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Kurzfassung

Fossile gegen erneuerbare Rohstoffe zu ersetzen war schon immer eine
herausfordernde Aufgabenstellung in der Menschheitsgeschichte. Lignocellulose,
bestehend aus Cellulose, Hemicellulose und Lignin stellt das strukturelle
GrundgerUst von vaskularen Pflanzen dar und besitzt zudem Kohlenstoff in grofder
Menge. Deswegen ist Lignocellulose ideal fir den Einsatz als erneuerbare
Ressource geeignet. Besonders das Biopolymer Lignin ist sehr reich an
aromatischen Einheiten, wodurch die Umsetzung zu hoherwertigen Produkten
erleichtert wird.

Fir diesen Zweck sind Acetylierung und Esterifizierung haufig genutzte Methoden.
Zum heutigen Stand der Technik werden jedoch die dafur genutzten Prozesse unter
harschen Bedingungen wie hohe Temperaturen und Dricke sowie mit gefahrlichen
Chemikalien durchgefuhrt. Um diese Nachteile fur die Acetylierung zu Uberwinden,
wurden Feststoff-Feststoff Reaktionen in einer Kugelmuihle durchgefuhrt und die
dazugehdrigen Parameter (Feuchtigkeitsgehalt, Reaktionszeit und Menge an
N-Acetylimidazol), bezogen auf den Substitutionsgrad, optimiert. Fir die
Esterifizierung wurden in situ Synthesen mit unterschiedlichen Anhydriden und
Imidazol durchgefuhrt, sodass N-Acylimidazole und anschlieRend Ligninester mit
verschiedenen GroRen und Langen erhalten werden konnten.

Des Weiteren wurden Nanopartikel von einer Reihe ausgewahlter Ligninester
hergestellt und der Einfluss der funktionellen Gruppen sowie des Substitutionsgrades
auf die Benetzbarkeit, Oberflachenspannung, Morphologie, kolloidale Stabilitdt und

Grole untersucht.
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Abstract

Replacing the fossil by a renewable feedstock has been a highly challenging task in
human history. Lignocellulose, consisting of cellulose, hemicellulose and lignin,
provides the structural framework of vascular plants and offers an abundant source
of carbon. Therefore, lignocellulose is suitable for its application as renewable
resource. In particular, the biopolymer lignin is very rich in aromatic units, which
facilitates synthesis into tailored and value-added products.

For this purpose acetylation and esterification are commonly used methods, but state of
the art processes apply harsh conditions. Besides high pressures and temperatures,
hazardous chemicals are used as well. To overcome these drawbacks for the
acetylation, solid-solid reactions of lignin and N-acetylimidazole were performed in a
ball mill and the corresponding parameters (moisture content, reaction time, amount of
N-acetylimidazole) were optimized referred to the degree of substitution. For the
esterification, solvent-free in situ syntheses with varying anhydrides and imidazole were
carried out in order to obtain N-acylimidazoles and subsequently lignin esters with
varying size and length.

Moreover, nanoparticles were prepared for a selected number of lignin esters and the
influence of the functional group as well as the degree of substitution on wettability,

surface tension, morphology, colloidal stability and size was studied.
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List of abbreviations

AA acetic anhydride

AcOH acetic acid

AFM atomic force microscopy

ATR attenuated total reflection

CO2 carbon dioxide

DI deionized

DLS dynamic light scattering

DMSO dimethyl sulfoxide

DoE Design of Experiment

DS degree of substitution

Eq equivalents

FTIR Fourier transformed infrared spectroscopy
G guaiacyl unit

H high degree of substitution

H p-hydroxyphenyl unit

HA hexanoic anhydride

HH very high degree of substitution
IBA isobutyric anhydride

Im imidazole

LiTaO3 lithium tantalate

LNP lignin nanoparticle

M medium degree of substitution
NMR nuclear magnetic resonance spectroscopy
NP nanoparticle

R1 response (degree of substitution)
RI refractive index

RT room temperature

S syringyl unit

SD standard derivation

SiO, silicium dioxide

0 contact angle

UV-VIS ultraviolet — visible spectroscopy
ZnSe zinc selenide
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1 Introduction

Still, fossil feedstocks are substantial sources in modern society. Besides energy
supply they are essential for the manufacture of important products like chemicals,
fuels and materials. Nevertheless, the growing global population and the rise in CO»
anthropogenic emissions necessitate alternatives for these finite resources (Dapsens
et al., 2012; Sabine et al., 2004).

1.1 Biorefinery concept

Biorefineries target to maximize outputs by processing raw materials comparable to
conventional refineries but with pivotal difference of using biomass (Lin et al., 2013).
Biomass is characterized as “biological material derived from living or recently living
organisms” (Khan et al., 2009). Clark et al. (H. Clark et al., 2009) describe biomass
as “the only sustainable alternative to fossil fuels as a source of carbon for our
chemical and material needs”, which does not compete with food production. Besides
its abundant source of carbon it is inexpensive, renewable and CO,-neutral. On the
other hand, products of naturally grown resources show several drawbacks in
contrast to products of synthetic resources, such as higher humidity absorption, poor
fire resistance, reduced durability and mechanical properties, price and qualitative
fluctuation, and obstacles applying established manufacturing methods (Dittenber
and GangaRao, 2012). Therefore it is a very challenging task to replace the fossil by

a renewable feedstock.

1.2 Native lignin

However, among various types of biomass (Huber and Corma, 2007), lignocellulose
is considered as the most promising raw material for prospective biorefinery (Anwar
et al., 2014; Dapsens et al., 2012). It is the major structural component of wood and
straw and forms the structural support system in all vascular plants. Lignocellulose
consists of cellulose, hemicellulose (carbohydrates) and lignin, which are widely
distributed throughout the vegetation. The composition of lignocellulose varies for
different species. For wood it is determined as 45-55% cellulose, 25-40%
hemicellulose and 20-35% lignin. Notably, the lignin content in softwoods is higher
compared to hardwoods, whereas hardwood contains more cellulose and
hemicellulose (Betts et al.,, 1991). Lignocellulose could be comprehensive

regenerated on global scale. Currently, most biorefineries focus on the carbohydrate
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fractions while not fully exploiting the potential of the second most abundant
terrestrial polymer, lignin (H. Wang et al., 2019). For example, the first generation
bioethanol production generates about 60% more lignin than necessary, which is
solely used to cover the internal energy supply by combustion (Ragauskas et al.,
2014). Furthermore, lignin represents the primary renewable resource attributed to
aromatic units (Lievonen et al., 2016). Thus, lignin enhancement via transformation
into value-added products is of pivotal significance (H. Wang et al., 2019).

Native lignin is vital for plantae as it adds strength to the cell wall, controls the fluid
flow, protects against biochemical attacks and assists the exposure to different
climates (Vance et al.,, 1980; Wang et al., 2018). Hence lignin provides essential
structural properties for plants. (Boerjan et al., 2003). It “is mostly present in the
middle lamella between wood cells and the secondary cell wall” (Lievonen et al.,
2016) and the chemical structure of native lignin depends on ecological factors such
as plant growth, climate, nutrition and illumination (Hatfield and Vermerris, 2001).
Moreover, lignin can be distinguished depending on its type by means of functional
groups and molecular weight (Upton and Kasko, 2016). Because of this variety, it is
very difficult to analyze and interpret its structure completely, although the main
chemical constituents remain the same. In general, lignin is an amorphous, highly
branched, and three dimensional network biomacromolecule, the monomer units of
which are linked via diverse bonds including carbon—carbon and ether linkages
(Ahvazi et al., 2016; Gao and Fatehi, 2019; Tang et al., 2020).

a) predominant monomers (the hydroxycinnamyl alcohols) b) generic lignin units
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Figure 1: (a) p-Hydroxycinnamyl alcohols as predominant lignin monomers, the lignin
precursors or monolignols. (b) Corresponding polymer generic or basic units. (c) Major
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structural units in the lignin polymer. The numbering follows that in a review (Boerjan et al.,
2003). The bolded bonds are formed in the radical coupling reaction. This figure was modified
from (Ralph et al., 2004).

The predominant monomers for lignification are the three p-hydroxycinnamyl
alcohols: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. They show
varying degree of methoxylation and function as precursors for lignin in regards to
radical polymerization (see Figure 1a). In the lignin polymer the corresponding basic
units (generic units Figure 1b) of the monomeric lignin precursors, or monolignols,
vary widely depending on the plant species. Thus, softwood is mainly constituted of
guaiacyl units (G), hardwood of G and syringyl (S) units, while herbaceous plant of
G-S and p-hydroxyphenyl (H) units (Huang et al., 2019). The driving force of radical
biosynthesis of lignin is to form monolignol radicals with several resonance
structures, which react in a free radical polymerization resulting in a range of
structural units in the polymer (Figure 1c) (Bertella and Luterbacher, 2020; Ralph et
al., 2004; Rodrigues Mota et al., 2018). Therefore, lignin has been referred to as
supramolecular self-assembled chaos (Achyuthan et al., 2010). Nevertheless, Ralph
et al. (Ralph et al., 2019) worked out representative 20-mer models of native lignin’s
bewildering and complex structures for the three major plant classes
(gymnosperm/softwood, angiosperm/dicot/hardwood and monocot), which is shown

in Figure 2.

11
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Figure 2: Lignin 20-mer model structures. for: (a) A gymnosperm/softwood, (b) An
angiosperm/dicot/hardwood, and (c) A monocot. The generic units and chemical components
(colored) of the different lignins are listed with their corresponding abbreviations respectively
(Ralph et al., 2019)

The authors note that the native lignin model structure details in Figure 2 “have been
drawn based on the best current information and with rigorously followed concepts”.
However, limitations in analytical fittings perforce occurred, such as the spirodienone
unit F (just 1-2%), yet it was depicted in the softwood structure (a). Among other
linkages, radical lignification result in either B-O-4 (most abundant) bonds, or in other
inter unit linkages such as (-5, B-B, 5-5, 4-O-B and B-1 connections, due to the
conjugated Tr-system. Consequently, diverse chemical components develop during
polymerization (cf. marked structures in Figure 2) (Ralph et al., 2019). Great
structural differences occur after biomass processing — during lignin extraction and
recovery. Hence, technically processed lignins demonstrate a reduction in aliphatic
hydroxyl groups, oxygenated aliphatic segments (B-O-4 units particularly), as well as
a rise in aromatic hydroxyl groups, COOR and saturated aliphatic segments.

Moreover, technical lignins undergo degradation, demethylation, and condensation

12
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(Balakshin and Capanema, 2015). Kraft lignin is an example for technically

processed lignin and therefore illustrated in Figure 3

Figure 3: Fraction of acetone soluble kraft lignin with highlighted aliphatic (blue) and aromatic
(orange) hydroxyl groups (Crestini et al., 2017)

The acetone soluble kraft lignin fraction in Figure 3 shows the differences of technical
lignin compared to native lignin described above (cf. Figure 2 and Figure 3) as well
as highlighted aromatic and aliphatic hydroxyl groups (most reactive functional
groups) (Antonino et al., 2021). Thielemans and Wool (Thielemans and Wool, 2005)
studied the nucleophilic reactivity of these alcohols for catalytic butyration and
methacrylation lignin reactions with anhydrides and determined that the aromatic
(phenolic) hydroxyl groups react three times faster than the aliphatic ones. Thus,
higher functional group acidity results in faster nucleophilic reactions for lignin

hydroxyl groups.

1.3 Biomass processing strategies

Before valorization or modification of biomass components, the biomacromolecules
must be isolated (Hassan et al., 2018). During isolation and purification of cellulose,
lignin arises on large scale as an unexploited byproduct for the pulp and paper
industry (Carvajal et al., 2016). Owing to its high calorific value, industrial lignin is
mostly used for burning. Just 5% is utilized for value-added products (Lievonen et al.,
2016). In general, industrial or technical lignin can be classified into 4 major

categories: Kraft, lignosulfonate (also known as sulfonated lignin), organosolv, and

13
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soda lignin, with the latter two being produced by sulfur-free processes (Doherty et
al., 2011).

About 50-70 million tons of lignin is manufactured per year (Saratale et al., 2019)
whereby the supply capacity of lignosulfonates dominates the market, currently.
However, Kraft lignin exhibit lower costs and greater reactivity. Hence the Kraft lignin
market is growing faster between 2023 and 2028 and will compete reasonably
(Dessbesell et al., 2020). These two lignin categories are obtained by the two key
industrial processes: the sulfite and the Kraft process. Both fractionation techniques
are based on the precipitation of the carbohydrate fraction, while dissolute and
remove lignin. The Kraft lignin process is carried out at strong basic conditions using
appropriate alkalis in order to break the ester bonds of hemicellulose and lignin
polymers. Overall, drastic conditions are applied causing irreversible reactions which
change the structure of the isolated lignin. Kraft lignin is therefore extremely modified,
hydrophobic and has lower molecular weight compared to native lignin (Li et al.,
2015).

