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Abstract

Lignin is the second most abundant natural aromatic biopolymer and a strategic
renewable source of aromatic carbon; however, its industrial utilization remains significantly
limited by structural heterogeneity, the variability of functional groups, and the presence of
process impurities. The aim of this work is to present an integrated valorization approach to
kraft lignin isolated from industrial black liquor, encompassing optimization of isolation,
chemical and biotechnological modification, and applications in advanced biomaterials.
Acid precipitation is an industrially relevant method for lignin isolation, in which the pH and
temperature of precipitation act as key process parameters with a demonstrable synergistic
effect on the distribution of phenolic OH groups and the sulfur content in the isolated
product. Cavitation-assisted precipitation using an ultrasonic probe or an ultrasonic bath
expands the process space and allows for further modulation of the functional group profile.
Design of Experiments (DoE) is an effective tool for the systematic optimization of these
parameters. In the field of chemical modification, a distinction can be made between
depolymerization strategies and functional modifications of hydroxyl groups. These
approaches differ in their impact on the reactivity, compatibility with the polymer matrix,
and processability of lignin. Biotechnological modification using enzymatic systems enables
selective oxidation and cross-linking under mild conditions without the need for aggressive
chemicals. Modified lignin finds application in biocomposites as a reactive component of
polymer matrices and in hydrogels. The content of phenolic OH groups and sulfur content
are decisive quality parameters for the downstream processing of lignin within an integrated
lignocellulosic biorefinery.

Keywords: kraft lignin; cavitation; chemical modification; biological modification;
biopolymers
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Introduction

Currently, there is a growing emphasis on implementing the principles of green chemistry
and the circular economy, which guide the design of processes and products characterized
by reduced energy consumption, minimized waste generation, and a focus on the life cycle
of materials (Anastas and Eghbali 2010; Geissdoerfer et al. 2017; IPCC 2023). At the
forefront of these efforts are biorefineries — integrated platforms that fractionate and convert
renewable feedstocks into a portfolio of products including fuels, energy, chemicals, and
renewable materials. The long-term technical and economic sustainability of lignocellulosic
biorefineries (Picture 1) depends on a comprehensive utilization of all structural components
of biomass, not just the polysaccharide fractions (de Jong et al. 2011; Ashokkumar et al.
2022).

Picture 1. Overview of annual lignin production and availability in isolated grades of various types and
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Source: Tardy, Blaise L. et al. “Prospects for the integration of lignin materials into the circular
economy.” Materials Today (2023)

Lignocellulosic biomass from agricultural and forestry residues represents a rich, yet still
underutilized renewable resource. Annual global production of lignocellulosic biomass is
estimated at approximately 181.5 billion tons, while the amount actually utilized is
significantly lower (approximately 8.2 billion tons), highlighting the significant untapped
potential of this available raw material (Ashokkumar et al. 2022). In terms of composition,
biomass consists primarily of cellulose, hemicelluloses, and lignin (Ashokkumar et al. 2022;
Jagtap et al. 2018). While cellulose and hemicellulose are well-established raw materials for
paper applications and fermentation-based chemical platforms, lignin — the aromatic
component of the plant cell wall — has historically been viewed primarily as a byproduct.
The pulp and paper industry generates large volumes of lignin, particularly in the form of
black liquor during the kraft process, with the majority of lignin being incinerated as part of
an energy recovery cycle for heat/electricity production and the regeneration of inorganic
chemicals (Ashokkumar et al. 2022; Argyropoulos et al. 2023). At the same time, available
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data repeatedly indicate that material/chemical recovery accounts for only a small fraction
of the total lignin volume (often less than 2%), which highlights the need to develop new
valorization chains (Ayyachamy et al. 2013). However, thanks to advances in research, the
perception of lignin is changing. Lignin is emerging as a strategic renewable raw material,
as it represents one of the most significant available renewable sources of aromatic carbon.
In plant biomass, it typically accounts for approximately 15-30% of dry matter (depending
on the species), and it is the second most abundant natural polymer after cellulose (Boerjan
et al. 2003). As a renewable alternative to fossil-based aromatic platforms, lignin has the
potential to contribute to the decarbonization of chemical and materials production, but only
if the effects of heterogeneity are mitigated and purifiability is improved (Boerjan et al. 2003;
Schutyser et al. 2018).

Despite this potential, there are significant scientific and technical barriers that hinder the
widespread utilization of lignin. Lignin is a structurally highly complex and heterogeneous
biopolymer, and its chemical structure and reactivity depend on both its botanical origin and
the isolation process. During depolymerization and conversion, complex mixtures often
form, and undesirable condensations of reactive fragments occur, which reduces the yields
of target monomers and complicates product separation (Schutyser et al. 2018a; Lan and
Luterbacher 2019). Modern approaches aim to overcome these limitations primarily through
(1) controlled isolation and fractionation of lignin and (ii) the development of selective
conversion and modification strategies. Alongside the kraft process, alternative isolation
methods are being developed that can yield lignins with higher purity or different profiles of
functional groups and molecular weights (e.g., organosolv, deep eutectic solvents — DES,
sonochemical processes). Therefore, the choice of isolation methodology directly influences
the resulting properties of lignin and, consequently, its processability and compatibility in
material applications (Chen et al. 2020; Hasanov et al. 2020; Li et al. 2025; Pérez-Rafael et
al. 2023; Puss et al. 2024). Conversion approaches include chemocatalytic depolymerization
(e.g., hydrogenolysis and oxidation) or functional modifications of the polymer matrix, with
strategies to minimize condensation and stabilize reactive intermediates being critical
(Schutyser et al. 2018a; Lan and Luterbacher 2019). In addition to thermochemical and
chemocatalytic routes, photocatalytic and electrochemical methods for lignin oxidation are
also being developed (Xiang et al. 2020). Biological approaches (enzymes and
microorganisms) for modifying lignin allow for more specific interventions under mild
conditions and also enable a controllable process to produce materials with scalable
properties (Schutyser et al. 2018a; Nargotra et al. 2025; Hdmaldinen et al. 2018). In terms of
applications, lignin is no longer viewed exclusively as a fuel, and its use in polymer systems
and functional materials is increasingly being considered. A practical example is the
production of vanillin from lignosulfonates, a method already being industrially applied by
Borregaard (D’Arrigo et al. 2024; Wongtanyawat et al. 2018). At the same time, material
applications relevant to biopolymers, composites, and hydrogels are increasing: lignin-based
polyurethanes (as a partial substitute for fossil polyols) (Shafiq et al. 2024), precursors for
carbon fibers (Zeng et al. 2025), additive manufacturing and 3D printing of lignin
composites (Yu and Kim 2020), lignin hydrogels for medical applications (especially
dressings and controlled-release systems) (Huang et al. 2025; Hachimi Alaoui et al. 2023),
and lignin sorbents/biosorbents for water purification (heavy metals, dyes, pharmaceuticals)
(Zhang et al. 2024). A key prerequisite for broader commercialization remains managing the
variability of feedstock, standardizing quality parameters, and optimizing process
parameters and processing economics within an integrated biorefinery.
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Isolation of kraft lignin from black liquor

Lignin can be extracted from lignocellulosic biomass through a combination of various
physical, chemical, and biochemical processes; methods for isolating lignin are generally
classified based on the extraction (isolation) technology used (Picture 2). Conventional pulp
production processes, specifically delignification processes, are primarily based on the
cleavage of ether and ester bonds between lignin and cellulose. However, the resulting
technical lignin differs significantly in structure and chemical composition from the native
lignin present in plant biomass, due to chemical transformations occurring during the
extraction process (Zakzeski et al. 2010). There is a wide range of technical lignins on the
market, whose chemical and physical properties are directly influenced by the method of
extraction. The method of lignin purification is also a key factor affecting not only the yield
of the lignin itself but also its purity and final properties. Each isolation method has specific
advantages and limitations, and it also significantly influences the possibilities for
subsequent lignin processing, including the removal of byproducts and chemical impurities
(Vishtal and Kraslawski 2011). Optimization of the isolation process is therefore essential
to achieve the desired properties of lignin, which are critical for its further industrial
applications.

Picture 2. Technical lignin extraction process
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Source: Nurul, Mohamad et al. “Recent Progress in Development of Functionalized Lignin
Towards Sustainable Applications.” Journal of Polymers and the Environment 32 (2024).

Technical lignin is not a homogeneous raw material; it is produced by direct isolation
from black liquor, which determines its subsequent properties. The composition of black
liquor is essentially two-component: (i) it contains an organic fraction (primarily lignin and
carbohydrate degradation products) and (i1) an inorganic fraction (sodium and sulfur salts,
residual impurities). Technical lignins are evaluated based on several quality indicators that
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influence their processing and utilization. The most important of these include ash content
(inorganic components), residual sugar content (carbohydrates), bound sulfur and nitrogen
content, molar mass (and its distribution), and the content of phenolic hydroxyl groups.
Table 1 describes the properties of technical lignins that were isolated using various
methods. The values listed in the table represent indicative ranges reported in the literature
for technical lignins and may vary depending on the botanical origin of the biomass, the
isolation and purification procedure, as well as the analytical method used.

Tab. 1: Properties of technical lignins

Characteristic Sulfla<te it Sulphite lignin Soda and Organosolv
Properties (ligrl?in) (Lignosulfonates) alkaline lignin lignin
Ash (%) 0.5-3.0 4.0-8.0 0.7-23 ~1.7
Moisture (%) 3.0-6.0 ~5.8 2.5-5.0 ~1.5
Carb‘;ﬂ‘/f;’mtes 1.0-23 i 1.5-3.0 1.0-3.0
Acid-soluble lignin N
(ASL) (%) 1.0-4.9 - 1.0-11.0 1.9
Nitrogen (%) 0.05 0.02 02-1.0 0.0-0.3
Sulfur (%) 1.0-3.0 3.5-8.0 ~0.0 ~0.0
Phenolic OH (%) 2.6-5.0 20-25 29-5.1 34-37
Meth"(’i,%a’“’“f’s 11.0 - 14.0 9.0 10.0 -19.0 ~15.0
Purity High Low to moderate MO(lileiI;I.;[e to High
Molar mass | | 5(80 252091100050 000 1000-3000 | <00 s 000
(g/mol) 300) (up to 150 000) (up to 15 000)
Polydispersity 2.5-35 ~17.0 25-35 1.5-42
Tg (°C) 140.0 - 170.0 | 150.0 — 175.0 140.0—170.0 | 90.0—130.0

From an application perspective, it is therefore crucial to distinguish between lignins
derived from sulfur-containing processes (sulfate, sulfite) and sulfur-free lignins (soda,
organosolv), where, in addition to chemical compatibility (Picture 3), actual industrial
availability is also a limiting factor. For environmental applications, lignins with low levels
of inorganic impurities and sulfur (e.g., organosolv, soda, or purified kraft lignin) are often
more suitable than lignosulfonates, which contain a higher percentage of sulfur. At the same
time, lignins without sulfonation and significant condensation (organosolv, some kraft
lignins) have higher reactivity (for example, organosolv lignin is readily modifiable by
phenolation or alkylation (International Lignin Institute n.d.). In practice, however, the
availability of lignin and the economics of the process are key, which is why kraft lignin has
the greatest potential for the circular economy, as it is produced in large quantities as a
byproduct in the pulp and paper industry.
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Picture 3. Overview of the most common lignin extraction processes and representative structures
of the generated technical lignins
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Chemical modification of lignin

Lignin, with its aromatic structure, is one of the most promising renewable resources on
Earth — it is the second most abundant natural polymer in lignocellulosic biomass, after
cellulose (Vasile and Baican 2023; Pei et al. 2024). However, its direct application without
chemical modification is significantly limited by its inherent properties: significant structural
heterogeneity, a broad molecular weight distribution, and variable representation of
functional groups, which results in lower predictability of reactivity, poorer compatibility
with certain matrices, and more challenging processability (Pei et al. 2024; Paez and Fatehi
2025). Furthermore, technical lignins do not exhibit a single universal decomposition
temperature; their degradation occurs over a broader temperature range and depends
significantly on botanical origin, isolation method, and analytical conditions (Paez and
Fatehi 2025; Hossain and Reza 2025; Lopez-Beceiro et al. 2021). Through chemical
modification of the lignin structure, these disadvantages can be specifically mitigated while
simultaneously expanding the scope of its applications (Vasile and Baican 2023; Pei et al.
2024; Sun et al. 2022). Chemical modifications of lignin can be categorized into two main
strategies. The first step is the depolymerization of the lignin macromolecular structure, with
the aim of obtaining low-molecular-weight products with higher added value. Depending on
the chosen process and reaction conditions, phenolic monomers and other aromatic
compounds may be formed, such as vanillin, guaiacol, syringol, catechol, or BTX-type
aromatic hydrocarbons, which are of interest for the production of both chemicals and
biofuels (Vasile and Baican 2023). The second strategy involves functional modification
while preserving the polymeric nature of lignin, which includes modifications of the
aromatic ring, hydroxyl, and methoxy groups, as well as grafting polymer chains onto the
lignin backbone (Ghorbani et al. n.d.; Zhao et al. 2025). Lignin modified in this way finds
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application primarily in polymer blends, composites, resins, surface treatments, and other
functional materials (Gan et al. 2022). The choice of a suitable modification route must
always be based on the origin and type of lignin. The botanical source influences the
proportion of H-, G-, and S-units as well as the degree of condensation, while the isolation
process used fundamentally alters the molecular weight, content of phenolic and aliphatic
hydroxyl groups, purity, sulfur content, and overall chemical reactivity of technical lignin.
For this reason, kraft lignin, lignosulfonates, soda lignin, and organosolv lignin behave
differently during subsequent functionalization and depolymerization and require individual
optimization of reaction conditions (Pei et al. 2024; Zhao et al. 2025; Béhrle et al. 2015;
Ruwoldt et al. 2023).

Depolymerization of lignin

Lignin is a promising renewable source of aromatic compounds (or basic chemicals),
which are currently produced almost exclusively from fossil raw materials (Vasile and
Baican 2023; SmartLi n.d.). Through controlled degradation of its polymeric structure, it is
possible to obtain benzene, toluene, xylene (the BTX fraction), and phenolic compounds
such as vanillin, guaiacol, syringol, catechol, and other derivatives (Vasile and Baican 2023).
A key factor in successful depolymerization is the selection of appropriate technology and
reaction conditions. Methods currently under industrial investigation (Picture 4) include
pyrolysis, oxidative degradation, hydrogenolysis, hydrolytic degradation, gasification, and
enzymatic or microbial conversion of lignin (Vasile and Baican 2023; Pei et al. 2024).
Recently, the focus has been primarily on thermochemical processes (pyrolysis,
hydrogenolysis, hydrolysis), as biochemical pathways (enzymes, microorganisms) are often
time-consuming and tend to lead to complete decomposition or metabolites rather than the
controlled production of target aromatic compounds.

Picture 4. Chemical methods of lignin depolymerization and its end use in the production of
chemicals, fuel and electricity

Pyrolysis ~ Hydrogenolysis  Oxidation  Gasification ~Combustion

T.:h:::.:::‘t Thermal Thermal Heat

Noe0xygen Treatment Treatment Solid Lignin With Oxygen
With or Without With Hydrogen With Oxygen Breakdown

Catalyst
Monom
rolysi, Ehsn
Gase!
(Co, co

Aldehyd
(Vanilli

Gase'

syringalde

Gase’

Biochemicals Biofuels Bioelectricity .

Source: Welker, Cassie Marie et al. “Engineering Plant Biomass Lignin Content and
Composition for Biofuels and Bioproducts.” Energies 8 (2015)
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Pyrolysis

Pyrolysis is a thermochemical transformation of lignin in the absence of oxygen, during
which ether and certain C—C bonds are cleaved, and demethoxylation, decarbonylation, and
concurrent recondensation reactions occur. As a result, a mixture of gaseous, liquid, and
solid products is formed. Slow pyrolysis at a lower heating rate and longer residence time
generally promotes the formation of solid residue, while fast pyrolysis at a higher heating
rate and short residence time increases the proportion of liquid products. However, for
isolated technical lignins, ash formation remains significant even during fast pyrolysis, and
the composition of the bio-oil depends heavily on the type of lignin, temperature, reactor,
and the presence of a catalyst. Catalytic pyrolysis, particularly on zeolite catalysts, can
promote the deoxygenation of pyrolysis vapors and increase the proportion of monoaromatic
hydrocarbons, including BTX, but often at the cost of catalyst deactivation (Vasile and
Baican 2023; Lazaridis et al. 2018; Lu and Gu 2022).

Gasification

Unlike pyrolysis, the goal of gasification is to convert lignin primarily into gaseous
products, particularly a mixture of H2 and CO, supplemented by CO2, CH4, and smaller
amounts of other light gases. Conventional gasification typically takes place at high
temperatures of approximately 700—1000 °C in the presence of steam, air, oxygen, or CO2.
A special category is gasification in supercritical water, which takes place at pressures above
the critical point of water. The advantage of gasification is the production of syngas usable
for subsequent chemical syntheses or energy applications; however, in the case of lignin, the
limiting factors are higher tar and solid carbon residue formation, as well as lower selectivity
for defined aromatic monomers compared to reductive or oxidative depolymerization
processes (Castro Garcia et al. 2022).

Oxidative depolymerization

Oxidative approaches utilize oxygen, air, hydrogen peroxide, or other oxidizing agents
and primarily lead to the formation of aromatic aldehydes, ketones, and carboxylic acids.
Alkaline nitrobenzene oxidation is one of the classic and highly selective reference methods
that have long been used for the analytical evaluation of lignin structure. From a
technological and environmental perspective, however, greater attention is being paid to
oxidation with molecular oxygen. Lignins isolated from coniferous trees are generally more
suitable for vanillin production, while lignins richer in syringyl units offer higher potential
for syringaldehyde formation. A key limitation of oxidative depolymerization is the fact that
aldehydes already formed can further oxidize to acids or decompose into low-molecular-
weight unidentified products; therefore, precise control of alkalinity, temperature, oxygen
partial pressure, and reaction time is crucial (Tarabanko and Tarabanko 2017; Schutyser et
al. 2018).

Hydprolysis

Hydrogenolysis is a reductive depolymerization strategy based primarily on the cleavage
of aryl-ether bonds in the presence of hydrogen or a hydrogen donor and a metal catalyst.
Typically, Ni-, Ru-, Pd-, or Pt-based catalysts are used, often in water-alcohol or alcohol
media. A significant advantage of hydrogenolysis over purely thermal processes is the
continuous stabilization of reactive intermediates through hydrogenation, thereby limiting
their recondensation and ash formation. The result is typically a higher proportion of stable
phenolic monomers, although both selectivity and overall yield depend significantly on the

10
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structure of the lignin, particularly on the content of f-O-4 bonds and the degree of
condensation, as well as on the type of metal and the properties of the catalyst support (Shen
et al. 2023; Liu et al. 2020).

Hydrothermal depolymerization

Hydrothermal depolymerization, often referred to as hydrothermal liquefaction, utilizes
water at elevated temperatures and pressures, typically in the range of 280-370 °C and 10—
25 MPa. Its main advantage is the ability to process wet lignin streams without energy-
intensive drying. As the temperature increases, the physicochemical properties of water
change; its dielectric constant decreases, and water becomes a more effective reaction
medium for breaking lignin bonds. The main products formed are methoxyphenols,
guaiacols, syringols, catechols, water-soluble oxygen-containing compounds, gases, and
solid residue. A limiting factor of this method is the simultaneous occurrence of
depolymerization and recondensation reactions, so that at excessively high temperatures or
with prolonged reaction times, the proportion of solid inorganic residue and heavier
oligomeric fractions increases (Dell’Orco et al. 2020; Zhou et al. 2022).

Polymerization modifications of lignin

Unlike depolymerization processes, polymerization or functional modifications of lignin
do not focus on breaking down its macromolecular structure, but rather on chemically
modifying reactive sites so that lignin can act as a macromonomer or comonomer in the
synthesis of polymeric materials (Picture 5). Their aim is to increase the accessibility and
reactivity of functional groups, improve solubility and compatibility with polymer matrices,
and limit aggregation, which in unmodified lignin often leads to non-homogeneous
morphology and impaired mechanical properties of the resulting materials (Komisarz et al.
2022; Ganewatta et al. 2019; Laurichesse and Avérous 2014).

Common approaches of polymerization are:

Aromatic ring substitution

Substitution reactions on the aromatic ring represent one of the most common pathways
for lignin activation. Hydroxymethylation most commonly occurs through the reaction of
lignin with formaldehyde in an alkaline environment and leads to the introduction of
hydroxymethyl groups, thereby increasing the reactivity of lignin in condensation systems,
particularly in phenol-formaldehyde resins. The literature indicates that following such
activation, partial substitution of phenol can be achieved at levels of tens of weight percent,
with the exact limit depending on the type of lignin, the degree of modification, and the
specific resin formulation. Glyoxal and glutaraldehyde are also being investigated as less
toxic aldehyde alternatives, but their reaction behavior is not entirely equivalent to that of
formaldehyde (Komisarz et al. 2022; Sarika et al. 2020; Van Nieuwenhove et al. 2020).

Phenolation

Another significant activation treatment is phenolation, in which lignin reacts with
phenol, typically in an acidic environment. The result is typically an increase in the content
of phenolic hydroxyl groups and the number of reactive sites available for subsequent
condensation. Depending on the type of lignin, partial fragmentation and a decrease in
molecular weight may also occur. Phenolization is therefore used primarily to increase the
reactivity of lignin toward formaldehyde in phenol-formaldehyde resins and to improve
compatibility in polyurethane systems (Liu et al. 2024; Falireas et al. 2024).

