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1. Introduction 

The plethora of ecological insecurities faced today is significantly higher than 
ever before, affecting biosphere integrity and threatening our very own exist-
ence. Considering this scenario, the implementation of sustainability-oriented 
strategies such as circular economy, green economy, and bioeconomy, intended 
to transform the current fossil-based, linear economy into an efficient, circular 
one, has been well received by the scientific community and as well as from in-
dustry.1,2 This transition towards circular bioeconomy is anticipated to provide 
a window of opportunity to address interlinked challenges like fossil resource 
dependence, natural resource scarcity, climate change, and food security by em-
ploying greener manufacturing methodologies and use of renewable bio-re-
sources. 3,4  

Material development has played a fundamental role in the advancement of 
our society. In today’s world, new advancements in material development are 
emerging frequently. The discovery of oil played a pivotal role in the industrial 
revolution and at the same time, the availability of the plentiful carbon atoms 
extracted from oil intensified the production of synthetic polymers and plastics. 
When we learned how to synthesize and manipulate the properties of plastics, 
it became a significant part of our lives. Plastics offer vindicating benefits over 
glass, metal, and wood such as moldability, durability, versatility, and reusabil-
ity.  

The growing concerns associated with the end of life of plastics,5 their use in 
short-lived applications with a poor design for re-use the hidden crisis of micro 
plastics5, have collectively prompted the pursuit of sustainable alternatives. Bio-
based materials either obtained from plant biomass or marine resources instead 
of from fossil fuel have gained considerable attention.6,7 Bio-based materials are 
replacing conventional plastics in several applications such as packaging, cater-
ing products, consumer electronics, and automotive.8  

The necessity of sustainable development and emerging trends have put the 
forest sector center stage.  A multitude of product opportunities can be offered 
from lignocellulosic feedstock and its side streams.9 Lignocellulosic biomass, 
consisting of the most abundant natural polymers such as cellulose, hemicellu-
lose, and lignin has been recognized for the development of innovative bio-
based products with higher added value.10–12 Lignocellulose at its nanoscale 
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morphology, termed as “Cellulose nanofibrils” (CNF) and “Colloidal lignin na-
noparticles” (CLPs) which are obtained from crude lignin via dissolution and 
self-assembly, has enticing features that can be utilized in various applications.  
CNF possesses a high aspect ratio along with remarkable tensile properties, low 
thermal conductivity, non-toxicity, and tunability.12–15 These multifunctional at-
tributes have earned their place in nanocomposites, aerogels, drug delivery, bi-
osensing, and enzyme immobilization. The use of CNF in water-based systems 
is fairly convenient due to its surface properties. However, the presence of hy-
droxyl groups on the surface of CNF causes hindrance to its dispersion in hy-
drophobic mediums and results in poor matrix/fiber interface, which limits its 
application in combination with biobased hydrophobic polymers. 16 To over-
come this challenge surface modification strategies17–21 are often employed. 
However, these extensive chemical modifications are not always environmen-
tally friendly and may hamper biodegradability.22 A more natural and sustaina-
ble solution comes from lignin, the second largest constituent of the lignocellu-
losic biomass. The conversion of crude lignin into colloidal lignin particles over-
comes the hurdles posed by its complex structural heterogeneity. The resulting 
nanoparticles are potentially lucrative due to their nano-scale morphology and 
surface characteristics.23–25  

The potential contribution of lignocellulosic biomass to the bioeconomy is ex-
pected to revolutionize the forest industry. Forests are Finland’s most valuable 
natural resource and their efficient utilization will not only propel the business 
growth through encouraging innovations and investment opportunities but will 
also help to attain Finland’s 2035 carbon neutrality goal.  
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2. Scope of thesis 

This thesis is comprised of the results obtained in 5 articles. The prime objective 
was to harness the collective properties of CNF and CLPs as building blocks ma-
terials for diverse practical applications. To pursue these goals, Publication Ⅰ ex-
plores the application prospect of porous CNF networks in the form of aerogels 
as thermal insulation material, owing to the low thermal conductivity of CNF. 
To enhance their flame-retardancy, sodium bicarbonate (SBC) was embedded 
in the CNF aerogels. Thermal and flammability properties were evaluated to 
confirm their suitability as insulation materials. 

In Publication Ⅱ, to efficiently harness the potential of CLPs for nanocompo-
site application, their interfacial and surface properties were examined. Model 
surfaces, in combination with surface-sensitive tools, were employed to probe 
the stability of CLPs at various pHs and the interactions between the CLPs and 
cationic polymers. The fundamental understanding obtained was employed to 
enhance the properties of cellulosic nanocomposites prepared by utilizing 
spherical lignin particles in Publication Ⅲ. The results acquired indicated that 
the well-defined surface chemistry and morphology of CLPs allow them to read-
ily disperse in CNF suspensions forming nanocomposite films with nearly dou-
ble the toughness compared to a CNF film without lignin. In Publication Ⅳ, an-
other nanocomposite system based on polyurethane (PU) and CNF was pre-
pared using a water-based method. The foremost objective of this study was to 
improve the wet mechanical properties of the CNF network.  The prepared 
nanocomposites demonstrated hydrophobic character on the PU-rich surface 
and hydrophilic features on the CNF-rich surface.   

In the last work (Publication Ⅴ), the large specific surface area of CLPs, be-
cause of their spherical morphology and their nano-dimensions, was exploited 
by using CLPs as low-cost enzyme carriers for aqueous ester synthesis. Lipase 
M enzyme was adsorbed onto CLP surfaces coated with cationic lignin. The en-
zyme immobilization was accomplished by entrapping the enzyme-c-CLP com-
plexes in calcium alginate. Overall, the presented work demonstrates the poten-
tial of CLPs and CNF for value-added applications as a replacement for synthetic 
polymers.   
  



4 
 

 

3. Fundamentals  

3.1 Lignocellulosic biomass 

Plants represent 80% (≈450 Gt) of the total biomass (550 Gt) present on earth, 
consisting of woody, nonwoody, and grass biomass.26 Wood in its essence is na-
ture’s composite, providing plants their structural rigidity.27 Wood mainly con-
sists of three types of carbon-based polymers,  the polysaccharides cellulose, 
hemicellulose, along with aromatic lignin, collectively termed lignocellulosic bi-
omass.28  Cellulose, a linear polymer of D-glucopyranose monomeric units ex-
ists in the form of crystalline microfibrils.29–31 The hemicellulose, consisting of 
different sugars, such as hexoses and pentoses, is attached to cellulose in close 
proximity.28,29  Lignin being the third major component of lignocellulosic bio-
mass, is naturally a linear oligomer, which surrounds the cellulose and hemicel-
lulose as a protective constituent.32–34 Cellulose and hemicellulose make up to 
approximately 70% and lignin roughly 25% of the dry weight of lignocellulose 
biomass.35 Few examples of lignocellulosic biomass and their cell wall composi-
tions are depicted in Figure 1.  

 

 

Figure 1. Examples of lignocellulosic biomass and their respective cell wall compositions. (Data 
is based on the ref. 36–39) 
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3.2 Cellulose: From macroscopic fibers to nanocellulose 

At the molecular level, cellulose is an unbranched homopolysaccharide com-
posed of β-D-glucopyranose units connected through (1→4) glycosidic 
bonds.31,40 Glucopyranose rings adopt a chair conformation designated 4C1 and 
are rotated with respect to each other, while all the hydroxyl groups are in equa-
torial positions with respect to the pyranose ring plane.40,41 Cellulose chains take 
the form of sheets and run parallel in cellulose I crystal, stacked on top of each 
other forming a three-dimensional crystal structure.41,42  

The readily available hydroxyl groups in the cellulose chain participate in 
strong inter and intramolecular hydrogen bonds (Figure 2c). 40,43  The intermo-
lecular hydrogen bonds keep the sheets together, whereas intramolecular hy-
drogen bonds give rigidity to the cellulose chain.44 Several parallel cellulose 
chains form the rudimentary supramolecular unit of cellulose known as the mi-
crofibril.45 The degree of polymerization of cellulosic chains for wood-derived 
cellulose is 10 000 AGUs (anhydroglucose units) and 15 000 units, for cotton-
derived cellulose.40 The diameter of a microfibril revealed by X-ray diffraction 
and Carbon-13 nuclear magnetic resonance (C-NMR) spectroscopy is approxi-
mately 2.4 to 3.6 nm,46 whereas the length of the microfibril is roughly tens of 
micrometers,47 largely depending on the cellulose source. According to the crys-
tallographic information, the cellulose present within the microfibrils is not en-
tirely crystalline; rather it consists of crystalline regions and disordered regions, 
indicated in Figure 2b. Crystalline regions are predominant, but the order is fre-
quently disrupted by disordered regions, periodically distributed across the mi-
crofibrils.48  

In context of the arrangement of cellulose chains and their numbers in a cel-
lulose microfibril, several cross-sectional structure models have been proposed. 
Based on the organization of the rosette in biosynthesis and the evidence col-
lected from XRD and microscopic data, it was long thought that microfibrils 
consist of (6 × 6) cellulose chains arranged in an irregular rectangle.49 Later, an 
alternative  6 × 6 (hexagonal) model50 based on atomic force microscopy (AFM) 
data. A 24 chain model51 based on diffraction, NMR, and Fourier-transform in-
frared spectroscopy (FTIR) data has also been proposed. Both of the 6x6, the 
rectangular49 and hexagonal,50 models are frequently employed for molecular 
modeling. However, recent molecular simulations have further convinced the 
researchers to reduce the number of chains to 18, as depicted in Figure 2d.52  
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Figure 2. The hierarchical structure of plant cell walls showing: (a) plant cell wall of wood; (b) 
elementary fibril crystalline and disordered regions; (c) cellulose chains at a molecular level; (d) 
the 18-chain model. ( Inspired from ref.27,53) 

Cellulose microfibrils continue to draw attention in academia and industries to 
untap their potential as a green, renewable and sustainable material. The pres-
ence of these cellulose microfibrils in the plant cell wall plays a pivotal role in 
fiber reinforcement and is responsible for maintaining the shape and rigidity of 
plant cells,54 whereas lignin and hemicellulose in the vicinity serve as a matrix 
(Figure 2a) 55. The isolation of these individual cellulose microfibrils from the 
cell wall is challenging51 due to the compact hierarchical structure of the plant 
cell wall and the aggregation tendency of cellulose. Therefore, to preserve the 
nanoscale dimensions and the long axial length of CNF it is important for the 
extraction process to be precise.  

Mechanical fibrillation is the most common isolation method to obtain cellu-
lose nanofibrils, which can produce CNF with a diameter range of 5-20 nm.47 
The length of the CNF fibrils is hard to determine and may exceed 5 μm.47 To 
reduce energy consumption and to obtain CNF with specific properties, pre-
treatment such as TEMPO-oxidation is often employed. The addition of the 
charge on the surface of microfibrils promotes the fibrillation process, resulting 
in highly monodisperse CNF widths of 3–4 nm.56 Several other pretreatments, 
such as acid hydrolysis57, enzymatic treatment 58,59, and carboxymethylation 60 
are often employed to ease the fibrillation process. Here, it is important to men-
tion that there are different terminologies used in literature for mechanically 
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fibrillated microfibrillar cellulose such as microfibrillated cellulose (MFC), nan-
ofibrillated cellulose (NFC), cellulose nanofibrils (CNF), and nanocellulose. To 
follow Tappi standards, the term “CNF” will be used hereafter. 