The sulfite pulping process, conducted in acidic conditions, includes cracking of ether
bonds and origination of carbon-carbon bonds. During ether cleavage carbocations
are formed which further convert to lignosulfonates in the presence of bisulfite ions
(R-O-R" + H" > R" + ROH; R" + HSO3 - R-SO3H). Subsequently, calcium
hydroxide is added to the pulp to obtain sulfonated lignin (Li et al.,, 2015).
Lignosulfonates possess higher average molecular weight compared to kraft lignin
and good aqueous solubility (Figueiredo et al., 2018). However, these two major
lignin feedstocks (on industrial scale) are not the optimal source in prospective
biorefinery on ground of complex processes, high structural changes and large
volume of generated wastewater (Li et al., 2015). Another isolation method which
extracts lignin from biomass feedstock is the organosolv fractionation. It is carried out
under mild conditions and the utilization of organic solvents such as primary alcohols
(Li et al., 2015). Basically, the organosolv treatment cleaves the ether bonds and
forms new phenolic groups. The resulting lignin obtains a lower molecular weight and
a relatively high purity (Haqg et al., 2020). The main drawback is the difficulty to
perform the process on a large scale because of the enormous corrosion of device
(Liao et al., 2020).

Besides processes isolating technical lignin a large number of alternative extraction

methods exist (Margarida Martins et al., 2022) such as the Bjérkman process, which

14



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

enables a mild extraction of lignin from ball milled wood using neutral solvents
(Guerra et al., 2006). Hence little structural change of the so called milled wood lignin
(MWL) occurs. The structure of MWL is even regarded as the most identical to the
native lignin. On the other hand, extensive ball milling causes side-chain oxidation
and possible depolymerization as well as poor extraction vyield (25-50% of
theoretically available amount) (Hu et al., 2006). Therefore new free-phenolic
hydroxyl groups are formed and the milled wood lignin does not represent the whole
lignin, respectively (Li et al., 2015; Ragauskas et al., 2014).

In short, different isolation methods lead to different properties of lignin thus the type

of lignin has to be taken into consideration for subsequent valorization.

1.4 Lignin valorization

Of course, the economic factor also has to be taken into account, especially for
industrial usability. The costs and the availability of the isolated lignin in the market
are consequently the decisive factors for the production of value-added products
(Behling et al., 2016). Concerning this matter, the real and potential lignin market
value for its value-added utilization in different chemicals/materials is correlated to

the lignin production every year and is described in Figure 4 (Gosselink, 2011).
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@ 1
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Figure 4: Actual lignin sales value for extracted lignin (orange) and corresponding potential
lignin market value for value-added chemicals/materials (green)). Product combinations are
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indicated by arrows. BTX is the abbreviation for benzene, toluene and xylene (Behling et al.,
2016).

The enormous ecological potential for value-added lignin chemicals and materials is
shown in Figure 4 . The arrows from extracted lignins (orange) to value-added
products (green) indicate the potential of market value. For near horizontal arrows
the value increment is limited but for ascending oblique or vertical arrows a
substantial value increment is anticipated (Gosselink, 2011). Therefore, it has to be
considered that the demand for a specific extracted lignin can increase rapidly in

case of an improvement of a value-added lignin product (Behling et al., 2016).

1.5 Esterification of lignin

Esterification and especially acetylation are convenient and widely used modification
methods in order to achieve value-added products of lignin (Glasser and Jain, 1993).
Lignin acetates possess superior solubility characteristics and thus are used for
structural analytics routinely (C. Wang et al., 2016). A systematical study of the
influence of kraft lignin esters chain length from lignin acetate (C,) to lignin stearate
(C+g) on their solubility and thermal properties revealed their possible industrial use
as plasticizers and internal mold lubricants (Lewis et al.,, 1943). Tinnemans and
Greidanus (Tinnemans and Greidanus, 1984) used acetylated kraft lignin as
compatibilizers (blends of low-density polyethylene and polypropylene) for recycled
fractions of household waste achieving good tensile strength. Thielemans and Wool
(Thielemans and Wool, 2005) analyzed the impact of acetylated kraft lignin as well as
propionic, butyric and methacrylated kraft lignin esters on their solubility and reaction
progression using theoretical predictions. It was concluded that n-butyric and hybrids
of n-butyric/methacrylate can be incorporated in unsatured thermosetting composites
due to their solubility in styrene.

On the other hand, the esterification methods described above are carried out under
high pressures and temperatures consuming hazardous solvents either during
preparation or purification. Mixtures of acyl chloride with pyridine or triethylamin were
used for synthesis, and for example petroleum ether or benzene for purification at
temperatures up to 90°C for the pioneering solubility exploration of Lewis et al.
(Lewis et al., 1943). Glasser and Jain (Glasser and Jain, 1993) performed
esterification either with equimolar pyridine/acyl chloride or acyl anhydride/acyl acid
and sodium alkanoate as catalyst at temperatures up to approximately 200°C. The

implementation of N-methylimidazole as catalyst improved the synthesis drastically
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as it offered a complete reaction in approximately 1 h whereas reactions with pyridine
took up to 48 h (Thielemans and Wool, 2004). Thielemans and Wool (Thielemans
and Wool, 2005) used N-methylimidazole as catalyst combined with an equimolar
mixture of acyl anhydride/acyl acid for synthesis with 1,4-dioxane as solvent and an
applied temperature of 50 °C.

To sum up, lignin represents a low cost waste, non-toxic, low price bioresource and
is an abundant source of saturated and unsaturated carbon units. It should not be
surprising that it can be used in many applications, e.g., in biofuels (diesel, gas),
additive (dispersant, filler), “agriculture (controlled release of pesticides and
herbicides, sequestering agents for heavy metal, as component for humic acids
formation in soil structures and as high-value fertilizers)”, medical application (“drug
encapsulation and delivery, treatment of obesity, diabetes, thrombosis, viruses and
cancer”), as well as in cosmetics as UV-protectant and batteries (Behin and Sadeghi,
2016; Figueiredo et al., 2018; Gilca et al., 2015; Kai et al., 2016; Schneider et al.,
2021, 2019; Vinardell and Mitjans, 2017).

1.6 Lignin nanoparticles as a value-added product

“Large particle size, heterogeneity, poor dispersibility and irregular morphology” are
the limiting factors for the use of lignin as value-added materials (Schneider et al.,
2021; B. Wang et al.,, 2019). Lignin based nanomaterials, for example, is one
possibility to overcome some of these hindrances (Figueiredo et al., 2018). For viable
biorefineries the conversion from lignin to value-added materials on nanoscale has
been viewed as crucial (Liu et al., 2019a; Schneider et al.,, 2021). Lignin
nanoparticles (LNPs, lignin NPs) are “green”, easy biocompatible and inexpensive
functional nanomaterials which can be applied in “thermoplastics, nanocomposites,
foams, bactericides, products that require protection from UV radiation”, etc.
(Osterberg et al., 2020; Schneider et al., 2021; X. Wang et al., 2016). It is assumed
that nanoparticles are degradable (by microorganisms) or at least compostable
(Osterberg et al., 2020), but this may vary significantly depending on the lignin type
and chemistry used. Yet, most biodegradability tests are solely run under aerobic
conditions, hence these studies are difficult to assess (Ilwata, 2015). In general, the
synthesis of lignin nanoparticles should be complying with the principles of green
chemistry (Schneider et al., 2021).

Biomolecule nanoparticles such as LNPs “provide new materials that combine the
unique optical, electronic, catalytic etc. properties of the nanoelements with the
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recognition or biocatalytic functions of biomolecules” (Willner and Willner, 2010).
Further, they simply offer advantages compared to bulk materials, due to the
expanded surface to volume ratio. The preparation of new desirable properties
occurring only when raw material is arranged on nanoscale (Zhang et al., 2021)
therefore supply a wide range of applications for lignin NPs, such as antioxidant
(Trevisan and Rezende, 2020), dispersant, coating and paint (Osterberg et al., 2020),
tissue engineering (Kai et al., 2016), encapsulating of hydrophobic molecules (Dai et
al., 2017), dye removal (Azimvand et al., 2018), food packaging (Yang et al., 2016),
wound dressing (Reesi et al., 2018) many others (Schneider et al., 2021).

1.7 Lignin nanoparticles fabrication

LNPs can be synthesized by controllable and simple processes which usually provide
uniform (despite native heterogeneity and complexity of lignin) nanoparticles with
regular structures when lignin solution is added to an antisolvent continuously. (Tian

et al., 2017). The schematic formation of LNPs is given in Figure 5

kg(,r€>‘f.ﬁ... |"
1 e of Bl
G)=E)—(

Lignin dissolve

d

0 = Hydrophobic Aromatic Group (phenylpropanoid units) ) = Hydrophilic Part (OH and COOH groups)

Figure 5: Schematic figure explaining the formation of lignin nanoparticles (Schneider et al.,
2021).

Lignin possesses amphiphilic properties, comprised by the hydrophobic part
(phenylpropanoid units) and hydrophilic part (hydroxyl and carboxyl groups) thus
nanoparticles can be formed (see Figure 5). It is considered that, comparable to
micelles, the hydrophobic part self-assembles at the core and the hydrophilic part
turns towards their surface (Tian et al., 2017). Polar organic solvents that have the
ability to dissolve lignin via breaking the inter and intramolecular bonds (Kai et al.,
2015), are used in order to produce a lignin solution which is added (dropwise,
dialysis) to an antisolvent (water) for precipitation in a controlled manner (Tian et al.,
2017). Water is normally used as an antisolvent, owing to its low solubility for lignin
(Schneider et al., 2021). The formation of LNPs occurs “in a hydrophilic aggregation
by non-covalent interactions” such as hydrogen-bonds with the hydroxyl groups in

the surface (Schneider et al., 2021; Tian et al., 2017), and tends to form spherical
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nanoparticles to minimize the surface area contact with the antisolvent (Osterberg et
al., 2020).

Other non-covalent interactions such as van der Waals interactions of the organic
solvent and 1r-11 stacking of the aromatic compounds of lignin are also considered to
the hydrophobic effect as they might cause aggregation (Deng et al., 2011; Qian et
al., 2014; Sarkanen et al., 1982). Aggregation of lignin occurs through competition
between electronic interactions (mainly aromatic compounds), repulsion force, and
intermolecular H-bonds according to (W. Zhao et al., 2017). The aggregation process
of LNPs is dependent on the concentration of organic solvent, antisolvent and the
molecular size of lignin fragments. In case of an acetone-water mixture as organic
solvent and water as antisolvent, the acetone concentration and water concentration
(antisolvent) are the decisive factors for the formation of LNPs. A decrease of particle
size with ascending antisolvent dilution rate up to a certain maximum was observed
by Richter et al. (Richter et al., 2016) using highly hydrophobic and sulfur free high
purity lignin (deriving from organosolv process) in acetone. It was assumed that
beyond the threshold value of rapid mixing, the quantity of nuclei occurred has
reached a maximum and no new nuclei were formed. It can therefore be concluded,
that self-assembly proceeds from low to high molecular weight when adding diluted
lignin to antisolvent, due to the ascending presence of nanoparticles and
simultaneous decrease of antisolvent. Furthermore, a “kinetically controlled
nucleation-growth mechanism” is initiated after a certain maximum of nuclei. In
addition, interlinked networks as clusters and aggregates can occur if the assemble
conditions are not controlled or the lignin concentration is too high (Osterberg et al.,
2020; Schneider et al., 2021; Sipponen et al., 2018).

The size of LNPs is also connected with the pH as they become smaller with
increasing pH. The presence of aromatic functional groups on the surface leads to
deprotonation and to a rise of surface charge, hence they get electrically stabilized at
an earlier stage during nucleation growth mechanism (Osterberg et al., 2020)
Naturally, the isolation method of lignin plays a vital role for the resulting properties of
LNPs. For alkali lignin, such as kraft lignin or commercial Indulin AT, the amount of
phenolic groups is high enough to not enable the development of dense packing in
sphere-shaped nanoparticles due to electrostatic repulsion. Furthermore, the distinct
hydrogen bonding between lignin and water hinders formation of colloids (Qian et al.,

2014; Schneider et al., 2021). Therefore, chemical modification for alkali lignin such
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as acetylation is necessary in order to enhance its hydrophobicity. Consequently,
NPs with higher stability, better regular shape and smaller particle size can be
achieved (Qian et al., 2014; Tian et al., 2017; Zhao et al., 2016).