11
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Amination

Amination via the Mannich reaction introduces aminomethyl groups. In guaiacyl units,
under suitable conditions, this can occur selectively at the C-5 position, resulting in cationic
lignin derivatives that can be used, for example, as flocculants, surfactants, or reactive
intermediates for further polymeric functionalization (Komisarz et al. 2022).

Sulfonation and sulfomethylation

Sulfonation and sulfomethylation are among the modifications that significantly increase
the anionic character and water solubility of lignin. Sulfonated lignins and lignosulfonates
are therefore used primarily as dispersants, plasticizers, and surfactants. Sulfomethylation of
kraft lignin yields products with higher charge density and better dispersing efficiency,
which is utilized, for example, in cement and mineral suspensions (He and Fatehi 2015; Aro
and Fatehi 2017).

Picture 5. Simplified schematic of the most promising and studied modifications of lignin
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Modification of —-OH Groups

The second major group consists of modifications of hydroxyl groups. Phenolic and
aliphatic hydroxyl groups are the main reactive sites in lignin for esterification,
etherification, alkylation, and reactions with isocyanates. Esterification using anhydrides,
chlorides, or carboxylic acids is among the most commonly used modifications. As a rule, it
reduces the polarity of lignin, weakens internal hydrogen bonds, and improves its
compatibility with more hydrophobic polymers (Komisarz et al. 2022; Laurichesse and
Avérous 2014).

Acetylation holds a special place, as it is used not only as an analytical derivatization but
also as a practical method to improve the dispersibility of lignin in thermoplastics and
biopolymers. Conversely, methylation is used to increase the content of phenolic hydroxyl
groups and thus the reactivity of lignin in subsequent condensation or cross-linking reactions
(Komisarz et al. 2022; Laurichesse and Avérous 2014; Luo et al. 2020). From the perspective
of lignin polyol production, esterification, particularly oxyalkylation or oxypropylation, is
of particular importance. When reacted with propylene oxide or cyclic carbonates, flexible
polyether segments are introduced into the lignin, transforming it into a more fluid polyol
intermediate suitable for polyurethane applications. However, oxyalkylation generally does
not increase the number of hydroxyl groups but improves their accessibility and alters their
character, often in favor of aliphatic OH groups (Sadeghifar et al. 2012).

The urethanization of lignin is based on the reaction of its hydroxyl groups with
diisocyanates to form urethane bonds, allowing lignin to enter the synthesis of polyurethane
materials as a multifunctional aromatic polyol or as a reactive macromolecular component.
However, the direct use of unmodified technical lignin is often limited by its structural
heterogeneity, tendency to aggregate, limited solubility, and the varying reactivity of
individual hydroxyl groups. Experiments have confirmed that the aliphatic hydroxyl groups
in lignin generally react more readily with diisocyanates than the phenolic hydroxyl groups,
which results in uneven cross-linking and variations in the properties of the resulting
material. For this reason, lignin is often fractionated or chemically pre-modified before use
in polyurethane systems, for example by hydroxyalkylation, to increase the availability of
reactive sites, improve the homogeneity of the reaction mixture, and facilitate more effective
incorporation of lignin into the polymer network (Ma et al. 2021; Antonino et al. 2021).

Grafting of polymer chains onto a lignin backbone

A separate group of functional modifications is represented by the grafting of polymer
chains onto a lignin backbone, in which side polymer segments are covalently attached to
the lignin to improve compatibility with the polymer matrix, solubility, thermoplastic
behavior, elasticity, or surface properties of the resulting material. In the approach where
chains grow directly from the lignin, the lignin carries initiation or regulation sites, and side
chains are formed by polymerization directly on its structure. An advantage of this procedure
is the higher density of attached chains. In an approach where pre-synthesized polymers with
a terminal reactive group are attached to lignin, the molecular weight and structure of the
side chains can be controlled more precisely; however, the grafting density is typically lower
due to steric hindrance. In lignin chemistry, copolymers with polyacrylate,
polymethacrylate, polyethylene glycol, or poly(e-caprolactone) segments have been
prepared in this manner (Ganewatta et al. 2019; Vega-Hernandez et al. 2021; Li et al. 2021;
Pourmahdi et al. 2023).
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Biotechnological and Enzymatic Modification of Lignin

Enzymatic Modification

Enzymes of the ligninolytic system are key tools for the biotechnological modification of
lignin. Laccase catalyzes the oxidation of a phenolic substrate using molecular oxygen to
form radicals, which can recombine, oligomerize, or copolymerize with other
macromolecules (Widsten and Kandelbauer 2008). In practice, laccases are used for the
enzymatic polymerization of lignin to prepare rigid gels and elastomers, as well as for the
enzymatic cleavage of B-O-4 bonds during lignin degradation. The choice of mediator
(ABTS, HBT, and others) allows the substrate specificity of laccase to be extended to non-
phenolic structures as well. Manganese peroxidase (MnP) oxidizes lignin via the
Mn2+/Mn3+ redox pair; Mn3+ acts as a diffusive oxidant that penetrates the compact lignin
network and initiates the cleavage of C-C and ether bonds. Lignin peroxidase (LiP) is
capable of oxidizing non-phenolic aromatic structures and is unique due to its very low redox
potential. The combination of enzymatic oxidation followed by chemical modification (e.g.,
laccase-catalyzed copolymerization of lignin with acrylates or biotiol substitution)
represents a promising route to defined bifunctional polymers.

Microbial Biotransformation and Lignin-Degrading Bacteria

In addition to enzymes, research is being conducted on the direct use of white rot fungi
(Phanerochaete chrysosporium, Trametes versicolor) and bacteria (Pseudomonas putida,
Sphingobium sp.) for the depolymerization and biotransformation of lignin. Microorganisms
break down lignin into low-molecular-weight aromatic intermediates — such as vanillin,
syringaldehyde, and ferulic acid — which are valuable raw materials for fine chemicals.
Metabolic engineering of microbial strains enables the increase of target product yields and
paves the way for the integration of lignin biotransformation into biorefinery schemes
(Zakzeski et al. 2010).

Lignin as a Platform for New Biomaterials

In biomaterials science, a biomaterial is defined as a natural or synthetic substance
designed to interact safely and functionally with a biological system in a therapeutic or
diagnostic context, or to be in direct contact with a biological environment such as tissues,
blood, cells, or biomolecules (Migonney 2014; Hickok et al. 2019). In this sense,
biomaterials encompass not only the conventional concept of implant materials, but also soft
polymeric networks, such as hydrogels, highly porous three-dimensional carriers like
aerogels and cryogels, bioactive films, biocomposites, as well as bioprinting formulations
intended for additive manufacturing, provided they are specifically designed for contact with
biological systems (Trucillo 2024; Karamikamkar et al. 2023; Hixon et al. 2017; Saini et al.
2015). In the context of biomaterials, lignin is unique primarily because it is a renewable
aromatic biopolymer with a high density of phenolic and aliphatic hydroxyl groups, and it
occurs in large quantities as a component of lignocellulosic biomass (Rico-Garcia et al.
2020). However, from the perspective of biomaterial applications (Picture 6), it is important
to note that in practice, lignin with all desired properties remaining constant is rarely used.
Technical lignins, such as kraft lignin, soda lignin, organosolv lignin, and lignosulfonate,
exhibit significant structural and property variability, which directly affects the
reproducibility, processability, and biological behavior of the resulting materials (Hachimi
Alaoui et al. 2023; Rico-Garcia et al. 2020).
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Picture 6. Schematic illustration of the applications of lignin-based biomaterials
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Results and Discussion

Acid precipitation remains the most widespread and industrially relevant method for
isolating kraft lignin. The principle involves lowering the pH of the alkaline black liquor
using a mineral acid (most commonly H>SOgs), thereby destabilizing the lignin and
precipitating it in the form of a suspension. Precipitation temperature also plays an important
role, as it influences lignin diffusion, macromolecule aggregation, and the selectivity of
fractionation based on molecular weight. The combination of pH and temperature has a
synergistic effect on the distribution of phenolic OH groups and the sulfur content in the
1solated product. Within the scope of the present study, 13 experimental conditions covering
a pH range of 2.00—4.50 and temperatures of 40-90 °C were carried out in a central
composite DoE design. Precipitation was carried out by adding 2M H>SO4 under constant
stirring, with the suspension aged for 30 minutes under the target conditions. Lignin was
filtered off by vacuum filtration, washed with demineralized water, and dried to constant
weight. The results for selected samples are summarized in Table 2.

Tab. 2. Selected results of acid precipitation of kraft lignin (L1-L13)

Sampl T H Weight loss to 800 °C S (%) Total OH concentration
e ccy | P (%) 0 (mmol/g)
L1 65 3.25 60.33 1.61 1.86
L4 83 4.13 56.19 1.63 2.22
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L5 40 3.25 42.63 1.11 1.44
L9 65 3.25 56.18 1.75 1.85
L13 65 3.25 57.03 1.59 1.91

* The table lists representative samples, including those from the center of the plot (L9, L13), the maximum
total OH value (L4: T=83°C, pH=4.13, OH=2.22 mmol/g), and the minimum sulfur content (L5: T=40 °C,
pH=3.25, S=1.11 %).

Ultrasonic cavitation represents an alternative or complementary approach to lignin
precipitation. Acoustic cavitation generates local extreme conditions (temperature > 5,000
K, pressure > 1,000 atm) and leads to the formation of reactive radical species, which can
significantly affect the structure of lignin and the distribution of functional groups. Two
configurations were used in the experiments: an ultrasonic probe (90% amplitude, 5 min, ice
bath) and an ultrasonic bath (120 min). Selected results are shown in Table 3.

Tab. 3. Selected results of cavitation-assisted precipitation (PL=ultrasonic probe and
BL=ultrasonic bath)

Sampl | Syste | pH Weight loss to 800 °C S Total OH concentration
e m (%) (%) (mmol/g)
pp 1 | Probe 435 55.87 1.88 1.80
pLy | Probe 259 60.62 1.99 1.53
L1 | Bath 4(')5 56.10 2.00 1.24
Lo | Bath 372 59.17 1.93 0.92

Among the cavitation-assisted samples, the precipitation pH was the main variable
governing the functional-group profile. With the ultrasonic probe, sample PL 1 (pH 4.53)
reached a higher total OH concentration (1.80 mmol/g) than PL 2 (pH 2.97; 1.53 mmol/g);
the same trend appeared for the ultrasonic-bath samples, where BL 1 (pH 4.50) retained
more total OH groups (1.24 mmol/g) than BL 2 (pH 3.27; 0.92 mmol/g). A higher
precipitation pH thus favoured the recovery of lignin fractions richer in hydroxyl groups,
whereas the sulfur content was only weakly affected by pH (1.88-2.00 %). At a comparable
pH, the probe-treated samples reached higher total OH concentrations than the bath-treated
ones, reflecting the stronger cavitation intensity of the probe.

Conclusion

Kraft lignin from black liquor is a renewable, valuable raw material for modern
biomaterials, but only if its isolation and modification are carried out with a sufficient
understanding of the relationships between process and structure. This work demonstrates
that acid precipitation with controlled pH and temperature, supplemented by ultrasonic
cavitation within a DoE approach, enables the preparation of lignin with defined values of
phenolic OH and sulfur content. Chemical modification — both depolymerization and
functional modifications of hydroxyl groups (esterification, etherification, oxypropylation),
expands the functional scope of lignin toward biocomposites and polyurethanes (Li et al.
2025; Pérez-Rafael et al. 2023; Xiang et al. 2020). Enzymatic modification using laccase
and peroxidases offers a greener route to functionalization and cross-linking without
aggressive chemicals. Lignin hydrogels, as the resulting material, combine a renewable raw
material with biofunctional properties: antioxidant activity, biodegradability, and the ability
to incorporate active substances and represent a promising platform for biomedical and
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environmental applications. A key prerequisite for realizing this potential is the reliable
characterization of lignin from the isolation stage, with phenolic OH and sulfur content being
the most important quality parameters for downstream processing.
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Zhrnutie

Od priemyselného kraftového Cierneho vyluhu k vysokohodnotnym biomaterialom:
izolacia, kavitaciou podporované spracovanie a chemicka a biologicka modifikdcia
ligninu

Lignin je druhym najhojnejSim prirodnym aromatickym biopolymerom, avsak drviva
vacsina technického ligninu vyprodukovaného v celul6zovo-papierenskom priemysle sa
spaluje na ucely ziskania energie. Tato praca predstavuje integrovany pristup
k zhodnocovaniu, ktory zahfna tri fazy: izolaciu, modifikéaciu a aplikaciu v pokrokovych
biomaterialoch. Kraftovy lignin bol izolovany z Cierneho vyluhu kontrolovanou kyslou
precipitaciou pri ur¢itych procesnych podmienkach (pH, teplota) a kavitaciou podporovanou
precipitaciou (ultrazvukova sonda a kupel). Proces bol optimalizovany stratégiou
centralneho kompozitného navrhu planovanych experimentov podla Statistického modelu
DoE. Obsah fenolickych OH skupin a obsah siry — dva najkritickejSie parametre kvality pre
nasledné spracovanie boli systematicky zmapované ako funkcia pH, teploty. Chemické
modifikaéné  postupy  (esterifikacia, etherifikdcia, epoxidacia, oxypropylacia)
a enzymatické/biotechnologické pristupy su diskutované ako nastroje na funkcionalizaciu
ligninu smerom k Specifickym materidlovym aplikaciam. Aplikacie st orientované na
perspektivne vyuzitie modifikovaného ligninu v biokompozitoch a hydrogéloch.
Contact information
Matus Majerciak
Institute of Natural and Synthetic Polymers
Department of Wood, Pulp and Paper
Slovak University of Technology in Bratislava, FCHPT
Radlinského 9
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Abstrakt

Praca sa zaobera upravou elastickych vlastnosti papiera pomocou prirodnych
polymérnych aditiv pridavanych priamo do papieroviny. Skiima vplyv biopolymérov, ako
su Zelatina, chitozdn, PVA a CMC, na zlepSenie elastickych a pevnostnych vlastnosti papiera
pri vyrobe ekologicky udrzatel'nych obalovych materialov.

Klucové slova: aditiva, mechanické vlastnosti, elasticita papiera
Uvod

V sucasnosti je v obalovom priemysle snaha nahradit’ jednorazové plasty na baze ropy
ekologicky udrzatelnymi a biologicky rozlozitelnymi materidlmi. Papier je idedlnou
alternativou, avSak jeho S§irSie vyuzitie v pokro€ilych 3D aplikaciach, ako st tvarované
obaly, vrecia alebo tasky, je obmedzené jeho nizkou elasticitou. Tento prispevok sa zaobera
vyvinom papiera so zvySenou schopnostou deformacie bez poSkodenia Struktury
prostrednictvom cielenych chemickych modifikacii vlaknitych sieti.

Materialy a metodika

Pouzili sme Standardizovanu dlhovlakniti sulfatova bielenti buni¢inu RM 8495. Ako
aditiva sme zvolili Zelatinu z prasacej koze typu A, chitozan, polyvinyl alkohol (PVA)
a karboxymetylcelulozu (CMC).

Rozvldknenie prebehlo podla normy ISO 5263-1 (2005) pouzitim laboratorneho
rozvlaknovaca pri 10 000 rpm. Mletie buni¢iny podla ISO 5264-1 (1993) pomocou Valley
holandera na stupeil mletia 30 SR. K bunicine bolo nasledne pridané aditivum a zmes sa
zhomogenizovala pomocou mieSadla. Harky sa vyrabali na ru¢nom laboratornom harkovaci
podl’a normy ISO 5269-1 (2005) a mechanické vlastnosti harkov boli stanovené podl'a ISO
1924-2 (1994). Postup je schematicky znazorneny na obrazku 1.

Obrazok 1: Schéma pripravy a testovania mechanickych vlastnosti laboratérnych harkov

=N |

Bunicina s Rozvlaknenie Mletie na Pridavok Homogenizacia Formacia SuSenie  Meranie mechanickych
vodou 30SR aditiva zmesi harku vlastnosti
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Vysledky a diskusia

Graf 1: Zavislost’ pevnosti v tahu laboratornych harkov od druhu a mnozstva aditiva
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Ako modzeme vidiet' v grafu 1, vysledky ukazali, Ze okrem PVA mé na pevnostné
vlastnosti pozitivny vplyv kazdé aditivum v uréitom mnozstve. NajlepSie pritom pdsobi
zelatina, ktora na rozdiel od ostatnych aditiv pevnost’ v tahu nezhorsuje.

Pri relativnom prediZzeni podobne pozorujeme nepriaznivy vplyv PVA, ako aj pri
pridavku vac¢sieho mnozstva CMC alebo chitozanu, ¢o je zrejmé z grafu 2.

Graf 2: Zavislost' predizenia laboratornych harkov od druhu a mnozstva aditiva
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Zaver

Praca sa zaoberala vplyvom prirodnych polymérnych aditiv na pevnostné a elastické
vlastnosti papiera. Prinos tejto prace je najma v spdsobe aplikacie aditiv, ktoré neboli pouzité
povrchovo, ale priamo pridavkom do hmoty papieroviny pred formdaciou harkov. To
umoznilo ovplyvnenie vnutornej Struktury papierovej siete a interakcie vldkien pocas
formacie papiera.

Pod’akovanie

Tento prispevok vznikol s podporou Agentiry na podporu vyskumu a vyvoja na zaklade
zmluvy APVV-22-0277 a projektu VEGA 1/0651/23.
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Summary

Modification of paper elastic properties using natural polymeric additives

This study investigates the modification of paper mechanical and elastic properties
through the incorporation of natural polymeric additives directly into the pulp suspension
before sheet formation. The research is motivated by the growing demand for sustainable
and biodegradable alternatives to petroleum-based single-use plastics in the packaging
industry. Bleached kraft pulp was used as the fibrous material, while gelatin, chitosan,
polyvinyl alcohol (PVA), and carboxymethyl cellulose (CMC) were selected as additives.
Laboratory sheets were prepared according to standardized procedures, and their tensile
properties were evaluated.

The results demonstrated that most of the tested additives positively influenced the
strength properties of paper when applied at appropriate dosages. Gelatin showed the most
promising performance, providing an increase in tensile strength without causing
deterioration of other mechanical properties. In contrast, PVA exhibited a negative effect on
both tensile strength and elongation. Similar adverse effects were observed at higher dosages
of CMC and chitosan. The study highlights the importance of additive incorporation directly
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into the paper stock, enabling modification of the internal fibre network and fibre—fibre
interactions during sheet formation. The obtained results contribute to the development of
paper materials with improved deformation capability and enhanced suitability for advanced
packaging applications requiring higher elasticity and mechanical performance.
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Abstrakt

V praci sa sleduje vplyv pridavku Supiek resp. obalov kukuri¢nych zin k sekundarnym
vlaknam na baze OCC (Old Corrugated Containers — stard vlnita lepenka) na pevnostné
(hustota, trzné zat'aZenie, index pretrhnutia, absorpcia tahovej energie, trzné dizka, pevnost’
v tahu, relativne prediZenie), optické (belost) a bariérové (priepustnost’ vzduchu podla
Gurleyho) vlastnosti papierovych harkov. Bol testovany obsah 40 % a 60 % kukuri¢nych
Supiek v zmesi so sekundarnymi vldknami na baze OCC. Suspenzie pripravené acidifikaciou
a mletim boli podrobené chelaticii a trojstupiovému bieleniu. Metdda bielenia
pozostavajica z troch krokov bola aplikovana pri dvoch sériach — pri acidifikacii bez
predchédzajiceho mletia (B0) a s mletim suspenzie buni¢iny (B1) na stupeii mletia 72 °SR
podl'a Schoppera-Rieglera. Proces bielenia sa vykonal v 3 krokoch — peroxidové bielenie
s pridavkom hydroxidu sodného, bielenie oxidom chlori¢itym a peroxidové bielenie
v alkalickom prostredi. Bol skimany vplyv mletia a chemického spracovania buni¢inovych
vldken na vysledné parametre laboratornych papierovych harkov.

Krucové slova: kukuri¢na vldknina, OCC, chemicka uprava, mletie, mechanické vlastnosti,
papier
Uvod

Lignocelul6zovd biomasa s vysokym obsahom vldkniny pozostavajuca prevazne
z holocelul6zy, ktora nemd vyznamné vyuzitie v spracovatel'skom priemysle alebo sa
pouziva na vyrobu kfmnych zmesi, ale nevyhnutne s pridanim Zivin, poskytuje nové
moznosti spracovania na vyrobu papiera zo sekundarnych vldkien na baze OCC
s vyznamnym pridavkom nevyuzitej nedrevnej biomasy (Pazitny et al., 2025a). Prikladom
takejto nedrevnej biomasy je vedl'ajs$i produkt prvej generacie — liehovarnicky odpad na baze
kukuriéného zrna alebo kukuriénych otrib. Prvé Stadie sa zaoberali vyuzitim
liehovarnickeho odpadu ako vedl'ajsSiecho produktu pri vyrobe bioetanolu prvej generacie
a spektralnou analyzou papierovych harkov (Pazitny et al., 2010; Pazitny et al., 2011).

Niektoré Stadie sa tiez zaoberaju spracovanim odpadového papiera na vyrobu
sekundarnej buni€iny, na vyrobu novinového a baliaceho papiera v ramci obehového
hospodarstva (Li & Ma, 2015). Neddvne S§tudie preukéazali potencidl celulozy
z recyklovaného papiera vo funkénych kompozitoch a environmentilnych aplikacidch
(Saberi et al., 2025).