The properties of the CNF obtained, such as morphology, size, and surface 
features largely depend on the cellulose origin, the fibrillation process, and any 
pre-treatment or post-treatment. The most promising attributes associated with 
CNF apart from its renewability and biodegradability include high surface area 
(150–600 m2 g -1), high aspect ratio (~1000), excellent mechanical properties 
(strength of 1-3 GPa and crystal modulus of 138 GPa), low coefficient of thermal 
expansion (0.01 ppm·K−1) and low density.61 This unique set of properties of 
CNF are immensely attractive for large-scale industrial applications as a re-
placement to synthetic plastics, especially for nanocomposites, packaging, aer-
ogels, etc. However, besides enticing features, CNF has some challenges which 
hinder its applications at a large commercial scale. 

3.3 Lignin: From raw lignin to colloidal lignin nanoparticles  

Lignin is the second major contributor to lignocellulosic biomass. The presence 
of lignin in the plant cell wall is crucial for its survival and development.62  In 
the form of a linear oligomer, 32–34 lignin surrounds the cellulose and hemicel-
lulose as a protective constituent.63 The lignification of the cell wall of aquatic 
plants was imperative for their survival in a terrestrial environment by provid-
ing structural rigidity, hydrophobicity, water permeability control, UV-protec-
tion, and anti-microbial properties.64 Lignin is a heterogeneous complex poly-
mer formed by the radical coupling polymerization of three primary monolig-
nols: p-coumaryl, coniferyl, and sinapyl alcohols, as drawn in Figure 3. A variety 
of groups which include hydroxyl, carbonyl, methoxy, and carboxyl groups di-
rectly affect the reactivity of lignin in different chemical reactions.65,66  

 

Figure 3. Lignin precursors and their corresponding structural units. (Adapted from ref.23)  
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Lignin is produced in high volumes as a side stream by the pulping and biofuel 
industry.67 From a sustainability point of view, it is highly desirable to benefit 
from the molecular structure of lignin to produce a variety of value-added ma-
terials. However, its relatively recalcitrant nature and the high complexity of the 
lignin structure hampered its conversion to specialty applications.23,68 For dec-
ades, various strategies such as thermal, catalytic, and biological treatments 
have been employed to obtain monomeric constituents for lignin valorization.69 
However, inherent heterogeneity also prevails at the monomeric level, resulting 
in aromatic species of diverse nature, which are unacceptable for high purity 
chemicals production.69  

Considering these limitations posed by the chemical nature of lignin, a dis-
tinctive path towards its utilization was necessary. In this regard, the emergence 
of colloidal lignin particles, also called lignin nanoparticles (LNPs) have pre-
sented a remarkable opportunity.23 In recent years, various methods for the 
preparation of lignin nanoparticles including solvent shifting 70–74, acidifica-
tion75–77, CO2 precipitation78, aerosol-flow79 (Figure 4b), and reverse micelle for-
mation80 have been reported. In brief, during the dissolution of lignin in a sol-
vent-water binary mixture, the hydrophilic functional groups (phenolic and ali-
phatic hydroxyl groups) interact with water molecules and the hydrophobic 
moieties (phenylpropanoid units) shows a tendency towards organic solvent. 
The introduction of anti-solvent (water) reduces the ratio of organic solvent 
within the system, hence provoking the self-assembly of lignin into spherical 
lignin nanoparticles.23,81,82 During the process of self-assembly, lignin chains re-
configure and attain a favorable conformation, where higher molecular weight 
lignin chains construct the nuclei and lower molecular weight lignin chains form 
the outer surface. The resulting lignin nanoparticles have surfaces rich in –OH 
and –COOH functional groups 81,82 which provide extensive possibilities for tai-
loring the surface properties for diverse applications.   

 

 

Figure 4. Preparation of CLPs; (a) stages of solvent-the exchange method and (b) aerosol-flow 
reactor setup. 79 
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Among the various lignin nanoparticle fabrication methods (Table 1), solvent 
shifting/solvent exchange is a frequently used method. Lignin nanoparticles ob-
tained from this method exhibit spherical geometry and a narrow size distribu-
tion.23 By adjusting certain variables, such as initial lignin concentration, pH, 
choice of the solvent, and molecular weight (Mw) of lignin, the size of the nano-
particles can be fine-tuned.23 Furthermore, the fabrication process is simple, 
cost-effective, and has scaling-up opportunities as shown in Figure 4a. In con-
trast, the lignin nanoparticles prepared by rapidly adding acid into the aqueous 
lignin solutions, often referred to as acid precipitation, leads to the formation of 
irregular clusters of lignin particles. The presence of residual acid in the final 
product and pH-dependence are further drawbacks of the acid precipitation 
method. Therefore, in our work, we utilized colloidal lignin particles from the 
solvent exchange method to benefit from the spherical geometry and large sur-
face area of the CLPs obtained for nanocomposite applications. A few examples 
of different methods utilized to prepare nanoparticles from different lignin 
sources and solvent systems are tabulated in Table 1.  

Table 1. Examples of the various lignin nanoparticle production methods23 

 
THF = tetrahydrofuran, DMF = N,N-dimethylformamide, EG = ethyleneglycol, KL = kraft lignin, 
AL = alkali lignin. 

 
The formation of homogeneous spherical nanoparticles from crude lignin cir-
cumvents the limitations of its structural complexity and offers a wide range of 
potential applications, such as active drug carriers, nanocomposites, UV shield-
ing, and antioxidant agents.23 

3.4 Bio-inspired nanocomposites  

Strong emphasis on environmentally friendly materials has created a fascinat-
ing interdisciplinary field where material science and biology meet nanotech-
nology. The outcome of this unique merger forms the basis for bio-nanocompo-
sites, which aims to utilize materials from nature at nanoscale morphology to 
attain superior properties. The bio-based component imparts biocompatibility 
and biodegradability, whereas the nano-component, due to its large surface 
area, enhances the interaction between the reinforcement and matrix resulting 
in high strength and improved properties.87 A variety of biomaterials exists in 
nature such as polysaccharides, polypeptides, and proteins. However, this thesis 
is focused on lignocellulosic biopolymers, mainly cellulose and lignin in the 
form of CNF and CLPs respectively.  

Preparation Method Lignin type Solvent Antisolvent Ref. 

Solvent shifting 
AL, KL, THF H2O 70 73 72 

KL THF/H2O H2O 74 
KL Acetone/  H2O H2O 83 

Acidification KL EG HCl 84 
KL EG HNO3 75 

Aerosol flow reactor KL DMF 
None 

79 
KL DMF 85 

Sonication AL H2O 86 
CO2 precipitation KL DMF CO2 78 
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3.5 CNF and CLPs based bionanocomposites 

Since the cellulose nanofibrils act as a load-bearing component in the plant cell 
wall, their use as a reinforcement in nanocomposites is not surprising. The 
strength of 1-3 GPa and crystal modulus of 138 GPa, combined with low density 
have validated their use in composite papers and films in diverse applications 
such as packaging, biomedical, energy, and flexible electronics.47,54,88 Different 
biopolymers such as poly (lactic acid), polycaprolactone, starch, chitosan, amy-
lopectin, and gelatins have been combined with CNF to prepare nanocompo-
sites.61 

CNF based nanocomposite films also referred to as “nanopaper”, are often 
prepared by filtering a CNF suspension of 0.2 – 0.8 wt %. The large number of 
OH groups present on the surface of nanofibrils and secondary interactions 
cause the cellulose chain to form an entangled network structure upon the re-
moval of water. The presence of hydroxyl groups on the CNF surface plays a 
crucial role while preparing the nanocomposite. The interactions between the 
reinforcement (CNF) and matrix (biopolymer) and their compatibility are key 
to forming a strong nanocomposite film.89 Therefore, CNF is more evenly dis-
persed in hydrophilic polymer matrixes and form highly strong nanocompo-
sites. However, this hydrophilicity becomes a severe disadvantage when dis-
persing CNF in non-polar hydrophobic polymer matrices.89 To extend their use 
in nonpolar environments, several surface treatments have been proposed to 
increase the compatibility of CNFs with hydrophobic systems.90 However, 
chemical modification disrupts the hydrogen bonding network leading to poor 
mechanical properties.91 Furthermore, the structural changes in CNF in re-
sponse to these treatments hampers its biodegradability and is detrimental to 
its inherent properties.92  

In contrast to cellulose, lignin has mainly been used in low-demand applica-
tions such as heating and energy generation. However, the reconsideration of 
lignin and its side-streams as a platform for a variety of chemicals and materials 
have brought it into the spotlight again. From the standpoint of harnessing the 
multifunctionality of lignin such as an antioxidant, antimicrobial, UV-shielding, 
and reinforcing filler, nanocomposites provide a fitting route. It is anticipated 
that the large surface area and active surface sites will facilitate the interaction 
between CLPs and the polymer matrix, resulting in better dispersion to form 
strong nanocomposites.93  

Until now most of the work regarding utilization of lignin for nanocomposites 
relied on the use of lignin microparticle ranging from (10-100μm) with little to 
no beneficial improvements.94 Certain chemical modifications such as nitration, 
esterification, and salinization have also been practiced, increasing the compat-
ibility of lignin with polymeric and biopolymeric systems.95 But the break-
through came with the introduction of nanolignin in the form of colloidal lignin 
particles. The large surface area and well-defined surface chemistry of CLPs are 
anticipated to improve its dispersion and enhance matrix-to-nanofiller interac-
tion at the interface, paving the way for developing sustainable bio-nanocom-
posites. 93  
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In a short period, a multitude of composites has been prepared by utilizing the 
multifunctional attributes of CLPs for reinforcing CNF, proteins, natural rub-
ber, and a variety of biopolymers such as Polyvinyl alcohol (PVA), chitosan, and 
PLA.96 The hydrophilic nature of CLPs has made them possible to disperse in 
water-based systems, however, their use in the hydrophobic system requires 
further exploration. An overview of the main recent nanocomposite applications 
of CLPs, with respect to the diameters of lignin nanoparticles, used biopolymer, 
and property improvements are depicted in Table 2.  

Table 2. Use of CLPs in nanocomposites, with reference to the lignin particle diameter, biopolymer 
matrix used and major findings 

 
CLPs have been successfully employed in a combination of water-based biopol-
ymer systems to improve mechanical, thermal, antioxidant, and UV-shielding 
properties. The enriched functional groups present at the CLPs surface give rise 
to strong interfacial adhesion leading to the improvement in nanocomposite 
properties. The intrinsic properties of CLPs not only make them suitable for 
nanocomposites but the presence of easily tuneable functional groups on their 
surfaces increases their potential for a wide range of biomedical applications and 
active substance carriers, as will be discussed in the following chapter. 