Closely related to acetylation, esterification of lignin with citric acid and subsequent
nanoparticle synthesis showed an improved dispersion in polar solvents and increase
of thermal stability according to (He et al., 2018). Moreover, composites with
antimicrobial properties could be achieved after forming LNPs from esterified tall oil
fatty acids (Setala et al., 2020).
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2 Objectives

The aim of this study is to implement selective esterification methods for kraft lignin in
order to achieve value-added products in a sustainable manner.

A recently published mild acetylation method for cellulose without heating was
adapted to kraft lignin using N-acetylimidazole as reactant solely (Beaumont et al.
2021, Beaumont et al. 2020). Considering the advantages of the method, such as
mild and energy-efficient conditions, its adjustment to lignin modification would
provide a novel sustainable and straight-forward approach to tune lignin properties
and to expand its value-added applications. Therefore, the development of the solid-
solid reaction with kraft lignin and N-acetylimidazole was examined and optimized
with a design of experiment (DoE). The influence of moisture content, amount of
N-acetylimidazole and reaction time on the degree of substitution (DS) was studied.
To increase the versatility of this modification, a solvent-free reaction with carboxylic
acid anhydrides and imidazole (Im) was optimized to introduce esters with varying
size and length. Based on this approach acetylated lignin as well as isobutyric and
hexanoic lignin esters of different DSs were produced. These functional lignins were
used to prepare nanoparticles and further implemented to study the influence of
functional group and DS on the particle formation. The influence of these factors on
wettability, surface tension, morphology, colloidal stability and size of the

nanoparticles was studied.
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3 Results and discussion

With the objective of transferring the principle of acetylation with N-acetylimidazole
from cellulose to kraft lignin as a mild, solvent free, solid-solid reaction, the lignin had
to be treated beforehand. Beaumont et al. (Beaumont et al., 2021) showed that water
promotes surface reactions of nanoporous polymeric structures.

Therefore, the compatibility of the reaction to lignin was tested in moist condition as
well (9.9% moisture content). A qualitative conversion was confirmed on the basis of
methyl signals in 'H-nuclear magnetic resonance ('H-NMR) and a carbonyl band
through Fourier transformed infrared spectroscopy (FTIR) measurement. As soon as
the first proof of concept was performed, systematic experiments were carried out. A
quantitative method for the DS (synonymously degree of acetylation/esterification)
was established (3.1) in order to study the reaction parameters and optimize them
(3.3.1). In general, Indulin was mixed thorough with water to reach different moisture
contents. Variations in reaction times were realized by 30 min sample milling followed
by remaining resting time for complete conversion. The DS for lignin was calculated
as the number of substituent groups (acetyl/ester group) replaced per total amount of
hydroxyl groups. The concept of solvent free acetylation was extended, first to
acetylation with acetic anhydride (AA) and Im as catalyst (3.2), followed by
optimization of the parameters (3.3.2), and esterification with different carboxylic acid
anhydrides (3.4). Thereby, a set of lignins with different functional groups and DSs
were produced. These modified lignins were characterized by NMR and FTIR to
study their functionalization degree. The esterified lignins were used to prepare
nanoparticles (3.5.1), which were studied in detail using dynamic light scattering
(DLS) and atomic force measurements (AFM) for particle size and morphology
analysis (3.5.2, 3.5.3). The physical properties of the nanoparticles were further
examined by ultraviolet-visible spectroscopy (UV-VIS), goniometry, electrophoretic

analysis and pendant drop measurements (0-3.5.8).
3.1 Acetylation of lignin with N-acetylimidazole

3.1.1 Proof of concept
The reaction of N-acetylimidazole with commercial kraft lignin (Indulin AT) was
carried out in a ball mill. This method was chosen because it offers mild efficient

mixing and instant start of reaction with no need of solvent (Beaumont et al., 2021).
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For solvent-free acetylation, Indulin AT (9.9% moisture content) and
N-acetylimidazole were mixed in a ball mill. Reaction was quenched by an addition of
DI water yielding acetic acid (AcOH) and Im as by-products. Qualitative conversion

was examined using FTIR (Figure 6) and 'H-NMR (Figure 7) analysis.
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Figure 6: FTIR spectra of acetylated Indulin AT in comparison to the starting material (native).
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Figure 7: 'H-NMR spectra of acetylated Indulin AT in comparison to the starting material
(native).

The carbonyl band (v(C=0)) at 1730 cm™ in Figure 6 indicates conversion to
acetylated lignin. In Figure 7, it is clearly shown through the presence of the proton
peaks corresponding to the acetyl group that the modification was successful.
Therefore, this simple and convenient method provides a one-step acetylation
synthesis without a usually necessary drying step, since typical esterification
reactions have mainly been performed under anhydrous conditions due to the
competition of hydroxyl groups on the surface of lignin (Glasser and Jain, 1993;

Lewis et al., 1943). Furthermore no continuous energy supply in the form of milling or
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heating in contrast to other (mechano)chemical esterification processes was
necessary (He et al. 2018; Thielemans and Wool 2005; X. Zhao et al. 2017). In the
method developed herein, the ball mill treatment is just necessary to mix the
reactants, as the reaction of the lignin hydroxyl groups and the N-acetylimidazole is

spontaneous, which makes the reaction more sustainable and energy efficient.

3.1.2 Determination of DS

The reaction was optimized with a DoE by systematically analyzing the influence of
the following factors: moisture content, reaction time and amount N-acetylimidazole.
In total 26 runs were conducted. With the purpose of determining the efficiency, the
highlighted peaks in Figure 7 were used to estimate the DS. The integrals of the
peaks corresponding to the acetyl groups were related to the ones of the methoxy
groups (which should be unaffected by the chemical modification). Based on the
chemical shift, the substitution at aliphatic and aromatic groups can be distinguished.
In order to achieve the best possible comparability, the peak ranges for the

integrations were kept constant for all 26 runs (see Table 1).

Table 1: '"H-NMR ranges set for functional groups.

Range "H-NMR (ppm) Functional groups

4.164-3.505 methoxy
2.414-2.079 acetyl aromatic
2.079-1.601 acetyl aliphatic

Based on the NMR results, the DS was estimated in relation to the total amount of
methoxyl groups in the unmodified Indulin sample.

However, this method gives just the relative DS of the sample, and needs to be
calibrated with a quantitative method, such as the phosphorus method. A
phosphorus-containing reagent (phospholane) induces derivatization of the free
hydroxyl groups which is subsequently analyzed using *'P-NMR measurement and
compared to a native sample. It was chosen as a straight forward method according
to Argyropoulos (Argyropoulos, 1994). In total, 13 samples were measured to build
up a calibration curve. The peaks of the aliphatic and aromatic methyl groups and

their corresponding ppm ranges used for the analysis are shown in Figure 8.
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Range *'P-NMR (ppm) Hydroxyl derivatization

150-144.6 aliphatic
144.6-137 aromatic
!
T T T T v
180 140 120 100 [ppm]

Figure 8: Example of ¥P.NMR spectra with ranges for aromatic and aliphatic signals of
phospholane derivatization at free hydroxyl lignin groups.

The integrals of these two signals related with the internal standard (12.52% methoxy

groups) were used to calculate the amounts of remaining, unmodified hydroxyl

groups. The lower the amount of remaining hydroxyl groups (in relation to the total

amount of hydroxyl groups, 6.52 mmol/g), the higher the DS.

By plotting the DS determined with the phosphorus method against the relative

degree of substitution (rel. DS) determined via 'H-NMR, the calibration curve in

Figure 9 was constructed.

60.00

55.00

50.00

45.00

40.00

DS (%)

35.00

30.00

25.00

20.00

15.00

y = 1.5976x - 31.67
R? = 0.9497

30.00

40.00

45.00
DS rel. (%)

50.00

55.00

60.00

Figure 9: Calibration curve to enable quantitative analysis of the DS with simple 'H-NMR
analyses. The relative DS values from 'H-NMR spectroscopy were calibrated with DS values

obtained via phosphorylation and *'P-NMR analysis (phosphorus method).

25



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

The calibration curve had a R? value of 0.95, which is an adequate result considering
the heterogeneity of the used Indulin AT sample. The developed calibration curve
facilitates the determination of the DS of the modified lignins by implementing a fast
and simple 'H-NMR analysis, which does not require any previous derivatization as

in case of the phosphorus method.

3.1.3 Reaction optimization
The performed experiments for the DoE are listed in Table 2. The DS was used as

response value for further analysis.

Table 2: Conducted experiments for the DoE (reaction time (h), moisture content (wt%) and
N-acetylimidazole (eq)) with DSs (%).

Run N-acetylimidazole (eq.) Moisture content (wt%) Reaction time (h) DS (%)

1 0.55 24.60 2.47 42.38
2 0.74 17.30 1.75 53.67
3 0.48 9.90 1.03 34.85
4 0.91 9.90 1.03 49.57
5 0.74 17.25 1.75 52.60
6 1.15 17.25 1.75 56.69
7 0.74 17.25 3.00 48.09
8 0.34 17.25 1.75 25.95
9 0.55 24.60 1.03 37.03
10 0.74 17.25 1.75 48.87
11 0.91 9.90 2.47 53.14
12 0.83 30.00 1.75 48.30
13 1.03 24.60 2.47 48.15
14 0.48 9.90 2.47 36.57
15 0.74 17.25 1.75 50.96
16 0.74 17.25 0.50 40.63
17 0.64 4.50 1.75 38.00
18 1.03 24.60 1.03 57.33
19 0.74 17.25 1.75 48.62
20 0.64 4.50 1.75 28.76
21 0.83 30.00 1.75 44.22
22 0.74 17.25 1.75 44.45
23 0.74 17.25 0.50 43.25
24 1.15 17.25 1.75 52.84
25 0.74 17.25 3.00 45.70
26 0.34 17.25 1.75 19.76

In Table 2, the DS of the acetylation reaction is listed under varying conditions. The
highest DS could be achieved in run 18 (57.33%). Other acetylation methods of kraft
lignin using for example AA, pyridine (as catalyst) and microwave assistance
(Monteil-Rivera and Paquet, 2015) or AA in choline chloride (both at varying
temperatures and reaction times) (Li et al., 2020) achieved a DS of above 95%. In
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contrast, this mild method selectively modifies the chemically most accessible groups
since the reaction is heterogeneous and not conducted in solution. Previous studies
showed that N-acetylimidazole executes rather an acetyl transfer than a traditional
esterification (“which would be subject to the law of mass action and thus not work in
aqueous medium”) owing to its specific structure (Abushammala et al.,, 2017;
Beaumont et al., 2020; Zweckmair et al., 2015). Competing interactions inside the
lignin structure, such as H-bonds, inhibit the reachability of hydroxyls. Thus, lower
DSs were achieved. The water also affects the DS as it was reported to reduce the
activation energy (similar to a catalyst) and increases the reaction rate and efficiency
during acetylation processes (Beaumont et al., 2021).

The optimal moisture content and reaction time of the lignin acetylation with

N-acetylimidazole was determined in Chapter 3.3.1 based on the results in Table 2.
3.2 Acetylation of lignin via in situ preparation of N-acetylimidazole

3.2.1 Reaction mechanism

An additional pathway to synthesize acetylated lignin in a solvent-free and mild
reaction is the in situ preparation of N-acetylimidazole followed by its reaction with
lignin. This method and the previously described acetylation approach carried in a

ball mill are schematically described in Scheme 1.
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Scheme 1: methods for acetylated lignin: lignin and N-acetylimidazole in a direct solid-solid
reaction with a ball mill and in situ preparation of N-acetylimidazole with Im and acetic
anhydride followed by its reaction with lignin.
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In Scheme 1 the acetylation pathways obtaining acetylated lignin are compared. Im
was chosen as catalyst because of its enzyme-like catalytic behavior and structural
analogy to histidine (Nothling et al., 2017). Both are solvent free reaction but the
pathway for in situ acetylation offers more flexibility in contrast to the process in the
ball mill, as different esters with, e.g., variable alkyl chain lengths can be introduced
by substitution of AA with other anhydrides. N-acetylimidazole, which is used in the
ball mill process, is also less stable compared to anhydrides, hence the in situ

production tackles the issue of limited storage stability of the reactants.