Odpadové kartony tzv. OCC (Old corrugated containers) sa v stcasnosti vyuZzivaju
v rozlicnych aplikaciach. Mézu byt pouzité pri vyrobe tissue papiera ako nahrada
nedostupného vlakna z recyklovaného papiera vyssej kvality alebo pri vyrobe hygienickych
papierov, kde belost’ nie je kI'aiCovou vlastnost'ou vyrobku (Zambrano et al., 2021). OCC
mdzu byt pouzité ako alternativny zdroj lignocelul6zovych vlaken, z ktorého mozno
izolovat’ mikrofibrilovani (MFC) (Gonzélez-Pérez et al., 2022) alebo nanofibrilovanu
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celulozu (NFC) (Copenhaver et al., 2021) atak uSetrit’ energiu v porovnani s energiou
potrebnou na jej izolaciou z drevnych zdrojov. Zaujimavu aplikaciu predstavuje rozptstanie
OCC v i6novej kvapaline bez ich predchadzajiacej upravy. Mozno takto ziskat’ celulozové
filmy, ktoré vykazuju lepsie tienenie UV-Ziarenia a hydrofobnost’ v porovnani s tradi¢nymi
¢isto celul6zovymi filmami. Tieto filmy mézu byt pouzite'né v obalovom priemysle (Xia et
al., 2021). Ak sa vladkna obsiahnuté v OCC v désledku viacnasobnej recyklécie stant prilis
kratkymi na pouzitie vo vyrobe papiera, mozno ich pouzit na vyrobu ultratenkych
vysokohustotnych vlaknitych dosiek (HDF), kde sa pouziva lignin ako pojivo (Luo et al.,
2022).

Materialy a metody

Vldknina zo Supky kukuricného zrna (chemické zlozenie v Tab. 1) sa ziskala od
spoloc¢nosti Tate & Lyle Boleraz, s.r.o. (SR). Staré kartony (OCC) sa ziskali zo zbernych
dvorov. Hydroxid sodny NaOH, kyselina sirovda H2SO4 a heptahydrat siranu hore¢natého
MgSO4.7H20 boli ziskané od spolocnosti Slavus s.r.o. (Bratislava, SR). Kyselina
dietyléntriaminpentaoctova (DTPA) bola ziskana od spolo¢nosti E. Merck KG (Nemecko).
Peroxid vodika H202 (c =459 g/l) a vodny roztok oxidu chlori¢it¢ho C102 (¢ = 8 g/1) boli
ziskané z Mondi Stéti a.s. (CR).

Vsetky nasledné chemické upravy suspenzie buni¢iny sa vykonali v 7,5 1 vsadzkovom
mieSanom laboratornom reaktore pri atmosférickom tlaku a konzistencii zmesi 10 hm. %.

Priprava suspenzie buniciny

Suspenzia buni€iny zlozena z kukuriénych vladkien a OCC v pomere 40:60 (vzorka B1)
sa pripravila v laboratérnom mlyne Valley Holander podl’a ISO 5264-1 pri konzistencii 2 %.
Vzorky na stanovenie stupiia mletia sa odobrali v ¢asovych intervaloch 0, 20, 40 a 60 minut.
Stupen mletia podl'a Schoppera-Rieglera (°SR) sa urcil podl'a STN ISO 5267-1. Konecné
hodnota stupiia mletia bola 72°SR.

Acidifikacia suspenzii buniciny

Na okyslenie buni€iny zloZenej z kukuri¢nych vldkien a OCC v pomere 60:40 (vzorka
BO0) sa pouzila 2M H2SO4. Okyslenie sa uskuto¢nilo pri pH = 5,0, retencnom €ase 1 hod. a
teplote 50°C. Ziskana vzorka sa pouzila ako referencnd na porovnanie mechanickych
vlastnosti s ostatnymi vzorkami. Okyslenie sa vykonalo pre prva sériu bez mletia (vzorka
B0). Vzorka B1 mala pomer kukuri¢nych vldkien a OCC - 40:60 a bola mlet4 a nasledne
okyslend. Obe vzorky sa premyli samostatne horucou vodou.

Chelatdcia

Odstranenie kovov pred peroxidovym bielenim sa uskuto¢nilo pomocou DTPA pri pH =
5,0, reten¢nom case 3 hod. a teplote 80 °C. V chelatatnom procese sa pouzili okyslené a
premyté vzorky BO a B1. Na okyslenie suspenzie s cielom podporit’ chelatacny proces sa
pouzila 2M H2S04 a finalne vzorky sa premyli horticou vodou.

Peroxidové bielenie s pridavkom alkalii

Prvym stupiiom bielenia vzoriek BO a B1 bolo bielenie peroxidom vodika s pridavkom
NaOH - stupeni P1 pri pH = 9,2, retenénom c¢ase 3 hod. a teplote 90 °C. Na zabrédnenie
degradacie celulézy bol pridany MgS0O4.7H20. Kone¢né vzorky boli premyté hortucou
vodou.
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Bielenie v D stupni

V dalSej faze sa na bielenie vzorieck BO a Bl pouzil vodny roztok ClO2. Pouzil sa
ekvivalent 15 kg aktivneho Cl na tonu absolitne suchej bunic¢iny. Na okyslenie vodnej
suspenzie sa pouzila 2M H2SO4. Bielenie sa uskutoc¢nilo pri pH = 3,8, retenénom c¢ase
70 minat a teplote 75 °C. Finalne vzorky sa premyli horucou vodou.

Peroxidové bielenie v alkalickom prostredi

Stupen P2, teda peroxidové bielenie v alkalickom prostredi bolo realizované so vzorkami
B0 a BI1 pri pH = 12,0, retencnom c¢ase 3 hod. a teplote 90 °C. Na zabranenie degradacie
celulozy bol pridany MgS0O4.7H20. Kone¢né vzorky boli premyté horticou vodou.

Priprava papierovych harkov

Z vybranych vzoriek zmesovej buniCiny boli pripravené laboratéorne papierové harky
Standardnym postupom na laboratérnom harkovaci Rapid-Kdéthen (Frank-PTI, Nemecko)
podla normy ISO 5269-2. Buni¢inova suspenzia s konzistenciou 0,5 % sa naliala do
valcového hrdla harkovaca a pridalo sa také mnozstvo vody, aby po jej odsati doslo
k vyformovaniu papierového harku o plosnej hmotnosti 60 g/m2. Harky boli siaté zo sita
harkovaca pomocou karténu a prikryté z vrchnej strany dal$im kartébnom. Takto boli
umiestnené medzi 2 vyhrevné platne v susiacej Casti harkovaca a susené pri 85°C.

Meranie vilastnosti papierovych harkov

Trzné zataZenie, index pretrhnutia, absorpcia tahovej energie (TEA), trzna dizka,
pevnost’ v tahu a relativne prediZenie boli stanovené pristrojom Instron (Instron Corporation,
USA) podl'a ISO 1924. Belost’ harkov bola merana pristrojom ELREPHO (Lorentzen &
Wettre, Svédsko) pri difuznej modrej reflektancii pri A= 457 nm a osvetl'ovacom médiu C
podl'a ISO 2469 a ISO 2470. Priepustnost’ vzduchu podl’a Gurleyho bola stanovena pomocou
densometra Gurley (Lorentzen & Wettre, Svédsko).

Vysledky a diskusia

1.1 Porovnanie chemického zloZenia buniciny a kukuriCnej viakniny

V Tab.1 je uvedené porovnanie chemického zlozZenia sulfatovej buni€iny a kukuri¢nej
vlakniny. Kukuri¢nad vldknina ma& podobné niektoré vlastnosti s chemickou sulfatovou
buni¢inou. Ako je zrejmé z udajov v tabulke obe suroviny vykazuji podobné percentualne
zastupenie holocelulézy aj podobny obsah extraktivnych latok. Sulfatovd buni¢ina ma
priblizne dvakrat vacsi obsah celulozy ako kukuri¢nd vldknina. Celkovy obsah ligninu je u
kukuri¢nej vlakniny priblizne 1,8-krat mensi neZ v pripade sulfatovej bunic¢iny. KOC et al.
(2017) uvadzaju nasledovné chemickeé zloZzenie OCC: holoceluldza 83,87 & 0,18 %; celul6za
74,62 + 0,12 %, a-celuléza 67,50 + 0,13 %, lignin 15,40 + 0,24 %.

Tab. 1: Porovnanie chemického zloZenia kukuri¢nej vlakniny a sulfatovej buniciny
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Zastupenie zloZky
¥ (hm.%/hm% a.s.) .
Zlozka Kukuri¢na | Sulfatova Metoda
vlaknina bunidina
Holocelul6za 60,10 69,69 Wise
Celuloza 19,90 41,90 ISO 692
Popol 1,67 0,25 ISO 1762
Extraktivne latky 2,91 2,70 ISO 624
Klasonov lignin 6,84 27,17 Tappi T 2220m-98
Kyselinou 8,54 0,19 Tappi UM 250
rozpustny lignin
Celkovy lignin 15,38 27,36 -

*Klasonov lignin bol korigovany na obsah popola
Zdroj: (Pazitny et al., 2025b)

Porovnanie mechanickych, optickych a bariérovych vlastnosti laboratérnych
papierovych harkov

Hodnoty hustoty a belosti papierovych harkov z pripravenych z buni¢iny bez mletia (B0)
a smletim (B1) sa vyrazne neliSia. Pri papieroch sme skumali hodnoty nasledovnych
parametrov: trzné zat'azenie, index pretrhnutia, absorpcia tahovej energie, trzna dizka,
pevnost’ v tahu, relativne prediZenie a priepustnost’ vzduchu podla Gurleyho (Tab. 2).

Tab. 2: Parametre papierovych harkov zo zmesi chemicky upravenej kukuri¢nej
vlakniny a OCC v pomere 60:40 (vzorka B0 bez mletia) a 40:60 (vzorka B1 s mletim)

Parameter Stanovena hodnota parametrov vzoriek
(jednotky) Séria B0 Séria B1
Hustota (kg/m?) 610 600
Belost’ ISO 2469 26,92 + 0,89 33,08 £ 0,31
a 2470 (%)
Trzné zat'aZenie 2,7 3,2
(kN/m)
Index 37,6 62,4
pretrhnutia(Nm/g)
Absorpcia tahovej 14,6 38,0
energie— TEA
(J/m?~)
Trzna dlzka(km) 3,8 53
Pevnost’ v tahu 23,0 31,2
(MPa)
Relativne predlzenie 0,65 1,40
(%)
Priepustnost’ 44,1 159,3
vzduchu podl'a
Gurleyho (s)
Pevnost’ v tahu pri 41,8 54,4
nulovej upinacej
dlzke (N/cm)

Najvyraznejsi narast sa pozoruje v pripade priepustnosti vzduchu podl’a Gurleyho. Medzi
vzorkou bez mletia BO a vzorkou s mletim B1 je zrejmy takmer $tvorndsobny nérast odporu
papiera proti prieniku vzduchu. Dalsie sledované parametre, ktoré sa vyrazne zvysuju
zahrnutim mletia st TEA — absorpcia tahovej energie (zo 14,6 J/m?na 38,0 J/m?) a relativne
predizenie (z 0,65 % na 1,40 %). TEA a relativne prediZenie sa zvysujt priblizne o 160 %,
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respektive 115 %. Ostatné mechanické vlastnosti sa tiez zvySuju vplyvom ucinku mletia.
Narast vSak nie je az taky vyrazny a je pod 100 %. Predpokladame tu zanedbatel'ny vplyv
roznych pomerov kukuricnych vldkien a OCC na vlastnosti papierovych harkov
pripravenych zo suspenzii zmesi kukuri¢nych vldkien a OCC. Vdaka vysSie uvedenym
hodnotam parametrov harkov mozno kukuri¢né vlakno povazovat za d’alsi alternativny
lignoceluldzovy material na vyrobu papierovych obalov.

Zaver

Papierenské suspenzie pripravend kombinaciou nedrevnej biomasy (kukuri¢né vlakna) a
sekundarnych vldkien na baze OCC (stard vlnitd lepenka) boli pouzit¢ na Stidium
parametrov pripravenych papierovych harkov. Suspenzie boli upravené mechanicky mletim
a chemicky acidifikéciou a bielenim, ¢o viedlo k zmenam pevnostnych a optickych vlastnosti
pripravenych papierovych harkov. Harky pripravené zo suspenzie po mleti (vzorka B1)
vykazovali lepSie mechanické vlastnosti nez harky pripravené zo suspenzie bez mletia
(vzorka B0). Vd’aka relativne dobrym mechanickym parametrom pripravenych papierovych
harkov a relativne vysokému obsahu holocelulézy mozno kukuri¢né vldkno z vlaknitych
odpadov zo Skrobarenskej vyroby povazovat’ za vhodny nedrevny lignocelulézovy material
na vyrobu kompozitnych obalov z prislusnych plo§nych materialov.
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Summary

Parameters and utilization of paper based on OCC and fibrous waste from corn starch
production.

The main objective of this thesis is to evaluate the effect of incorporating fibrous waste
from corn starch production into an Old Corrugated Containers (OCC)-based pulp
suspension on the final properties of laboratory paper hand sheets. Forty-percent and
sixty-percent fractions of corn kernel casings were added to the pulp suspension. Strength
(density, tensile index, tensile strength, breaking length, tensile energy absorption, Young’s
modulus, relative elongation, zero-span tensile strength), optical (brightness), and barrier
(air resistance according to the Gurley method) properties of the hand sheets were tested.

The pulp suspensions were prepared by acidification and beating in a Valley laboratory
beater. Subsequently, they were subjected to chelation and a three-stage bleaching sequence
as follows: I. hydrogen peroxide bleaching with sodium hydroxide addition; II. chlorine
dioxide bleaching; III. hydrogen peroxide bleaching under alkaline conditions.

This sequence was applied in two series: acidification without prior beating (B0 series)
and beating to a final value of 72° Schopper-Riegler (B1 series). The results indicate that
hand sheets prepared from suspensions subjected to beating (B1 series) exhibit better
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properties compared to hand sheets prepared from suspensions where the beating procedure
was not applied.
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Abstrakt

Nanoceluloza predstavuje rychlo sa rozvijajicu triedu obnovitelnych biomateridlov s
vynimocnymi mechanickymi, reologickymi a funkénymi vlastnostami. Vdaka svojej
vysokej pevnosti, nizkej hmotnosti, biokompatibilite a schopnosti vytvarat stabilné
nanoStruktury sa stala kI'i¢ovym prvkom modernych inovativnych technologii. Vyskum sa
orientuje na hlavné typy nanoceluldozy — celulézové nanofibrily (CNF), celulézové
nanokryStaly (CNC), enzymaticky modifikované celulézové nanofibrily, micelarne a
bakteridlne nanocelulézy (BC) — a analyzuje ich Specifické vlastnosti, ktoré urcuju ich
vhodnost’ pre aplikécie. Osobitnd pozornost’ sa venuje vyuzitiu nanoceluldzy v kompozitoch,
papierenskych a obalovych materidloch, filtraénych membranach, elektronike, medicine a
kozmetike. Analyzuju sa nové trendy, ako su inteligentné materidly, aerogély, 3D tlac a
povrchové modifikacie umoziujice funkéni personalizaciu. Cielom je ukazat, ako
nanoceluloza transformuje tradiéné odvetvia a vytvara priestor pre udrzatené, vysoko
vykonné rieSenia v priemyselnej praxi.

Krlacové slova: nanoceluléza, mikrofibrilovand celul6za, nanokrystalickd celuldza,
bakterialna celuldza, priprava, mechanicka fibrilacia
Uvod

Celuldza je najrozsirenejsi biopolymér na Zemi. Ro¢né produkcia biosférou sa odhaduje
na priblizne 1,5 x 102 ton a tvori primarnu Strukturalnu zloZku bunkovej steny rastlin. V
poslednych dvoch dekéadach sa popri klasickej vlaknitej celuléze dostavaji do popredia
nanoStrukturované formy, stthrnne oznacované ako nanocelul6za. Vyznacuji sa vysokym
mernym povrchom, vynikajicimi mechanickymi vlastnostami, nizkou hustotou,
biologickou odburate'nost’ou a moZnost'ou rozsiahlej chemickej funkcionalizacie (Klemm
et al. 2005; Klemm et al. 2011). Mechanické vlastnosti jednotlivych nanofibril (Youngov
modul az 150 GPa) st porovnatel'né s vlastnostami aramidovych vlakien, pricom material
zostava plne biokompatibilny a obnovitel'ny.

Nanocelul6za sa vyuZiva ako vystuZz v polymérnych nanokompozitoch, ako funk¢na
zloZka v papieri a kartonoch, v biodegradovatel'nych foliach, v bariérovych systémoch proti
preniku kyslika a mastnoty, ako reologicky modifikator v naterovych a potravinarskych
systémoch, ako aj v kozmetike. Obzvlast perspektivne su biomedicinske aplikacie ako
napriklad hojenie ran, tkanivové inZinierstvo a biodegradovateI'né implantaty, kde
nanoceluléza spdja atraumatickost’ so schopnostou vytvarat' stabilné trojrozmerné
hydrogélové struktury (Czaja et al. 2006).

Rozvoj priemyselnej vyroby nanocelul6zy vsak nardza na dve zasadné bariéry: (i) vysoku
energetickl narocnost’ mechanickych procesov veducich k fibrilacii vlakien na nanotroven
a (i1) environmentdlne zat'azenie spojené s pouzitim koncentrovanych kyselin a oxida¢nych
¢inidiel pri chemickych metddach. Hl'adanie ,,zelenych alternativ, ako su enzymaticka a
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biologickd preduprava lignocelulézovej biomasy, optimalizacia mechanického mletia a
vyuzitie odpadovej a vedl'ajsej suroviny, je preto kI'icovou vyskumnou prioritou.

Tento prispevok sumarizuje zékladnu klasifikaciu nanoceluldzy, prehl'ad metdd jej
pripravy a vybrané fyzikalno-chemické vlastnosti s dérazom na ich vplyv na mozné
aplikdcie. Zvla§tna pozornost je venovana skusenostam VUPC s pripravou
mikrofibrilovanej celulozy v planétovom gul'ovom mlyne ako alternative k vysokotlakove;j
homogenizacii, ako aj perspektive vyuzitia hub bielej hniloby pri biologickej preduprave
lignocelul6zovych substratov.

Klasifikacia a Struktura nanocelul6zy

Pojem nanoceluldéza zahfiia celulozové materialy, ktorych aspon jeden rozmer sa
nachddza v nanorozmerovej skale (1-100 nm). Z hl'adiska povodu, morfoldgie a sposobu
pripravy sa najcastejSie rozliSujua tri hlavné skupiny (Klemm et al. 2011; Iguchi et al. 2000):

- mikrofibrilovand/nanofibrilarna celul6za (MFC/CNF),
- nanokrystalicka celul6za (NCC, resp. CNC — cellulose nanocrystals),
- bakteridlna nanoceluléza (BNC).

Mikrofibrilovana celuloza (MFC, CNF)

Mikrofibrilovana celuléza vznikd delaminiciou drevnej alebo rastlinnej buniciny
posobenim intenzivnych Smykovych sil, tlaku a pripadne kavitacnych efektov. Vysledné
mikrofibrily maju priemer priblizne 5 az 60 nm a dizku niekol’kych mikrometrov.
Hierarchicka struktira celul6zového vldkna zahiiia elementarne mikrofibrily (3,5 az 4,0 nm),
ktoré agreguju do hrubsich fibril (~12 nm); tie st usporiadané v ramci celul6zového vlakna
s priemerom stoviek nanometrov az niekol’kych mikrometrov.

Surovinou pre pripravu MFC su bielené drevné buniCiny (ihli¢naté aj listnaté), ale aj
nedrevné zdroje, ako st konope, I'an a agrarne zvySky (slama, bagasa, steblové zvysky
potravindrskych plodin). Priemyselne sa MFC pripravuje najmd vysokotlakovou
homogenizaciou, mikrofluidizaciou alebo diskovym rafinovanim. Vysledna disperzia ma
vyrazni shear-thinning reoldgiu, vysoku viskozitu aj pri nizkych koncentraciach a
schopnost’ tvorit’ pevné hydrogély a filmy. Nevyhodou je extrémna energetickd naro¢nost’:
literatara uvadza spotrebu az 20 000 az 25 000 kWh-t* pri vyrobe MFC bez predupravy
(Klemm et al. 2011).

Nanokrystalicka celuloza (NCC / CNC)

Nanokrystalickd celuldza sa pripravuje najmé kyslou hydrolyzou, pri ktorej mineralne
kyseliny (H2SO., HCI, pripadne HsPOs) selektivne rozkladaju amorfné oblasti celulozy a
zachovavaji vysoko kryStalické segmenty retazcov. Vysledné castice maji zvicsa
ty¢inkoviti morfologiu s priemerom 5 nm az 70 nm a dizkou 100 nm az 250 nm pri
rastlinnych zdrojoch; pri niektorych ZivociSnych a mikrobidlnych zdrojoch (tunikaty,
baktérie) moze dizka presahovat’ niekol’ko mikrometrov (Klemm et al. 2005).