3.6 CLPs as vehicles for active substances  

The conversation of crude lignin, with very limited and mainly low-value uses, 
to CLPs with such a wide range of applications has unlocked a broad range of 
opportunities. The unique surface features of CLPs acquired through the self-
assembly process, such as spherical morphology, well-defined surface chemis-
try, large surface area, and negative charge, have advanced CLPs as a versatile 
material.23,101 Apart from their use in nanocomposites to avail their multifunc-
tionality, another high-end use of CLPs as vehicles to deliver different biological 
or therapeutic compounds is progressing rapidly.77 A variety of methods, such 
as adsorption, entrapment, encapsulation, and covalent bonding have already 
been practiced successfully to load active substances into or upon CLPs (Table 
3).23 The flexibility of CLPs based carriers relies on the fact that active sub-
stances can be loaded before, during, or post nanoparticle formation. Further-
more, CLPs offer the possibility of entrapping an active substance within the 
core of CLP and adsorption of another active substance on the surface of CLP, 
which is highly desirable for targeted applications.  In the presented work, CLPs 

CLPs          
Diameter Biopolymer Property enhancement Ref. 

295 nm PVA Improvement in tensile strength, antioxidant, and UV 
shielding properties 

93 

224nm PVA Improvement in the water vapor barrier, UV-shield-
ing, and mechanical properties 

97 

10-20 nm PVA UV-shielding efficacy 98 

40-60nm wheat gluten Mechanical performance, thermal stability, and UV 
resistance improvement 

99 

40-60nm CNC, PLA Improvement in mechanical properties, optical and 
thermal properties 

100 

na PVA, Chitosan Improvements in the mechanical performance, ther-
mal stability, antioxidant and antimicrobial 

96 
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are utilized as low-cost enzyme carriers for aqueous ester synthesis by the ad-
sorption and entrapment method (Paper V).  

Table 3. Use of CLPs as an active ingredient, with reference to the lignin source, particle prepara-
tion method, particle diameter, active substance, and target application 

Lignin 
source 

CLPs          
Preparation 

method 

CLPs      
Diameter 

(nm) 
Active substance Target Ref. 

AL Solvent shifting 131 - 179 Resveratrol Anticancer effects 102 
KL Solvent shifting 160 - 221 Sorafenib and benzazu-

lene 
Drug loading and re-

lease efficiency 
103 

OS Ultrasoniation 104 Curcumin Lipophilic drug model 104 
AL Solvent shifting 100  400 Ibuprofen pH-responsive release 105 
KL Ultrasonication 200 – 300 Fungicides Fungal grapevine 

trunk disease Esca 
106 

KL 
Solvent shifting 122 - 190 tall oil fatty acid, oleic 

acid, or lauric acid 

Thermally responsive 
phase-change materi-

als. 
107 

SL nanoprecipita-
tion 

Solvent shifting 
312 - 67 Budesonide 

pH-triggered and sur-
factant-responsive re-
lease of corticosteroid 

77 

KL 
Solvent shifting 215 Glucose oxidase 

chitosan 

Pickering emulsion 
polymerization stabi-

lizers 
101 

KL 
Solvent shifting 177 Lipase M 

Biocatalytic ester syn-
thesis in aqueous me-

dia 
108 

SL = soda lignin, KL = kraft lignin, AL = alkali lignin, OS = Organosolv 

3.7 CNF based aerogels  

Aerogels are interconnected, three-dimensional (3D) porous materials obtained 
by replacing the liquid with air, without significantly varying the network struc-
ture along with minimum shrinkage during the solvent removal process.  

CNF aerogels are characterized by low density (higher than 99% porosity), and 
a high specific surface area.109,110 The volume of the solid phase in the CNF net-
work is only in the range of 0.2 to 20% of the total volume. The procedure of 
preparing CNF based aerogels involves gelation and drying. In general, freeze-
drying is a widely explored route to prepare porous CNF aerogels, although sol-
vent exchange, vacuum drying, supercritical CO2, and some other techniques 
have also been employed.109Even though CNF aerogels are not prepared 
through the classical route of sol-gel and often contain large micron-sized pores, 
the term “cellulose aerogel” has been still widely accepted among researchers. 
Due to its extremely low density, ultrahigh surface area and low thermal con-
ductivity, low thermal expansion, biocompatibility, and sustainability, CNF aer-
ogels offer a wide range of potential applications ranging from nanocomposites, 
biomedicine, insulation to absorbents.109,110 Among other applications, thermal 
insulation is well-suited for CNF materials, however, they lack flame-retard-
ancy, which needs to be addressed.  

3.8 Flame retardant CNF based aerogels  

The thermal conductivities exhibited by CNF based aerogels is below 25 mW 
m−1 K−1, which makes them suitable candidate as building insulation materials. 
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However, the very high flammability of CNF aerogels inhibits their use for build-
ing insulations. Since CNF is readily flammable its hybridization with fire-re-
sistant materials is necessary.  Most of the flame retardants commercially avail-
able are either oil-based or halogenated, organophosphorus-based compounds, 
which present serious health risks and detrimental environmental effects.111 
Thus, there is a need to develop bio-based insulation materials with eco-friendly 
flame retardancy. Various flame retarding materials have been incorporated in 
CNF aerogels to improve their flame retardancy and a few examples are listed 
in Table 4. In the presented work (Publication Ⅰ) CNF aerogels were prepared 
by integrating sodium bicarbonate that efficiently enhances the fire retardancy.  

Table 4. Examples of CNF based flame-retardant aerogels  

Flame retardant Thermal conductivity              
(mW m−1 K−1) Ref. 

N-methylol dimethylphosphonopropio-
namide , 1,2,3,4-butanetetracarboxylic acid 32.58 112 

Hydroxyapatite (HAP) 38.5 – 39.1 113 
MgAl-layered double hydroxide 37.1 114 

Sodium montmorillonite (MMT), boric acid 
(BA), and melamine formaldehyde (MF) 30-35 115 

Sodium bicarbonate (SBC) 28 116 
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4. Experimental 

In this chapter, the materials and methods used in this thesis work are de-
scribed. The “Material” section contains the information concerning the pri-
mary raw materials and their processing, whereas the “Methods” section covers 
the important characterization techniques used for the investigation of scientific 
phenomenon. A detailed description of the materials, instrumentation and 
methods used in this thesis can be found in the materials and methods section 
of each original Publication (I–V). 

4.1 Materials 

4.1.1 Cellulose nanofibrils (Publications Ⅰ & Ⅲ) 

Hardwood kraft pulp was utilized as the starting material for the preparation of 
CNF used in Publications Ⅰ and Ⅲ. Before fibrillation, the earlier reported117 
washing procedure was commenced in the following way. Pulp was first washed 
with 10-2 M HCl and subsequently with deionized water. The conversion of car-
boxyl groups to their Na-form was proceeded by treating the pulp fibers with   
10-3 M SBC and the addition of NaOH to reach pH 9. Afterward, the excess elec-
trolyte was removed with deionized water. Fibrillation of the pulp fibers com-
menced using a high-pressure microfluidizer (Microfluidics, M-110Y, Microflu-
idics Int. Co., Newton, MA). The pulp was once passed through the fluidizer with 
400 and 200 μm chambers and 6 times through the 400 and 100 μm chambers 
at 2000 bar of pressure.  

The CNF suspension used in Publication Ⅳ was prepared using Masuko Su-
permasscolloider (MKCA6-2 J CE; Masuko Sangyo, Japan). Softwood sulfite 
pulp at 1.6 wt % consistency was passed through the grinder multiple times at 
different disk gaps, which are one pass at zero micrometer disk gap, three passes 
through -20 μm, four passes through −40 μm, five passes through −60 μm, and 
seven passes through −90 μm. 

4.1.2 Lignin (Publication Ⅱ, Ⅲ and Ⅴ) 

Softwood kraft lignin BioPiva™ 100 acquired from UPM Biochemicals, Finland 
was utilized for all the work presented involving lignin.  
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Preparation of kraft lignin suspension  
The kraft lignin suspension utilized in Publication Ⅲ was prepared by suspend-
ing a predetermined concentration of kraft lignin in deionized water, followed 
by homogenization using an IKA T18 basic ULTRA-TURRAX device at speed 5 
for 1 min.  

Preparation of water-soluble cationic lignin (Catlig) 
The synthesis of water-soluble cationic lignin commenced by dissolving a 
known amount of lignin in 0.2M sodium hydroxide, followed by the drop-wise 
addition of glycidyl trimethylammonium chloride to start the 1 h reaction at 70 
°C. After the completion of the reaction, purification of the reaction products 
was carried out by dialysis at pH 7 in Spectra/Por® 7 tubing with an MWCO of 
1 kDa (Spectrum Labs) against deionized water for 4 days. Afterward, yields 
were calculated based on the initial lignin dry weight. Cationic lignin utilized for 
Publication Ⅲ originated from the same batch as described by Sipponen et al.,118 
whereas, for Publication Ⅱ and Ⅳ, separate individual batches were synthesized 
following the same procedure outlined above, adopted from earlier reported 
work. 118   

Preparation of colloidal lignin particles (CLPs) 
All the CLPs used were prepared using the solvent exchange method, as de-
scribed previously. 118 In the first step, 5.00 g of softwood kraft lignin (dry basis) 
was dissolved in 500 mL of an acetone/water (3:1, v/v) binary mixture. Stirring 
was sustained for 3 hours, followed by filtration to remove undissolved lignin 
fragments using a glass microfiber filter (Whatman GF/F, pore size 0.7 μm). 
The solvent exchange was executed by rapidly pouring the filtered lignin solu-
tion into 1000 g of deionized water vigorously stirred. Removal of acetone was 
conducted using rotavapor at 40° C under reduced pressure. For Publication Ⅱ, 
CLPs were prepared using two different solvent systems, THF–water and ace-
tone–water binary mixtures, but otherwise following the same procedure de-
scribed above.  

Preparation of cationic-colloidal lignin particles (c-CLPs) 
Preparation of c-CLPs was carried out by adopting an earlier reported proce-
dure.118 In brief, a CLP dispersion was mixed with an aqueous cationic lignin 
(Catlig) solution at pH 4 under vigorous stirring. By changing the Catlig to CLPs 
dry weight ratios, 5 different c-CLPs at 50, 100, 150, 200, and 300 mg g−1 were 
also obtained (Publication Ⅲ).  

4.1.3 Sodium bicarbonate (SBC) (Publication Ⅰ) 

SBC, a white crystalline powder is a monosodium salt of carbonic acid. Com-
monly, SBS is used as a pH buffering agent, system alkalizer, a blowing agent, 
and in most dry fire extinguishers. The SBC used in this work (Publication Ⅰ) 
was acquired from ICN Biomedicals Inc. (Ohio). 
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4.1.4 Poly-L-lysine (PLL) (Publication Ⅱ) 

Poly-L-lysine is a typical cationic polypeptide, which is fully charged at low pH 
and adopts an extended coil conformation, whereas in the pH region 9–11 it 
deprotonates and adopts a β-sheet structure.119 PLL readily adsorb onto a vari-
ety of negatively charged surfaces like metals, polymers, and glass, via electro-
static interactions due to the presence of the positively charged lysine amine 
groups on PLL.119 Therefore, in our work (Publication Ⅱ) PLL, acquired from 
Sigma-Aldrich at a concentration of 0.1% (w/v) and a molecular weight (Mw) of 
150,000–300,000 g mol–1 was employed as an anchoring polymer.  