3.2.2 Reaction optimization

Indulin AT, AA and Im were mixed together in that particular sequence because pre-
experiments showed that an inhomogeneous and highly viscous mixture was
obtained when Indulin and Im (both are solids) were first mixed and AA (liquid) was
added subsequently. In total, 12 experiments were carried out in a DoE. Since the
principle reaction mechanism is the same as for the ball mill approach (see 3.3.1), we
used the optimized moisture content and reaction time from the first reaction for the
anhydride/Im approach.

Different ratios of AA and Im were tested during reaction optimization (see 3.3.2).
The minimum of AA was set to 0.78 eq (a lower amount of AA resulted in an
inhomogeneous mixture). Im was added varying from equimolar to three equivalents.
Two equivalents are intended for reaction with AA for the synthesis of
N-acetylimidazole and forming an imidazolium acetate salt as shown in Scheme 1.
Equimolar addition of Im leads to the formation of N-acetylimidazole and AcOH, and
an excess of Im results in N-acetylimidazole, imidazolium salt and remaining Im.
Hence, the presence of either salt, free Im or AA is expected to influence the reaction
efficiency.

The equivalents of AA and Im with corresponding DS (evaluated with the calibration

curve from Figure 9) are listed in Table 3

Table 3: Investigated factors in the DoE (AA (eq), ratio of AA (eq) to Im (eq)) and their DS (%). A
moisture content of 17.25% and a reaction time of 2 h were kept constant in all experiments.

Run AA(eq) AA(eq)/Im(eq) DS (%)

1 1.17 2.00 68.61
2 1.45 2.71 77.53
3 1.17 1.00 74.57
4 1.17 2.00 62.87
5 1.17 2.00 58.19
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6 1.56
7 1.17
8 0.90
9 1.45
10 0.78
11 0.90
12 1.17

2.00
2.00
2.71
1.29
2.00
1.29
3.00

80.12
62.79
53.86
75.64
44.79
47.52
64.10

Table 3 shows that highest DS of 80.12% was achieved through lignin acetylation

with AA and Im. Therefore, the maximum DS is 23% higher than the one for ball

milling acetylation. This can be reasoned by a higher accessibility of hydroxyls in a

liquid dispersion of reagents due to the utilization of liquid anhydride. Moreover,

partial dissolution of lignin could have occurred in the reactant.

The DS of both optimized reactions were further graphically analyzed by means of a

box plot diagram.
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Figure 10: Box plot for DS (%) of acetylated lignin via ball mill (left) and acetylated lignin via AA
and Im (right). The figure includes all reactions performed with each type of procedure to
visualize the accessible DS range of acetylated lignins.

In Figure 10 the distribution of DSs obtained for both lignin acetylation methods is
shown graphically. The DS is located between 22.75% to 58.66% for the ball mill
method and 56.02% and 80.12% when using AA and Im. The respective medians are
marked with a bright horizontal line and account for 47.87% (ball mill) and 63.49%
(AA + Im). Hence a 15.62% higher DS on average could be achieved for the in situ
method due to improved accessibility of the lignin hydroxyl groups. One has to keep
in mind that in case of the ball mill method, different moisture contents and reactions
times were tested, whereas the optimized values of both were used for the reaction

using AA and Im, reasoning partially the difference in average DS values.
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Interestingly, the ball mill method shows a slightly higher product recovery after
calculating the theoretical yield (with regard to 6.52 mmol/g hydroxyl groups of native
indulin) achieving 87.64% (see Table 21) comparing to 80.38% (see Table 24) on
average for the in situ method (for all runs performed respectively). Both methods
provide adequate mass yields considering that the work-up is performed by repeated

aqueous washing steps followed by centrifugation, and subsequent decantation.

3.3 Optimization of lignin acetylation methods
For acetylation of lignin with N-acetylimidazole (3.1) as well as for acetylation of lignin
via in situ preparation of N-acetylimidazole (3.2) an in-depth analysis as DoE was

executed in order to determine the optimal reaction parameters.

3.3.1 Design of experiment for acetylation of lignin with N-acetylimidazole
Centered on the study of Beaumont et al. (Beaumont et al., 2021) suggesting that
higher moisture content of cellulose improves acetylation reaction rates and
efficiency, the Indulin moisture content and the total reaction time (30 min milling
were kept constant and the resting time was varied) were used as varying
parameters. The amount of N-acetylimidazole (limiting reactant) was set as varying
parameter too, to check weather a saturation of acetylated lignin occurs at certain
point. Preliminary experiments showed no significant influence on the DS when
varying the amount of steel balls during ball mill synthesis. Thus, this factor was kept
constant.

A model, including 4 central points and 9 factorial points with two replications (26
runs) was designed. The DS was defined as response (R1) and the corresponding
values are listed in Table 2. With the aim of achieving the best reaction conditions

more information had to be generated, starting with setting a fit for the response.

Table 4: Fit summary for acetylation of lignin with N-acetylimidazole.

Source  Seguential p-value Lack of Fit p-value Adjusted R* Predicted R*

Linear < 0.0001 0.02 0.71 0.66
2FI 0.42 0.02 0.71 0.63
Quadratic 0.00 0.18 0.83 0.67 Suggested
Cubic 0.18 0.87 Aliased

The DoE software automatically evaluates the best fit for certain investigation (Table
4) which in this case suggested a quadratic fit with a rounded adjusted coefficient of
determination (R?) of 0.83. Sequential p-value and Lack of Fit p-value are not
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significant for the quadratic fit. The cubic fit would have had a marginal higher
adjusted R? value but was aliased due to a significant lack of fit.

Furthermore an ANOVA (analysis of variance) was compiled (see Table 5).

Table 5: Analysis of variance of the quadratic fit for acetylation of lignin via N-acetylimidazole.

Source Sum of Squares Mean Square F-value p-value
Model 2231.690 247.970 15.940 < 0.0001
A-Moisture content 14.060 14.060 0.904 0.354
B-N-Acetylimidazole 1607.340 1607.340 103.300 < 0.0001
C-Reaction time 36.960 36.960 2.380 0.141
AB 0.226 0.226 0.015 0.905
AC 5.000 5.000 0.321 0.578
BC 21.560 21.560 1.390 0.255
A? 123.690 123.690 7.950 0.011
B2 263.160 263.160 16.910 0.001
Cz 44.610 44.610 2.870 0.108

The ANOVA illustrates the F-values and p-values as well as the sum of squares and
mean square for all 3 factors and their combinations detailed in Table 5. The higher
the F-value the more significant the factor. P-values less than 0.05 indicate
significance of the model and values above 0.1 are not significant.

Applied on the ball mill method, the model itself is significant which is important when
compiling a model for a specific task. The amount of N-acetylimidazole (factor B) is
distinctly the factor with highest impact on the DS, showing the lowest p-value and
highest F-value. Moisture content and reaction time (factors A and C) have certain
influence on the efficiency of the reaction but not significant according to p-value and
F-values in Table 5. Interestingly, the p-value of A% (moisture content) is below 0.05
(0.011) and thus moisture content influences the DS. In contrast, the reaction time
offers no combination (C, AC, BC, C?) obtaining a p-value below 0.05. Hence, lignin
acetylation using a ball mill is independent of the reaction time and consequently this
factor is excluded for further optimization analysis.

A 3D- diagram plotting the DS against the two remaining factors was designed

summarizing the whole DoE (see Figure 11).
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Figure 11: 3D- diagram from the DS against N-acetylimidazole and moisture content.

The significant data of the performed 26 runs are collected in Figure 11 accentuated
from red to blue for samples with high to low DS, respectively (the response R1 is the
DS of the respective sample).

Considering the N-acetylimidazole content: a direct proportionality is identified
starting with a high linear increase and switching to a plateau as of about 0.95 eq.
The second-order fit describes the influence of moisture content on the reaction yield
with the maximum observed at 17.25%. It can be concluded that acetylation is
slightly favored up to a certain point of moisture content. The lower efficiency at
higher moisture content is most probably reasoned by a lower stability of the
acetylation agent N-acetylimidazole, or by a competing hydrolysis of the introduced
acetyl groups.

However, highest conversions should therefore be achieved at a moisture content of
17.25% and 1.15 eq of N-acetylimidazole (see red area in Figure 11). Reactions at

these conditions were carried out twice to validate the data reproducibility.

33



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

Table 6: Validation experiments with optimized conditions.

Run N-acetylimidazole (eq.) Moisture content (%) Reaction time (h) DS (%)

27 1.15 17.25 1.87 53.01
28 1.15 17.25 1.87 57.16

Both DS values of the validation are in a comparable range (compare Table 2)

showing a reasonable data reproducibility.

3.3.2 Design of experiment for Acetylation of lignin via in situ preparation of
N-acetylimidazole

As described above, the optimal conditions were determined for lignin acetylation.
Therefore, the moisture content (17.25%) and reaction time (2 h) were kept constant
for the in situ acetylation method. Even though the reaction time showed no
significant influence on the DS for the ball mill method, it was set to 2 h for in situ
method in order to allow complete conversion. Most influence on the DS was
determined for N-acetylimidazole, the acetylation agent. Because it is produced in
situ using AA and Im (Scheme 1) those factors were set as varying factors. Based on
the fact that the highest amounts of acetylation agent (1.15 eq) results in a highest
DS, the amounts for AA were chosen right above and below this value (0.78 —
1.56 eq, see Table 22). The amount of Im was set in a broad range in order to study
its influence on acetylation (cf. 3.2, see Table 22).

For DoE study, the response (DS) was evaluated by setting an appropriate fit.

Table 7: Fit summery for acetylation of Indulin with AA.

s Sequential p- Lack of Fit p- Adjusted Predicted
ource
value value Rz R?
Linear < 0.0001 0.35 0.84 0.75 Suggested
2FI 0.66 0.32 0.83 0.68
Quadratic 0.35 0.31 0.84 0.57
Cubic 0.19 0.44 0.92 Aliased

A quadratic fit was suggested to be the best fit for certain DoE indicated in Table 7.
The R?is 0.84 (second highest) for the linear fit and sequential p-value below 0.0001
substantiates the choice. The cubic fit would have had a higher adjusted R? value but
was aliased by the software.

An ANOVA (analysis of variance) was compiled with a focus on statistical information
(see Table 8).
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Table 8: Analysis of variance of the linear fit for acetylation of Indulin with AA.

Source Sum of Squares Mean Square F-value p-value

Model 1300.86 650.43 30.84 < 0.0001
A-1-AA 1295.44 1295.44 61.42 <0.0001
B-1-AA/Im 5.41 5.41 0.26 0.62

The sum of squares, mean square F-values and p-values were evaluated as ANOVA
and listed in Table 8. The model exhibits significance for the adjusted linear fit. Lower
p-values values than 0.05 and the highest F-value are determined for AA (factor A).
This represents a significance of factor A on the DS, whereas the ratio of AA to Im
shows p-value than 0.1 resulting in no significance. Hence the mass of Im is not
dependent on the response in the investigated range. Therefore, factor B is not
considered for further evaluation (cf. reaction time (3.3.1)). A graphical dependence

of the remaining factor (amount of AA) can be seen in Figure 12.
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Figure 12 : DS (%) against AA (eq).
In Figure 12 a direct linear dependency of AA to the DS with confidence bands is
pictured for the investigated range. All other compiled data are in accordance to the
curve progression which thus summarizes the whole DoE (see above).
The following optimal conditions for solvent-free acetylation of indulin using AA and

Im (without continuous energy supply) have been determined: lignin moisture content
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of 17.25% and addition of 1.56 eq AA. A reaction time of 2 h and the addition of 2 eq.

Im are further recommended.

3.4 Esterification of lignin via in situ preparation of N-acylimidazole
The concept of lignin acetylation via in situ preparation of N-acetylimidazole (3.3) was

extended to introduce different ester groups.
o)

N

R O

MeO OMe
(0]

HN o O
\ L ani ,
2 + T A + lignin (0] (0]

imidazole acylanhydride N-acylimidazole

o
O
L A @
N OMe

R™ OH +

imidazole esterified lignin

Scheme 2: Reaction of lignin with in situ prepared N-acylimidazole yielding lignin esters and
R=alkyl.

This method allows a great versatility in fabrication of lignin esters. In general, the
length and the size of introduced alkyl group (R) influences the chemical properties of
synthesized lignin ester. Hence, in this thesis an n-alkyl group and more bulky alkyl
groups, precisely, n-hexyl and isobutyl were selected. Furthermore, based on the
optimization of acetylation syntheses, a medium (M), high (H) and very high (HH) DS
for the respective lignin esters were generated selectively. The influence of the
parameters on the DS was therefore adapted for M and H DSs. Very high DSs were
achieved through synthesis procedure according to (Thielemans and Wool, 2004) but

replacing N-methylimidazole by Im.