NCC vykazuje vysoku krystalinitu (54—-88 %), relativne nizky stupeni polymerizacie (DP
~ 100-300) a pozoruhodné tekuto-kryStalick¢ spravanie vo vodnych suspenzidch. Pri
dostato¢ne vysokej koncentracii spontanne vytvéara chirdlne nematické fazy. Mechanické
vlastnosti su vynikajuce: Youngov modul jednotlivych krystalov sa odhaduje azna 150 GPa,
¢o je porovnatel'né s ocel'ou pri podstatne nizsej hustote.
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Bakteridlna nanoceluloza (BNC)

Bakteridlna nanocelul6za je syntetizovana aerobnymi baktériami rodu Komagataeibacter
(predtym Acetobacter), z ktorych je najznamejsi druh K. xylinus. Baktérie tvoria celulézu
extracelularne, vo forme kontinudlnej trojrozmernej siete nanovlakien s priemerom 20 nm
az 100 nm. BNC vynikd velmi vysokym stupiiom krystalinity (80 - 90%), stupfiom
polymerizécie 2 000—10 000 a extrémnou cistotou, ked’Zze neobsahuje lignin, hemicelul6zy
ani extraktivne latky (Iguchi et al. 2000).

Typicka forma BNC je silno hydratovany gél (obsah vody ~99 hm. %), ktory mozno
tvarovat’ pocas syntézy (membrany, duté trubice, 3D telesd). Youngov modul samostatnej
fibrily BNC sa pohybuje v rozmedzi od 78 do 114 GPa, ¢o spolu s vysokou
biokompatibilitou predurcuje tento material na biomedicinske a high-tech aplikacie.

Porovnanie hlavnych typov nanocelulozy

Porovnanie klacovych parametrov jednotlivych typov nanocelulézy je zhrnuté
v nasledujucej prehl'adne;j tabulke.

Tab. 1: Porovnanie typov nanocelulozy

Parameter MFC NCC BNC
Priemer [nm] 5-60 5-70 20-100

. 100-250 nm . .
Dlzka pm (rastlinné zdroje) pm az desiatky pm
KryStalinita [%] 50-70 54-88 80-90
Stupen 500-1500 100-300 2 000-10 000
polymerizacie DP
Energia vyroby velmi vysoka stredna nizka (fermentacia)
Cistota stredna vysoka excelentna

(Zdroj: Klemm et al. 2011; vlastné spracovanie)

Metody pripravy nanocelul6zy

Metody pripravy nanocelul6zy moZzno rozdelit’ na mechanické, chemické, enzymatické a
biologické. V praxi sa casto kombinuji, aby sa dosiahla kompromisnd kombinacia
energetickej naro¢nosti, vytazku a kvality produktu.

Mechanicka fibrilacia

Mechanickd priprava nanocelulézy vyuziva rozne formy silovej dezintegracie:
vysokotlakovi homogenizaciu, mikrofluidizéciu, rafinovanie, koloidné mletie, kryodrvenie
¢1 vysokovykonnll sonikédciu. Spolocnym cielom je narusit’ vizby medzi mikrofibrilami v
stene celul6zového vldkna a uvolnit’ jednotlivé nanofibrily alebo ich tenké zvizky.

Konvencna vysokotlakovd homogenizacia spo¢iva v opakovanom pretlacani vlaknitej
suspenzie cez Uzke kapilary pri tlakoch 100 az 200 MPa. Generované Smykové sily,
turbulencie a kavitacia spdsobuju intenzivnu fibrilaciu, avSak za cenu vysokej spotreby
energie a vysokych narokov na robustné zariadenie. Energetickil ndro¢nost’ mozno znizit’
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chemickou alebo enzymatickou predupravou, znizenim konzistencie suspenzie alebo
optimalizaciou poctu cyklov.

Na VUPC bola experimentalne overena priprava nanocelulézy v planétovom gulovom
mlyne ako alternativa k vysokotlakovej homogenizacii v laboratérnych a
poloprevadzkovych podmienkach. Sulfatova bielena buni¢ina bola najprv rozvldknend a
rozomleta na Jokro mlyne (220 ot./min, 30—40 min) na stupent mletia 92 °SR; zaroven bolo
67% vlakien kratSich ako 0,2 mm. Takto pripravena 2% az 3% suspenzia bola nasledne mleta
v planétovom gulovom mlyne Emax pri otackach 1 800 ot./min, v ¢ase 10 min a pri
maximalne;j teplote 70 °C.

Morfologické analyza pomocou skenovacej elektronovej mikroskopie (SEM) potvrdila
vyznamnu fibrildciu vlakien, pricom priemer dosahoval hodnoty pod 100 nm uZz pri
samotnom koloidnom mleti. Doplnenie procesu o vysokovykonnu ultrazvukova
homogenizaciu (prikon desiatky W-cm™2, frekvencie radovo desiatky kHz) d’alej redukovalo
priemer fibril a zvySovalo homogenitu disperzie.

Kritickymi parametrami procesu koloidné¢ho mletia su:
- konzistencia suspenzie (typicky 1 - 3 hm. %),
- otacky planétovej stanice a pomer otacok planéta/mleci poharik,
- ¢as mletia a rezim mletia - pauza (nutnost’ chladenia),
- maximalna teplota (z hl'adiska stability celulozovych retazcov a viskozity suspenzie),
- priemer, material a plnenie mlecich gul'6¢ok.

Pre poloprevadzkové aplikacie bol z hladiska kapacity a energetickej ucinnosti
odporucany planétovy mlyn PM 400 (4 mlecie stanice x 500 ml), ktory umoziiuje subezné
spracovanie viacerych vzoriek a lepSiu kontrolu teploty.

Chemicka priprava (kysla hydrolyza, TEMPO oxiddcia a povrchova funkcionalizdcia)

Chemicka cesta vyroby nanokrystalickej celul6zy (NCC) za¢ina chemickou predupravou
lignocelul6zovej biomasy. Vychodiskovd surovina obsahuje okrem celuldzy aj lignin,
hemicelulozy, extraktivne latky a minerdlne zloZzky, ktoré znizuju Ccistotu a
reprodukovatel'nost’ produktu.

Alkalické spracovanie (mercerizacia) v roztokoch NaOH odstraiiuje cast’ ligninu a
hemicelul6z, napuciava vldkna a zvySuje ich reaktivitu. Nasleduje bielenie (H202, NaClO:
alebo CIO2) za icelom uplného odstranenia ligninu a chromofornych skupin. Jadrom procesu
je kysla hydrolyza koncentrovanou H2SOa4 (typicky 60 - 65 hm. %), pri ktorej st amorfné
oblasti celuldzy selektivne degradované, zatial’ ¢o kryStalické lamely zostavaju relativne
neporusené. Reakcia prebieha za zvysenej teploty (40 - 60 °C) v trvani niekol’kych desiatok
minut a je ukonena riedenim vodou; nasleduje centrifugéacia, dialyza a ultrazvukova
dispergicia.

Hydrolyza kyselinou sirovou vedie k parcialnej sulfatacii povrchu krystalov, ¢im sa na
ich povrchu vytvaraju zdporné naboje zabezpecujlice elektrostaticku stabilitu suspenzie. Pri
hydrolyze HCIl je stupeni povrchovej funkcionalizécie niz$i a vysledny produkt ma tendenciu
agregovat’; je vSak tepelne stabilnej$i, ¢o je vyhodné pri aplikaciach v nanokompozitoch
spracovavanych pri vysSich teplotach.

TEMPO-oxidécia (2,2,6,6-tetrametylpiperidin-1-oxyl) predstavuje kliCovy nastroj pri
priprave nanofibrilarnej celulozy (CNF). V pritomnosti NaBr/NaClO dochéadza k selektivne;j
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oxidécii primarnych hydroxylovych skupin na C6 glukopyranozovej jednotky za vzniku
karboxylatovych skupin. Vysledkom je negativne nabity povrch vldkien, ktory sposobuje
silné elektrostatické odpudzovanie v suspenzii a podstatne ul’'ahcuje nasledni mechanicku
fibrilaciu. Energetickd naro¢nost’ homogenizacie sa moze znizit az o 50% ¢i 70 % v
porovnani s neoxidovanou buni¢inou (Klemm et al. 2011).

Okrem TEMPO oxidacie sa vyuzivaju aj d’alSie chemické modifikacie:
— karboxymetylacia (zlepSenie dispergovatel'nosti vo vode a v polarnych rozpustadlach),
— fosforylacia (zvySenie hydrofilnosti a retardacie horenia),

— periodatova oxidacia (Stiepenie C2 - C3 vizieb, tvorba dialdehydceluldzy a naslednych
hydrogélov),

— silanizdcia a acetylacia (zvySenie hydrofébnosti pre aplikacie v nepolarnych
polyméroch).

Po chemickom spracovani su nevyhnutné viacnasobné krokové premyvania, dialyza a
neutralizacia, pripadne odstraniovanie nizkomolekulovych vedlajSich produktov. Susenie sa
realizuje lyofilizaciou (zachovanie poréznej Struktiry aerogélov), rozprasovacim susenim
(jemné prasky) alebo superkritickym susenim CO.. Vyber metody susSenia ovplyviluje mieru
agregacie, rehydratacnu schopnost’ aj kone¢né morfologické vlastnosti.

Enzymaticka preduprava

Enzymaticka preduprava predstavuje ,,intermediarny* pristup medzi ¢isto chemickymi a
¢isto mechanickymi metdédami. VyuZiva sa stbor celulaz (endoglukandzy, exoglukanazy,
B-glukoziddzy) a d’alSich karbohydrdz (xylandzy, mannanazy) na selektivnu hydrolyzu
amorfnych oblasti a hemiceluloz. Tym sa znizuje stupeii polymerizicie, narisaju sa
medzifibrilarne vazby a zvysuje sa pristupnost’ mikrofibril k mechanickym silam.

Synergické pdsobenie endoglukanéz a lytickych polysacharid- monooxygenaz (LPMO)
modze znizit' energetick narocnost’ naslednej homogenizacie o 20% az 30 %. Vyhodou
enzymatickej predipravy je mierne pH, relativne nizka teplota a moZnost cielen¢ho
ovplyvnenia vyslednej distribticie dizok a priemerov fibril. Nevyhodou je citlivost’ enzymov
na pH, teplotu a pritomnost’ inhibi¢nych latok (napr. produktov hydrolyzy) a riziko
nadmernej degradacie, ktord vedie k nadmernému skrateniu retazcov a zhorSeniu
mechanickych vlastnosti.

Biologicka preduprava - huby bielej hniloby

Huby bielej hniloby (Basidiomycetes, trieda Agaricomycetes) st jediné organizmy
schopné efektivne degradovat’ vSetky zlozky lignoceluloézy vratane ligninu. Disponuju
bohatym ligninolytickym enzymatickym apardtom zaloZenym na extracelularnych
oxidoreduktazach: lakcazy (EC 1.10.3.2), ligninperoxidazy (LiP) a manganperoxidazy
(MnP), ktoré synergicky rozkladajii fenolické Struktiry ligninu. Medzi technologicky
vyznamné druhy patria Trametes versicolor, Fomes fomentarius, Pleurotus ostreatus a d’alSie
(TiSma et al. 2021). Biologicka preduprava spociva v kultivacii hib na lignocelulézovom
substrate (drevo, piliny, slama, kukuri¢na silaZ), pri ktorej huba vylucuje ligninolytické
enzymy a selektivne odstrafiuje lignin, priCom relativne Setri celulézu. Napriklad T.
versicolor dosiahla pri prediprave kukuricnej silaze v mieSanom bioreaktore az 71 %
konverziu ligninu za sedem dni, pricom strata celuldzy bola podstatne niZSia.
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Takto odligninovana biomasa vykazuje vyssiu savost’, niz§iu hustotu a vacsiu poréznost’,
¢o vyznamne znizuje energiu potrebni na naslednt mechanicku fibrilaciu.

Vyhodami biologickej predupravy su:
— vel'mi dobra environmentalna bilancia (bez koncentrovanych kyselin a zasad),
— nizka spotreba energie (proces je pohanany metabolizmom hub),
— moznost’ vyuzitia agrarnych a lesnych zvyskov ako lacného substratu,
— generovanie vedl'ajSich produktov s pridanou hodnotou (enzymy, pigmenty).

Hlavnym obmedzenim je ¢asova narocnost’ procesu (dni az tyzdne) a nutnost’ dosledne;j
kontroly rastovych podmienok, aby nedoSlo k degradacii celulozy celulolytickymi
enzymami hub. Optimalizacia kmenov (mutagenéza, sl'achtenie), ddvkovanie nutrientov a
kontrola obsahu kyslika a vlhkosti st predmetom intenzivneho vyskumu.

Zaujimavy smer predstavuji hybridné myceliovo-nanocelul6zové biokompozity. Attias
et al. (2021) preukazali, ze pri kultivacii druhu T. ochracea v médiach obsahujucich
nanocelulozu (CNF/CNC) nedochddza k degradacii nanoceluldzovej zlozky; naopak,
nanofibrily st obalené myceliom a integruji sa do bunkovej steny hub. Vysledné
biokompozity vykazuji vysSiu pevnost v tahu a lepSiu hydrofébnost’ v porovnani so
samotnym myceliom, ¢o otvara nové moznosti pre obalové a izolacné materialy s vysokym
podielom obnovitel'nych zloziek.

Prehlad a hodnotenie metod

V tabul’ke 2 su zhrnuté hlavné metddy pripravy nanoceluldzy z hl'adiska typu produktu,
energetickej narocnosti, ekologickosti a ¢istoty produktu.

Tab. 2: Porovnanie metdd pripravy nanoceluldzy

Cistota
4 q 1 9
Metoda Typ produktu Energia Ekologickost produktu
Vysokotlgkf) va MFC extrémne vysoka |dobra stredna
homogenizacia
Planétové gulové mletie MFC/CNF vysoka dobra stredna
Kysla hydrolyza (H2SOa) INCC stredna slaba vysoka
Tacia

TEMPO S LT CNF strednd stredna vysoka
mletie
Enzymatickd - prediprava 1/ cNE nizia dobra stredna
mechanika

L predupravena , , , .
Huby bielej hniloby Vlaknina — MFC nizka vyborna stredna
Bakteridlna syntéza BNC nizka vyborna excelentna

(vlastné spracovanie podl'a Klemm et al. 2011)

Vlastnosti a aplikacny potencial nanocelulézy
Nanocelul6zové materialy zdiel'aji niekol'’ko spolocnych vlastnosti:
- vysoky merny povrch (typicky 50-500 m?-g™),
- vysoku hustotu hydroxylovych skupin, umoziujticu bohaté vodikové vizby,
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nizku hustotu (okolo 1,5 g-cm™),

vyraznu hydrofilnost’ a schopnost’ viazat’ vodu,

moznost’ 'ahkej chemickej funkcionalizacie povrchu.

Tieto charakteristiky vedu k mimoriadnym mechanickym a bariérovym vlastnostiam
nanocelul6zovych materidlov. TenSie a lepSie zorientované fibrily poskytuju vyssie pevnosti
v tahu a moduly pruznosti; vysoka hustota vodikovych vizieb zaist'uje rozdelenie napitia
na molekularnej urovni. Z pohladu aplikacii mozno vyuzitie nanocelulozy rozdelit' do
viacerych hlavnych oblasti.

Papierenské obaly

V papierenskom priemysle sa MFC a NCC pouzivaju ako prostriedky na zlepSenie
pevnostnych charakteristik papierov a kartonov, ako aj na zniZenie ploSnej hmotnosti pri
zachovani alebo zlepSeni mechanickych vlastnosti. Pridavok 1 - 5 hm.% MFC do
papierenskej zmesi moze viest’ k vyraznému narastu vnutroporuchovej pevnosti, pevnosti v
tahu a odolnosti proti pretrhnutiu.

Pri vyrobe bariérovych obalov (napr. pre potraviny) sa nanocelul6za pouziva ako tenka
povrchova vrstva na znizenie priepustnosti kyslika a arém. V suchom stave moézu
nanocelulézové filmy dosahovat’ hodnoty OTR (oxygen transmission rate) porovnatelné s
hodnotami niektorych syntetickych polymérov. Problémom vSak zostava citlivost
bariérovych vlastnosti na relativnu vlhkost’; ich stabiliz4cia si vyZaduje kombinéciu s
hydrofébnymi natermi, s polarno-nepolarnymi laminatmi alebo s chemickou modifikaciou
povrchu.

Polymérne nanokompozity a technické aplikdcie

Nanocelul6za sluzi ako vystuzna zlozka v polymérnych matriciach (PLA, PHA, PCL,
PVA, Skrob, epoxidové a akrylatové Zivice). Vzhladom na vysoky modul pruznosti
nanofibril aj pri nizkej objemovej frakcii dochadza k vyraznému zlepSeniu mechanickych
vlastnosti — pevnosti, modulu, huzevnatosti — pri zachovani nizkej hmotnosti kompozitu.

V technickej praxi sa uplatiiujl aj ro6zne funkéné modifikécie:

- nanoceluldza ako nosi¢ kovovych nanocastic (Ag, Cu, Au) pre antimikrobialne povlaky
a senzory,

- magnetické kompozity s FesOu pre separaciu tazkych kovov z vody,
- vodivé kompozity s uhlikovymi nanorirkami alebo grafénom pre flexibilnu elektroniku,

- kompozity s ilmi ¢i oxidmi kremika pre zlepSené bariérové a tepelnoizolaéné vlastnosti.

Biomedicinske a farmaceutické aplikdacie

Bakteridlna nanoceluléza (BNC) ma mimoriadny vyznam v biomedicine vdaka svojej
Cistote, tvarovej stalosti, vysokej nasiakavosti a biokompatibilite.

Pouziva sa ako:
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- krytie ran pri popaleninach a trofickych vredoch (udrziavanie vlhkého prostredia,
ochrana pred infekciou),

- nosic pre tkanivové inzinierstvo chrupaviek, koze a ciev,
- nosi€ lieciv (antimikrobidlne, protizépalové latky) s riadenym uvol'fiovanim,

- komponent pre umelé rohovky alebo membrany v regenerativnej medicine.

Nanokrystalicka celuldza a nanofibrildrna celuldza sa pouzivaji v tabletacnych formach
(ako plniva a disintegracné c¢inidla), v hydrogéloch, o¢nych kvapkach a kozmetickych
formulaciach (stabilizatory emulzii, reologické modifikatory). VSetky tieto aplikacie
vyzaduju starostliva kontrolu ¢istoty, endotoxinového profilu a rezidui chemikalii v stilade
s farmaceutickymi normami.

Elektronika a funkcéné materialy

V oblasti elektroniky sa nanocelul6za vyuziva najmé ako flexibilny, transparentny a
tepelne stabilny substrat:

e nosi€ pre transparentné vodiace vrstvy (ITO, Ag nanodroty, PEDOT:PSS),
e zéklad pre ohybné displeje, senzory a batériové separatory,

e akustické membrany v reproduktoroch s nizkym tlmenim a vysokou tuhostou (najma
BNCO).

Vdaka nizkej tepelnej rozt'aznosti a moznosti kombinacie s vodivymi polymérmi a
nanocasticami vznikaji konStrukcie, ktoré umoziuju vyrazni miniaturizdciu a ohybnost’
elektronickych zariadeni.

Diskusia

Vysledky experimentalnych prac na VUPC potvrdzuju, Ze planétové gulové mletie
predstavuje relevantnu alternativu k vysokotlakovej homogenizécii pri priprave MFC v
laboratérnych a poloprevadzkovych podmienkach. Kld¢ovym faktorom je adekvatna
preduprava vldkniny - dosiahnuty stupent mletia 92 °SR na Jokro mlyne a vysoky podiel
kratkych vlakien (< 0,2 mm) su predpokladom efektivneho prenosu mechanickej energie na
mikrofibrilarnu tirovenl. Kombinécia s ultrazvukovou homogenizaciou d’alej znizuje priemer
fibril a vedie k homogénnejSej suspenzii.

Z energetického a environmentalneho hladiska je atraktivna integracia mechanického
mletia s enzymatickou alebo biologickou prediipravou. Enzymatick4 prediprava umoziuje
skratit’ ¢as mechanickej fibrilacie a znizit’ prikon na jednotku produkcie, avSak vyzaduje
nakladné enzymatické pripravky a citlivé riadenie procesnych podmienok. Biologicka
prediprava hubami bielej hniloby, hoci Casovo naroc¢nd, prindSa moZnost’ spracovania
nizkohodnotnych lignocelul6zovych odpadov na material vhodny pre vyrobu nanocelul6zy,
a to bez pouzitia agresivnych chemikalii.

Chemické metody, najmé kysla hydrolyza a TEMPO oxidacia, umozituji vel'mi presnu
kontrolu nad morfolégiou a povrchovou chémiou produktu, ¢o je kl'i¢ové pre high-tech
aplikécie v elektronike, fotonike, ¢i biomedicine. Su vSak spojené s vysS§imi narokmi na
bezpecnost’ prace, likvidaciu odpadov a investicie do €istiacich operacii. Pri priemyselnom
Skalovani sa preto hl'adaju kompromisné schémy, ktoré¢ minimalizuji mnozstvo chemikalii
a maximalizujl ich recyklaciu v uzavretych okruhoch.
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Bakteridlna nanoceluléza zostava z hladiska vlastnosti ,,zlatym Standardom® medzi
celulozovymi nanomaterialmi, jej rozSirenie vSak limituje nizka objemova produktivita a
problémy so Smykovym namahanim v intenzivne mieSanych bioreaktoroch. Priemyselné
koncepty preto smeruju k membranovym bioreaktorom, rotanym bioreaktorom a geneticke;j
optimalizacii producentov s cielom zvysit’ produkciu na jednotku objemu a Casu bez straty
kvality syntetizovanej celulozy.