4.1.5 Polystyrene (PS) (Publication Ⅱ) 

For the preparation of model surfaces from dissolved lignin in Publication Ⅱ, PS 
having a Mw of 280,000 g mol–1 was acquired from Sigma-Aldrich and was used 
as anchoring polymer on gold and silica substrates.  

4.1.6 L-(+)-Lactic acid (80%) and water-based polyurethane (PU)           
(Publication Ⅳ) 

L-(+)-Lactic acid (80%) and the anionic surfactant-based polyurethane disper-
sion (UH240) utilized in this work (Publication Ⅳ) were purchased from 
Sigma-Aldrich. 

4.1.7 Enzymes (Publication Ⅴ) 

Lipase M from Mucor javanicus and Humicola insolens cutinase (HiC) were 
acquired from Novozymes, China.  
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4.2 Methods  

4.2.1 Preparation of flame-retardant CNF aerogels (Publication Ⅰ) 

The freeze-drying method was employed for preparing CNF based flame retard-
ant aerogels. In the first step, mixing of CNF suspension (0.5 wt%) with sodium 
bicarbonate at four different weight percentages (10, 20, 30, and 40%) was car-
ried out. To ensure the homogeneous dispersion of SBC in CNF, an IKA ULTRA-
TURRAX disperser was used at 10 000 rpm for 10 min. During the second step, 
the mixture was placed in a heating oven for 60 min at 100°C followed by freeze-
drying. A schematic illustration of the fabrication procedure is presented in   
Figure 5.  

 

 

Figure 5. Schematics of the flame-retardant aerogel fabrication procedure. (Publication Ⅰ) 

4.2.2 Thin films preparation (Publication Ⅱ) 

Model surfaces from CLPs on silica and gold substrates were prepared by two 
commonly employed methods: spin coating and adsorption. In the case of spin 
coating, silica wafers of 1.5 cm × 1.5 cm dimensions were submerged in 1 M 
NaOH solution for 15 s, followed by rinsing with Milli-Q water and dried under 
nitrogen. In the next step, silica wafers were treated with UV/ozone for 15 min. 
The spin coating procedure commenced by first applying an anchoring layer of 
PLL onto the silica substrate at 2000 rpm for 90 s, then the CLP layer was de-
posited using the same parameters. For two-deposition thin films, another layer 
of CLPs was deposited under the same conditions. Rinsing and nitrogen drying 
was practiced between each step.  

For the adsorption method, CLP thin films at longer adsorption times (12 h 
for PLL and 12 h CLPs) and shorter adsorption times (30 min for PLL and 60 
min CLPs) were prepared. PLL was first adsorbed by immersing the treated sil-
ica or gold substrates into PLL solution. After the successful adsorption of PLL, 
CLPs were adsorbed using the same procedure. The process was repeated for 
two-deposition thin films. 

Three different concentrations of CLPs, 0.5, 1.0, and 1.5 g L−1, were utilized to 
prepare CLP thin films from both spin coating and adsorption methods. The 
illustration of the thin film preparation is presented in Figure 6, and for the de-
tailed information, Publication Ⅱ is referred to.  

 



18 
 

 

Figure 6. Schematic illustration of thin-film preparation from spin coating scheme 1, and adsorp-
tion process scheme 2. (Publication Ⅱ) 

4.2.3 CNF based nanocomposite films preparation  

For the preparation of pure CNF and nanocomposite films, the filtration method 
was adopted with slight modifications.47 The first step involved the dilution of a 
CNF suspension to 0,8 wt % followed by stirring for 2 hours in the case of pure 
CNF films. For lignin-containing nanocomposite films, after 2hrs of magnetic 
stirring of the CNF suspension, the lignin suspension was added and the mix-
ture was mixed for 15 min. Filtration started at 2.5 bar overpressure for 45 
minutes through a 10 μm pore size open mesh Sefar Nitex polyamine monofila-
ment fabric which was placed on the top of a VWR grade 415 filter paper. After 
filtration, filtrates were collected to calculate the mass balance. For ambient 
dried samples, wet films were sandwiched between blotting papers and kept at 
23 °C and 50% relative humidity (RH) for 72 h under a load of 5 kg. To prepare 
hot-pressed films, a Carver Laboratory press (Fred S. Carver Inc.) was used at 
100 °C and 1800 Pa for 90 min.  

On the other hand, for preparing pure CNF and CNF-PU nanocomposite films, 
a filtration method with different parameters was employed. Firstly, a CNF sus-
pension was diluted to a concentration of 0.2 wt % and then UH240 was added 
to the CNF suspension along with lactic acid equal to the amount of CNF dry 
content, to facilitate the draining of water during filtration. The mixture was 
homogenized using a high-speed ultraturrax at 10,000 rpm followed by soni-
cation until the energy imparted was 300 J ml-1.  Filtration proceeded over a 
Durapore PVDF membrane filter (Fisher Scientific, Pittsburgh, USA) with a 
pore size of 0.65 μm at 70 ± 5 kPa. Hot pressing of the wet films was conducted 
at 100 °C at a pressure of 5 MPa for 30 min. 
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Figure 7. Schematic illustration of nanocomposite film preparation. (Publication Ⅲ) 

4.2.4 Enzyme immobilization on CLPs (Publication Ⅴ) 

The preparation of CLPs as enzyme carriers proceeded in the following way. 
During the first step, prepared CLP were coated with cationic lignin 9% (w w−1) 
by adsorption. The second step involved the adsorption of hydrolases onto the 
cationic lignin nanoparticles. This step was repeated to ensure a homogenous 
surface coverage for 15 min at 22 °C each time. Afterward, coated particles were 
mixed with aqueous sodium alginate, followed by dropwise precipitation in 0.2 
M aqueous calcium chloride at room temperature. Washing and drying at am-
bient conditions were carried out to obtain enzyme immobilized beads.  

 

Figure 8. Schematic illustration of the enzyme immobilization process. (Publication Ⅴ) 

4.3 Morphological characterization  

4.3.1 Atomic force microscopy (AFM) 

The atomic force microscope also referred to as scanning force microscope is 
one of the scanning probe microscopes. The underlying principle of AFM is that 
a tip is attached at the end of a flexible cantilever that interacts with the sample, 
which deflects in response to the attractive or repulsive forces. Laser light fo-
cused at the end of the cantilever is reflected and subsequently detected by a 
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quadrant photodiode. The images are formed by recording the interactions be-
tween the surface and the tip. There are three primary modes of AFM,  known 
as contact mode, tapping mode, and non-contact mode. In contact mode, the tip 
is continuously in contact with the sample surface, which is preferably used only 
with hard surfaces. In the case of intermittent or tapping mode, the AFM tip 
oscillates over the sample surface. The tapping mode is more suitable for bio-
logical samples. In non-contact mode, the tip vibrates close to its resonant fre-
quency in the proximity of the surface and never comes in contact with the sam-
ple.  

 

 
 

Figure 9. Typical AFM setup representation. 

For Publication Ⅱ, a MultiMode 8 atomic force microscope equipped with a Na-
noScope V controller (Bruker, Santa Barbara, CA) was utilized to obtain high-
resolution topographical images of the lignin thin films in tapping mode. Images 
were processed using NanoScope Analysis 1.5 or NanoScope 8.15 softwares 
(Bruker). 

4.3.2 Field Emission Scanning Electron Microscopy (FESEM) 

To obtain morphological information of the flame-retardant aerogels, nano-
composites films, and CLPs, different field emission scanning electron micro-
scopes were used. In all cases, the sample surfaces were sputter-coated either 
with gold/palladium or platinum. Images were captured at acceleration voltages 
of 1.5 to 5 kV, using an in-line secondary electron detector. Detailed information 
can be accessed from the original Publications.  

4.3.3 X-ray microtomography (MicroCT) 

A non-destructive X-ray microtomography technique was employed to gain 
comprehensive morphological information of the flame-retardant aerogels pre-
pared in Publication Ⅰ. The MicroCT working principle is based on X-ray radi-
ography, where the change in x-ray absorbance observed in a given sample 
causes a contrast. By taking several radiographs at different viewing angles, a 
3D map is generated providing detailed structural information of a volume.  In 



21 
 

our work (Publication Ⅰ), a Bruker SkyScan 1272 (Kontich, Belgium)  at a source 
voltage of 30 kV, a current of 212 μA, and a pixel size of 14.998 μm was utilized 
to analyze 10 x10 mm (diameter, length) aerogel samples. A total of 550 projec-
tions were recorded for each sample.  

 

Figure 10. X-ray MicroCT equipment configuration. 

4.4 Contact angle measurements  

Contact angle measurement is an essential tool to study the wettability of a sur-
face due to its simplicity and versatility. Most commonly, an optical-based ses-
sile drop method is used for measuring the contact angle. A typical goniometer 
setup consists of a horizontal sample mounting station, located between the 
light source and a CCD camera. A mechanized dispensing unit dispenses a spe-
cific volume of desired liquid onto the test sample surface, forming a sessile 
drop. To obtain the contact angle values, curve fitting of the liquid drop profile 
is employed using a built-in software. 

For Publication Ⅱ, a fully automated theta flex optical tensiometer from Biolin 
Scientific (Gothenburg, Sweden) was employed to determining the static WCAs 
of the different lignin and pure PLL substrates. To elucidate the effect of humid-
ity on contact angle values, conditioning of the samples was performed at 15% 
RH and 50% RH at 23 °C for 48 h before the measurements. For Publication Ⅳ, 
The static contact angles of Milli-Q water droplets on pure CNF and PU-CNF 
nanocomposite films were measured at room temperature using a CAM 200 
(KSV Instruments Ltd, Helsinki, Finland).   

Measurements were executed by placing a  6.5 μL drop of Milli-Q water on 
both sides of the films using a dispensing unit. Images were captured at the rate 
of one frame per second, sent directly to the computer for analysis via the CCD 
camera. Software provided by the instrument manufacturer was utilized to com-
pute the static contact angle values based on the Young-Laplace equation.120 

4.5 Mechanical testing  

CNF based nanocomposites are particularly attractive as lightweight structural 
materials; therefore, their mechanical properties are of considerable interest. 
Tensile testing is regularly applied to obtain different mechanical properties, 
such as tensile modulus, yield strength, tensile strength, elongation at break, 
and toughness of CNF nanocomposites.  In Publication Ⅲ and Ⅳ, the universal 
testing machines Instron 4204, (U.S.A), and Instron 5544 (Norwood, USA) both 
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equipped with a 100 N load cell was used, respectively. Rectangular specimens 
of 50 × 5 mm2 were first conditioned at 50% RH for 48 hours and subjected to 
a 2 mm min−1 strain rate. Measurements were performed in a controlled envi-
ronment of 50% RH at 23 °C. 

4.6 Quartz crystal microbalance with dissipation monitoring 

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) is one of the 
surface-sensitive tools for real-time monitoring of surface interaction phenom-
ena, the formation of thin films, and the properties of the adsorbed layer.  