3.4.1 Esterification of Lignin with isobutyric anhydride (IBA)

Syntheses were carried out under varying conditions in order to achieve isobutyric
lignin esters with different DS. Considering that the DS is solely dependent on the
amount of added anhydride (at constant moisture content) at least in case of
acetylation in Chapter 3.2, we assume that the exact modification conditions using a
different anhydride as a sole difference applied, will behave similarly. Thus, the AA
equivalent amount that provided the highest DS in acetylation reaction (1.56 eq) was
taken for isobutyric anhydride (IBA) with the expectation to achieve a high DS during

esterification. To achieve a medium DS, a medium amount of the reagent (0.9 eq)

36



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

was taken. The respective values of Im were adopted as well (see run 6 & 8 Table 3).
Isobutyric lignin esters with very high DS were synthesized using a large excess of
IBA. The reaction mixture was heated to 50 °C for 18 h. The evaluation method had
to be reconsidered because the aromatic and aliphatic protons overlapped in 'H-
NMR in contrast to acetylated lignins (cf. Figure 7). Therefore, distinguishing between
aromatic and aliphatic OH was no longer possible, and thus the whole area was

selected for determination of the total DS (see Figure 13).

i
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Figure 13: Example for 'H-NMR spectra of butyric ester in comparison to acetic ester and the
selected areas for the determination of the DS.

Examples for 'H-NMR spectra of butyric and acetylated lignin ester respectively are
shown in Figure 13. The marked regions of indistinguishable aromatic and aliphatic
protons illustrate the ppm ranges which were used for the DS calculation and can be

seen in Table 9.

Table 9: "H-NMR ranges for all isobutyric syntheses and corresponding functional groups.

range 'H-NMR (ppm) functional groups

4.03-3.503 methoxy
1.34-0.63 butyric

Evaluation of DS was conducted identically to the acetylation experiments (see 3.1)
except that all six protons of the two methyl groups had to be taken into
consideration. Obviously, the molar masses and moles were changed accordingly.

The parameters and results are summarized in Table 10.
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Table 10: Moisture content (%), reaction time (h), IBA (%), ratio of IBA (eq) to Im (eq) and DS (%)
for isobutyric lignin esters.

IBA Moisture content (%) Reactiontime (h) IBA(eq) IBA(eq)/Im(eq) DS (%)

medium 17.25 2.00 0.90 1.29 66.65
high 17.25 2.00 1.56 2.00 93.46
very high 17.25 2.00 1.82 5.95 102.89

The DS obtained were correlating well with the reagent amount, providing the
following results: 66.65% for medium (M), 93.46% for high (H) and 102.89% for very
high (HH) amount of IBA (Table 10). Higher values than 100% are theoretically not
possible but taking the selected area for all 6 acetyl protons and the proton on alpha
position (signal at about 2.6 ppm) into consideration small deviations during peak
integration occur quite easily. Still, the DS determined by 'H-NMR (*'P-NMR) can be

considered as powerful tool for data evaluation.

3.4.2 Esterification of lignin via hexanoic anhydride (HA)

Preparations of hexanoic lignin esters with M, H and HH DS were performed in
analogue to those using IBA (3.4.1). The experimental procedures and the reagent
amounts in moles were exactly the same with the exception that the modified
samples needed a further purification step due to its reduced solubility in water
caused by the presence of long non-polar hexyl groups in its structure. A minimum
volume of pure acetone was added to the crude product to achieve its full dissolution.
Subsequent precipitation in hexane completed the purification process. DS

determination was carried out based on 'H-NMR measurements (see Figure 14).
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Figure 14: Example for 'H-NMR spectra of hexanoic ester in comparison to acetic ester and the
selected areas for DS determination.
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In Figure 14 the 'H-NMR spectra for hexanoic and acetic lignin esters, as well as the
selected areas for DS determination are shown. Alike butyric lignin esters, the signals
are indistinguishable for hexanoic lignin esters and the ppm ranges for 'H-NMR

analysis are listed in Figure 14.

Table 11: '"H-NMR ranges for all hexanoic syntheses and corresponding functional groups.

range '"H-NMR (ppm) functional groups
4.022-3.494 methoxy
1.725-0.544 hexanoic

DS determination was carried out similar to isobutyric esters. The whole area of
hydrocarbons (9 protons in total) had to be considered for analysis. Molar masses

and moles were adapted with the aim of calculating the DSs (see Table 12).

Table 12: Moisture content (%), reaction time (h), HA (%), ratio of hexanoic anhydride (eq) to Im
(eq) and DS (%) for hexanoic lignin esters.

HA Moisture content (%) Reaction time (h) HA (eq) HA (eq)/Im (eq) DS (%)

medium 17.25 2.00 0.90 1.29 47.84
high 17.25 2.00 1.56 2.00 62.88
very high 17.25 2.00 1.82 4.04 122.80

Hexanoic lignin esters with ascending DS were synthesized successfully according to
Table 12. The DS values for the medium and high samples are noticeable less than
the ones of butyric lignin esters. Additional purification by precipitation explains this
loss. The hexanoic ester with very high DS has a calculated DS value significantly
higher than 100%. Most probably, not all impurities could be removed by the
precipitation process. In addition, the big integral range could lead to an

overestimation of the results.

3.5 Lignin nanoparticles
Lignin esters with different ester groups and DS (described above) were further used
to prepare NPs. The influence of the varying hydrophobic groups and different DS on

nanoparticle properties was subsequently analyzed.

3.5.1 Nanoparticle preparation
LNPs were synthesized via solvent exchange method with water as antisolvent

according to Farooq et al. (Farooq et al. 2019).
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acetone:water 3:1
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Scheme 3: Participation method for different lignin esters and their corresponding
abbreviations. Native=blank, AA=acetic anhydride, IBA=isobutyric anhydride, HA=hexanoic
anhydride, M=medium DS, H=high DS, HH=very high DS and NP=nanoparticle. The scheme was
modified from (Kumar and Sharma, 2021).

As shown in Scheme 3, precipitation of the NPs occurred after dissolving the solid
lignin esters in a mixture of acetone/water and subsequent dropwise addition of DI
water under constant stirring. Overall, 10 NP samples were prepared starting with
either Indulin AT (native) or modified lignin esters. Acetic, isobutyric and hexanoic
lignin esters with a medium, high and very high DS respectively were used for NP
synthesis. The 3 synthesized lignin esters from esterification of lignin via IBA (3.4.1)
with varying DS (IBA-M, IBA-H, IBA-HH) and the 3 synthesized lignin esters from
esterification of Lignin with HA (3.4.2) with varying DS (HA-M, HA-H, HA-HH) were
taken for NP preparation as well as run 6 (high DS; AA-H) and run 8 (medium DS;
AA-M) from acetylation of lignin via AA (3.2). Yet, the acetylated lignin with very high
DS (AA-HH) could not be prepared with the here developed method. Therefore a
large access of AA and 1 mmol Im were brought together at a temperature of 50 °C
for 18 h (cf. isobutyric and hexanoic lignin esters with very high DS 3.4.1, 3.4.2)
(Thielemans and Wool, 2004). After standard workup a DS of 112.28% was
achieved. Evaluation was done identically to the other samples of in situ preparation
of N-acetylimidazole method (3.2). But the aromatic and aliphatic signals in the
corresponding ranges overlapped slightly resulting in a DS above 100%.

During NP preparation, the solvent for NP-HA-HH had to be adjusted to pure acetone
in contrast to all other nanoparticle samples which were soluble in a mixture of
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acetone/DI water. Most probably, the high amount of non-polar hydrocarbons of
hexanoic ester caused this insolubility problem.

For these 10 NP samples a solid content 0.4 wt% was adjusted and a series of
selected analysis (see below) were carried out in order to achieve detailed

information of the structure, size and chemical behavior.

3.5.2 Particle diameter and zeta ({) potential analysis (Zetasizer)

Particle diameter and zeta ({) potential were analyzed for all 10 nanoparticle
samples. The average of 3 measurements was taken for determination. Starting with
size (diameter) analysis, measured using DLS technique, the corresponding values

can be seen in Table 13.

Table 13: Average diameters (nm) and according standard deviations for all nanoparticle
samples determined via Zetasizer.

Sample  Average diameter (nm) SD

NP-native 94.59 0.50
NP-AA-M 71.50 0.36
NP-AA-H 59.69 0.59
NP-AA-HH 56.55 0.35
NP-IBA-M 73.11 0.39
NP-IBA-H 71.36 0.31
NP-IBA-HH 71.28 0.64
NP-HA-M 68.05 0.30
NP-HA-H 62.64 0.30
NP-HA-HH 78.13 0.48

In Table 13 the average diameters of 3 measurements respectively and their
standard derivations (SD) are listed. The diameters are varying from 56.55 nm (NP-
AA-HH) to 94.59 nm (NP-native). All IBA nanoparticles show similar diameters
whereas NP-AA-M and NP-HA-HH possess significant deviations to the other
respective lignin nanoparticle esters. Four of 10 NP samples underwent a size
evaluation via AFM (see 3.5.3) as well. For graphical evaluation, bar charts were

composed in Figure 15.
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Figure 15: Average diameters (nm) and according error bars for all nanoparticle samples
determined via Zetasizer.

In Figure 15 the particle diameters determined via Zetasizer show similar results for
NP-AA-M, all NP-IBA and NP-HA-M. The size for other NPs varies widely.

Moreover, the ¢ potential was determined for all NP samples and can be seen in
Table 14.

Table 14: Average { potentials (mV) and according standard deviations for all nanoparticle
samples determined via Zetasizer.

Sample  Average ( potential (mV) SD

NP-native -21.0 0.9
NP-AA-M -171 0.8
NP-AA-H -23.2 1.6
NP-AA-HH -30.7 1.3
NP-IBA-M -22.8 1.3
NP-IBA-H -22.1 1.2
NP-IBA-HH -21.3 0.5
NP-HA-M -20.4 0.2
NP-HA-H -21.6 0.5
NP-HA-HH -25.5 1.1

The ¢ potential values in Table 14 give a minimum value of -30.7 mV and a maximum
value of -17.1 mV. For acetylic and hexanoic lignin esters a descending tendency is
recognized. The higher the DS the lower the ( potential, as less of unmodified
aromatic and aliphatic groups are available (Setala et al., 2020). Isobutyric lignin
esters show similar { potential values independent of the DS. The higher the value of
¢ potential the lower the tendency of coagulation/self-assembly because the repulsive

42



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

forces exceed the attractive forces (Liu et al., 2019b). That can be a reason for the

values of NP-native and all NP-IBA. The ¢ potential values are graphically shown in

Figure 16.
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Figure 16: Average ¢ potentials (mV) and according error bars for all nanoparticle samples
determined via Zetasizer.

The trends and ¢ potential values are shown in Figure 16. The descending trends of
NP-AA and NP-HA indicate more stable nanoparticles because of increasing
repulsive interactions, provoked by the higher presence of hydrophobic ester groups

at the surface.

3.5.3 Atomic force microscopy (AFM)

AFM measurements were performed in order to achieve a detailed information about
size, structure and the appearance of the nanoparticles at high zooms. The samples
NP-native, NP-AA-HH, NP-IBA-H and NP-HA-H were investigated because they
showed the smallest sizes with little standard deviation at Zetasizer measurement (cf.
Table 13). 2 x 2 ym? images were prepared and evaluated on size. All images are
provided with a color bar so as to distinguish the size in z-axis. The brighter the

larger for each NP size (nm).
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Figure 17: 2 x 2 |1m2 images for: NP-native (left top), NP-AA-HH (right top), NP-IBA-H (left
bottom) and NP-HA-H (right bottom).

In Figure 17 the captured AFM images of the respective NP samples are illustrated.

The NPs are densely packed with constant size distribution and spherical shape. The

NPs were further investigated by size measurement with the determination program.

The distance between two points were set and defined as diameter.

Table 15: Average diameters (nm) and according standard deviations for NP-native, NP-AA-H,
NP-AA-HH and NP-IBA-H determined via AFM.