Z aplika¢ného hladiska sa coraz viac presadzuje komplexny pristup, pri ktorom
nanocelul6oza neplni iba pasivnu vystuznu alebo bariérovt funkciu, ale je aj nosicom d’alSich
funkcii (vodivost’, antimikrobidlnost’, katalytickd aktivita, selektivne sorpcné vlastnosti). To
kladie zvySené naroky na preciznu kontrolu povrchovej chémie, vel'kostnej distribucie a
Struktiry materidlu od nanotrovne po makroskopicku uroven.

Zaver

Priprava nanocelul6zy sa nachddza na rozhrani viacerych technologickych pristupov -
mechanického, chemického, enzymatického a biologického, z ktorych kazdy ponuka
Specifické vyhody a limitacie. Mechanicka fibrilacia v planétovom gul'ovom mlyne, overena
na VUPC, predstavuje energeticky prijateln a technicky flexibilnt cestu pre laboratornu a
poloprevadzkova vyrobu mikrofibrilovanej celuldzy s rozmermi pod 100 nm.

Chemické metddy, predovSetkym kysla hydrolyza a TEMPO-oxidacia, umozZiuji
pripravit’ nanokrystalicku a nanofibrilarnu celulézu s vel'mi dobre definovanou morfoldgiou
a povrchovou chémiou, avSak za cenu vySSej environmentilnej zataze a potreby
sofistikovanych Cistiacich procesov. Enzymatickd preduprava pontika kompromisné
rieSenie, ked’Ze zniZuje energeticku naro¢nost’ mechanickych krokov a si¢asne obmedzuje
pouzivanie agresivnych chemikalii.

Biologicka preduprava lignocelulozovej suroviny hubami bielej hniloby predstavuje
»zelenu* alternativu ku klasickej chemickej delignifikacii. Umoziuje efektivne spracovanie
agrarnych a lesnych zvyskov na vldkninu vhodna na d’alSiu mechanickt alebo chemickt
izolaciu nanoceluléozy. Vyzvou zostava skracovanie casu predupravy, potlacenie
neziaducich celulolytickych aktivit a Skalovanie procesov do priemyselného meradla.

Bakteridlna nanocelul6za je material s najvyssim aplikaénym potencidlom v biomedicine
a high-tech elektronike vd’aka svojej Cistote, mechanickej integrite a moznosti tvarovania
pocas syntézy. KIaCovym cielom d’alSiecho vyskumu je zniZenie vyrobnych nakladov
prostrednictvom optimalizacie kmenov, kultivaénych podmienok a reaktorovych konceptov.

Budutci vyvoj v oblasti nanocelul6zy bude pravdepodobne smerovat’ k:

e integracii viacerych predupravnych pristupov (enzymatickych, biologickych a
mechanickych) do hybridnych technologickych schém,

e vyuzitiu odpadovych a vedl'ajSich lignocelul6zovych tokov ako vstupnej suroviny,

e intenzivnejSiemu vyuZitiu chemickej a biochemickej funkcionalizacie povrchu pre
Specifické aplikacie (senzory, katalyzatory, inteligentné obaly),

e systematickému hodnoteniu environmentdlnych dopadov (LCA) a ekonomicke;j
efektivnosti (TEA) jednotlivych procesnych variantov.
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Nanoceluloza ma potencial stat’ sa jednym z kltc¢ovych materidlov cirkularnej
bioekonomiky, za predpokladu, Ze sa podari UspeSne preniest laboratérne a
poloprevadzkové technoldgie do priemyselnej praxe, pricom sa zachova environmentalna a
ekonomickd udrzatelnost’.
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Summary

Preparation of nanocellulose: a review of methods, properties and applications

Nanocellulose represents a group of cellulose-based nanomaterials with at least one
dimension in the 1-100 nm range, combining outstanding mechanical properties,
biodegradability and renewable origin. This paper provides a comprehensive review of the
current state of knowledge on nanocellulose preparation methods: mechanical, chemical,
enzymatic and biological, with a focus on experimental results obtained at the Pulp and Paper
Research Institute (VUPC, Bratislava).

The performance of planetary ball milling (Emax mill, 1800 rpm, 10 min, max. 70 °C) as
an alternative to high-pressure homogenisation was verified, achieving fibrillation below
100 nm in kraft-bleached pulp pre-refined to 92 °SR. Acid hydrolysis and TEMPO oxidation
for the preparation of nanocrystalline cellulose (NCC) and cellulose nanofibrils (CNF) are
discussed, as well as enzymatic pre-treatment approaches and the potential of white-rot fungi
- particularly Trametes versicolor, Fomes fomentarius and Pleurotus ostreatus - as
eco-friendly alternatives to chemical lignin removal.

Bacterial nanocellulose (BNC) synthesised by Komagataeibacter xylinus is characterised
by a crystallinity of 80- 90%, a degree of polymerisation up to 10,000, and an extraordinary
water-holding capacity, making it indispensable in biomedical and high-tech applications.
The results confirm that integrating biological pre-treatment with mechanical milling offers
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a viable route to reduced energy consumption and improved environmental sustainability in
nanocellulose production.
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Abstrakt

V roku 2013 definovala Konfederacia eurdpskeho papierenského priemyslu koncept
hlbokoeutektickych rozpustadiel ako jednu z Osmich prelomovych technoldgii
s potencidlom radikalne transformovat’ globalnu vyrobu buni¢iny. Hlbokoeutektické
rozpustadld boli pred viac ako dekddou oznacené za technologicky milnik, ktory ma
nahradit’ energeticky najnarocnejSie ¢asti vyroby buni€iny a papiera. Tato inovativna metoda
nizkoteplotnej frakciondcie biomasy predstavuje energeticky efektivnu alternativu k
tradiénym, konvenénym procesom, akym je napriklad sulfatovy proces. Po trinastich rokoch
od predstavenia tejto vizie sa zameriavame na kritické zhodnotenie prechodu tejto
technologie z laboratorneho meradla do redlnej aplikacnej roviny. Prispevok prinasa
akademicky pohlad na aktudlne technologické bariéry a sucasne prezentuje vysledky
vedecko-vyskumnej ¢innosti Oddelenia dreva, celulézy a papiera na FCHPT STU
v Bratislave. Cielom prace je analyzovat sucasny stav vyvoja hlbokoeutektickych
rozpustadiel, nacrtnat’ buduce smerovanie odvetvia a prepojit vedecké poznatky
s potrebami priemyselnej praxe a moderného technického vzdelavania.

Kruacové slova: hlbokoeutektické rozpustadla; energeticka efektivita; udrzatena vyroba
celulozy; prelomové technoldgie v celulézo-papierenskom priemysle, lignin, LignoBoost,
LignoForce

Uvod

Celul6zo-papierensky priemysel v Europe predstavuje jeden z klticovych pilierov
hospodarstva EU. S roénym obratom priblizne 75 miliard eur, tvrtinovym podielom na
svetovom trhu a priamym zamestnavanim viac ako 185 000 pracovnikov v 520
spolo¢nostiach, zohrava toto odvetvie nezastupitelni ulohu v globalnom ekonomickom
retazci. SuCasne sa vSak nachadza pod narastajucim tlakom environmentalnych ciel'ov
Eurdpskej komisie, ktoré boli definované v strategickych zadmeroch z marca 2011. Tie
ukladajt priemyslu ambiciéznu povinnost’ zniZit’ emisie CO2 o 80 % do roku 2050.

V reakecii na tieto vyzvy spustil papierensky priemysel v novembri 2011 vlastny plan do
roku 2050, ktorého cielom bola nielen dekarbonizécia, ale aj zvySenie pridanej hodnoty
sektora o 50%. KIiCovym néstrojom na dosiahnutie tejto vizie sa stal projekt ,,Two Team
Project” iniciovany Konfederaciou eurdpskeho papierenského priemyslu (CEPI). V ramci
tejto celorocnej sutaze pracovali dva timy zlozené z vedcov, priemyselnych lidrov a
externych expertov na identifikaciu prelomovych konceptov, ktoré by umoznili radikalnu
zmenu fungovania celého odvetvia.

Tato iniciativa nadvédzovala na skor formulovani koncepciu lignocelul6zove;j
biorafinérie, ktord predstavuje prechod tradicného celul6zo-papierenského priemyslu na
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model obehového hospodarstva. Umoznuje spracovat’ drevnu biomasu na Siroké spektrum
produktov s vyssou pridanou hodnotou, ¢im vyrazne zvysuje ekonomickt stabilitu podnikov
a nahradza fosilne suroviny. Dévodom je, ze tradi¢nd vyroba papiera a celulézy ma Casto
nizke marze. Biorafinérie umoziuju vyrdbat aj cenné biochemikalie, bioplasty,
nanomateridly, farmaceutikd a biopaliva, ktoré vyrazne zvySuju prijmy. PriCom ide
o kaskadové vyuzitie surovin, kde drevnd hmota sa nespal'uje ani nevyhadzuje, ale jej
jednotlivé zlozky (celul6za, hemiceluléoza a lignin) sa postupne vytazia a maximalne
zhodnotia.

Hlavné transformac¢né oblasti v praxi:

- Vyuzitie ligninu: Az donedévna bol lignin vnimany len ako lacné palivo. V modernej
biorafinérii slazi ako polyaromatickd surovina na vyrobu lepidiel, Zivic, uhlikovych
vlakien ¢i prisad do stavebnych materidlov.

- Rafindcia a spracovanie hemicelul6z: Hemiceluldzy mozno oddelit’ pred samotnym
varenim buni¢iny a premenit’ ich na xylitol (ndhradny cukor), kyselinu mliecnu ¢i
bioetanol.

- Vyvoj udrzate’nych obalov: S rasticim tlakom na redukciu plastov sa celuldézky

preorientovavaju na vyrobu biodegradovatelnych obalovych materidlov na baze papiera
s pokrocilymi vlastnostami.

Prelomova technoldgia transformacie celulézo-papierenského priemyslu

Two Team Project

V roku 2013 bolo v Bruseli predstavenych osem vitaznych technologickych konceptov,
ktoré mali poskytnut rieSenia pre udrzate'nt budiicnost’ eurdpskeho papierenského sektora.
Tento subor inovacii predstavuje kombindciu tplne novych vyskumnych zisteni a transferu
technologii z inych priemyselnych odvetvi (Obr.1).

Obr.1. Technologické koncepty pre udrzatelnti budicnost’ eurdpskeho celuldzo-
papierenského sektora (Two Team Project)
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—[ HLBOKOEUTEKTICKE ROZPUSTADLA

« nizkoteplotny rozklad biomasy na ¢isté zlozky (celuléza, lignin, hemicelulozy)

—

—[ OKAMZITA KONDENZACIA S PAROU

+ takmer bezvoda vyroba papiera s minimélnou spotrebou vody

—/

—[ VYUZITIE PREHRIATEJ PARY

« energeticky efektivne susenie a tvarovanie papiera s recyklaciou tepla

—

—{ SUPERKRITICKY CO, )

* sudenie a ¢istenie bunidiny bez spotreby pary, vyuziteI'né aj na farbenie a bielenie

—{  DryPulp TECHNOLOGIA

./

* vyroba papiera z viskoznych roztokov bez pouZzitia vodného kupela

—| FUNKCNY POVRCH J'

« prechod od hmotnosti k funkénosti (I'ahsie produkty s vy$Sou pridanou hodnotou)

—[ NASTROJE NA REPLIKACIU

« ramec pre integraciu procesnych a materialovych zmien

—

—[ 100 % elektrizacia }

+ energeticky G¢inné technolégie, zniZenie emisii CO2, ukladanie energie vo forme vodika

Za najperspektivnejSiu inovaciu bol oznaceny koncept hlbokoeutektickych rozpustadiel
(DES). Tato technologia predstavuje Uplne novy pristup k frakciondcii biomasy, ktory
prebieha pri nizkych teplotdch a ma potencidl nahradit’ energeticky najnarocnejSie Casti
sucasnych vyrobnych procesov, predovSetkym konvenény sulfitovy proces. Hoci DES
preukézali v laboratornom meradle pozoruhodné vysledky, ich transfer do priemyselnej
praxe ostava predmetom intenzivneho vedeckého skimania. Predkladany prispevok
reflektuje trindstrocny vyvoj v tejto oblasti z akademického pohl'adu. Zameriava sa na
aktudlne technologické bariéry a vyzvy spojené s vyvojom novych postupov, pricom
vychadza z vedecko-vyskumnych a vzdelavacich aktivit realizovanych na Oddeleni dreva,
celulozy a papiera FCHPT STU v Bratislave. Prispevok analyzuje sucasny stav poznania
anacrtava budice smerovanie vyskumu v kontexte potrieb moderného celulozo-
papierenského priemyslu.

Hlbokoeutektické rozpustadld (z angl. Deep Eutectic Solvents) predstavuji jednu
z najvyznamnejsich inovacii v oblasti zelenej chémie za posledné dve desatrocia. Hoci sa v
priemyselnom kontexte papiera a celulézy zacali intenzivne sklofiovat’ po roku 2013, ich
vedecky zaklad bol polozeny skor. Zmesi alebo systémy s nizkoteplotnymi fazovymi
prechodmi su vedeckej komunite zndme uz od konca devétnasteho storocia. K zdsadnému
prelomu doslo v roku 2003, ked Andrew Abbott a jeho tim =zaviedli termin
,hlbokoeutektické¢ rozpustadla™“ (DES), kedy opisali unikatne vlastnosti zmesi cholin
chloridu a mocoviny (Abbott a kol. 2003). Pévodne boli DES skimané ako lacnejSia
a ekologickejsia alternativa k i0novym kvapalindm. Prva definiciu DES sformulovala o rok
neskor skupina vedend Smithom, ktord sa snazila preskiimat’ a vysvetlit’ ich rozdiely od
16novych kvapalin a tym rozlisit’ tieto dva pojmy (Smith a kol. 2014).

Po tomto objave boli DES povodne klasifikované do Styroch primarnych typov na zaklade
ich chemického zlozenia (i6nové DES). Typ I: kvartérna amoniova sol’ + halogenid kovu
(cholin chlorid + CuCl2); Typ II: kvartérna amoniova sol’ + hydratovany halogenid kovu
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(cholin chlorid + FeCl3.6H20); Typ III: kvartérna amoéniova sol’ + r6zne donory vodikovych
vizieb, ako st amidy alebo karboxylové kyseliny (najStudovanejsSie: cholin chlorid +
mocovina); Typ IV: chloridy kovov + donor vodikovych vizieb (chlorid zino¢naty +
glycerol). S postupom vyskumu bola identifikovana piata kategoria DES: Typ V —neiénové
molekuldrne zmesi vytvorené silnou vodikovou vdzbou bez kvartérnych amoniovych soli
alebo halogenidov kovov (Jan¢ikova a kol. 2026).

DES vo vSeobecnosti predstavujii systémy tvorené zmesou dvoch alebo viacerych
zloziek, ktoré si v stanovenom molarnom pomere charakteristické vyraznym poklesom
teploty topenia v porovnani s teplotou topenia ich Cistych zloziek. Vznik DES je zalozeny
na intermolekulovych interakcidch medzi dvoma zakladnymi zlozkami: HBA (akceptor
vodikovych vézieb — kvartérna amoéniova sol’) a HBD (donor vodikovych vézieb —
mocovina, organické kyseliny, cukry). Po zmieSani zloziek dochadza k vytvoreniu silnej
siete vodikovych vizieb medzi HBA a HBD. Této interakcia vedie k delokalizacii nédboja
a k narusSeniu povodnej krystalovej Struktary tuhych latok. V doésledku tychto vézieb sa
vyrazne znizi mriezkova energia systému, ¢o sposobi, ze zmes prechddza do kvapalného
stavu pri ovel'a nizSej teplote, nez by zodpovedalo idedlnemu spravaniu zmesi (Jablonsky
a kol. 2022).

V oblasti spracovania biomasy nastal zlom okolo roku 2011, kedy sa zacalo
experimentovat’ s ich schopnostou selektivne rozpust'at’ lignin a hemiceluldzy pri zachovani
integrity celul6zového vldkna. Prave tato selektivita v kombindcii s nizkou toxicitou viedla
k tomu, ze ich CEPI v roku 2013 zaradila na vrchol rebri¢ka prelomovych technologii (CEPI,
2013). DES si ziskali pozornost’ v celul6zovo-papierenskom priemysle predovsetkym vd’aka
nasledujucim vlastnostiam: ekologicky profil (na rozdiel od tradiénych organickych
rozpustadiel su DES casto biologicky odburatel'né, netoxické a nehorlavé); energeticka
nenarocnost’ (procesy delignifikdcie moZzu prebiehat pri teplotich pod 100 °C a za
atmosférického tlaku, ¢o dramaticky znizuje naklady v porovnani so sulfatovym procesom
vyzadujucim vysoky tlak a teploty nad 160 °C); dizajnovatelnost” (vlastnosti DES -
viskozitu, hustotu, pH je mozné prisposobit’ konkrétnemu typu biomasy zmenou pomeru
alebo typu zloziek); multifunkénost’ (okrem vyroby primarnej buni€iny sa skiimaja pri
recyklacii papiera na efektivne odstranovanie tlaciarenskych farieb a odstranovanie
kontaminantov bez degradacie vlakien) (Chrvalova a kol. 2025).

Buduci vyhlad odvetvia sa vyznacuje intenzivnou vedecko-vyskumnou ¢innostou
zameranou na preklenutie priepasti medzi laboratornymi vysledkami a kontinudlnou
priemyselnou prevadzkou. Sucasné smerovanie vyskumu sa koncentruje na tri kritické
oblasti: selektivita a toxicita: optimalizdcia zloZenia pre konkrétne typy biomasy
a zabezpecenie uplnej biologickej odburatel'nosti vSetkych komponentov; recyklovatel'nost’
aregeneracia: vyvoj energeticky nendro¢nych metdd spétnej izoldcie rozpusStadiel, o je
kl'icom k ekonomickej udrzatelnosti celého cyklu; technologické inovécie: rozsirujice sa
vyuzitie DES v membranovych technolégidch a pri vyvoji novych separacnych procesov
(Jancikova a kol. 2024).

Priemyselna implementdcia a komercializdcia technologii s DES

Formovanie strategickych partnerstiev medzi akademickymi inStitiiciami, ako je STU v
Bratislave, a priemyselnymi lidrami je nevyhnutnym predpokladom pre Gispesné prekonanie
zostavajucich technologickych bariér a plna integraciu DES do modernych biorafinérii.
Prechod od laboratérneho vyskumu k priemyselnej aplikacii predstavuje kriticktl fazu v
zivotnom cykle kazdej novej chemickej technolégie. DES aich prirodné alternativy
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(NADES) dnes stoja presne na tejto hranici. Hoci sa vac¢sina publikovanych aplikacii stale
nachddza vo faze poloprevadzkovych (pilotnych) projektov, na trhu uz etablované
korporacie a agilné¢ "deep-tech”" startupy aktivne implementuju tieto systémy do realnej
vyroby. Tento posun je pohanany nielen snahou o znizenie prevadzkovych nékladov, ale
najmd bezprecedentnym tlakom na dekarbonizaciu priemyslu, znizovanie emisii VOC a
napliianie cielov cirkularnej ekonomiky.

Spracovanie biomasy, papiera a udriatel’nych materidlov

Vyuzitie prirodnych DES (NADES) otvara uplne nové moznosti aj v oblasti spracovania
biomasy a v papierenskom priemysle, kde je kl'icova schopnost’ tychto latok efektivne
rozbijat’ silné vodikové vézby v lignocelulozovych materidloch. V ramci eurdpskych
konzorcii existuju pilotné prevadzky na frakcionaciu lignoceluldézy. DES sa pouzivaji na
oddelenie ligninu od celulézy, ¢o umoziiuje vyrobu bioplastov a papiera s nizSou
energetickou naro¢nostou.

Pravdepodobne najvyznamnejSou iniciativou v tomto smere je eurdpsky projekt
PROVIDES pod vedenim holandského instititu ISPT. Konzorcium vyvinulo prevratnu
technologiu na baze NADES, ktora dokaze rozpustit’ lignin a hemicelul6zy pri teplotach pod
100 °C. Tento postup uspesne presiel laboratérnymi testami a smeruje k pilotnym linkam.
Ciel'om tohto projektu je zniZit’ energetickt narocnost vyroby celulozy o 40 % a emisie CO2
050 %. Jeho hlavnym prinosom je nahradenie tradi¢ného, energeticky naro¢ného
sulfatového procesu, pricom umozituje ziskat' mimoriadne Cisty lignin, ktory sa d& d’alej
komeréne vyuzit’ ako surovina pre bioplasty namiesto jeho bezného spal’ovania.

Priamym pokracovanim projektu PROVIDES je priemyselne orientovany projekt
PRIDES, ktorého hlavnym cielom je aplikdcia NADES v papierenskom
a drevospracujucom priemysle. Zatial ¢o predchadzajici projekt PROVIDES uspesne
identifikoval stovky novych DES a preukazal, Ze dokaZu rozpustit' lignin pri nizkych
teplotach v laboratoriu, PRIDES mal za Glohu optimalizovat’ procesy so zameranim na
regeneraciu a spitné ziskavanie rozpuStadiel, ¢o je kriticky bod pre ekonomicku
udrzatel'nost’ celej technologie. Okrem toho chcu zabezpecit', aby ziskana celuldza a lignin
mali dostatonit kvalitu pre priemyselné vyuZitie (napr. na vyrobu papiera alebo
biochemikalii). Projekt PRIDES posutva celt metodiku z laboratérii do poloprevadzkovych
zavodov a kladie si za ciel’ znizit' spotrebu energie o 40 % (nizke prevadzkové teploty
a tlaky), znizenie emisii CO: az o 80 % a vyuZitie “zelenych” surovin. Do tohto konzorcia
sa zapojili najvacsi hraci v eurdpskom papierenskom priemysle, ako su Mondi, Sappi, Stora
Enso, Valmet a Mayr-Melnhof Karton, pric¢om vyskumné kapacity dopinaja institicie ako
finske centrum VTT ¢i University of Twente (ISPT 2015), (ISPT 2019), (ISPT 2023).