In principle, QCM-D is a nano-balance, measuring a mass per unit area by 
detecting the frequency change ( f) of the quartz crystal resonator. A typical 
QCM-D setup consists of a megahertz piezoelectric quartz crystal with elec-
trodes deposited on both sides, an oscillator to run the crystal, a flow module, 
and electrical connections. When, the quartz crystal, oscillating at its resonant 
frequency, is subjected to adsorption of additional mass, a frequency change           
( f) occurs, allowing the detection of adsorbed mass. Figure 11 provides illus-
trative details of the experimental setup and measurement principle.  

  

Figure 11. Schematic illustration of QCM-D measurement principle; (a) change in frequency and 
dissipation before and after adsorption; (b) dissipation factor for rigid and viscoelastic layers.  

QCM-D can measure both frequency and dissipation responses of the quartz 
crystal. The dissipation indicates how fast the oscillatory energy of the crystal 
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dissipates when the driving voltage is switched off. The dissipation factor gives 
information regarding the nature of adsorbed layer onto the QCM-D sensor sur-
face. Energy dissipation ( D) is proportional to 1/ , where  is the decay time 
constant. The D of a rigidly adsorbed layer, attached to the surface will be 
smaller compare to a viscous layer because the ratio of energy loss and energy 
stored is smaller for rigid layers compared to soft and viscous layers. In our ex-
perimentations, we utilized the QCM-D E4 (Q-Sense, Gothenburg, Sweden) to 
monitor the in-situ adsorption of CLPs onto PLL-coated QCM-D sensors along 
with the evaluation of their swelling and stability and adsorption of Catlig.   

4.7 Thermal analysis  

Thermal analysis is a collection of valuable tools to investigate the change in 
material properties with respect to a change in temperature. By analyzing a bulk 
sample of few milligrams, detailed information of a nanocomposite system and 
the effect of different components such as filler on thermal properties can be 
obtained. In Publication Ⅰ, a thermogravimetric analyzer (TA Instruments 
Q500) was employed to obtain the thermal properties of the pure and flame-
retardant CNF based aerogels. Aerogel samples were heated under a nitrogen 
atmosphere from 25 to 600 °C at a heating rate of 10 °C min−1. To measure the 
thermal conductivities (λ) of the flame-retardant aerogels, a C-Therm thermal 
conductivity analyzer (C-Therm TCi) with a modified transient source plane 
technique was employed.  Three cylindrical samples (diameter  25 mm, height 

 7 mm) of each aerogel were measured at 24 °C from the top and bottom sur-
faces. Whereas, for the evaluation of the flame-retardancy performance of mod-
ified aerogels, a horizontal combustion test was utilized. 

4.8 Dynamic vapor sorption (DVS)  

A dynamic gravimetric water sorption analyzer (DVS Intrinsic, UK) was used to 
investigate the water sorption capacity of CNF-based nanofilms. A sample of up 
to 15 mg was placed in the sample pan and then weighed with a resolution of 0.1 
μg. The measurements were made at 25 °C. The RH was set to increase from 0% 
to 95% in 20 steps and then decrease to 0%. At every target humidity stage, the 
RH was kept constant until the rate of sample mass change was less than 0.001% 
min-1, before proceeding to the next increment. The following equation was uti-
lized to calculate the moisture uptake of each sample:  

 

where,  is the weight of the sample equilibrated at a certain RH% and 
 is the dry sample weight at 0 RH%. 

4.9 Differential scanning calorimetry thermoporometry (tp-DSC) 

The porous nature of the pure CNF and lignin CNF nanocomposite films was 
evaluated by using tp-DSC adapted from Park et al.,121 and using the published 
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temperature program.122 Thermoporometry is based on the freezing point de-
pression of water confined in pores, with the melting point increasing as the 
pore diameter increases. For tp-DSC, circular samples were submerged over-
night in deionized water for complete wetting. Wetted samples were placed in 
50 μL pre-weighed aluminum pans and were sealed using a pan crimper press. 
Duplicate measurements were carried out on a DSC 6000 (Perkin Elmer, USA) 
equipped with a cooling apparatus under a nitrogen gas flow rate of 20 mL 
min−1.
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5. Results and Discussion  

In this chapter, the utilization of lignocellulosic nanoparticles for emerging ap-
plications is presented. My approach is to use simple and green methodology, 
and to use surface-sensitive characterization techniques to understand interac-
tions and optimize the systems. The significance of the research and its impli-
cations on the use of lignocellulosic nanoparticles as a building block for discrete 
applications, along with its future research prospects are discussed. For a trans-
parent reflection on the work, the limitations of each study and ideas for further 
research to overcome the drawbacks are also suggested.  

5.1 Flame-retardant SBC-CNF aerogels (Publication Ⅰ) 

5.1.1 Effect of sodium bicarbonate on flame-retarding properties 

In Publication Ⅰ, the inclusion of sodium bicarbonate (SBC) on the flame-retard-
ing properties of aerogels intended for insulation applications was evaluated. 
Sodium bicarbonate has a long tradition of being used as an effective flame-re-
tardant, producing carbon dioxide (CO2) and water (H2O) upon heating.123 
However, this was the first report where SBC was incorporated in nanocellulose-
based aerogels to enhance their flame-retardancy. Considerable research has 
been carried out to enhance the flame-retardancy of CNF aerogels but the re-
sulting CNF aerogels either have to surrender their thermal conductivity, or to 
compromise on the use of unsustainable, toxic, and non-eco-friendly ingredi-
ents. To overcome this hurdle, we proposed a greener solution without compro-
mising the CNF aerogel's essential attributes. Subsequently, the data obtained 
from the horizontal combustion test and thermogravimetry also validated the 
effectiveness of SBC as a green flame-retardant for CNF based aerogels. 
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Figure 12. Horizontal flame test of pure CNF and flame-retardant CNF aerogels containing 10–
40 wt % sodium bicarbonate. (a) Combustion velocities were determined from the videos recorded 
during the flame test. Still images of the aerogels (b) before combustion and (c) after 10 s com-
bustion, except for pure CNF where the still image is taken after 2 s of combustion. Reproduced 
from Publication Ⅰ. 

Pure CNF aerogels readily incinerate in the presence of a flame source but the 
loading of merely 10 wt % of SBC (C-SB10) imparts a significant effect on the 
flammability by not only suppressing the flame but also causing a decrease in 
the combustion velocity (Figure 12). The average combustion velocity exhibited 
by pure CNF aerogel was 5.84 cm s–1, which by the addition of 10 wt % SBC 
decreased to 0.33 cm s–1. Further loading of SBC from 10 wt % to 20, 30, and 40 
wt % improved the flame retardancy of the aerogels. At 20 wt %, aerogels at-
tained self-extinguishing behavior upon the removal of the flame source. An ad-
ditional decrease in combustion velocity was also observed for C-SB20, C-SB30, 
and C-SB40 samples compared to C-SB10, however, the change was minor, as 
shown in Figure 12.  

The information obtained from the thermogravimetric analysis provided fur-
ther insight into the flame resistance mechanism of SBC and the thermal stabil-
ity of the aerogels. In the DTG plot (Figure 13 b), the decomposition of pure CNF 
shows a single distinctive mass loss peak, indicating that CNF decomposed 
readily in the temperature range of 306–359 °C. In contrast, the thermal de-
composition of SBC-containing aerogels exhibited multiple degradation steps. 
Moreover, the addition of SBC in all the aerogels imparted a noticeable shift in 
their respective decomposition peaks. Firstly, the peaks shifted toward lower 
temperature and secondly, the height of the decomposition peaks decreased.  
The typical SBC peak was nearly absent for C-SB 10 aerogel, indicating molecu-
lar scale interaction between the SBC and CNF. At higher concentrations of SBC, 
its characteristic peak became systematically more prominent. It is evident from 
the TGA results as well, that SBC undergoes thermal degradation well before 
CNF, due to which the resulting byproducts Na2CO3, CO2, and H2O are more 
likely to interact with CNF. However, the exact mechanism is not known.123,124 
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Figure 13. Thermogravimetric analysis (TGA) (a) and derivative thermogravimetry (DTG) (b) 
curves of sodium bicarbonate, pure CNF aerogel, and flame-retardant CNF aerogels. Repro-
duced from Publication Ⅰ. 

The emergence of multiple peaks in the flame-retardant aerogels is associated 
with decomposition processes of different kinetics. As can be observed in Figure 
13b, the C-SB 10 aerogel demonstrates a shoulder in the decomposition peak in 
the temperature zone of 200-270 °C which tends to become more prominent at 
higher concentrations of SBC. Simultaneously, the decomposition peak maxi-
mum which was at 343 °C in the case of pure CNF aerogel moves to 317 °C for 
C-SB 10 and to 289°C for C-SB20. In the case of C-SB 40, the maximum shifted 
significantly, reaching 249 °C. This decrease in the decomposition rate brings a 
positive impact on flame-retardancy.  The mechanism behind the fire-retardant 
feature of SBC is based on energy consumption and the byproducts generated 
during its decomposition that hinders ignition. During the first stage of burning, 
decomposition of SBC requires energy to form Na2CO2(s), CO2(g), and H2O(l). 
123 The release of CO2, on the other hand, limits the oxygen concentration and 
decelerates the reaction pathway and finally, the released water vapor also con-
sumes further energy. 123 

A successful strategy to improve the flame-retardant property of CNF based 
aerogels primarily relies on inhibiting ignition, reducing the combustion veloc-
ity, and inducing a self-extinguishing attribute, without compromising its po-
rosity, thermal conductivity, and environmental benefits.125 Self-extinguishing 
behavior and combustion velocity are important parameters in case of a fire sit-
uation. For instance, the rise in temperature makes fire spreading easier. In 
such a situation, it is efficient to decrease the combustion rate to increase the 
time available to escape from fires. As observed in our flame test, the incorpo-
ration of only 10 wt % SBC, successfully reduced the burning velocity by 94%. 
Similarly, the self-extinguishing character attained at 20 wt % loading of SBC is 
also very vital, since it limits the spread of the burning process, resulting in less 
smoke or gases released during burning.  