Sample  Average diameter (nm) SD
NP-native 185.78 31.12
NP-AA-HH 121.97 23.26
NP-IBA-H 130.87 18.87
NP-HA-H 164.93 21.58
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The average values of 25 size determinations (25 nanoparticles) and respective
standard deviations are listed in Table 15 for each sample. Nanoparticles of
acetylated lignin esters with very high DS (NP-AA-HH) possess the smallest, and the
native nanoparticles (NP-native) show the largest diameters on average. The
standard deviations are adequate taking the determination technique (distance
measurement between two selected points) into account. For better comparability, a

graphical evaluation based on Figure 16 was created too (see Figure 18)

250.00 +

200.00 ~

150.00 -
100.00
50.00
0.00 . . . 1

NP-native NP-AA-HH NP-IBA-H NP-HA-H

Average diameter {(nm)

Figure 18: Average diameters (nm) and error bars for NP-native, NP-AA-H, NP-AA-HH and NP-
IBA-H determined by AFM.

In Figure 18 native lignin shows the highest diameter on average, due to more
hydrophilic interactions on the surface of unmodified lignin ester groups. The trend of
increasing the average diameter depending on size of modified ester groups is
noticed from NP-AA-HH to NP-HA-H (NP-IBA-H in between). This is not in
accordance with the size evaluation, measured by Zetasizer (Figure 15) due to
smaller NP sizes on average (Asize = 60-102 nm) for DLS measurements at 633 nm.
Because UV-VIS measurements (3.5.5) showed overlapping absorbance values for
this wavelength, the optical effects are expected to influence Zetasizer
measurements. Therefore, the AFM determination is preferred for this thesis.

3.5.4 Fourier transformed infrared spectroscopy (FTIR)

Infrared spectra of all lignin NPs were performed intending to confirm complete
reaction and on the other hand to obtain an overview and detect differences visually.
Therefore NP-native was compared to AA-M in an attempt of allocating the bands

(see Figure 19).
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Figure 19: FTIR spectrum of the blank and acetic lignin ester nanoparticles with marked areas
and corresponding chemical bonds.

As expected, the OH absorption band at 3100-3600 cm™ reduced and the C=0 at
1750 cm™ stretch band increased drastically which is in accordance to an
esterification reaction. Furthermore, the absorption band at 2800-3000 cm™ can be
allocated to C-H stretches and a cluster of bands at 1100-1300 cm™ to C-C, C-O and
C=0 stretches (Fox and McDonald, 2010).

A spectrum with all nanoparticle samples was determined as well in order to
demonstrate the difference between the modified and unmodified samples. The

range was set from 850-1900 cm™ and displayed in Figure 20.
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Figure 20: FTIR spectra of all nanoparticles in the range of 850-1900 cm” with marked areas

and corresponding chemical bonds.

The lowest curve (grey) belongs to NP-native in the marked areas in Figure 20. A

conversion to lignin esters is detected by comparing the unmodified samples to the
others. The C=0 stretch at 1750 cm™ is very high for NP-HA-HH indicating the
highest DS value. Obviously, for NP-native no band for C=0 stretch was allocated.
C-C, C-O and C=0 stretches at 1100-1300 cm™ present a very diffuse picture with

NP-HA-HH as highest value too.

3.5.5 Ultraviolet — visible spectroscopy (UV-VIS)

UV-VIS spectra from 200-800 nm of all nanoparticle samples were recorded and

collected in Figure 21 in order to gain absorbance information at UV-VIS.
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Figure 21: UV-VIS spectra of all nanoparticle samples.

The UV-VIS spectra were actually measured between 200-800 nm but for analysis a
closer look was taken at the range between 200-450 nm due to a plateau in the area
of 450-800 nm. A maximum at 280 nm can be detected which would be “considered
as primary wavelength for quantification of lignin” (Lee et al., 2013; Zhang et al.,
2017). Absorbance values <0.1 are in the visible wavelength region from 400-800 nm

and explain the hardly visible nanoparticles for the adjusted concentration.

3.5.6 Contact angle (6) measurement

Contact angle (6) measurements were carried out in order to achieve information of
surface properties of nanoparticle samples. During AFM and microscopy analysis
(see 3.5.8, 3.5.3) shapes of elongated partly rising threads were identified on which
the drops of water were placed. The samples were prepared by drying in the fume
hood overnight. They were measured 3 times on different locations of the micro
slides. Measurement times were adjusted to 20 s each and evaluation was done by
comparing the curve progression (Figure 22) as well as the 6 (Figure 23) after 1s

and 15 s respectively.
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Figure 22: Curve progressions of 8 (°) against time (s) for all nanoparticle samples during 20
seconds in total.

In Figure 22 the development of changing 6 for 20 s is illustrated whereby the graphs
were separated according to their type of modification. Over time, all nanoparticle
samples show a decrease of 6 due to surface absorption until they reached a
plateau. NP-HA-HH clearly possesses the highest 6 on average at any time
measured. The long non polar chains and a very high DS support this hydrophobic
behavior with 6 up to 100°. To get a more comprehensive overview, the distinct 6

values att =1 s and t =15 s are summarized in Figure 23.
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Figure 23: Average 6 values (°) after 1 s and 15 s with error bars for all nanoparticles.

Apparently, the 6 decreases over time (Figure 23). It can be seen that the unmodified
nanoparticles have the lowest values with about 28° and 15° respectively because of
missing ester groups and thus smaller contact area. All nanoparticle samples with
medium (lowest) DS show the lowest 6. Acetic and isobutyric lignin nanoparticle
esters with high DS display higher 8 than those with very high DS. The type of ester
does not influence the 6 significantly even though NP-HA-HA possesses 6 values.
This nanoparticle sample was dissolved in pure acetone (all other NPs with
acetone/water 3:1) for NP preparation and more hydrophobic ester groups on the
surface developed consequently. In the literature, surfactant nanoparticles with
increasing hydrophobicity were prepared by esterifying Indulin AT with different
anhydrides (An et al.,, 2019), whereas all samples possessed relatively small 6

compared to the native sample.

3.5.7 Pendant Drop measurement

The interfacial interactions of the nanoparticles were studied by pendant drop
analysis (nanoparticle in water/air interface). The respective nanoparticle in water
dispersion was pushed through a steel needle to obtain a stable droplet. The shape
of this droplet was captured overtime to measure the time-dependent interfacial
tension (up to 800 s). In addition, two defined time points were selected, t = 400 s

and t = 600 s, to compare the values.
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Figure 24: Curve progressions of interfacial tension (mN m'1) against time (s) for all

nanoparticle samples during 20 seconds in total

The progressions show a steady state after a few seconds that leads to a plateau

with time (Figure 24). The interfacial tension decreases for all NP samples over time

possibly due to absorption of air. As soon as a saturated coverage is built a steady

state is reached (Zhang et al., 2017). Minimal DS effects on the interfacial tension

are visible for NP-IBA samples alike NP-AA samples. Hexanoic lignin esters show

the biggest difference and the differences between the individual samples is further

shown in Figure 25 comparing the individual interfacial tension values at 400 and

600 s.
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Figure 25: Average interfacial tension values (mN m'1) after 1 s and 15 s with error bars for all
nanoparticles.

In case of acetylated lignin NPs the interfacial tension decreases with increasing DS.
Isobutyric lignin ester nanoparticles behave very similar independent from the DS.
On the other hand, a significant decrease of interfacial tension is determined from
NP-HA-M to NP-HA-H; however, the trend does not continue with interfacial tension
values of NP-HA-HH in between. All modified lignin NP samples possess smaller
interfacial tension than the reference water, and are hence surface active. But the
unmodified (NP-native) sample has comparable or smaller surface tension than all
modified samples (except NP-HA-H for which a 5 mN m™ lower surface tension is
determined). Therefore, a NP structure with mostly hydrophobic functional groups
(ester) in the core and hydrophilic functional groups (hydroxyl, carboxyl) at the
surface is suggested. This structure was studied for example by Sipponen et al.
(Sipponen et al., 2020) for lauric and oleic kraft lignin esters, as well as Zou et al.
(Zou et al., 2021) for .kraft lignin-epoxy hybrid nanoparticles. It is assumed that
through NP preparation (dropping dissolved lignin esters in aqueous acetone on
water) this particular structure occurs. The solvent (acetone) and anti-solvent (water)
composition therefore favor the distribution of functional groups through self-

assembly during participation process of the NPs.

3.5.8 Preparation of films and microscopy

The self-assembly of the nanoparticles during film formation on glass plates was
studied by optical microscopy. It was decided to investigate half of the 10
nanoparticle samples (NP-native, NP-HA-H, NP-AA-M, NP-AA-H and NP-AA-HH)
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because the NP-AA samples with varying DS showed the most significant differences
in pendant drop measurements (interfacial tension), size and ( potential
measurements (Zetasizer).

The samples were prepared by dropping the respective nanoparticle dispersion onto
a micro slide via pipette and subsequent drying in the fume hood overnight. Images

of 3 times zoom (in order to achieve a good overview) and 20 times zoom (for

detailed information) were taken and illustrated in Figure 26 - Figure 28.

Figure 26: Images of native nanoparticles (NP-native) with 3 times zoom and 20 times zoom
from left to right.

The left image with 3x zoom in Figure 26 shows the drying manner of lignin
nanoparticle samples. The higher the lignin concentration in a specific area the
darker and decreasing in waves from top left to bottom right. The samples on the
slides did not generate a smooth film but a rough surface with cracks and elongated
partly rising areas especially visible at the edges. The individual regions can be seen
in the right image with 20x zoom. An ordered and square structure of the parts itself
are detected. Starting at a certain nanoparticle (circular dark point) a wavy decrease
of concentration (from dark to bright) is observed. Apparently, this pattern is favored

energetically.
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Figure 27: Images of hexanoic lignin ester nanoparticles (NP-HA-H) with 3 times zoom and 20
times zoom from left to right.

Similar analysis to Figure 27 can be determined as to the NP-native sample Figure
26). In the left picture with lower zoom one does even see the concentration
progression in color as well as the cracks and rising areas (especially at the edges)
more clearly. At the edges the coffee ring effect occurs (Wong et al., 2011).
Furthermore, light scattering in the visible area is noticed in an area with little
nanoparticle concentration. In that particular region an image with higher zoom was
recorded (right side, Figure 27). More clear cracks and bigger nanoparticles (dots)
which protrude as well as an even more ordered and square structure (like bricks) is
visible in comparison to the native nanoparticle film. Interestingly, only in some little
bricks the coffee ring effect occurs concentrating the lignin nanoparticles to the rim. A
centered lignin dot with high concentration at the outside is favored. This
circumstance maybe simply occurred during film preparation. A planar oriented micro
slide produces NP arrangements as in Figure 27 during evaporation of solvent and

micro slides with tilt orientation (not planar) lead to arrangements as Figure 26.
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Figure 28: Images of acetylated lignin nanoparticles with 3 times zoom and 20 times zoom from
left to right. With acetylated lignin nanoparticles with medium DS (NP-AA-M) at the top,
acetylated lignin nanoparticles with high DS (NP-AA-H) in the middle and acetylated lignin
nanoparticles with very high DS (NP-AA-HH) at the bottom.
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Microscopic images of all acetylated lignin nanoparticles were performed and
illustrated in Figure 28. A distinctive coffee ring effect of NP-AA-M is detected
resulting in a dark rim (high concentration of NPs) and bright remaining surface. The
images of NP-AA-M (top) and NP-AA-H (middle) are comparable to NP-HA-H (Figure
27) with ordered structures and nanoparticles centered in the middle. The NP-AA-HH
sample (bottom) has a circular area of high concentration at the left bottom of the
sample and therefore just little concentration at the remaining surface. Hence light
scattering occurred at the transition which was captured in the bottom right picture.
Green, purple and slightly blue circle lines are visible due to thin film interference
(Cong and Cao, 2004).
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4 Experimental part

4.1 Materials

4.1.1 Chemicals and starting materials

All chemicals were used as received (cf. Table 16) if not otherwise described.

Table 16: List of chemicals

Name Specification Supplier

Indulin AT softwood kraft lignin  MeadWestvaco Corp
N-Acetylimidazole =298% TCI

Acetic Anhydride 299% Sigma Aldrich
Hexanoic Anhydride 297% Sigma Aldrich
Isobutyric Anhydride 295% TCI

Imidazole 299% Sigma Aldrich
Acetone 299.5% Sigma Aldrich
sodium chloride =99.0 Sigma Aldrich

4.2 Methods: esterification of lignin

4.2.1 Pre-treatment of starting materials

4.2.1.1 Dry lignin

Dry Indulin AT was prepared by vacuum drying at 40 °C for at least 72 h.

4.2.1.2 Lignin with different moisture contents

The moisture content of Indulin AT was adjusted by adding certain amount of water

via a pipette and subsequent mixing with a spatula for 5 min. Five batches were

prepared in total (see Table 17) and reproduced according to the procedure when

necessary.

Table 17: Amount of water needed for adjusting certain moisture content and associated

masses for Indulin AT.