V tesnom zavese za papierenskym priemyslom napreduje oblast’ udrzatel'nych materialov
prostrednictvom projektu BIOPOLI. Tato iniciativa sluZzi ako aplikaény most pre technologie
firmy Scionix, ktord vd’aka svojej tonovej produkcii doddva DES priamo na priemyselné
testovanie do papierni. V rdmci tychto testov sa DES uspesSne vyuzivaju ako ekologicka
nahrada chemikalii pri Cisteni recyklovaného papiera (tzv. de-inking) a pri nandSani
ochrannych povrchovych vrstiev. Projekt BIOPOLI sa primarne zameriava na extrakciu
prirodnych polymérov, ako je celuldza, chitin z pancierov kérovcov alebo lignin. Tradi¢né
plasty su zalozené na rope. BIOPOLI hl'adé spdsoby, ako rozpustat a tvarovat’ biopolyméry
bez poskodenia ich Struktury, aby sa z nich dali vyrobit’ ekologické obaly alebo textilné
vlakna Vyznamnym cielom projektu je tieZ nahradenie toxickych ftalatovych zmikc&ovadiel
v plastoch novymi, netoxickymi a plne odburateI'nymi DES plastifikatormi.
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Cely europsky ekosystém doplia rozsiahly projekt Bionanopolys financovany
z programu Horizon 2020, ktory vytvoril siet Strndstich pilotnych prevadzok po celej
Europe. Niekolko z tychto liniek sa Specializuje vyhradne na extrakciu nanocelulozy
ananoligninu z polnohospodarskeho odpadu pomocou DES, ¢im demonStruje ich
ekonomicku Zivotaschopnost’ pri vyrobe bionanomateridlov pre kozmetiku, textil a obalovy
priemysel. V oblasti Cistenia priemyselnych zariadeni zasa pdsobi startup Deep Purge, ktory
vyuziva Specifické biodegradovatel'né DES na odstraiiovanie odolnych nanosov polymérov
a farieb z vyrobnych aparatov.

Inovaéné usilie dopliaju aj pribuzné technologické trendy, aké reprezentuje napriklad
finska spolo¢nost Metsid Spring. Vo svojom pilothom zivode v A#nekoski vyvinuli
technologiu vyroby textilného vlakna Kuura, ktord sice primarne vyuZziva nové typy
ionovych kvapalin na baze technologie loncell, no spociva na identickom principe ako
systémy DES — zaistuje ekologické rozpustanie celuldézy bez pouzitia vysoko toxického
sirouhlika. Dlhodoby potencial tychto technoldgii navyse smeruje k vzajomnej konvergencii
oboch odvetvi. Hoci spolo¢nosti ako DEScycle primarne rieSia kovy a projekty ako
BIOPOLI spracovanie biomasy, vyvinuté postupy separacie zloZiek najdu v blizkej
budticnosti uplatnenie pri recyklacii komplexnych kompozitnych materidlov, kde su kovové
konstrukéné prvky pevne spojené s bioplastmi, o predstavuje dolezity krok vpred pre
globalne odpadové hospodarstvo.

Medzindrodné centra a pilotné prevadzky pre Skdlovanie DES

V oblasti celul6zo-papierenského a drevarskeho priemyslu sa prechod od laboratornych
experimentov k redlnym poloprevadzkovym aplikdciam s vyuzitim DES momentélne
nachadza v kI"icovej, realizacnej faze. Hoci svetovému trhu z hl'adiska objemu produkcie
stale jednozna¢ne dominuje klasicky sulfatovy (kraft) proces, nadnarodné inovacné
ekosystémy formuju konkrétne technologické uzly a Specializované pilotné haly. Na tychto
miestach sa technoldgia DES uZ redlne skaluje z mililitrovych objemov do tonovych kapacit.

Jednym z najvyznamnejSich miest pre pilotné testovanie DES systémov v europskom
priestore je Bio Base Europe Pilot Plant (BBEPP) v belgickom Gente. BBEPP funguje ako
nezavisla, otvorend inovacnd platforma, ktord disponuje komplexnym technologickym
vybavenim na frakciondciu biomasy v tonovych mnoZzstvach. Prave tu mnohé priemyselné
konzorcid a partneri z vyznamnych projektov PROVIDES a PRIDES realizujii svoje
kl'icové testy. Zariadenia v Gente umoZziuji overovat’ stabilitu procesov, efektivitu
oddelenia ligninu a nasledné cistenie celulozy v tisiclitrovych reaktoroch, o poskytuje
inZinierom kritické data pre budtcu plnohodnotni komerénu prevadzku.

Dal3i pilier eurépskeho vyskumu predstavuje nemecky institut Fraunhofer CBP (Centrum
pre chemicko-biotechnologické procesy) v Leune. Tento inStitit prevadzkuje jednu z
najmodernejSich pilotnych biorafinérii na svete. Hoci sa ich technologické portfolio
primarne Specializuje na takzvané Organosolv procesy, ich univerzdlne koncipované
reaktorové linky boli modifikované aj na testovanie DES a i6novych kvapalin. Prevadzka v
Leune sa zameriava najmé na extrakciu Cistého ligninu z drevnej Stiepky, pri¢om jej su¢asna
kapacita umoziiuje plynule spracovat’ az niekolko stoviek kilogramov drevnej biomasy
tyzdenne.

Vyznamny posun v tejto oblasti nastava aj mimo Eurdpy, predovietkym v Azii. Cina
momentalne masivne investuje do DES technoldgii, ¢o je priamym dosledkom zavadzania
nekompromisnych environmentalnych reguldcii v tamojSom papierenskom priemysle.
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Vyskumné uzly, na Cele so Zhengzhou University, uspesne uvadzaju do prevadzky pilotné
linky, ktoré vyuzivaju DES na delignifikaciu netradi¢nej pol'nohospodarskej biomasy, akou
je pSeni¢na slama ¢&i ryzové Supky. Tymto pristupom Cina demonstruje vedtice postavenie v
diverzifikacii vstupnych surovin pre udrzatelnu vyrobu papiera.

V severskom regione, ktory je tradi¢nou bastou drevospracujiuceho priemyslu, zohrava
dominantni Ulohu finske vyskumné centrum VTT (Technical Research Centre). VIT
prevadzkuje Specializované pilotné kapacity zamerané na pokrocilé ekologické
rozvlaknovanie, oznacované¢ ako “deep eutectic pulping”. Vyskum na tychto linkach
prebieha v tesnej koordindcii s finskymi priemyselnymi gigantmi, ako st Metsd Group alebo
Stora Enso. Hlavnym ciel'om testov vo VTT je exaktne monitorovat’, ako pritomnost’ DES
ovplyviiuje mechanické vlastnosti a kvalitu vysledného papierenského vlakna, a zaroven
vyvinat’ energeticky optimélne metddy na rekuperaciu a uzavretie kolobehu rozpustadla v
systtme. Snahy o transformdciu odvetvia uzatvdra severoamericky kontinent
prostrednictvom kanadskej organizacie InnoTech Alberta. Kanada, disponujuca rozsiahlym
lesnym bohatstvom, hl'ada sposoby, ako zniZzovat’ energeticka stopu spracovania dreva. Ich
Spickovo vybavend pilotna hala umoznuje testovat’ alternativne chemické procesy vratane
ionovych kvapalin a DES pri podstatne niz$ich teplotdch, nez vyzaduji konvencné
priemyselné Standardy dosahujuce okolo 170 °C. Tymto sposobom kanadské projekty
vyznamne prispievaji k overovaniu ekonomickych a technologickych limitov DES
v celosvetovom meradle.

Bilancie projektov: Aktualne vysledky a technologické limity

Zhodnotenie doterajsich vystupov z projektu PRIDES prinieslo vedeckej i priemyselne;j
komunite cenné poznatky. Vyskum definitivne potvrdil, Ze aplikdcia DES umoZiuje
izolovat’ mimoriadne Cisty a vysokokvalitny lignin, ktory svojimi vlastnostami daleko
prekonava vedlajSie produkty z konvencénych celul6zok. Tento Cisty lignin predstavuje
cennu komoditu s obrovskym potencidlom pre priamu nahradu syntetickych fenolov pri
vyrobe priemyselnych lepidiel, zivic a pokrocilych kompozitnych materialov.

Na druhej strane vSak projekt narazil na komplexné inZinierske vyzvy spojené
s nahradzanim obrovskych, po desatrocia optimalizovanych Kraftovych prevadzok. Hoci st
energetické Uspory v laboratornom meradle preukazatelné, regenerdcia rozpustadla
v makro-priemyselnom meradle a dosiahnutie mechanickej pevnosti celulézovych vlakien
porovnatelnej s tradicnymi Standardmi si stale vyZaduji dodatocny vyskum. Na zéklade
tychto zisteni sa konzorcium PRIDES rozhodlo nateraz upustit od vystavby jednej
centralizovanej pilotnej fabriky. Namiesto toho jednotlivi priemyselni partneri, ako
napriklad Mondi alebo Stora Enso, pokracuju vo vyvoji samostatne. Vyuzivaji pritom
spolo¢ne ziskanu databazu vedomosti pre interné aplikéacie, primarne cielené na vyvoj
Specidlnych udrzatel'nych obalovych materialov.

Tento pragmaticky pristup odkryva SirSiu otazku, preco v sucasnosti eSte nevidime obrie
fabriky spracovavajuce stovky ton biomasy denne pomocou DES. Prechod z tonovych
pilotnych prevadzok na plni komerént Groven brzdia najma dva zésadné technologické
faktory:

Vysoka viskozita: Vac¢sina DES vykazuje pri beznych teplotdch reologické vlastnosti
podobné hustému sirupu. Tato vlastnost’ extrémne komplikuje hydrodynamiku procesov —
od energeticky ndro¢ného pumpovania cez potrubné systémy az po efektivne mieSanie a
prestup tepla vo velkoobjemovych nadrziach.
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Ekonomika regeneracie rozpustadla: Zatial’ Co v laboratornych podmienkach je separacia
celuldzy a nasledné ,,vypranie* rozpustadla vodou trividlnou zélezitostou, v priemyselnom
meradle sa stdva jednym z hlavnych technologickych problémov. Pre opdtovné pouzitie DES
je nutné vSetku pridant vodu zo zmesi opét’ odparit’, o predstavuje energeticky nesmierne
naro¢ny proces, ktory moze negovat’ primarne ekologické benefity technolégie.

Vyskum a aplikacia DES na FCHPT STU v Bratislave

V kontexte medzinarodného usilia o integraciu DES do priemyselnej praxe zohrava na
Slovensku dominantnti ulohu Oddelenie dreva, celulézy a papiera ktoré posobi v ramci
Ustavu prirodnych a syntetickych polymérov na FCHPT STU v Bratislave. Pracovisko sa
dlhodobo a systematicky venuje komplexnému zhodnoteniu lignocelul6zovej biomasy.
Vyskum zamerany na DES a ich prirodné alternativy - NADES tu predstavuje jednu
z kl'acovych strategickych linii, ktoré priamo smeruju k rozvoju modernych biorafinérii
a ekologizacii celuldzo-papierenského odvetvia.

Laboratérny vyskum na ODCP FCHPT STU je orientovany na hladanie novych,
prelomovych postupov frakcionacie lignocelulézovych materidlov (najmé priemyselnych
drevin, ale aj druhotnej biomasy, kory, jednoro¢nych rastlin ¢i pol'nohospodérskych plodin)
na ich zdkladné Struktirne zlozky — celuldézu, hemicelulézy a lignin. V laboratornych
podmienkach sa oddelenie zameriava na tri hlavné oblasti: Dizajn a optimalizacia novych
zmesi: Priprava unikdtnych binarnych a ternarnych (trojzlozkovych) DES/NADES
systémov, najcastejsie na baze cholin chloridu v kombinécii s rtdznymi HBD (ako st kyselina
mliecna, glycerol ¢i glukoza). Vyskum zahiiia exaktné §tadium ich fyzikélno-chemickych
vlastnosti a dlhodobej izotermalnej stability. Delignifik4cia lignocelul6zovych materidlov:
Vyvoj postupov na odstranovanie ligninu a rozvlédknovanie drevnej hmoty a inych
lignocelul6zovych materidlov. Selektivna extrakcia bioaktivnych latok: VyuZitie NADES na
1zolaciu cennych polyfenolickych zlu€enin z kory stromov a rastlinnych materialov. Bielenie
buni¢iny: Integracia DES priamo do bieliaceho cyklu buni¢iny, s cielom plnohodnotne
nahradit’ konven¢né technologie.

Tab.1. Hlavné linie vyskumu DES na ODCP FCHPT STU v Bratislave.

Vyskumna oblast’ Publikicie
Fyzikalno-chemické vlastnosti | 10.15376/biores.13.4.7545-7559; 10.15376/biores.13.3.5042-5051
DES 10.1007/s10570-019-02322-2; 10.1016/j.molliq.2019.110991

10.15376/biores.17.3.3880-3882; 10.3390/en15249333
10.1016/j.molliq.2023.121731; 10.33263/BRIAC132.1672.167
10.1016/j.molliq.2023.122846; 10.1016/j.molliq.2023.123728

Frakcionacia, extrakcia 10.15376/biores.10.4.8039-8047; 10.15376/biores.12.4.7301-7310
a valorizacia biomasy 10.15376/biores.12.3.6713-6722; 10.1016/].jbiotec.2018.06.349
10.1007/s10570-019-02629-0; 10.3390/cryst10030217
10.3390/cryst10050402; 10.1016/j.molliq.2021.116691
10.3390/cryst10090800; 10.1515/gps-2021-0083
10.15376/biores.17.1.1232-1240; 10.33263/BRIAC133.261
10.3390/su152115343; 10.3390/su16020504

10.3390/pr12040653; 10.1016/j.microc.2024.110743

Bielenie a mechanické 10.15376/biores.12.4.7479-7486; 10.12841/wood.1644-3985.266.08
vlastnosti buni¢inovych 10.1515/gps-2021-0066; 10.1016/j.rechem.2024.101670
vlakien 10.3390/pr13061930
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Regeneracia DES a vyroba 10.3390/molecules24213978; 10.2478/acs-2022-0008
nanomaterialov 10.1016/j.molliq.2023.123645

Hore uvedena tabulka sumarizuje hlavné vyskumné smery ODCP na FCHPT STU v
Bratislave v priamej suvislosti s vyvojom DES/NADES a ich aplikaciou v biorafinériach,
drevarskom a celul6zo-papierenskom priemysle. Pre potreby tejto prace boli strategicky
vybrané a do tabulky (Tab.1.) zaradené tie najdolezitejSie a najcitovanejSie prace, ktoré
najlepsie ilustruju kl'icové technologické mil'niky. Ide predovSetkym o prelomové stadie
zamerané¢ na dlhodobu termalnu stabilitu zmesi, fyzikalno-chemické vlastnosti buni¢iny
po delignifikécii, extrakciu a frakcionaciu biomasy a v neposlednom rade o najaktudlnejsie
prace z rokov 2024 a 2025, ktoré otvaraju tému integracie DES ako inovativnych
rozpustadiel do bieliaceho stupna pri vyrobe buni¢iny a papiera.

Vyskum a aplikacia ligninu na FCHPT STU v Bratislave

Moderné technologie spracovania kraftového vyluhu (tzv. ¢ierneho lthu) na lignin sa
primarne zameriavaji na kysla precipitaciu, ktora umoziuje ziskat’ vysokokvalitny a Cisty
lignin. Tieto metddy premienaji doterajsi nizko hodnotny odpad na udrzatel'nt surovinu pre
chemicky a materidlovy priemysel.

Medzi najvyznamnejsie technoldgie patria:

LignoBoost

LignoBoost (vyvinuty spolo¢nost'ou Valmet) je celosvetovo najrozsirenejsia komercna
technologia. Proces: Cierny lith sa najprv okysli oxidom uhlig¢itym, ¢im sa lignin zrazi.
Nasledne sa prefiltruje, premyva kyselinou sirovou a opat’ prefiltruje, aby sa znizil obsah
mineralnych necistét (najmi sodika). Prinosom okrem ziskania €istého ligninu poméha
celulozke uvolnit’ kapacitu inak pretazen¢ho regeneracnej kotla.

LignoForce

Systém vyvinuty vyskumnou organizaciou FPIlnnovations a firmou NORAM
Engineering. Hlavnym rozdielom oproti LignoBoost je poc¢iatocna oxidacia ¢ierneho lthu
kyslikom za zvySenej teploty. Az potom nasleduje okyslicenie. Oxidacia zlepSuje
filtrovatel'nost’ zrazeného ligninu a zaroven eliminuje neprijemné a zapachajlce sirne plyny
(zla€eniny TRS). Vysledny produkt ma nizsi obsah popola a vyzaduje menej kyseliny.
Membranové technologie (Ultrafiltracia a Nanofiltracia)

Tieto separaéné technolégie sa ¢asto vyuzivaju ete pred samotnym okyslenim. Cierny
luh sa pretlaca cez Specidlne keramické alebo polymérové membrany, ktoré selektivne
oddel'uju velké molekuly ligninu od ostatnych zloziek luhu. Tento proces umoziuje
frakcionéaciu (triedenie) ligninu podl'a molekulovej hmotnosti a Cistoty. MoézZe byt
prevadzkované samostatne alebo ako predstupen pre znizenie spotreby chemikalii
v precipitacnych jednotkach.

SLRP (Sequential Liquid-lignin Recovery)

Je pokrocild metdda extrakcie, pri ktorej sa v prvej faze udrziava lignin v solvatovanom
(tekutom) stave. To ul'ah¢uje nepretrzita (kontinudlnu) prevadzku a efektivnejSie vymyvanie
necistot.

ALPHASs (Aqueous Lignin Purification with Hot Agents)

55



SPPC Proceedings of papers | Zbornik odbornych
from the conference | prispevkov z konferencie

RieSenie, ktoré sa ¢asto kombinuje s technologiou SLRP a pracuje s vodnymi roztokmi
organickych kyselin, vysledkom ¢oho je mimoriadne Cisty kraftovy lignin.

Extrahovany lignin

Extrahovany lignin sa uplatiluje ako udrzatel'na nédhrada fosilnych paliv, v stavebnictve,
pri vyrobe bioplastov, uhlikovych vlékien ¢i ako prirodné prisada do asfaltu a lepidiel.

Jedno z d’alSich vyskumnych oblasti na Oddeleni dreva, celulézy a papiera Fakulty
chemickej a potravinarskej technoldégie STU v Bratislave, je dlhodobo zamerana
na materidlové zhodnotenie a chemickl transforméciu lignocelulézovej biomasy.
Vyskumné aktivity kolektivu su orientované na napliianie principov zelenej chémie
a obehového hospodarstva (circular economy) prostrednictvom hl'adania ekologickych
alternativ k syntetickym polymérom fosilneho povodu. Stratégia timu spoc¢iva v komplexnej
valorizacii priemyselnych vedlajSich produktov a polnohospodarskych odpadov na
pokrocilé biomaterialy s vysokou pridanou hodnotou.

Vedecko-vyskumna ¢innost’ sa integruje do niekol’kych kI'aicovych oblasti:

Biorafiniacia a zelena frakcionacia biomasy: Zameranie na vyvoj a optimaliziciu
Setrnych delimitacnych procesov s vyuzitim modernej generacie zelenych rozpustadiel,
predovsetkym hlbokoeutektickych rozpustadiel. Ciel'om je efektivna separacia hlavnych
komponentov biomasy (celul6za, hemiceluldzy, lignin) bez ich ireverzibilnej degradacie.

Vyvoj biopolymérnych kompozitov a polyuretanov: Vyskum zahfiia ¢iasto¢nt alebo
uplnt substiticiu syntetickych polyolov technickymi ligninmi pri syntéze polyuretanovych
pien, lepidiel a naterovych systémov, ¢im sa zlepSuje environmentalny profil
a biodegradovatelnost’ vyslednych matric.

ZvySovanie kvality biopaliv: V ramci medzinarodnej spoluprace vyskum zameral na
modifikaciu vlastnosti tuhych biopaliv (drevenych peliet) aplikaciou ligninovych aditiv s
cielom zvysit’ ich mechanicku odolnost’, hydrofobnost’ a energetickll hustotu.

Modifikacia ligninu na hydrogélové Struktury

Najaktualnej§im a vysoko progresivnym smerom vyskumu je chemicka modifikacia
ligninu za Uc¢elom pripravy trojrozmernych hydrogélovych sieti. Lignin, ako amorfny
aromaticky biopolymér, disponuje v nativhom a technickom stave (napr. kraftovy lignin)
rigidnou Struktirou a nizkou afinitou k vode. Pre transformaciu na hydrogél — material
schopny absorbovat’ a zadrziavat’ signifikantné objemy vody alebo vodnych roztokov —
vyvijame postupy cielenej modifikacie jeho makromolekuldrnej architektiry.