In recent years, there has been an increasing amount of literature on flame-
retardant CNF aerogels. For instance, Wenwen Guo 126, demonstrated the fabri-
cation of flame-retardant cellulosic aerogels by incorporating graphite and red 
phosphorous with modified morphologies and multiple combinations. Despite 
flame suppression, the flame-retardant aerogels produced burned out during 
flameless combustion. The absence of flame or afterglow is still considered a 
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safety threat since it can spread the fire to other flammables. 125 In the work of 
Guo et al.,127 only the CNF–PGN (phosphorus-hybridized graphene nanosheets) 
aerogel showed competitive flame retardance; however, some caveats such as 
toxicity related to phosphorus-containing flame retardants and multiple chal-
lenges associated with the large-scale industrial production and toxicity of GO 
needs to be addressed. Yang et al.,128   and Guo et al.,113   reported flame-retard-
ancy improvements in CNF aerogels by chemical crosslinking of ultrathin 1T 
phase molybdenum disulfide (MoS2) nanosheets and incorporating hydroxyap-
atite (HAP) respectively. But the shortcoming concerning the use of toxic chem-
icals and chemical modification of CNF poses challenges for their use. In their 
attempts, Li et al.,129  fabricated flame-retardant aerogels by hydrolyzing orga-
nosilicon in CNF suspension, and  Guo et al.,112  utilized N-methylol dime-
thylphosphonopropionamide (MDPA) and 1,2,3,4-butane tetracarboxylic acid 
(BTCA). Considerable improvement in flame-retardancy was achieved, however 
at the cost of using corrosive and toxic cross-linking agents, detrimental for both 
humans and the environment. 130–133 

5.1.2 Effect of sodium bicarbonate on thermal conductivity (λ) 

Thermal conductivity (λ) is a vital parameter to evaluate the thermal insulating 
properties of various materials. The primary use of thermal insulation is to re-
duce energy consumption, therefore low λ value materials are highly preferred 
to meet the requirements of thermal insulating materials in buildings and other 
applications.134 In this regard, the low densities and high porosities of CNF 
based aerogels make them efficient thermally insulating materials.135 However, 
the addition of a flame-retardant can have a negative influence on the thermal 
conductivity of the resulting aerogels.  In the case of SBC as flame retardant, the 
obtained λ values demonstrated a promising outcome as illustrated in Figure 
14a. The addition of SBC had a very minor effect on the thermal conductivity of 
the flame-retardant aerogels. Pure CNF aerogel exhibited a λ value of 27.68 mW 
m–1 K–1, whereas at 10% of SBC loading the λ value reached 28.15 mW m–1 K–1. 
The maximum increment was observed for C-SB40 achieving λ value of 28.47 
mW m–1 K–1, which is merely 0.8 mW m–1 K–1 higher than the pure CNF λ value.  

 

Figure 14. Thermal conductivity values of aerogels. (a) λ values of pure and flame-retardant CNF 
aerogels. (b) Ashby plot of thermal conductivity versus density for commonly used insulation ma-
terials including this study and values obtained from ref136. Reproduced from Publication Ⅰ. 
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The thermal conductivity values obtained in our work are compared with com-
mercially available insulating materials in Figure 14b. This comparison shows 
that the flame-retardant aerogels produced by the addition of SBC offer better 
thermal insulating potential along with very low density. Furthermore, signifi-
cant flame retardance can be achieved by the addition of SBC to the CNF aero-
gels without compromising the thermal insulation efficiency, in contrast to 
many of the earlier studies tabulated in Table 5. 

5.1.3 Effect of sodium bicarbonate on aerogel morphology  

Another aspect of the flame-retardant aerogels for insulation purposes is their 
morphology. Factor such as porosity, pore diameter, fibril layer structure, and 
orientation can have a direct influence on the thermal conductivity of the aero-
gels. In general, the porosity of the system decreases with increasing solids frac-
tion, which, in return, increases the thermal conductivity of the aerogels. The 
macroscale porosities of all the produced aerogels in this work were found to be 
above 99%. On the other hand, the apparent porosity value for pure CNF ob-
tained from the μCT data analysis was 74%, which displayed an increment from  
74% to 84% at 10 wt % loading of SBC (Figure 15a). The maximum porosity of 
87% was obtained at 30 wt % SBC.  

Table 5. Comparison of maximum thermal conductivity and density values obtained for CNF based 
flame-retardant aerogels from different studies  

 
Data gathered from multiple sources to compare the effect of different flame-
retardants on the respective densities of CNF based aerogels is depicted in Table 
5. The competitive analysis provides evidence that the density value obtained in 
Publication Ⅰ is superior, which is anticipated to render a positive effect on the 
thermal conductivity value as well. 

Figure 15. Effect of sodium bicarbonate on the morphology of flame-retardant CNF aerogels. (a) 
Apparent porosity and (b) mean pore diameter and mean fibril layer length. Reproduced from 
Publication Ⅰ. 

Maximum λ values obtained Maximum density values        
obtained Ref. 

mW m–1 K–1 kg m-3 
31 59.4 126 

28.09 4.73 128 
39.1 87.6 113 
46 28.5 129 

32.6 10.24 112 
28.5 10.5 Publication Ⅰ 
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Moreover, the addition of SBC also resulted in larger pore diameters of 356 μm 
for C-SB10 and 418 μm for C-SB20, in comparison to the pure CNF, as shown 
in Figure 15b. At higher loading of SBC, the pore diameter demonstrated a de-
cline to a value of 392 μm for C-SB30 and 329 μm for C-SB40.  An increase in 
the SBC content also caused a loss in the fibril layer connectivity in the aerogel 
structure. It is expected that the increased heterogeneity of the system, due to 
the incorporation of SBC, affected the inter and intrafibrillar hydrogen bonding, 
resulting in loss of fibril connectivity. FESEM micrographs also validated the 
porosity measurements, showing that the outer surface of the pure CNF has a 
2D sheet-like structure with very few pores (Figure 16c). In contrast, the addi-
tion of 10% SBC disrupts the sheet structure significantly and continues to shat-
ter the fibril layer structure at higher loading as well. Despite that, the physical 
integrity of the aerogel was still preserved even at the maximum loading of 40% 
SBC.  

Figure 16. Morphological appearance of pure CNF aerogel and SBC-containing aerogels from 
FESEM (scale bars 1000 μm) and 3D volumetric rendering (b, e, h) from MicroCT data (scale 
bars 4000 μm). (a–c) Pure CNF aerogel, (d–f) C-SB10, and (g–i) C-SB30. Reproduced from 
Publication Ⅰ. 

The use of flame-retardants can have considerable effects on the morphology of 
the resulting aerogels as observed in Figure 16. Since thermal conductivity is a 
sum of gaseous, solid, radiative, and convective thermal conductivities,  it shows 
a strong dependence on the density and porosity of the aerogel system.134 In 
particular, the inherent high density of certain flame-retardants can result in a 
loss of the porosity of the aerogel, ultimately increasing the density. Similarly, 
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the incorporation of a large quantity of a flame-retardant can lead to percola-
tion, providing a path for heat conduction.  

5.1.4 Chemical composition 

FTIR spectra were obtained to determine the presence of SBC or its possible 
byproducts in the flame-retardant aerogels. The pure CNF aerogel and flame-
retardant aerogels showed similar characteristic peaks in the wavelength region 
of 2000−4000 cm−1. However, at lower wavenumbers, aerogels combined with 
SBC presented a new band at 833 cm−1. The presence of this band was associated 
with the CO2 bending vibrations present in SBC.137 A linear relationship between 
the height of this band and the concentration of SBC was also observed, as 
shown in Figure 17. Since all the samples have CNF, the peak at 896 cm–1, which 
is related to β-glycosidic linkages, remains constant for all the samples. There-
fore, the ratio of these two bands present at 833 cm-1 and 896 cm–1 is used as a 
measure of the increase in band intensity at 833 cm-1 which is associated with 
SBC in Figure 17. 

 

Figure 17. FTIR peak ratio 833cm-1/ 896cm-1 as a function of SBC concentration. Reproduced 
from Publication Ⅰ.   

Taken together, these findings reinforce the use of readily accessible sodium bi-
carbonate as an environmentally friendly flame-retardant without the need for 
toxic additives. Most importantly the use of SBC does not induce a negative im-
pact on any of the desirable properties of aerogels for insulation applications. 
The thermal conductivity values obtained in our work are comparable, or even 
better, than commercially available insulation materials such as polyurethane 
foams [20–50 mW m–1 K–1], polystyrene foams [30–40 mW m–1 K–1], and min-
eral wool [30–40 mW m–1 K–1].113 Besides having competitive thermal conduc-
tivity and lignocellulosic origin, the prepared aerogels generate harmless gases 
during flameless pyrolysis, making them a promising candidate for a variety of 
insulation applications.  
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Like any other study, our SBC containing aerogels also have a few limitations. 
The current research was not specifically designed to prepare mechanically 
tough aerogels, therefore, the prepared aerogels were slightly brittle, however 
mechanically stable to handle without extensive deformation. Another weak-
ness of our reported aerogels is their moisture absorption tendency, which can 
affect their thermal conductivity in long-term use. The majority of the aerogels 
presented in literature have been prepared by freeze-drying; however, it is an 
expensive unit operation and large objects take longer times to freeze-dry. 
Therefore, the development of a scalable method would be necessary to produce 
economically feasible CNF based aerogels. The relevance of CNF in sustainable 
product design is supported by the work above, however, CNF alone has certain 
limitations. Therefore, it is highly desirable to broaden our understanding of the 
second component of lignocellulosic biomass, lignin, more specifically in the 
form of colloidal lignin particles. Improved understanding will enable us to ef-
ficiently design products from CNF and CLPs in combination to obtain synergic 
effects as demonstrated by nature in the plant cell wall. 
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5.2 Fundamental understanding of CLPs surface properties (Pub-
lication Ⅱ)  

In Publication Ⅱ, the second major component of lignocellulosic biomass in the 
form of colloidal lignin nanoparticles was examined to uncover their peculiar 
nature and multifaceted surface properties. It was anticipated that to enable op-
timization of their use in nanocomposite systems, it is important to gain a rudi-
mentary understanding of CLPs, in terms of their interaction with soluble com-
pounds, wetting properties, pH stability, and their spherical geometry. To 
achieve this goal, well-defined and stable model surfaces from CLPs were pre-
pared. For the preparation of CLPs, two different solvent systems, THF−water, 
and acetone−water binary mixtures were used, and the resulting CLPs were 
termed accordingly CLPTHF and CLPacetone. However, since the nanocomposites 
discussed in the next chapter were prepared by utilizing only CLPs from the ac-
etone−water binary mixture, most of the following discussion revolves around 
the surface properties of CLPacetone. Due to the homogeneous surface coverage 
obtained by the adsorption method, model films prepared using this approach 
were used in the following studies. For comparative analysis, conventional 
model films from dissolved lignin were also evaluated.  

5.2.1 The wetting properties of CLP model surfaces 

Model films prepared from both types of CLPs exhibited higher hydrophilic 
character in comparison to their source lignin material. The water contact angle 
(WCA) values obtained on films from CLPTHF, CLPacetone, and dissolved lignindis-

solved after conditioning at 15% and 50% RH are shown in Figure 18. The average 
WCA values for CLPacetone were  32.9 ± 2.3° at 15% RH and 26.8 ± 0.8° at 50% 
RH, respectively. It is expected that, due to its hydrophilic nature, CLPs adsorb 
more moisture at higher humidity, which led to a decline in WCA value. On the 
other hand, the lignindissolved displayed an average WCA value of 58.5 ± 1.4° at 
15% RH and 62.8 ± 2° at 50% RH. Interestingly, the effect of humidity is less 
pronounced or even opposite for lignindissolved. It is the formation mechanism of 
lignin nanoparticles, which results in different surface chemistry, that causes 
the change in WCA values.77,81 During the nanoparticle self-assembly process, 
the hydrophobic parts of the lignin molecules organize first due to their low wa-
ter solubility, inducing a packing orientation of −OH and −COOH functional 
groups towards the surface, invoking the hydrophilic character in CLPs. 23,138 
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Figure 18. Sessile drop, WCA on CLPTHF, and CLPacetone thin films prepared via adsorption and 
spin-coated lignindissolved thin films. The films were coated on PLL- and PS-coated silica wafers, 
respectively. Reproduced from Publication Ⅱ. 