Indulin AT (mg) Dry indulin AT (mg) Moisture content (wt%) Water (ul)

5000 4775
8000 7640
3000 2865
1500 1432.5

9.9 247.725
17.3 961.72
24.6 569.79
30 362.25

4.2.1.3 Imidazole (Im)

Before its usage for synthesis Im was grinded in a kitchen coffee grinder in order to

achieve a fine powder.
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4.2.2 Acetylation of lignin via N-acetylimidazole

N-acetylimidazole and 500 mg Indulin AT were ball-milled (Retsch CryoMill, Retsch
GmbH, Germany) for 30 min under solvent-free conditions according to Scheme 1
(ball mill). Four stainless steel balls (8 g, 0.5 mm diameter) were used for
homogeneous mixing at 25 Hz without cooling. The reaction is induced as soon as
both substances were brought into contact and stopped by quenching with 40 mL
DI water followed by shaking for 24-72 h. The sticky dark red/brownish mixture was
transferred into a 50 mL centrifugation vial and 10 Vol% of 1 M AcOH was added.
The dispersion was vortexed, centrifuged for 30 min at 5000 rpm and subsequently
decanted. This procedure was repeated twice. Afterwards the mixture was further
washed with 40 mL DI water and got vortexed, centrifuged (30 min at 5000 rpm) as
well. After freeze-drying under vacuum at 40 °C, acetylated lignin was obtained as a
light red, brownish solid.

The relation of the factors: reaction time, moisture content and equivalents of
N-acetylimidazole were investigated with the DoE software “Design — Expert 13”.
Therefore, a quadratic model with spherical central composite design, two replicates

of factorial points and four center points was compiled (Table 18, Table 19).

Table 18: Factors from acetylation of lignin via N-acetylimidazole

Factor Name Units Minimum Maximum
A Moisture content % 4.50 30.00
B N-acetylimidazole Eq 0.34 1.15
C Reaction time h 0.50 3.00

The ranges of the three factors were set as illustrated in Table 18. Moisture content
at standard conditions was known to be 4.5% and higher contents were prepared as
described in 4.2.1.2. Longer reaction time than 0.5 h was put into practice by 30 min

ball-milling followed by respective dwelling time.

Table 19: Values of the factors to be analyzed for acetylation of lignin via N-acetylimidazole

Run Moisture Reaction N-acetylimidazole N-acetylimidazole N-acetylimidazole

content (%) time (h) (eq) (mmol) (mg)
1 24.60 247 0.55 1.28 196.64
2 17.30 1.75 0.74 1.74 267.39
3 9.90 1.03 0.48 1.13 173.44
4 9.90 1.03 0.91 2.14 327.61
5 17.25 1.75 0.74 1.74 267.39
6 17.25 1.75 1.15 2.68 411.37
7 17.25 3.00 0.74 1.74 267.39
8 17.25 1.75 0.34 0.80 123.41
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9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

24.60
17.25
9.90
30.00
24.60
9.90
17.25
17.25
4.50
24.60
17.25
4.50
30.00
17.25
17.25
17.25
17.25
17.25

1.03
1.75
2.47
1.75
2.47
247
1.75
0.50
1.75
1.03
1.75
1.75
1.75
1.75
0.50
1.75
3.00
1.75

0.55
0.74
0.91
0.83
1.03
0.48
0.74
0.74
0.64
1.03
0.74
0.64
0.83
0.74
0.74
1.15
0.74
0.34

1.28
1.74
2.14
1.93
2.42
1.13
1.74
1.74
1.49
2.42
1.74
1.49
1.93
1.74
1.74
2.68
1.74
0.80

196.64
267.39
327.61
296.34
371.43
173.44
267.39
267.39
227.96
371.43
267.39
227.96
296.34
267.39
267.39
411.37
267.39
123.41

In Table 19 the varying parameters, including moisture content, N-acetylimidazole

and reaction time are shown as well as the corresponding mmol and mg of

N-acetylimidazole. The Software “Design — Expert 13" automatically creates a table

in random order.

In order to validate the experiment, two more runs were carried out under the same

procedure (Table 20).

Table 20: Values of the validation experiments for acetylation of lignin via N-acetylimidazole

Run Moisture Reaction N-acetylimidazole N-acetylimidazole N-acetylimidazole
content (%) time (h) (eq) (mmol) (mg)

27 17.25 1.87 1.15 2.68 411.37

28 17.25 1.87 1.15 2.68 411.37

The validation values of moisture content, reaction time and equivalents of

N-acetylimidazole in Table 20 are close to those of the center points but were

predicted by the DoE software.

Collectively, all investigated data and associated mass yields are shown in Table 21

Table 21: Moisture content (%), reaction time (h), amount of N-acetylimidazole (eq) and
achieved mass yields in (mg, %) for all syntheses.

Run Moisture Reaction time N-acetylimidazole Mass yield Mass yield
content (%) (h) (eq.) (mg) (%)
1 24.60 2.47 0.55 548 102.98
2 17.30 1.75 0.74 458 84.24
3 9.90 1.03 0.48 473 89.52
4 9.90 1.03 0.91 504 91.05
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5 17.25 1.75 0.74 485 89.20
6 17.25 1.75 1.15 451 79.51
7 17.25 3.00 0.74 474 87.18
8 17.25 1.75 0.34 479 92.08
9 24.60 1.03 0.55 506 95.09
10 17.25 1.75 0.74 481 88.47
11 9.90 2.47 0.91 464 83.82
12 30.00 1.75 0.83 508 92.63
13 24.60 2.47 1.03 433 77.22
14 9.90 2.47 0.48 455 86.12
15 17.25 1.75 0.74 472 86.81
16 17.25 0.50 0.74 464 85.34
17 4.50 1.75 0.64 455 84.69
18 24.60 1.03 1.03 521 92.92
19 17.25 1.75 0.74 433 79.64
20 4.50 1.75 0.64 432 80.41
21 30.00 1.75 0.83 510 92.99
22 17.25 1.75 0.74 489 89.94
23 17.25 0.50 0.74 481 88.47
24 17.25 1.75 1.15 465 81.97
25 17.25 3.00 0.74 454 83.50
26 17.25 1.75 0.34 483 92.85
27 17.25 1.87 1.15 519 91.49
28 17.25 1.87 1.15 546 96.25

4.2.3 Acetylation of lignin via in situ preparation of N-acetylimidazole

500 mg Indulin AT with a moisture content of 17.25% were put into a 50 mL
centrifugation vial. AA and Im were added consecutively, resulting in an in-situ
preparation of N-acetylimidazole under solvent-free conditions (see Scheme 1). The
mixture was stirred with a spatula for 5 min, obtaining a viscous, dark red substance.
The reaction was stopped by quenching with 40 mL DI water after 2 h followed by
shaking for 24 h. For workup, 10 Vol% of 1 M AcOH was added then vortexed and
centrifuged for 30 min at 5000 rpm followed by decantation. Purification was done by
washing with 40 mL DI water and centrifugation (30 min at 5000 rpm). The workup-
as well as the purification procedure was repeated twice. After drying at 80 °C for
72 h acetylated lignin was achieved as a light brownish solid.

Comparable to 4.2.2 the acetylation of lignin with in-situ prepared N-acetylimidazole
under solvent-free conditions was carried out with “Design — Expert 13”. It comprises
a quadratic model with spherical central composite design four central points and no

replicates. The factors for investigation are: equivalents of AA and the ratio of AA
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(eq) to Im (eq) whereby reaction time and moisture content remain constant (Tab
22, Table 23).

Table 22: Factors from acetylation of lignin with AA

Factor Name Units Minimum Maximum

A AA eq 0.78 1.56
B AA:Im eq 1.00 3.00

The selected minimum and respective maximum values can be seen in Table 22.

Table 23: Values of the factors to be analyzed for acetylation of lignin with AA.

le

run AA (eq) AA (mmol) AA (mg) AA (eq)/Im(eq) Im (mmol) Im (mg)

1 1.17 3.82 0.36 2.00 1.91 130.10
2 1.45 4.72 0.45 2.71 1.74 118.77
3 1.17 3.82 0.36 1.00 3.82 260.19
4 1.17 3.82 0.36 2.00 1.91 130.10
5 1.17 3.82 0.36 2.00 1.91 130.10
6 1.56 5.10 0.48 2.00 2.55 173.46
7 1.17 3.82 0.36 2.00 1.91 130.10
8 0.90 2.92 0.28 2.71 1.08 73.46
9 1.45 4.72 0.45 1.29 3.65 248.68
10 0.78 2.55 0.24 2.00 1.27 86.73
11 0.90 2.92 0.28 1.29 2.26 153.81
12 1.17 3.82 0.36 3.00 1.27 86.73

The calculated data of the DoE and their associated values in mmol and mg are

listed in Table 23. The implementation is supposed to be done in a random order,

prescribed by Design — Expert 13.

Collectively, all investigated data and associated mass yields are shown in

Table 24: AA (eq), ratio of AA (eq) to Im (eq) and achieved mass yields in (mg, %) for all

syntheses

Run AA(eq) AA(eq)/Im(eq) Mass yield (mg) Mass yield (%)

1 1.17 2.00 520 91.42
2 1.45 2.71 492 84.10
3 1.17 1.00 483 84.92
4 1.17 2.00 423 74.37
5 1.17 2.00 314 55.20
6 1.56 2.00 495 83.65
7 1.17 2.00 470 82.63
8 0.90 2.71 438 79.26
9 1.45 1.29 459 78.46
10 0.78 2.00 448 82.07
11 0.90 1.29 462 83.61

61



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

12 1.17 3.00 483 84.92

4.2.4 Esterification of lignin via isobutyric anhydride (IBA)

In Scheme 2 (R=isobutyl) the synthesis pathway is shown. The esterification
synthesis with IBA was performed twice in order to achieve two different samples
distinguishable by their DS. The mole of IBA and Im — requisite for this solvent-free
in-situ synthesis- were adapted from Table 3 (run 6, run 11), thus receiving medium
and high DS.

For this purpose 500 mg Indulin AT (17.25% moisture content) were first put into a
centrifugation vial. IBA (2.92 mmol, 0.90 eq; 5.10 mmol, 1.56 eq) was added
dropwise via syringe and Im (2.26 mmol, IBA/Im 1.29 eq; 2.55 mmol, IBA/Im 2 eq)
was added right after. The dark brownish/red, viscous mixtures were stirred with a
spatula for 5 min and were quenched after 2 h with 40 mL DI water followed by
shaking for 24 h each. The crude products were centrifuged (20 min at 5000 rpm)
and decanted. 40 mL EtOH/H0, (1:1, v/v) were added then vortexed centrifuged and
decanted. This procedure was performed twice for workup. Double washing with
40 mL Dl water and identical intermediate steps as workup were carried out for
purification. After 48 h drying at 80 °C the light brown, powdery solids were obtained
(medium: 459 mg, 83%, high: 508 mg. 86%).

4.2.5 Esterification of Lignin via hexanoic anhydride (HA)

Similar to 4.2.4 (Esterification of lignin via isobutyric anhydride) the synthesis (see
Scheme 2) was performed twice desirably achieving similar DSs (medium and high).
Consequently, same mole and equivalents of HA (2.92 mmol, 0.90 eq; 5.10 mmol,
1.56 eq) and Im (2.26 mmol, HA/Im 1.29 eq; 2.55 mmol, HA/Im 2 eq) were added to
500 mg 17.25 mg Indulin AT. Further synthesis, workup and purification were done
identical, achieving hexanoic esterified lignins as brownish dark red hunks. Due to
inhomogeneous mixing during workup and purification, both samples underwent
additional purification treatments. 4 mL acetone were added and the suspensions got
shaken for 4 h. The completely dissolved crude products were transferred in pasteur
pipettes and dropped on 70 mL hexane. Double washing with 40 mL hexane followed
by vortexing, centrifugation (5000 rpm, 20 min), decantation and drying at 80 °C for
24 h resulted in red powdery solids respectively (medium: 344 mg, 62%, high:
394 mg, 67%).
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4.2.6 Esterification of Lignin with very high degree of substitution

For esterification of lignin with different anhydrides (AA, IBA and HA), achieving very
high DSs similar synthesis pathways to Thielemans and Wool (Thielemans and
Wool, 2005) were performed with Im as catalyst. An excess of respective anhydride,

catalytic amounts of Im (1 mmol) and no solvents were used for syntheses.