Metodicky pristup k modifikacii:

ZvySenie hydrofilnosti: Do polyfenolickej Struktiry ligninu sa chemicky zavadzaji
polarne funkéné skupiny (napr. karboxymetylaciou, karboxylaciou alebo riadenou
oxidaciou), ¢im sa radikélne meni charakter materidlu z hydrofébneho na hydrofilny.

Kopolymerizacia a oCkovanie (Grafting): Na reaktivne miesta ligninového skeletu sa
ockuji  hydrofilné syntetické alebo prirodné polymérne retazce (napr. akrylaty,
polyetylénglykol, chitozan). Lignin tu pdsobi ako multifunkéné makrosietovadlo alebo ako
rigidné kostra kompozitu.

Sietovanie (Cross-linking): Vyuzitim kovalentného alebo i6nového sietovania
s nizkotoxickymi sietovadlami dochddza k sformovaniu stabilnej trojrozmernej
hydrogélovej siete s definovanou hustotou siet'ovania.
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Vyznamné objavy a aplika¢ny potencial

Vyskumné vysledky timu v oblasti ligninovych hydrogélov vykazuju vysoky potencial
pre transfer do priemyselnej a environmentéalnej praxe, kde nahradzaju environmentalne
zat'azujlice polyakrylaty:

Inteligentné systémy v agrosektore (Smart Agriculture): Vyvinuté hydrogely
vykazuju schopnost’ reverzibilnej absorpcie vody, ¢o umoznuje ich aplikaciu ako pédnych
kondicionérov v aridnych oblastiach. Vyraznym benefitom je okrem riesenia klimatickych
zmien zhodnotenie hydrogélu na konci jeho zivotného cyklu.

Environmentilne sorbenty: Vdaka pritomnosti Specifickych funkénych skupin
(fenolické, alifatické hydroxylové a karboxylové skupiny) vykazuji modifikované
hydrogely vysoku afinitu k tazkym kovom a organickym farbivam, ¢o ich predurcuje
na separaciu polutantov z priemyselnych odpadovych vod.

Zaver

Dlhodoba udrzatenost’ a tUspe$nd transformdacia celuldozo-papierenského priemyslu
smerom k bezemisnym a energeticky efektivnym technologiam si vyzaduje zdsadni zmenu
pristupu nielen v samotnej vyrobe, ale aj v priprave buducich odbornikov. Ukazuje sa, ze
prekonanie sicasnych inzinierskych bariér nie je mozné bez priameho transferu najnovsich
vedeckych poznatkov do priemyselnej praxe. Klicovym pilierom tohto prechodu sa preto
stdva moderné technické vzdelavanie, ktoré flexibilne reaguje na potreby trhu. Formovanie
strategickych partnerstiev medzi akademickymi inStiticiami a priemyselnymi lidrami
umozni vychovat’ novl generéciu inzinierov, ktori buda disponovat’ vedomost'ami z oblasti
zelenej chémie, prediktivneho modelovania pomocou umelej inteligencie a pokrocilého
riadenia procesov. Iba prostrednictvom tohto synergického prepojenia vzdelavacieho
systému s inova¢nymi potrebami podnikov dokaze odvetvie efektivne pretavit’ laboratorny
vyskum do podoby zivotaschopnych, kontinudlnych priemyselnych prevadzok a udrzat’ si
tak globalnu konkurencieschopnost’ v ére cirkularnej ekonomiky. Uvedend publikécia
poukazuje Ze tieto iniciativy a konzorcia s schopné takéto inovacie vytvarat’ a dotiahnut’
ich aj do priemyselnej aplikacie.

Hlbokoeutektické rozpustadla predstavuji jeden z najvyznamnejSich mil'nikov moderne;
zelenej chémie s potencialom od zakladu transformovat’ celulézo-papierensky priemysel a
spracovanie biomasy. Po viac ako dvadsiatich rokoch od ich predstavenia ako prelomovej
technologie preukazali DES v laboratdrnom a poloprevadzkovom meradle vynimoc¢né
vlastnosti, naymé schopnost’ energeticky nenarocnej delignifikacie biomasy pri nizkych
teplotdich a atmosférickom tlaku. Tymto sposobom pontkaji ekologicku a udrzatelnu
alternativu ku konvencnému, energeticky aj chemicky naro¢nému sulfatovému procesu.
PInohodnotna integracia do vel'kokapacitnej priemyselnej vyroby celuldzy stale naraZza na
technologické bariéry. Medzi kI'i€ové inZinierske vyzvy patri predovSetkym optimalizicia
energeticky efektivnej regenerdcie rozpustadiel v makro-priemyselnom meradle a
dosiahnutie pozadovanej mechanickej pevnosti celulozovych vldkien.

Ligninova frakcia ma k dispozici moderné separacie ligninu z kraft procesu ako su
LignoBoost a LignoForce, ktoré su efektivne a napomdahaju zvysit' kapacitu produkcie
buni¢iny bez navySenia kapacity regenerdcie chemikalii. Tymto sa ziskava procesnymi
parametrami pomerne dobre definovany lignin, ktory treba pretransformovat’ na vyrobky
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s vysokou pridanou hodnotou. V tejto oblasti je vel'mi vysokd aktivita vyskumnikov
na celom svete.

STU v Bratislave hlavne cez kolektiv ODCP na UPSP aktivne svojou vedecko
vyskumnou ¢innost’ou prispieva k rozsirovanie cennych vedecko vyskumnych poznatkov na
svetovej urovni v uvedenych oblastiach.

Pod’akovanie: Téato praca vznikla aj vd’aka podpore Agentiry na podporu vyskumu a
vyvoja na zéklade zmluvy APVV-22-0277, projektu VEGA 1/0651/23 a VEGA 1/0743/24.
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Summary

The pulp and paper industry has been undergoing a fundamental transformation in recent
years, moving this traditional sector from simple mass production of paper and cellulose
towards the sophisticated concept of modern biorefineries. This shift is driven by the desire
for maximum, environmentally sustainable and waste-free valorization of wood biomass.
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Current scientific and technological progress allows the original factories to become
integrated complexes capable of separating and further processing other wood components,
such as lignin and hemicellulose, in addition to basic cellulose fibers. The subsequent
direction of the pulp and paper industry is primarily oriented towards flexibility, innovative
chemistry and the principles of the circular economy. The future of the industry lies in the
introduction of universally designed reactor lines that can promptly respond to new
ecological trends. A key direction of research and future industrial applications is the
integration of "green" chemical agents, especially deep eutectic solvents (known as DES).
These modern solvents should completely replace traditional chemicals, which will not only
free the industry from dependence on toxic substances, but also gain the ability to produce
high-purity biopolymers for medicine, food and advanced biochemical materials. In the
future, the paper industry will not only be a supplier of packaging materials but will become
the core of a modern low-carbon bioeconomy.
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Abstract

The use of paper as a packaging material is currently on the rise, reflecting the growing
demand for environmentally friendly alternatives across various industrial sectors. This
study focuses on the structural and mechanical properties of paper. Paper samples were
characterized by determining the Schopper-Riegler degree, water retention value, zeta
potential and mechanical properties. The results showed that mechanical refining enables
the modification of paper properties, particularly increasing elongation, but at the expanse
of strength properties. At the same time, increased shrinkage was observed, resulting in
paper sheets unsuitable for practical use. For this reason, thermal pressing was applied to
reduce the effect of shrinkage on the paper sheet. The combination of refining and controlled
drying improved the strength properties, while the resulting elongation reached to 15,4 %.
Based on the results of the first part of this study, pulps were refined to different beating
degrees were subsequently mixed in various ratios. This approach made it possible to
effectively control shrinkage while achieving comparable elongation values and improved
strength properties.

Keywords: elongation; mechanical refining; modification in papermaking; sustainable

packaging

Introduction

The growing population, intensive urbanization, and the consequences of global warming
are creating increasing pressure on the efficient use of natural resources and the development
of environmentally friendly materials. Therefore, environmental protection and the
utilization of renewable resources have become important aspects of industrial and scientific
activities in many areas of life (Keskin et al. 2020). Currently, considerable attention is being
paid to the issue of plastic packaging materials, whose excessive production and low
degradation rate represent a serious environmental problem. For this reason, ecological and
recyclable alternatives are coming to the forefront, particularly paper as a renewable,
biodegradable, and recyclable material (Oloyede and Lignou 2021). However, the
development of new applications for paper products creates increased demands on their
mechanical and functional properties. One of the important parameters affecting the quality
and usability of paper materials is their extensibility, which plays a significant role especially
in processing, printing, and the production of packaging products (Zeng et al. 2013).

For these reasons, it is necessary to focus on the development of new possibilities for the
modification of paper materials to improve their properties while maintaining environmental
sustainability. Research in this field can contribute not only to the expansion of paper product
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applications, but also to the reduction of negative environmental impacts associated with the
use of conventional plastic materials.

Properties of Paper

Paper is a sheet material produced depositing plant, animal, or synthetic organic and
inorganic fibres, mixtures of these fibres, or fibres with additives from suspension or foam
(Krkoska et al. 2014). The paper network is formed by the bonding of fibres and their
fragments, creating a complex structure resulting from both the nature of the raw materials
and the production process. The properties of all components, including fillers and additives,
influence the final properties of the product (Levlin and Sdderhjelm 1999). From
a technological point of view, several types of paper exist, differing in the type of fibrous
material used, production technology, presence of components, mechanical and chemical
properties (Vizarova et al. 2024).

Mechanical Properties of Paper

During paper processing, paper is subjected to mechanical forces acting in different
directions; therefore, it must meet specific quality requirements. Among the most important
quality parameters are the strength properties of paper (Krkoska et al. 2014). When an
external mechanical force acts on a material, the material undergoes deformation to a certain
extent. If the applied force exceeds the strength limit of the material, the internal structure
eventually fails (Sixta 2006). The mechanical properties of paper are influenced by its
heterogeneity, which depends on the structure of the cellulose network and fibre bonds, fibre
length, interfiber bonding, fibre density, fibre arrangement, composition, and the
manufacturing process (Leheny et al. 2021).

Elastic Properties of Paper

Paper elasticity can be defined as the ability of paper to increase its linear dimensions as
aresult of elastic, viscoelastic, and plastic deformation under the influence of external
forces. The most studied type of mechanical deformation is tensile deformation. In this case,
paper extensibility is determined as a strain value at the breaking point on the stress-strain
curve (Fig. 1) (Vishtal and Retulainen 2014). The strain at break is determined at the point
of maximum stress on stress-strain curve, where paper rupture usually occurs (Leheny et al.
2021).
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Figure 1. Stress-strain curve for paper from softwood pulp (Vishtal; Retulainen 2014)
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Extensibility

Paper extensibility depends on two fundamental factors: fibre properties and interfiber
bonding. These factors also influence tensile strength. Fibers should be strong, long, and
capable of forming strong bonds with one another. In general, an increase in quality of fibre
bonding also leads to increased paper extensibility. However, the structure of the fibre
network also plays an important role. Paper with strong fibre bonding may not necessarily
exhibit high extensibility if the network structure restricts deformation. Although these
factors are discussed separately, they are closely interconnected during paper production and
processing (Kouko et al. 2019; Seth 2005; Vishtal and Retulainen 2014).

Mechanical Treatment and Fiber Morphology

Pulp refining is a mechanical treatment of fibres and represents one of the most important
operations in paper production. During the refining process, changes occur in pulp
properties, which are subsequently reflected in paper properties. Fiber treatment modifies
properties to improve paper strength, surface smoothness, optical properties, and sheet
formation. Refining also increases the strength of fibre bonding by enlarging the fibre
surface area, while fibres become more flexible. Most strength properties improve during
refining because they depend on fibre bonding. However, undesirable effects such as fibre
weakening and shortening may also occur during the refining process (Bajpai 2018; Krkoska
et al. 2014; Paulapuro 2007). At present, two principal refining methods are distinguished:
low-consistency and high-consistency refining. These refining methods differ mainly in
solids content, the mechanism of fibre deformation, and their effect on fibre morphology.
As a result, they significantly influence the final properties of produced paper (Paulapuro
2007; Vishtal and Retulainen 2014; Zeng et al. 2013).

Shrinkage During Drying

Depending on the drying method (free drying or restrained drying), paper may exhibit
significantly different mechanical properties even at the same basis weight. This mainly
affects elastic properties, tensile strength, and deformation ability (Vishtal and Retulainen
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2014; Wahlstrom 1999). According to the amount of shrinkage or stretching acting on paper
during drying, two basic drying strategies can be defined:

a) Free drying — when no external forces act on the paper, it can shrink freely without
restriction. Shrinkage is more pronounced in the cross direction than in the
machine direction due to fibre orientation. The resulting shrinkage depends on the
initial swelling of fibres, the number of fibre bonds, and fibre adhesion.

b) Restrained drying — when shrinkage is mechanically restricted during drying,
internal stresses develop within the paper structure. During drying the paper web
is subjected to tension in the machine direction (Karlsson and Oyj 2000; Vishtal
and Retulainen 2014; Wahlstrom 1999).

Materials and Methods

Bleached softwood pulp RM 8495 (Northern Softwood Bleached Kraft Pulp)
supplied by The Procter & Gamble Cellulose Company (Memphis, Tennessee, USA) was
used for the experiments. This approach was selected to ensure better compatibility between
individual modifications. Pulp disintegration was carried according to ISO 5263-1 (2005)
using a laboratory disintegrator operating at 10.000 rpm. This was followed by mechanical
treatment through refining performed in a Valley Hollander in accordance with ISO 5264-1
(1993). The pulp suspension was refined for up to 55 min using 210 g of pulp and 20 L of
water. During refining process, suspension samples were collected for further analyses.
Subsequently, laboratory sheets were prepared from suspensions and subjected to three
different drying methods (Fig. 2): free drying (FD), free drying followed by thermal pressing
(FDP), and restrained drying between dry felts (DD). Mechanical properties of laboratory
sheets were determined according to ISO 1924-2 (1994).
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Results and discussion

The first phase of the experiments involved the mechanical treatment of pulp by refining
in a Valley Hollander. The aim was to achieve intensive fibre fibrillation and modify fibre
morphology. The pulp was refined to different refining degrees ranging from 30 to 70 SR,
and laboratory sheets were subsequently prepared from each pulp fraction. The objective
was to evaluate the influence to refining intensity on the physical and structural properties
of paper.

Several analytic measurements were performed to characterize both the refined pulp
suspensions and the prepared laboratory sheets. Changes in physical, chemical, and
structural parameters were monitored depending on the beating degree. The obtained results
indicated increased fibre fibrillation with increasing refining intensity, which was confirmed
by measurements of beating degree, water retention value (WRYV), and microscopic
observations.

The increase in WRV suggested enhanced fibre swelling and higher tendency of the
laboratory sheets to shrink during drying. The highest shrinkage was observed in freely dried
sheets prepared from highly refined pulp. However, excessive shrinkage also resulted in
sheets deformation and loss of flatness. Therefore, different drying methods investigated to
optimize sheets quality and suitability for further mechanical testing.

Mechanical testing focused mainly on the evaluation of relative elongation and tensile
strength. Increasing refining intensity led to higher sheets shrinkage and consequently
increased relative elongation of paper. Despite the improved elastic properties, only minor
reductions in strength properties were observed, indicating that mechanical treatment can
effectively improve paper extensibility without significant deterioration of structural
integrity. The obtained values of relative elongation are presented in Figure 3.
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Figure 3. Dependence of elongation on Schopper-Riegler degree under three different
methods of drying
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Based on the results of the first experimental phase, additional experiments focused on
blending pulps refined to different beating degrees. For this purpose, pulp refined to 70 SR
was mixed with disintegrated pulp as well as pulp refined to 30 and 40 SR in various ratios.
The aim of this approach was to reduce sheets deformation during drying while also
decreasing the energy consumption associated with refining to high beating degree. The
blending of differently refined pulps improved elastic properties compared to sheets
prepared from a single beating degree only. At the same time, higher tensile strength values
achieved in comparison with the original samples. The obtained results indicate that pulp
blending may represent a suitable approach for optimizing the balance between extensibility,
mechanical performance, and processing efficiency. The obtained values of relative
elongation are presented in Figure 4.
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Figure 4. Dependence of elongation of paper on pulp blending ratio at different beating
degrees
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Conclusion

This study demonstrated that mechanical refining significantly influences the structural
and mechanical properties of paper, particularly by enhancing fibre fibrillation and
extensibility. However, increased refining intensity also leads to higher shrinkage during
drying, which can negatively affect sheet dimensional stability.

The results further indicate that combining different refining degrees through pulp
blending can effectively balance mechanical performance and processing stability. This
approach represents a promising strategy for tailoring paper properties for specific
applications while maintaining overall material functionality.
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Zhrnutie

Modifikacia vlastnosti papiera pomocou mechanickych a chemickych uprav

Rastuci dopyt po udrzateI'nych obalovych materidloch zvySuje zaujem o papierové
alternativy so zlepSenymi mechanickymi vlastnostami. Tato praca sa zaoberd vplyvom
mechanického mletia, podmienok susenia a mieSania buni¢in na Struktirne a mechanické
vlastnosti papiera so zameranim na jeho t'aznost’. Dlhovlaknita sulfatova buni¢ina bola mleta
vo Valley Holandri na rézne stupne mletia a nasledne boli pripravené laboratorne harky
suSené roznymi spdsobmi. Vysledky ukazali, Ze zvySujica sa intenzita mletia podporuje
fibrilaciu vlakien a zvySuje prediZenie papiera, zaroven viak spdsobuje vyssie zmrtenie a
zhorSenie rozmerovej stability harkov pocas suSenia. Z tohto dovodu boli aplikované rdzne
spOsoby susenia s cielom obmedzit’ negativne G€inky zmrStenia. V druhej faze experiment
boli miesané bunifiny zomleté na rozne stupne Schoppra-Rieglera s cielom optimalizovat’
pomer medzi taznostou, pevnostnymi vlastnostami a stabilitou papierovych harkov.
Ziskané vysledky naznacuj, Ze kombinacia mechanického mletia a kontrolovaného susenia
papiera predstavuje perspektivny pristup Upravy vlastnosti papiera pre aplikacie v oblasti
udrzateInych obalovych materialov.
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Abstrakt

Tato préaca sa zaoberd extrakciou bioaktivnych latok z kory duba letného (Quercus robur
L.) pomocou hlbokoeutektickych rozpustadiel (DES — Deep Eutectic Solvents), ktoré
predstavuju ekologicku alternativu ku konvenénym organickym rozpustadlam. Ciel'om
prace bolo zhodnotit’ i¢innost’ DES na baze cholin chloridu v kombindcii s glycerolom a
etylénglykolom v r6znych molarnych pomeroch a porovnat’ ich s extrakciou realizovanou
metddou ASE (Accelerated Solvent Extraction).

V experimentoch sa sledoval vplyv typu rozpustadla, teploty a casu extrakcie na obsah
celkovych fenolovych zltcenin (TPC) a antioxidacnu aktivitu (AA) ziskanych extraktov.
Vysledky ukazali, ze hlbokoeutektické rozpustadla st vhodné na izolaciu fenolickych latok
z dubovej kory a v niektorych pripadoch dosahuji porovnatel'nt alebo vyssiu u€innost’ ako
tradi¢né extrakéné postupy. Najlepsie vysledky boli zaznamenané pri DES zalozenych na
kombinécii cholin chloridu a etylénglykolu. Zaroven sa potvrdilo, Ze vysSia teplota a dlhsi
Cas extrakcie viedli k zvySeniu hodn6t TPC aj antioxidacnej aktivity extraktov.

Ziskané vysledky potvrdzuju potencidl DES ako perspektivnych, netoxickych
a environmentalne priaznivych rozpustadiel pre ziskavanie cennych prirodnych latok
z lignocelul6zovej biomasy.

Klacové slova: dubova kora, hlbokoeutektické rozpastadla - DES, extrakcia, ASE, TPC,
AA.

Uvod

V sucasnej dobe maji listnaté dreviny Siroké priemyselné vyuzitie. Predstavuji
vyznamny zdroj energie, surovinu pre rézne priemyselné odvetvia a zaroven sa vyuzivaju aj
ako materidl v stavebnictve. Vyznamnu ¢ast’ stromu tvori kdra, ktord obsahuje mnozstvo
cennych bioaktivnych zlu¢enin. Jej vhodnym spracovanim je mozné ziskat’ Siroké spektrum

latok s potencidlnym vyuZitim vo farmaceutickom, kozmetickom, chemickom a d’alSich
priemyselnych odvetviach. (Hon and Nobuo Shiraishi 2000)

Tato praca sa zaoberd izolaciou cennych bioaktivnych zlucenin z kory duba letného s
vyuzitim hlbokoeutektickych rozpustadiel (DES — Deep Eutectic Solvents). (Szmechtyk and
Matecka 2024) Ciel'om vyskumu bolo overit’ potencial tychto ekologickych a biologicky
priaznivych rozpustadiel ako alternativy ku konvenénym organickym rozpustadldm pri
extrakcii prirodnych latok. (Mathews; Arbal; Kaarunya; Jha; Le-Bail; Rawson 2024). V
ramci experimentov boli testované rozne typy DES pripravené z kombinécii cholinchloridu
a glycerolu alebo etylénglykolu v r6znych molérnych pomeroch (Zainal-Abidin; Hayyan;
Hayyan; Jayakumar 2017). Hodnotil sa ich vplyv na obsah celkovych fenolovych zlucenin
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(TPC) a antioxida¢nu aktivitu (AA) extraktov ziskanych z kory duba. Sucasne sa sledoval
vplyv extrakénych podmienok, najmi teploty a casu extrakcie, na uc¢innost izoléacie
extraktivnych latok. Na porovnanie bola pouzitd aj metoda urychlenej extrakcie
rozpustadlom (ASE), pri ktorej sa ako extrakéné Cinidlo pouzila zmes dimetylsulfoxidu
(DMSO) a tetrachlérmetanu (CCls) v pomere 1 : 1. Extrakcia pomocou ASE bola realizovana
podl'a podmienok stanovenych planovanym experimentom.