The increased hydrophilicity of CLPs compared to the source lignin is signifi-
cant, specifically from a nanocomposite fabrication perspective. Since the aim 
is to utilize CLPs in combination with CNF for nanocomposite applications, it 
would be necessary to consider the consequences of this surface property on the 
desired nanocomposite system. First and foremost, one key aspect of lignin-
containing CNF nanocomposites is the compatibility of lignin with CNF. The 
challenge is to homogeneously disperse the lignin into CNF dispersion without 
aggregating any of the system components. Since the self-assembly process fa-
cilitates the CLPs to attain hydrophilic character 118 and at the same time CNF is 
inherently hydrophilic 47, it is easier to achieve a homogeneous dispersion of 
both nanoparticles, resulting in better interfacial interactions in nanocompo-
sites. The hydrophilicity of CLPs also makes them viable to disperse in a variety 
of water-based systems and provide better control over the resulting nanocom-
posites. Furthermore, the spherical geometry of CLPs is also anticipated to in-
fluence their capability to reinforce the nanocomposite by efficiently dispersing 
and transferring load under stress.  

5.2.2 Adsorption of cationic lignin on CLPs 

CLPs have many different tunable characteristics; among them, surface func-
tionalization is an integral feature which can determine their interaction with 
the environment. For certain applications, the surface charge of the CLPs can 
also be adjusted to tailor their interaction through a simple adsorption process.  
The adsorption of cationic polymer onto CLPs was studied to regulate the de-
sired properties of a nanocomposite system. For this purpose, cationic lignin 
(Catlig) obtained from the reaction with glycidyl tetramethyl ammonium chlo-
ride (GTMAC) and lignin, having a zeta potential of 17.3 ± 1.9 mV was used as a 
model adsorbate.   

A few studies have investigated the adsorption of Catlig onto the CLPs for the 
preparation of positively charged lignin nanoparticles.75,83,118 However, to esti-
mate the resulting surface properties of the c-CLPs, bulk methods such as the 
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light scattering method or zeta potential measurements are often em-
ployed75,83,118. The drawbacks of these techniques are their limited ability to de-
tect structural changes and physical state. Therefore, due to the capability of 
real-time monitoring of the adsorption process and structural changes, QCM-D 
was utilized to study the adsorption kinetics of Catlig onto the CLPs (Figure 19). 
The adsorption performed on CLPacetone caused a frequency shift (Δf3) of 16±0.1 
Hz as a function of time, whereas Δf3 demonstrated by lignindissolved was mere, 
9±1 Hz, as depicted in Figure 19a. The higher adsorbed mass of Catlig onto CLPs 
in comparison to lignindissolved indicated that the higher negative charge of the 
surface of CLPs (−29.5 ± 0.3 mV pH 4.0) dominated the adsorption process, 
whereas, in the case of lignindissolved, it is probable that the limited availability of 
the charged carboxylic acid groups on the surface resulted in lower adsorption. 
Furthermore, the nanoscale spherical nature of CLPs also offers a large surface 
area promoting the adsorption of Catlig.  

Figure 19. Adsorption of Catlig on CLP films. QCM-D data (third overtone) showing a change in 
(a) resonant frequency, (b) dissipation response. Reproduced from Publication Ⅱ. 

QCM with dissipation monitoring employed in our measurements also enabled 
us to quantitatively follow the adsorption behavior and qualitatively analyze the 
structural properties of adsorbed Catlig layer onto the CLP surface. As we can 
observe in Figure 19b, the charged groups of Catlig prompted the molecules to 
adsorb in a flat conformation on the CLP surface, simultaneously causing the 
release of bound water from CLPs, which can be detected as a decline in the ΔD.  

These observations are essential from the viewpoint of surface modification of 
CLPs by adsorption. Hypothetically, coating the anionic CLPs with a positive 
charge polymer such as Catlig and then introducing it into the CNF network 
without precluding the colloidal stability, may improve the adhesion between 
CNF and CLPs. The addition of crude lignin to a matrix has often resulted in 
minute improvements in the mechanical properties of the composite systems. 
In contrast, the large surface-to-volume ratio of CLPs and spherical morphology 
are also anticipated to provide better dispersion and more efficient interfacial 
interaction in the nanocomposite components.  
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5.2.3 pH stability of CLPs 

The stability of the CLPs in different aqueous media is relevant to validate their 
applicability, either alone or in combination, for different application environ-
ments. In this regard, CLPacetone thin films were exposed to a pH range from 6 to 
12 (Figure 20). After obtaining a stable baseline at pH 6, a stepwise increase in 
the pH was executed. At pH above 5-6, the degree of deprotonation of the car-
boxylic and phenolic hydroxyl groups increased, which resulted in the adsorp-
tion of water molecules at the CLP surface, which is seen as a decrease in Δf 
(Figure 20a).  

Figure 20. Change in (a) QCM-D frequency and (b) dissipation response, from pH 6 to 12, for 
CLPacetone and lignindissolved thin films. (c) frequency and dissipation response (d) for the initial 300 
min. Reproduced from Publication Ⅱ. 

At pH 10 to 11, the phenolic hydroxyl groups dissociated, generating an electro-
static repulsion between the lignin chain segments, thus prompting the loss of 
the outermost layer of CLPs. As a result, the phenolic hydroxyl groups became 
more accessible. The total dissipation shift (ΔD) for CLPacetone from pH 6 to pH 
11 is approximately 2.5 x10-6 (Figure 20b), indicating extremely low swelling, 
low porosity, and a rather rigid nature. After exposure to pH 10, the AFM images 
revealed a decline in their diameter, resulting from the partial dissolution of low 
molecular weight lignin fragments. This observation was further validated by 
the root mean squared (RMS) roughness (Rq) comparison of CLP thin films be-
fore and after exposure to pH 10 (Figure 21). CLP thin films remained intact 
until pH 10 and maintained their spherical morphology, however, a further in-
crease to pH 12 caused complete dissolution of CLPs as shown in Figure 20.  
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Figure 21. Change in (a) the root mean squared (RMS) roughness (Rq), AFM topographic im-
ages, of  (b)  CLPacetone, and (c) Lignindissolved thin films after exposure to pH 10. Reproduced from 
Publication Ⅱ. 

In literature, several studies investigating the stability of CLPs over a wide pH 
range have relied heavily on zeta potential and particle diameter changes. For 
instance, Zhi-Hua Liu139, upon increasing the pH value from pH 7 to 11.0, re-
ported a surface charge of 90 mV along with an increase in the effective diam-
eter of LNPs.  The authors associated the high zeta potential value with the ex-
cellent stability of CLP in a broad range of pH.  Similarly, Tian et al.,140 reported 
an increase in particle size at higher pH (>10), which was anticipated to be due 
to the onset of LNPs dissolution.  Another earlier report73  also employed light 
scattering and zeta potential measurements to examine CLP stability.  In our 
findings, pH 10 was found to be the cut-off point where the dissolution of the 
small lignin fragments from the outer surface of CLPs starts to occur as sup-
ported by the AFM observations. Furthermore, QCM-D experiments also re-
vealed the rigid nature of the CLPs, providing little room for swelling–deswell-
ing phenomena. It is worth mentioning that the combination of surface-sensi-
tive tools such as AFM and QCM-D played a pivotal role in obtaining detailed 
information about the state of CLP particles at different pH values. In a recent 
report, Tao et al.,141 also utilized the combination of AFM and QCM-D to inves-
tigate the pH stability (pH 5 – pH 12) of the crosslinked hybrid lignin nanopar-
ticles. The experimental data obtained revealed valuable information to validate 
their arguments.  

We anticipate that the findings from this study broadens our understanding 
of CLP surface characteristics and will be relevant for utilizing CLPs for diverse 
applications.  In particular, the use of thin films allowed us to systematically 
examine the water-binding properties, pH stability, and surface interaction of 
CLPs on a level of detail not possible with previously used bulk methods. The 
most obvious finding to emerge from this study is the hydrophilic feature of 
CLPs, due to the presence of anionic ionizable functional groups at the surfaces. 
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These functional groups also enabled CLPs to adsorb a higher amount of cati-
onic polymer compared to dissolved lignin. The outcome of these findings indi-
cates that the spherical morphology, tunable surface characteristics, rich hydro-
philicity, enhanced availability of surface charged groups, and low degree of 
swelling, presents CLPs as a potentially versatile option for a multitude of ap-
plications as opposed to its source lignin material, hence providing a suitable 
platform for applications.  From a nanocomposite perspective, these findings 
are highly encouraging and will pave the way to efficiently design nanocompo-
sites from CLPs. In the coming chapters, two different applications of CLPs, a 
nanocomposite system based on CLPs and CNF, and CLPs as active carriers are 
designed and discussed in detail. 
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5.3 Composite films from cellulose nanofibrils and colloidal     
lignin particles (Publication Ⅲ) 

The improved understanding of CLP surface characteristics and morphological 
benefits enabled us to efficiently design a nanocomposite system comprised of 
CLPs in combination with CNF. Different parameters, such as lignin morphol-
ogy, the concentration of CLPs, surface charge, and drying conditions, were con-
sidered to evaluate their effect on the resulting properties of the nanocompo-
sites films. The lignin content was 0, 2, 5, 10, 20, and 50 wt % of the total dry 
weight in the CNF–lignin suspension. The Z-average particle diameter (nm) 
and ζ-potential (mV) values are tabulated in Table 6. The photographic presen-
tation of lignin-containing films prepared is given in Figure 22. 

Table 6. Particle size distribution and ζ-potentials of colloidal lignin particles and Kraft lignin sus-
pension. 

Material Z-average particle di-
ameter (nm) 

PdI pH ζ-potential 
(mV) 

CLPs 102 ± 1 0.22 4.3 -25.4 ± 1.3 
c-CLPs     

Catlig/CLP 50 mg g-1 708a,b 0.59 3.7 +5.8 ± 0.5 
Catlig/CLP 100 mg g-1 147 ± 1 0.18 3.7 +23.0 ± 0.8 
Catlig/CLP 150 mg g-1 140 ± 1 0.16 3.7 +23.8 ± 0.5 
Catlig/CLP 200 mg g-1 142 ± 1 0.14 3.7 +26.4 ± 0.3 
Catlig/CLP 300 mg g-1 132 ± 1 0.14 3.7 +25.1 ± 1.0 
Kraft lignin suspension 832 ± 57a  4.9 -22.3 ± 0.6 

Catlig n.a. n.a. 4.0 +22.1 ± 0.4 

PdI, polydispersity index from light scattering. n.a., not analyzed. a: Unstable dispersion b: single measure-
ment. 

 

Figure 22. Digital photographs of the CNF and CNF-lignin nanocomposite films. The logo is used 
with permission from Aalto University. 

