization and coercivity, are detailed in Table 4.3.

807 (a) 501(b)

604 604

40-, 404

20+ ] ,

.20 4

40
ol —— CoMA =4l NiMA
60

] ——CoCA -60- —NiCA

-804 —CoU —NiU

Magnetizatie (emu/g)

-30000-20000-10000 0 10000 20000 30000 -30000-20000-10000 0 10000 20000 30000

Camp magnetic (Oe)
Figure 4.8. Magnetic measurements performed at room temperature for Co (a) and Ni (b)

ferrites synthesized via the sol-gel autocombustion method assisted by microwaves using
different combustion agents



The results demonstrate a ferrimagnetic [221] behavior for all cobalt and nickel ferrite
samples prepared with citric acid and maleic anhydride, and a paramagnetic behavior for the NiU
sample [222]. The magnetic properties are correlated with the crystallite size and internal strain.
Saturation magnetization decreases as internal strain increases, due to a non-magnetic layer on the
surface of the nanoparticles [223].

Tabel 4.3. Magnetic properties of Co and Ni nanoparticles

Sample Ms (emu/g) Hc (Oe)
CoMA 76,6 8,0
CoCA 57,4 3,9
CoU 45,4 2,6
NiMA 64,2 3,5
NiCA 51,3 4.2
NiU 43 4x 107*

4.4 Applications

The synthesized ferrites were tested for their adsorption capacity of the Orange-Il dye from
aqueous solutions. The NiU sample (NiFe20O4) demonstrated the best performance due to its high
specific surface area and total pore volume. These properties led to the highest adsorption capacity
and efficiency in dye removal, making the NiU sample ideal for kinetic and thermodynamic studies

of the adsorption process. The test results are presented in Figure 4.9.
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ferrites) for the removal of Orange-1l dye from aqueous solutions: adsorption capacity values (g, mg/g)
and color removal efficiency (Y, %) as a function of the adsorbent used.



Kinetics and Adsorption Isotherms
The kinetics of the adsorption of the anionic dye Orange-11 on the NiU material was studied

at 27 °C, pH 5.0 £ 0.2, with an adsorbent dose of 1 g/L and an initial dye concentration of 50 mg/L.
Figure 4.10a shows the variation in adsorption capacity g: (mg/g) as a function of contact time, t
(min). The adsorption capacity increased rapidly in the first 15 minutes, continued to rise gradually
between 15 and 120 minutes, and reached an equilibrium plateau after approximately 100 minutes.
The experimental data were compared with values obtained by applying various kinetic models,
detailed in Table 4.4, and expressed through non-linear mathematical equations. The Kinetic

parameters calculated for each model are also presented in Table 4.4.
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Figure 4.10. Adsorption of the anionic dye Orange-II on the surface of the NiU (NiFe20O4) adsorbent: (a)
adsorption kinetics (data and models) at T=27°CT = 27 °CT=27°C, pH=5.0+0,2pH =5.0 +
0,2pH=5.0+0,2, SD=1¢/LSD = 1 g/LSD=1g/L, C0=50mg/LC_0 = 50 mg/LC0=50mg/L; (b) adsorption
isotherms (data and models), conditions: SD=1g/LSD = 1 g/LSD=1g/L, pH=5.0£0,2pH =5.0 £
0,2pH=5.0+0,2, t=360mint = 360 mint=360min; solid, dashed, and dotted lines represent estimates
provided by theoretical models.

In Table 4.4, . (mg/g) and gt (mg/g) represent the adsorption capacity at equilibrium and
at any given time, respectively. The kinetic model parameters were determined through nonlinear
regression. The kinetic models are illustrated in Figure 4.10a, and their fit to the experimental data
was evaluated using the statistical chi-square test (y?). The pseudo-nth order (PnO) model provided
the best fit, followed by the mixed-order equation (MOE) and the pseudo-second-order (PSO)
model. The PSO rate constant (k) for the NiU/Orange-II system was 6,36x107 (g/mg-min™),
which is consistent with values reported in the literature. Adsorption isotherms for the
NiU/Orange-I1 system were recorded at 27, 45 si 65 °C (Figure 4.10b), with a contact time of 240

minutes to reach equilibrium. The adsorption capacity ge (mg/g increased with equilibrium



concentration Ce (mg/L), but decreased with increasing temperature, with the maximum adsorption

capacity being 50,32 mg/g at 27 °C.