Experimentalna ¢ast’

Boli pripravené dva typy hlbokoeutektickych rozpustadiel (DES). Prvy typ tvorila zmes
cholinchloridu a glycerolu (ChCl:Gly) a druhy zmes cholinchloridu a etylénglykolu
(ChCl:Etgly). Kazdy typ DES bol pripraveny v troch r6znych molarnych pomeroch. Pri
systéme ChCIL:Gly boli pouzité pomery 1:1, 1:3 a 1:5, zatial' ¢o pri systéme ChCIL:Etgly
pomery 1:1,5, 1:3 a 1:5. Jednotlivé zlozky boli za stdleho mieSania zahrievané v teplotnom
intervale 50 az 80 °C az do vytvorenia homogénnej kvapalnej zmesi.

Pri extrakcii metédou ASE bolo pouzité dvojzlozkové rozpustadlo pozostavajice z
dimetylsulfoxidu (DMSO) a tetrachlormetanu (CCls) v objemovom pomere 1:1. Kombinacia
rozpustadiel s rozdielnou polaritou bola zvolend s cielom zabezpecit' extrakciu o

.....

Pre vsetky pripravené DES boli stanovené fyzikdlno-chemické vlastnosti, konkrétne
hustota v zavislosti od teploty, elektrickd vodivost a index lomu. Pri organickych
rozpustadlach boli hodnoty polarity prevzaté z literdrnych zdrojov. Celkovy obsah
extraktivnych latok bol stanoveny pomocou Standardizovanych analytickych postupov s
cielom porovnat’ ucinnost’ jednotlivych extrakénych metéd. Na tento ucel bola pouzita
Soxhletova extrakcia podl'a normy TAPPI T 204 cm-97 a urychlend extrakcia rozpustadlom
(ASE) podl'a metodiky NREL TP-510-42619.

Na zéklade literarnej reSerSi bol navrhnuty 2-Uroviiovy a S5-faktorovy planovany
experiment zamerany na optimalizaciu extrakénych podmienok. Hlavnymi sledovanymi
faktormi boli teplota a Cas extrakcie. Pri extrakcii pomocou DES sa teplota pohybovala v
rozmedzi 30 az 100 °C a ¢as extrakcie od 60 do 180 minut. Pri metode ASE bol rozsah teplot
40 az 100 °C a cas extrakcie sa pohyboval od 10 do 60 minut.

Extrakcia pomocou DES prebiehala v plastovych skimavkach, do ktorych boli navazené
vzorky a rozpustadlo v hmotnostnom pomere 1:10. Samotny proces extrakcie sa
uskutociioval vo vopred vyhriatej suSiarni na rotanom mieSadle. Extrakcia metddou ASE
bola realizovana na zariadeni Dionex ASE 350 pri zvySenom tlaku 10,34 MPa.

Vysledky a diskusia

V tejto praci bola hodnotend ucinnost’ hlbokoeutektickych rozpustadiel (DES) pri
extrakcii bioaktivnych latok z kory duba letného a ich vysledky boli porovnané s metédou
urychlenej extrakcie rozpustadlom (ASE). Ziskané vysledky preukazali, ze DES dokazu
zabezpeCit' porovnatel'ni vytaznost extraktivnych latok ako bezne pouzivané organické
rozpustadla, pricom ich vyhodou je moznost realizacie extrakcie pri niz$ich teplotach a bez
pouzitia toxickych chemikadlii. Na zdklade vysledkov planovaného experimentu bolo
zaroven mozné identifikovat’ optimélne extrakéné podmienky vedice k maximalizacii
vytaznosti sledovanych latok.
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Tab. 1 Optimalne podmienky pre extrakciu pomocou DES

pokus Pomer teplota (°C) | ¢as (min) éagf(:iirig]; $)
ChCI:Gly
1 1:1 100 149,38 149:23
2 1:3 100 115,46 115:27
3 1:5 100 60 60
ChCl:Etgly
4 1:1,5 100 103,28 103:17
5 1:3 100 180 180
6 1:5 100 180 180
Z porovnavanych rozpustadiel najvySSiu GCinnost ukéazali DES pripravené

z cholinchloridu a etylénglykolu. Naopak, systémy obsahujice glycerol dosahovali nizsiu
efektivitu extrakcie a nizSie hodnoty ziskanych bioaktivnych zli€enin. Vysledky tiez
potvrdili, Ze zvysenie teploty a prediZenie Gasu extrakcie pozitivne ovplyviiujii obsah
celkovych fenolovych zlucenin aj antioxidac¢nu aktivitu extraktov. Dosiahnuté hodnoty boli
porovnatel'né¢ s udajmi uvadzanymi v odbornej literatire a v niektorych pripadoch ich
dokonca prevysovali.

Pri porovnani s extrakciou pomocou zmesi DMSO a CCls boli dosiahnuté podobné
vytazky extraktivnych latok. Napriek tomu pouZzitie tejto zmesi prinasa nevyhody v podobe
vysSej toxicity pouzitych rozpustadiel a vicsSej energetickej naro¢nosti procesu. Z tohto
dovodu sa DES javia ako perspektivna a environmentalne prijatelnejSia alternativa pre
extrakciu bioaktivnych latok z rastlinného materialu.

Tab. 2 Vytaznost’ normovanej extrakcie

Metoda % vytazku
ASE 12,98%
Soxhlet 8,28%

Tab. 3 Vytaznost extrakcie s pouzitim DES za optimalnych podmienok

ChCl:Gly ChCl:Etgly

Pomer | % vytazku |Pomer | % vytazku
1:1 14,09% 1:1,5 13,72%

1:3 13,26% 1:3 15,61%

1:5 15,46% 1:5 15,37%
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Tab. 4 Maximalny a minimalny vytazok dosiahnuti extrakciou ASE rozpustadlom
DMSO:CCl4 za vybranych podmienok

DMSO:CCH4
Podmienky
Vytazok
teplota (°C) [ ¢as (min) yrazo
100 35 min 11,07%
70 60 max 13,29%

Zaver

Na zaklade ziskanych vysledkov mozno konstatovat, ze hlbokoeutektické rozpustadla
(DES) predstavuju perspektivnu a environmentélne priaznivl alternativu ku konvenénym
organickym rozpustadlam pri extrakcii bioaktivnych latok z kory duba letného. Vysledky
preukézali, Ze vhodne zvolené DES dokdzu dosiahnut’ porovnatelnti, pripadne aj vysSiu
ucinnost’ extrakcie ako metoda ASE, priCom nevyzaduji pouzitie toxickych rozpustadiel a
predstavuju ekologickejsi pristup k spracovaniu biomasy.

Dalsi vyskum by mal byt’ zamerany na podrobnejiu charakterizaciu ziskanych extraktov,
identifikaciu jednotlivych bioaktivnych zloziek a ich potencialne vyuzitie v praxi. V d’alSej
etape prace sa planuje doplnit’ hodnotenie antioxidacnej aktivity (AA) a celkového obsahu
fenolovych zlucenin (TPC) aj pre extrakty ziskané metoédou ASE.

Vzhl'adom na vysoky obsah cennych latok v dubovej kore a rastlici zaujem o udrzatel'né
technoldgie ma tato problematika vyznamny potencidl pre vyuzitie vo farmaceutickom,
kozmetickom a potravindrskom priemysle.
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Summary

Comparison of Bioactive Compound Extraction from Oak Bark Using Deep Eutectic
Solvents and Conventional Accelerated Solvent Extraction (ASE)

This work focused on the extraction of bioactive compounds from the bark of pedunculate
oak (Quercus robur L.) using Deep Eutectic Solvents (DES) as environmentally friendly
alternatives to conventional organic solvents. Two types of DES based on choline chloride
combined with glycerol and ethylene glycol in different molar ratios were prepared and
evaluated. Their extraction efficiency was compared with Accelerated Solvent Extraction
(ASE) using a mixture of dimethyl sulfoxide and carbon tetrachloride.

The influence of extraction conditions, particularly temperature and extraction time, on
the total phenolic content (TPC) and antioxidant activity (AA) of the obtained extracts was
investigated. The results showed that DES are effective extraction media capable of
providing yields comparable to those achieved by ASE. The highest extraction efficiency
was obtained with DES based on choline chloride and ethylene glycol, while glycerol-based
systems showed lower extraction performance.

An increase in extraction temperature and extraction time generally led to higher values
of total phenolic content and antioxidant activity. Compared with conventional organic
solvents, DES offer several advantages, including lower toxicity, easier handling, and
reduced environmental impact. The findings indicate that deep eutectic solvents represent a
promising and sustainable approach for the recovery of valuable bioactive compounds from
oak bark and other lignocellulosic biomass resources, with potential applications in the
pharmaceutical, cosmetic, and food industries.
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Abstrakt

Cielom tohto prispevku je charakterizacia hlbokoeutektickych rozpustadiel (DES) a
polarneho rozpustadla cyrénu a ich nésledné pouzitie na extrakciu bioaktivnych latok,
predovsetkym polyfenolov, z jedl'ovej kory. Pri spracovani dreva vznika velké mnozstvo
vedlajSich produktov, ktoré sa Castokrat likviduju spalovanim, Vel'ku ¢ast’ drevného odpadu
tvori prave kora, ktord je bohatym zdrojom extraktivnych latok. Vhodne ziskané extrakty
maju potencidlne vyuZitie v potravindrstve, farmécii ¢i kozmetike.

Krucové slova: Hlbokoeutektické rozpustadla; jedl’a; kora; polyfenoly
Uvod

Nutnost’ venovat' sa tejto téme vyplyva z rastliceho tlaku na zvySenie ekoldgie
priemyselnych technologii a na hladanie udrzatelnych alternativ k fosilnym zdrojom.
Konvenéné extrakéné metddy su Casto toxické a environmentélne zat'azujuce. Kvoli tomu,
ze prevlada snaha prejst’ k ,,zelenej chémii®, je potrebné vyvijat’ postupy, ktoré vyuzivaji
biokompatibilné a biodegradovateI'né rozpustadla. Dolezitym aspektom je aj ich minimalny
dopad na zdravie a na Zivotné prostredie.

Hlbokoeutektické rozpustadla, z angl. deep eutectic solvents = DES su Setrnou
environmentalnou alternativou k bezne pouZivanym organickym rozpustadlam. Su to
systémy zlozené z akceptora (HBA) a donora (HBD) vodikovej védzby. Jednou z vyhod
pouzitia DES je to, Ze umoZiluju extrakciu termolabilnych zluc¢enin pri nizkych teplotach.
Toto je mozné vd’aka tomu, Ze vysledna zmes ma nizsiu teplotu topenia ako je teplota topenia
jednotlivych zloziek. Cyrén ma taktieZ svoje zastlpenie v ,.zelenej chémii“. Vyhodou
pouzitia cyrénu pri takejto aplikécii je jeho biokompatibilita, nizka toxicita a mieSatel'nost’ s
vodou.

Experimentalna cast’

Priprava DES a charakterizdcia surovin

DES boli pripravené zmieSanim akceptora vodikovej vizby s donorom vodikovej vazby
metodou zahrievania. Zmes bola mieSand a zohrievana pri 95 °C v priebehu 30 min.
Vysledkom bola aj po ochladeni ¢ira homogénna kvapalina. Tymto spdsobom boli
pripravené DES 3 typov — zmes xylitolu a glycerolu v pomeroch 1:1; 1:3; 1:5 a zmes
kyseliny mlie¢nej a glukozy v pomeroch 1,5:1; 3:1; 5:1.

Pripravené DES aj cyrén boli charakterizované. Pre vSetky rozpustadla bol stanoveny
index lomu, vodivost a zdvislost hustoty od teploty. Vzorky jedlovej kory boli
charakterizované pomocou normy pre stanovenie extraktivnych latok. Norma TAPPI 204
cm-97 zalozena na pouziti Soxhletovej aparatury a ako rozpustadlo bola pouzita zmes
etanol/benzén. Druhou porovnavajicou normou bola NREL TP-510-42619 zalozena
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na pouziti urychlenej rozpustadlovej extrakcie (ASE) kde rozpustadlami boli voda
a nasledne etanol.

Extrakcia a stanovenie vytaZku

Planovany experiment bol zostaveny na zéklade literarnej reSerSe pre systémy DES.
Sledovanymi parametrami bola teplota (30°C — 100°C) a ¢as (60 — 180 min). Na zaklade 2-
urovilového 5-faktorového experimentu sa pripravilo 13 experimentov, ktoré sluzili
na optimalizaciu extrakéného postupu

Do umelych oznacenych skiimaviek bolo nadavkovanych 30 g rozpastadla a 3 g vzorky
mletej kory. Takto pripravené vzorky boli vlozené do rota¢ného miesadla, nasledne
do susiarne a mieSadlo bolo zapnuté. SuSiarenn bola vopred vyhriata na teplotu podla
podmienok pre dany typ rozpustadla. Po skonceni extrakcie bol extrakt odsaty za znizeného
tlaku a kora bola premyvana destilovanou vodou.

Premyté kora bola vysusena v susiarni do konstantnej hmotnosti a po vychladnuti bola jej
hmotnost’ zaznamenana. Z tychto hodno6t boli nésledne vypocitané vytazky pre vSetky typy
rozpustadiel a pomery DES a pre vSetky podmienky.

Stanovenie TPC a AA

Celkovy obsah fenolickych latok v extraktoch bol stanoveny upravenou Folin-
Ciocalteovou metodou. V odmernych bankach boli pripravené kalibracné roztoky a roztoky
vzoriek extraktov. Odmerné banky boli na 1 hod ulozené na tmavom mieste a nasledne bola
zmerana ich absorbancia pri A = 765 nm. Zo ziskanej zavislosti absorbancie od koncentracie
bol vypocitany celkovy obsah fenolickych latok (TPC).

Do odmernych baniek boli pripravené roztoky extraktov v metanole o koncentracii
priblizne 0,0875 mg/ml a taktieZ kalibracné roztoky. Na platnicke bola nasledne stanovena
antioxidacna aktivita (AA) vzoriek pomocou roztoku DPPH pri A = 490 nm. Na stanovenie
AA boli pouzité hodnoty po 30min reakcie s radikdlom DPPH.

Vysledky prace a diskusia

Pomocou dvoch normovanych metdd bol stanoveny celkovy obsah extraktivnych latok
vo vzorke. Prvou pouZzitou metddou bola metoda ASE, ktorou bol ziskany vysoky vytazok,
ale extrakcia prebiehala za vysokého tlaku a teploty. Druhou porovnavacou metédou bola
Soxhletova extrakcia, pri ktorej bol ziskany vytazok nizsi a extrakcia trvala niekol’ko hodin.

Tab. 5: Vytaznost’ extraktov ziskanych extrakciou pomocou DES a pomocou cyrénu
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teplota | tas 1 LA:Glu (%) 1 Gly:Xyl (%) n
CC)  |(min) |151 (31 |51 |1:1 3:1 5:1 ff/re“e
0)
4025 7757 |66 66 |78 |67 6.9 6.1 7.1
8975 |7757 |8.0 96 |98 |69 7.0 7.0 73
4025 162,43 |7.0 72 |78 |57 5.9 6.9 8.2
8975 |16243 |83 9.9 104 |75 7.4 7.9 77
30 120 |60 67 |72 |61 5.6 6.4 7.4
100|120 |99 105 |86 |84 8.0 77 8.3
65 60 6.1 60 |70 |65 5.9 6.2 78
65 180 |84 8.1 84 |75 6.4 6.0 8.6
65 120 |59 64 |62 |61 52 6.2 78
65 120 |59 70 |66 |66 52 6.4 78
65 120 |74 64 169 |67 6.3 6.6 7.7
65 120 |72 65 |71 5.7 5.0 6.5 7.7
65 120 |65 6.1 77 |73 6.6 5.8 76

Tab. 6: Vytaznost extraktov ziskanych extrakciou pomocou konvenénych typov
extrakcie

ASE Soxhlet
n (%) 12,53 6,75

Tab. 7: Celkovy obsah fenolickych latok v extraktoch ziskanych extrakciou pomocou
DES

TPC (mg GAE/g suchého extraktu)

LA : Glu Gly : Xyl
DoE E’C) zmin) 151 |31 |51 |11 |31 |54
1 40,25 | 77,57 |- 74,96 45,46 11,13 21,06 |30,56
2 89,75 |77,57 |1,47 185,76 128,03 |13,97 |88,72 |64,11
3 40,25 |162,4 [3,05 67,05 58,31 20,35 34,99 |41,71
4 89,75 [162,4 |72,94 279,58 |115,21 64,04 [49,08 |[48,08
5 30 120 |- 75,93 40,33 46,86 20,67 |27,14
6 100 |120 145,74 129530 |- 9,97 189,06 82,81
7 65 60 1,78 107,09 77,79 1,01 27,24 130,97
8 65 180 8,54 172,38 195,26 10,61 |70,94 |51,15
9 65 120 140,77 138,54 |57,24 56,32 |37,87 (41,70
10 |65 120 129,12 132,50 70,95 58,36 48,94 |37,27
11 |65 120 14,38 134,10 62,15 47,70 |54,72 |28,28
12 |65 120 |- 107,21 | 72,46 67,72 56,35 |32,05
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13 |65 120 {0,58 120,58 |83,56 47,76 140,03 |28,65
OP |100 |180 3,30 175,44 | 115,82 27,94 |77,15 |74,67

Tab. 8: Celkovy obsah fenolickych latok v extraktoch ziskanych extrakciou pomocou
konvencnych typov extrakcie
TPC (mg GAE/g a.s. extraktu)
Soxhlet 143,25
ASE - H20 321,51
ASE - EtOH 252,15

Tab. 9: Antioxida¢na aktivita extraktov

AA (mg GAE/g suchého extraktu)

LA : Glu Gly : Xyl
DoE ;l;c) :min) 1,5:1 3:1 5:1 1:1 3:1 5:1
1 40,25 | 77,57 (0,66 1,11 2,06 1,61 1,07 0,95
2 89,75 |77,57 12,33 3,79 4,22 2,84 2,88 1,29
3 40,25 [ 162,4 0,56 1,09 1,57 0,86 1,06 1,19
4 89,75 [162,4 12,83 4,73 10,43 3,15 4,16 1,56
5 30 120 10,05 0,70 0,66 1,67 0,75 1,04
6 100|120 11,32 8,14 - 7,20 5,21 1,41
7 65 60 0,56 1,15 1,64 1,07 1,02 0,94
8 65 180 1,41 2,67 2,52 2,01 1,95 0,91
9 65 120 (0,80 1,70 1,60 1,77 1,14 0,96
10 |65 120 1,22 1,13 1,83 1,61 1,12 1,03
11 |65 120 10,01 1,23 1,70 1,28 1,54 1,11
12 |65 120 1,60 1,62 1,30 1,52 1,27 1,04
13 |65 120 3,45 1,26 3,08 1,68 1,61 0,88
OP |100 |180 |6,14 4,92 31,00 5,09 5,77 1,69

Zaver a diskusia

Po vyhodnoteni ziskanych vysledkov planovaného experimentu bolo zistené, ze extrakcia
pomocou DESs nie je zavisla od Casu, iba od teploty. Optiméalne podmienky extrakcie pre
syst¢tmy DES boli 100°C a 180°C. Extrakciou pomocou zelenych rozpustadiel boli
dosiahnuté porovnatel'né vytazky extraktivnych latok ako pri pouziti normovanych metdd.
Vyhodou extrakcie pomocou DESs a cyrénu oproti pouzitiu ASE je najmi selektivita
extrakcie a jej miernejSie podmienky — nizSia teplota, atmosféricky tlak. Pri porovnani
ziskanych hodnot TPC s literatirou bolo zistené, ze vysledky st porovnatelné s TPC
extraktov v dietylétere. Pouzitie DESs by preto mohlo predstavovat ekologickejsiu

77



SPPC Proceedings of papers | Zbornik odbornych
from the conference | prispevkov z konferencie

alternativu. Antioxidacna aktivita bola stanovena vo vSetkych extraktoch, ¢o naznacuje ich
potencial pre vyuzitie vo farmaceutickom a kozmetickom priemysle.
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Summary
Extraction of bioactive compounds from fir bark using green solvents

The aim of this work is to characterize deep eutectic solvents (DES) and the polar solvent
cyrene. Green solvents were used for the extraction of bioactive compounds, especially
polyphenols, from fir bark. Wood processing produces a large number of by-products, which
are often disposed of by incineration. A large part of wood waste is made up of bark, which
is a rich source of extractive compounds.

After evaluating the obtained results of the planned experiment, it was found that
extraction using DESs does not depend on time, only on temperature. Extraction using green
solvents achieved comparable yields of extractive compounds as when using standard
methods. The advantage of extraction using DESs and cyrene over the use of ASE i1s mainly
the selectivity of extraction and its milder conditions — lower temperature, atmospheric
pressure.

When comparing the obtained TPC values with the literature, it was found that the results
are comparable to the TPC of extracts in diethyl ether. The use of DESs could therefore
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represent a more environmentally friendly alternative. Antioxidant activity was determined
in all extracts, which indicates their potential for use in the pharmaceutical and cosmetic
industries.
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