4.2.6.1 Acetic anhydride

AA (11.43 mmol, 3.50 eq) was put into a round bottom flask with a magnetic stir bar.
500 mg dry Indulin AT and Im (1 mmol, 11.44 eq) were added while stirring
vigorously. The temperature was set to 50 °C and the synthesis was carried out for
18 h. The light brown viscous suspension was quenched with 50 mL EtOH/H0, (1:1,
v/v) and was further stirred for 2 h at RT. The crude product was washed with 40 mL
EtOH/H,O and subsequent 40 mL DI water. Each purification step was performed
twice while vortexing, centrifugation (5000 rpm, 20 min), decantation was done in
between. After drying at 80 °C for 24 h acetylated lignin with very high DS was
obtained as light brown solid (471 mg, 67%).

4.2.6.2 Isobutyric anhydride (IBA)

IBA (5.95 mmol, 1.82 eq), 500 mg dry Indulin AT and Im (1 mmol, 5.95 eq) were
mixed vigorously in a round bottom flask with stirring bar at 50 °C. After 24 h the
suspension was quenched with 50 mL EtOH/H,0, (1:1, v/v). Additional stirring for 3 h
at RT led to the crude product, which was washed twice with 40 mL EtOH/H0, (1:1,
v/v) using a centrifuge (5000 rpm, 15 min). After purification via double washing with
DI water, centrifugation (5000 rpm, 15 min) and subsequent drying at 80 °C for 72 h

isobutyric lignin ester was obtained as light brown solid (384 mg, 63%).

4.2.6.3 Hexanoic anhydride (HA)

HA (4.04 mmol, 1.24 eq) was put into a round bottom flask with stirring bar. 500 mg
dry Indulin AT and Im (1 mmol, 4.04 eq) was added while stirring rigorously and the
temperature was increased to 50 °C. The very viscous dark red suspension was
stirred for 24 h, quenched with 50 mL EtOH/H,0, (1:1, v/v) and further stirred for 3 h
at RT. The mixture got stuck at the glass wall partially and was transferred in a
centrifugation vial with a spatula. The crude product was washed with 40 mL
EtOH/H,0, (1:1, v/v) and centrifuged (5000 rpm, 15 min) twice each. 40 mL DI water
was added twice for purification followed by centrifugation at 5000 rpm for 15 min
respectively. After drying at 80 °C for 72 h a big dark red hunk was obtained because
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of inhomogeneity. Hence 4 mL acetone were added and the suspension got shaken
until complete dissolution (3 h). The mixture was transferred into a pasteur pipette
portion wise and added to 70 mL hexane drop by drop. After double washing with
40 mL hexane followed by vortexing, centrifugation (5000 rpm, 20 min), decantation
and drying at 80 °C for 24 h hexanoic lignin ester was obtained as dark red powdery
solids (382 mg, 67%)

4.2.7 Lignin nanoparticles

Synthesis of lignin nanoparticles were carried out using the solvent exchange method
(Osterberg et al., 2020). Nine esterified lignin samples and the blank sample were
used for preparation following the procedure of Farooq et al. (Farooq et al., 2019)
(see Scheme 3). The 9 lignin samples can be split into 3 acetic, isobutyric and
hexanoic esters respectively each with a DS of medium, high and very high. For
isobutyric and hexanoic lignin esters the 3 respective samples synthesized (4.2.4,
4.2.5) were used for NP preparation apparently. Run 6 and run 8 of acetylation of
lignin with AA (see Table 3) were taken for NP-AA-M/H (medium and high DSs) and
NP-AA-HH was synthesized separately (see 4.2.6.1)

For preparation of nanoparticles the solid samples were dissolved in a mixture of
acetone/water and centrifuged (5000 rpm, 20 min) to remove undissolved solids first.
For all 10 NP-samples a mixture of acetone/DI water, 3:1, v/v was used for dissolving
except the hexanoic lignin ester which needed to be treated with pure acetone due to
high non polarity. The obtained solutions were transferred into a dropping funnel and
added to DI water (DI water/NP solution, 2:1, v/v) dropwise at a defined rotational
speed of 250 rpm. Afterwards acetone was removed under reduced pressure at
60 °C. Just the blank sample (NP-native) couldn’t be handled because of
uncontrollable retardation whilst evaporation and thus was placed in the fume hood
for acetone evaporation overnight. A solid content of 0.4 wt% was determined for the
native nanoparticle dispersion. In order to work with a constant amount of solid
nanoparticles in further analysis, all other nanoparticle dispersions were adjusted to a
solid content of 0.4 wt% as well. Therefore, a defined amount of sample (2-4 g) was
transferred into an aluminum weighting cup and dried for 3 h at 105 °C until no
solvent residue was left. Subsequent weighting at temperature constant conditions
leads to a certain amount of sample in a defined amount of suspension. This

procedure was replicated twice. The weight percentages were calculated and varying
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0.4 wt% for all nanoparticles.
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4.3 Methods: characterization and analysis

4.3.1 Nuclear magnetic resonance spectroscopy (NMR)

'H-NMR experiments were performed on a Bruker Avance |l 400 MHz instrument
with DMSO-dg as solvent. SIP.NMR experiments were carried out on the same
instrument, but the frequency was adjusted to 162 MHz. Dissolution of the samples
was done by using a mixture of CDCls/pyridine-d5 followed by derivatization with
2-chloro-4,4,5,5-tetramethyl-1,3-2-dioxaphospholane (TMPD). The parameters were
set to: 0.6 s acquisition time, 15 s relaxation delay and 256 scan rate. All data were

processed and analyzed with TopSpin 4.1.3 software.

4.3.2 Particle diameter and zeta ({) potential analysis (Zetasizer)

Particle diameters (wavelength for DLS = 633 nm) and { potential of all nanoparticles
were analyzed with Zetasizer Nano ZSP system (Malvern) and DTS0012 (size),
DTS1070 (¢ potential) cuvettes respectively. The refractive Index (RI) was set to
1.347 and the samples were measured at 25 °C in a concentration of 0.04 wt% using
100 mM NacCl solution.

4.3.3 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) measurements were performed with Dimension Icon
Atomic Force Microscope (Nanoscope V controller, Bruker, USA). The mode was set
to ScanAsyst imaging using ScanAsyst-Air tips with a normal tip radius of 2 nm
(Bruker). Topographical scans from 2 x 2 pm? to 500 x 500 nm? with varying pixels of
256 x 256 or 512 x 512 were conducted with a scan rate between 0.1-0.65 Hz.
Measurements were carried out on many different locations on the surfaces of the
samples which were prepared on either SiO, wafers or micro slides and investigated
in air using trapping mode. Images were processed and manipulated with Gwyddion

software.

4.3.4 Fourier transformed infrared spectroscopy (FTIR)

For attenuated total reflection (ATR) FTIR spectroscopy equipped with a ZnSe ATR
crystal and LiTaO3 detector a PerkinElmer (PerkinElmer Inc., MA, USA) Frontier IR
single-range spectrometer was used. All measurements of solid samples were
recorded with 4 scans per minute in the range between 4000 cm™ and 650 cm™ and
a resolution of 4 cm™. Baseline correction to a coarseness of 40% and normalization

to 1 at a wavenumber of 1600 cm™' was adjusted using SpectraGryph 1.2 software.
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4.3.5 Ultraviolet — visible spectroscopy (UV-VIS)

UV-VIS experiments were done on a Perkin ElImer Lambda 35 instrument in a scan
range of 200-800 nm. Scan speed was adjusted to 480 nm min™', data interval to
1 nm and slit width to 1 nm. A concentration of 0.0025 gL™" in 100 mM NaCl was

adjusted for all samples. The spectra were processed via SpectraGryph 1.2 software.

4.3.6 Contact angle (6) measurement

Contact angle (6) measurements were carried out on a Drop Shape Analyzer DSA30
(KRUSS Optronic, Germany) and a syringe with a steel needle (0.51 mm diameter).
3 measurements for each sample were performed on a volume of 5 uL at 20 °C.
Dosing speed was adjusted to 3 pL/s and each measurement was recorded at
1 frame per second for 20 s each. Samples (0.04 wt%) were prepared on micro
slides by drying 1.3 pyL overnight respectively and all data were processed with
KRUSS ADVANCE 1.5.1.0 software using Young Laplace as fitting method.

4.3.7 Pendant Drop measurement

Pendant Drop measurements were carried out on the same instrument as 4.3.6
Contact angle (8) measurement (Drop Shape Analyzer DSA30, KRUSS Optronic,
Germany) and a syringe with a steel needle (1.83 mm diameter). 3 measurements for
each sample were performed on a volume of 13-14 yL depending on the stability of
the droplet. Dosing speed was adjusted to 2 pL/s and each measurement was
recorded at 0.034 frames per second for 1200 s at 20 °C. All data were processed
with KRUSS ADVANCE 1.5.1.0 software.

4.3.8 Preparation of films and Microscopy

For microscopy analysis an Olympus digital microscope DSX 1000 (Shinjuku, Tokyo,
Japan) was used. The zoom was applied to 3 times and 20 times respectively.
Samples were prepared by dropping 1 ml 0.4 wt% NP dispersions on micro cover
glasses (prewashed with DI water and acetone), followed by subsequent drying in

the fume hood overnight.
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5 Conclusion and outlook

The solid-solid, solvent free acetylation method with N-acetylimidazole and Indulin
carried out in a ball mill could be implemented successfully. A straightforward and
simple evaluation method based on 'H NMR analysis was developed in order to
determine the DS. The resulting DS for 26 runs with varying parameters showed
adequate conversions (highest DS 57.33%) considering the accessibility to the
aliphatic and aromatic hydroxyl groups of lignin in a heterogeneous reaction. The
moisture content of lignin was adjusted intentionally, which implicates that the
syntheses were performed forgo preheating. Besides moisture content, reaction time
and amount of acetylation agent (N-acetylimidazole) were set as varying parameters
for optimization in a DoE. Highest addition of N-acetylimidazole and a moisture
content of 17.25% were determined as optimal conditions, whereas reaction time
showed no significant influence on the DS.

The ball mill method was transferred to the solvent free in situ method, which is
designed to synthesize N-acetylimidazole with AA and Im in situ followed by its
subsequent interaction with lignin. The highest DS of 80.12% was achieved due to a
better accessibility of hydroxyl groups in a liquid AA media. Best conditions for the
amounts of reactants revealed the highest amount of AA with adapted optimized
condition of the ball mill method. Variations in Im amount did not have a large
influence on the DS.

Further extension of in situ method was done by implementing IBA and HA. Based
on the optimized conditions, lignin esters with calculated DS (medium and high) were
obtained successfully.

For very high DS it has to be reverted to (Thielemans and Wool, 2004). In total, three
different lignin esters with medium, high and very high DS respectively were
prepared and used for nanoparticle precipitation.

The LNP particle size analysis, performed by accessing ¢ Potential and via UV-VIS
measurements showed similar results compared to the unmodified sample.

Spherical morphology and smaller sizes than NP-native was determined for all NP
esters. The sizes for modified LNP esters ascended corresponding to the dimensions
of the respective ester groups.

Rough surfaces with cracks, elongated partly rising areas and a square
microstructure with mostly centered nanoparticles developed through film preparation

for optical analysis. These micro slides were also used for contact angle (6)
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measurements at which NP-HA-HH present most intense hydrophobic properties but
all samples showed a slight increase of 8 compared to NP-native. Therefore, a core-
shell structure with mostly hydrophilic functional groups on the surface and
hydrophobic groups centered in the core, resulting from the NP preparation process,
was assumed. Surface analysis via pendant drop strengthened the presumption,
because all LNP esters showed lower surface tension than water though higher (or
similar) surface tension than NP-native.

The prepared NPs demonstrate properties favorable for using them as reinforced
phase in hydrophobic matrices of plastic or hybrid nanocapsules in phase change
materials. For this purpose fatty acids (more hydrophobic esters) or longer non polar
esters as used might be necessary in order to enhance hydrophobicity.

The applied method for esterification with different anhydride could also be improved
with the object of replacing this toxic chemical ideally for a non-toxic chemical
comparable impact.

Specifically for this thesis, analysis for thermal properties such as DSC would have
given interesting information on the stability and glass transition. Lacking of highly
defined AFM pictures with lower concentration made size and morphology
determination challenging which could also be improved using different settings or
instruments such as transmission electron microscopy (TEM).

Nevertheless, the used concepts and methods offered easy and environmentally
friendly routes for acetylation and esterification of lignin. Even hampering water for
most acetylation processes was integrated into a reaction scheme successfully and
therefore preventing energy intensive pre-drying. The exploitation of lignin with
solvent free syntheses and good scale-up possibilities are feasible with moderate

effort and high outcome.
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