Tabel 4.4. Kinetic parameters and models for the adsorption of Orange-II dye on the NiU (NiFe204)
adsorbent, experimental conditions: T=27°CT= 27 °C: T= 27 °C, SD=1 g/L, [Orange-I1]o =50 mg/L and pH

50+0,2
Model* Kinetic model Kinetic model Parameters
(rate equation) (non-linear equation)
PFO dq _q (1_e Ge= 25.779 (Mg/g)
d_tt =k (g —-a) % =G (1 ¢ ) ki = 1.244 x10'*
v2=1.7115
PSO dg 2 k.g’t ge=27.501 (mg/qg)
o = Feld-a) G =—1+2kqe n ko= 6.360 x10°
20e 42=0.2001
PnO dq n 1| Qe=29.813 (mg/g)
gt =K (% =0)" | g =q,-[(n-1)kt+a" | k= 4580 x10°
n=2380
¥*=0.0882
MOE dg i 1— el ge = 27.501 (mg/q)
_t:zKi(qe_qt) a: =9 K1=2.793 %10
adt 5 KoBe (k)
' —me K.=6.361 x107
Lo %?=0.2000
o @ _% =KL+ o3
dt 24t iy
¥*=7.6391

* PFO — pseudo-first-order model; PSO — pseudo-second-order model; PnO — pseudo-nth order model; MOE — mixed-
order equation; ID — intra-particle diffusion kinetic model

The negative value of the Gibbs free energy AG (25,65 kJ/mol) indicates the spontaneous
nature of the adsorption process. The negative value of the enthalpy AH (—1,46 kJ/mol) suggests
a moderate exothermic effect, and the negative entropy AS (=75,93 J/mol-K) reflects a reduction
in degrees of freedom at the solid/liquid interface. Thus, for the NiU/Orange-Il system, all three
thermodynamic parameters (AG, AH, AS) are negative, similar to other systems reported in the
literature, such as CTAB-modified sepiolite/Orange-II.

Table 4.7. Thermodynamic parameters for the NiU (NiFe204)/Orange-11 system

Thermodynamic Parameters
AG (kJ/mol) AH (kJ/mol) AS (J/ mol-K)
—25,65+ 1,46 -1,46 —75,93 0,49




Conclusions

Cobalt ferrite (CoFeOs4) and nickel ferrite (NiFe20s) spinel nanoparticles were
successfully synthesized using the sol-gel method combined with microwave-assisted auto-
combustion, employing urea, citric acid, and maleic anhydride as combustion agents. The
application of microwaves significantly reduced the required time and energy compared to
conventional methods. XRD analysis revealed that crystallite sizes and internal strain were
influenced by the choice of combustion agent, consistent with BET results. TEM analysis
confirmed the irregular shapes and nanometric sizes of the particles. VSM analysis highlighted the
ferrimagnetic behavior of the samples, except for the NiU material, which exhibited paramagnetic
behavior.

The spinel ferrite materials produced through microwave-assisted sol-gel processing were
tested for the adsorption of Orange-11 dye from synthetic wastewater, identifying the NiU sample
as the most effective. The adsorption kinetics followed the PnO model (nh = 2.8), and the Sips
isotherm provided the best fit, with a maximum adsorption capacity of 50.32 mg/g at 27°C.
According to DR isotherm, the mean free energy ES of sorption ranged from 11.88 to 14.25
(kJ-mol™t ); suggesting a retention mechanism based on ion-exchange. Along with smaller
crystallite size and highest specific surface are, the superiority of NiU sample in adsorption of
Orange-11 (by ion-exchange predominant mechanism) might be attributed to the paramagnetic
behavior of NiU material, compared to other sorbents of ferrimagnetic behavior reported in this

study.



CHAPTER 5. CARBON MATERIALS
5.1 Introduction

The main objective of this chapter focuses on the valorization of agricultural waste derived
from lignocellulosic biomass through the production of carbon materials. The physicochemical
properties of carbon materials, which are crucial for their adsorption capacity, largely depend on
the nature of the lignocellulosic source [241,242].

This chapter explores the production of carbon materials from sunflower and corn stalks,
which are considered renewable resources. The materials obtained through thermal treatment were
thoroughly investigated in terms of their textural, structural, morphological, and surface
characteristics (including hydrophilic/hydrophobic properties), which are essential for determining
their potential applications. Special attention was given to evaluating the adsorption capacity of
these carbon materials as sorbents for oil and petroleum products (such as n-dodecane and 5W-40)
from contaminated water.
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5.2 Synthesis of carbon materials from lignocellulosic biomass

To produce porous carbon materials, two types of agricultural waste were collected:
sunflower stalks and corn stalks. The pith from the collected stalks was extracted, dried, and then
subjected to pyrolysis in a tubular furnace under a nitrogen (N2) atmosphere (Figure 5.2). The
labeling of the vegetal samples and the synthesized carbon materials is presented in Table 5.1.
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Figure 5.2. Schematic representation of the process for obtaining carbon materials from biomass:
sunflower stalk pith and corn stalk pith

Table 5.1. Identification of vegetal samples and synthesized carbon materials

Samples ID Description
FS Sunflower stalk (pith), vegetal material.
C: Sunflower stalk (pith), carbon material.
P Corn stalk (pith), vegetal material.
C Corn stalk (pith), carbon material.

5.3 Characterization

The carbon materials obtained were structurally characterized using X-ray diffraction
(XRD) (Figure 5.3). The diffractograms indicate amorphous structures and varying crystalline
domains, with the C1 sample exhibiting more pronounced crystalline domains compared to C2.
The higher diffraction peaks suggest a disordered microcrystalline structure, with randomly



oriented graphite microcrystals. Diffraction at high 20 angles indicates a negligible content of

ordered crystalline graphite phase.
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Figure 5.3. X-ray diffraction (XRD) patterns recorded for the carbon material samples, C: and C;
TEM images (Figure 5.9) show irregular carbon structures with nanometric porosity. The
selected area electron diffraction (SAED) patterns confirm the presence of crystalline domains,

indicating the presence of graphite crystallites or other forms of carbon with a lower degree of

order.

Figure 5.9. TEM images recorded for the C; and C2 samples of advanced carbon materials obtained by
conventional methods. SAED images (selected area electron diffraction)

To evaluate the hydrophobic/hydrophilic nature of the carbon materials obtained through
pyrolytic synthesis, the contact angles of water droplets on the surface of each material were
measured. The recorded images showed angles greater than 90° (Figure 5.16), indicating a

hydrophobic nature of the carbon surfaces derived from sunflower and corn stalks.



Water droplet

Figure 5.16. Contact angle of water droplets measured on the surface of advanced carbon materials
obtained by the conventional method in a tubular furnace

The carbon materials C1 and C», known for their hydrophobic characteristics, were tested
for their sorption capacity of petroleum products such as dodecane and motor oil 5W40. The
sorption capacity was 9.08 g/g (C1_S) and 9.44 g/g (C2_S) for dodecane, and 9.08 g/g (C1_S) and
5.34 g/g (C2_S) for motor oil. After centrifugation, the retention capacity was 4.09 g/g (C1_Sc)
and 4.93 g/g (C2_Sc) for dodecane, and 5.07 g/g (C1_Sc) and 3.39 g/g (C2_Sc) for motor oil

(Figure 5.18).
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Figura 5.18. Adsorption capacity of oily liquids by the synthesized porous carbon materials.



Conclusions

This study successfully proposed and synthesized carbon materials using abundant
lignocellulosic biomass, such as the pith of sunflower and corn stalks. These raw materials were
effectively utilized to produce carbon materials with a high carbon content. The investigated
samples exhibited varied textural characteristics, with sample C; identified as a macroporous solid.
Both samples showed amorphous structures with different crystalline domains. FTIR and
thermogravimetric analyses highlighted the presence of functional groups associated with
cellulose and the complex chemical nature of the materials. The recorded diffractograms revealed
a disordered microcrystalline structure, where graphite microcrystals are randomly oriented within
the carbon network, and the ordered crystalline graphite phase is nearly negligible. Contact angle
measurements indicated the hydrophobic nature of both samples.

The carbon materials demonstrated effectiveness in the sorption of petroleum products,
such as n-dodecane and 5W40 motor oil, highlighting their potential as valuable sorbents due to
their accessibility and high carbon content. These findings suggest that carbon materials
synthesized from lignocellulosic waste can be efficiently used in environmental and industrial

applications, thereby contributing to the valorization of renewable resources.



CHAPTER 6. GENERAL CONCLUSIONS

The doctoral thesis is aimed at expanding both theoretical and practical knowledge in the field of
porous nanomaterials, focusing on three main categories: (i) titanium oxide nanomaterials; (ii) cobalt and
nickel spinel ferrites; (iii) carbon materials.

The first section of the thesis investigates titanium oxide nanomaterials, analyzing the effects of
ultrasound regime applied during synthesis. In the first series (series I), it was found that increasing the
ultrasound time during the "on" cycle led to higher specific surface areas of the TiO, photocatalyst. The
titanium sample prepared with a 4on/loff ultrasound regime (TiO. 4.1) demonstrated optimized
physicochemical properties, making it suitable for further photocatalytic applications. Series 11 highlighted
the importance of the titanium source, identifying titanium tetraisopropoxide as the most effective catalyst
in the series. The study of surfactants role in TiO; synthesis (series Il11) revealed that the Pluronic F127
surfactant was the most effective, with the F127 sample showing the highest activity in dye degradation,
correlated with its textural characteristics. An optimization method was applied to identify the optimal
conditions regarding surfactant quantity and ultrasound time. Consequently, the mesoporous titanium oxide
obtained under optimal conditions (sample M5) demonstrated maximum efficiencies in removing the azo
dye CR and the herbicide 2,4-D.

The oxide catalysts that exhibited maximum photodegradation efficiency (samples from series I, 1l,
and I11) were studied to establish a potential mechanism for the photocatalytic degradation of CR dye. The
experiments showed that hydroxyl radicals (HOe¢) are the main reactive oxygen species generated,
responsible for the photodegradation process, due to the capture of active species.

The second objective of the thesis focused on cobalt and nickel spinel ferrites, particularly their
synthesis through the microwave-assisted sol-gel auto-combustion method using different combustion
agents. This study highlighted how the characteristics of spinel ferrites are influenced by the nature of the
combustion agent used. A distinctive aspect was the application of microwave energy, which led to the
production of spinel ferrites with a significant reduction in time and energy consumption compared to the
conventional sol-gel auto-combustion method. The ferrites demonstrated that crystallite sizes and internal
strain values are sensitive to the combustion agent used during the synthesis process, consistent with the
results of textural characteristics. Furthermore, the ferrites exhibited irregular particle morphology, with
sizes in the nanometric range. Regarding magnetic properties, the spinel ferrites showed predominantly
ferrimagnetic behavior, except for the Ni ferrite obtained with urea (NiU, NiFe;O4), which exhibited
paramagnetic properties.

The most efficient material for adsorbing the organic pollutant (Orange-Il dye) from aqueous
solutions was the Ni ferrite sample synthesized with urea. The maximum adsorption capacity was 50.32

mg/g, which was in good agreement with the maximum adsorption capacity predicted by the Sips isotherm



(51.34 mg/g). The DR isotherm suggested an ion exchange-based retention mechanism. To conclude the
key aspects related to the efficiency of urea used in Ni ferrite synthesis, it was observed that the smallest
crystallite size and the largest specific surface area determined the superior adsorption of Orange-Il. This
phenomenon can be explained by the paramagnetic properties of the material, in contrast to the
ferrimagnetic characteristics of other adsorbents mentioned in this study.

The third objective is defined by the investigation of carbon materials, specifically the synthesis of
new carbon materials from the plant biomass of annual plants such as sunflower and corn. The aim of this
synthesis was to valorize carbon waste from lignocellulosic biomass, a readily available and economically
accessible source. The goal was also to transfer the inherent porosity of the biomass to the resulting carbon
material for use in a wide range of applications. The obtained materials are macroporous solids with slit-
type pores, featuring amorphous structures and different crystalline domains from one sample to another.
The complex nature of the plant samples includes hemicellulose, lignin, and cellulose, and the carbon
materials after pyrolysis still present functional groups associated with the cellulose of the plant material.
The same observations emerged from the thermogravimetric analysis of these materials, demonstrating the
chemical complexity during the thermal process. Each carbon sample shows the presence of graphite
crystals or another form of carbon with a lower degree of order. Additionally, strip-like
structures/morphologies were observed in the advanced carbon materials obtained, with a carbon content
exceeding 60%. The carbon materials exhibit hydrophobic nature and were successfully applied in the
sorption processes of petroleum products (n-dodecane and 5W40 motor oil).

PERSPECTIVES

The experience gained during the preparation of the doctoral thesis, as well as the scientific work
conducted within the research projects, represents initial achievements in studying the evolution of the
investigated porous nanomaterials.

The obtained results will be further explored in the fields of photocatalysis and sorption with the aim

of advancing from the conceptual model and laboratory scale to higher production levels.
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