5.3.1 Mechanical properties of CLP containing nanocomposites 

To benefit from electrostatic interactions, CLPs with cationic charge (c-CLPs) 
(Table 5), were introduced into CNF suspension at different concentrations and 
charges. A comparative investigation of the tensile properties of lignin‒CNF 
nanocomposites revealed differences between films that contained different lig-
nin types, concentrations, surface charge, and drying conditions.  
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Effect of c-CLP concentration 
The addition of 2 wt % c-CLPs into the CNF network enhanced the mechanical 
properties of the ambient dried nanocomposite films compared to pure CNF as 
depicted in Figure 23. The pure CNF film exhibited a tensile strength of 132.0 
MPa and strain at a break of 9.4%, whereas, 2 wt % loading of c-CLP increased 
the tensile strength to 145.7 MPa and strain-at-break to 12.2%. Tensile results 
obtained at 10 wt % inclusion of c-CLPs revealed a significant increase in me-
chanical properties with a tensile strength value of 160 MPa and strain-at-break 
of 16.2%. The large increase in the strain-at-break along with tensile strength 
resulted in twice the toughness value (15.9 MJ m–3) compared to that of the pure 
CNF film (8.2 MJ m–3). The further increase in the c-CLP content in nanocom-
posite films resulted in a decline in both tensile strength and strain values. CNF 
films with 20 wt % c-CLPs content exhibited a tensile strength of 61 MPa and 
strain-at-break of 7.5%, whereas additional deterioration in the mechanical 
properties was observed for 50 wt % c-CLPs. 
 

 

Figure 23. Stress-strain curves of nanocomposite films at different concentrations of c-CLPs.  

Effect of c-CLP charge  
Due to the optimum tensile properties demonstrated by CNF films at 10 wt % 
loading of c-CLP, this composition was selected to investigate the effect of the 
c-CLPs charge on the mechanical properties of the resulting nanocomposite 
films. To tailor the charge on c-CLP surfaces, the ratio of cationic lignin to CLP 
was altered from 50 to 300 mg g–1. The tensile data presented in Figure 24 re-
flect only a minute difference in the mechanical properties of the prepared films. 
Also, except for the lowest Catlig/CLP ratio of 50 mg g–1, the ζ-potential values 
of the prepared c-CLPs were within the same range. The charge on the CNF sur-
face is also very low, therefore it was anticipated that electrostatic interactions 
did not significantly influence the mechanical properties of the nanocomposite 
films. 
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Figure 24. Effect of Catlig/CLP charge ratio on tensile stress of nanocomposite films. 

Effect of lignin morphology  
To investigate the morphological influence of different lignin types on the me-
chanical properties, nanocomposite films at 10 wt % loading of regular CLPs, c-
CLPs, Catlig, and Kraft lignin (KL) were prepared. Interestingly, the film pre-
pared from CLPs displayed comparable strength and strain at break value as 
exhibited by positively charge c-CLPs (Figure 25). In contrast, Catlig incorpora-
tion resulted in lower toughness values.142 Compared to c-CLPs and CLPs, the 
KL nanocomposite film, containing weakly anionic and irregular large lignin 
particles prone to aggregation, showed lower strength and toughness. 

The strain-at-break values of all films were not largely affected by the lignin 
morphology, as can be observed from Figure 25. The strain-at-break of CLPs, c-
CLPs and Catlig were within the same range, but unexpectedly the 10 wt % KL 
films demonstrated an unprecedented strain-at-break value of 17.8% (±2.1%), 
exceeding all the values obtained in this work. However, in the case of tough-
ness, it was spherical lignin nanoparticles that provided the best results, regard-
less of surface charge. 

 

Figure 25. Stress-strain curves for pure CNF and nanocomposites films at 10 wt % loadings of 
CLPs, c-CLPs, and KL. 
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Effect of drying conditions 
Drying conditions are foreseen to influence the mechanical properties of the cel-
lulosic materials significantly.121,143,144 Similar trends were also observed for 
nanocomposite films during our findings. To analyze the effect of hot-pressing 
and ambient drying, two nanocomposites films at 10 wt % loading of CLPs and 
KL were prepared. Pure CNF films were also prepared at both drying conditions.   

 

Figure 26. Effect of drying conditions on nanocomposite films prepared at 10 wt % loadings of 
CLPs and KL, respectively. 

As expected, the hot-pressed films demonstrated significantly lower strain-at-
break values as compared to their counterparts dried at ambient conditions 
(Figure 26). This decrease in ductility was also accompanied by a loss in 
strength. It is deduced that hot pressing led to the compaction of fibrillar layer 
structure and loss in the porosity of the network.47,145  CNF based films readily 
adsorb moisture due to their hydrophilic nature;146 as the water molecules pen-
etrate between the fibrils they act as lubricating agents.147 Upon removing water 
by hot-pressing, additional bonds between the fibrils are constructed, leading to 
a restricted movement of fibrils145,148. All nanocomposite films prepared through 
the heat treatment drying method exhibited an increase in their respective 
Young’s modulus. It is expected that heat treatment under load causes the den-
sification of the nanofibril network structure, which in turn increases the phys-
ical bond between the fibrils,47 limiting the fibril sliding; therefore films possess 
low strain-at-break values and high modulus.  

It is surmised that, at the optimum content of CLPs and c-CLPs, the synergetic 
effects of multiple factors lead to an increase in the mechanical properties. Un-
der load, cellulose nanofibrils slide, causing a cascade of hydrogen bond break-
ing and reforming along with fiber fracture, which consequently leads to net-
work failure. 149,150 Since the CLP surface is also rich in hydroxyl functional 
groups it is anticipated that they will act as lubricating agents and will enhance 
the cascade events of hydrogen bonding breaking and reforming under load. 
The possible mechanism behind the improved toughness of CLP and c-CLPs 
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nanocomposite films is deduced from the FESEM micrographs of the nanocom-
posite films as depicted in Figure 27. 

Figure 27. FESEM micrographs (a) of CLPs, Catlig and KL nanocomposite films at 10 wt % load-
ing, (b) Schematic illustration of the proposed interaction between CNF and different lignin mor-
phologies. Note: Image is not drawn to scale. 

The well-defined spherical geometry of CLPs and their hydrophilic character al-
low them to disperse well into the CNF network. Their presence in the CNF net-
work might reduce the intrafibrillar hydrogen bonding; however, the abundance 
of hydroxyl on their surfaces leads to the formation of strong particle-fibrillar 
hydrogen bonding. Furthermore, the hydrophilic nature of both the nanoparti-
cle CNF and CLP enabled them to retain water molecules on their respective 
surfaces. Upon the application of stress, CLPs act like ball-bearing lubricating 
agents, transferring the stress, and consequently improving the ductility and 
toughness in the nanocomposite. The presence of a thin layer of water molecules 
at the CNF-CLPs contact zone further promotes the smooth sliding move-
ment.147  In contrast, the higher content of c-CLPs (50 wt %) drastically reduced 
the intrafibrillar interactions due to the disruption of the fibril layer structure, 
which resulted in poor mechanical properties. It was expected that the electro-
static interactions would play a decisive role in the mechanical properties of 
nanocomposites films. Nevertheless, the results obtained from negatively 
charged CLPs and positively charged c-CLPs nanocomposite films demon-
strated similar mechanical properties. These observations led to the conclusion 
that the role of hydrogen bonding is more dominant in CNF nanocomposites 
compared to electrostatic interactions. 

Before this work, CNF films containing residual lignin had been studied ex-
tensively.151–154 However, no study existed which would have adequately covered 
the effect of CLPs with spherical geometry on the mechanical properties of the 
nanocomposite films. On the other hand, most studies aimed to utilize CLPs for 
biobased nanocomposites have mainly focused on biopolymeric systems such 

(a) 

(b) 
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as PVA,93,97,98 and PLA, 100 with rare reports on CNC 100 and chitosan 96. The com-
parative analysis of the property enhancement in biopolymer-based CLP nano-
composite systems reveals minor improvements, especially in mechanical prop-
erties. Yang et al.,100  prepared CLP/PLA nanocomposites by solution casting 
the mixture of  CLPs (0, 1, and 3 wt % of CLPs) and PLA, which demonstrated 
decreased tensile properties. The CLPs utilized in their work had a mean diam-
eter of 40 to 60 nm, however, the FESEM images reveal a non-spherical cluster 
of irregular particles (200-250 nm). It is known that to attain a homogenous 
dispersion of CLPs into polymeric systems, the shape and individual well-de-
fined particles are of vital importance.155 Therefore, the detrimental effects of 
CLPs on the nanocomposites observed in the reported work of  Yang et al.,100 
can be attributed to inhomogeneous dispersion of lignin nanoparticles into the 
PLA matrix. In a similar work, Yang et al.,156  also prepared CLP/PLA nanocom-
posites and reported an increase in tensile properties. However, the improve-
ment in tensile strength was only approximately 10 MPa. Furthermore, the mi-
crograph of CLPs shows a large cluster of layered morphology and non-spherical 
nature. In an attempt to prepare PLA/CLP nanocomposites, the Pickering emul-
sion method was utilized by Li et al.157 The tensile strength and strain decreased 
with the increased amount of CLPs. The reported particle size of CLPs was 55 ± 
9 nm, but FE-SEM images suggest the lignin particles are not stable but form 
larger clusters. Yang et al.,99  study aimed to increase the strength of wheat glu-
ten by incorporating  0, 1, and 3 wt % of CLPs, also revealed only a small incre-
ment in tensile strength of just 8 MPa. 

5.3.2 Water interactions of lignin-nanocomposite films 

Water plays a significant role in all biomaterials, and the nature of water and its 
mobility has attracted renewed interest in various engineering and science 
fields.158 Therefore, the interaction of water with lignin-containing nanocompo-
site films was of immense interest to us. Data obtained from DVS, thermopo-
rometry, and water permeability tests offered fascinating insights, as discussed 
below. Apart from influencing the mechanical properties of nanocomposite 
films, the presence of CLPs also affected their interaction with water.  

The water permeation tests revealed that the nanocomposite films prepared 
at 2, 10, and 20 wt % loadings of c-CLPs, dried at ambient conditions, acquired 
water resistance character (Figure 28), in contrast to the pure CNF films that 
were permeable to water. Similarly, nanocomposite film prepared at 10% load-
ing of CLPs also demonstrated water resistant behavior. The hot-pressed CNF 
films also attained a water resistance feature.  
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Figure 28. Effect of hot pressing and lignin content of different morphologies on water permeation 
of the CNF and CNF-lignin nanocomposite films. Reproduced from Publication Ⅲ. 

The reason behind this change in water permeation behavior is understood by 
analyzing the data provided by thermophotometry. It was noticed that the films 
containing CLPs exhibited a higher percentage of pores in the mesoporous re-
gion. For an instant, ambient dried CNF and CLP10 nanocomposite film possess 
overall similar porosity, but the CLP10 nanocomposite film retained a higher 
percentage of pores in the mesoporous range (Figure 29a). It is surmised that 
the hydrophilic nature of CLPs plays a critical role in the porosity of the nano-
composite. During the drying stage, the higher surface tension of water causes  
capillary condensation as the water molecules evaporated, which led to the for-
mation of a high number of pores in the mesoporous region. The presence of a 
large number of small pores exerted high capillary pressure, restricting the per-
meation of water through the film. 

 

Figure 29. (a) Comparison of the mathematical loop area of the sorption isotherm. (b) cumulative 
pore size distribution based on tp-DSC for CNF and lignin–CNF nanocomposite films. Repro-
duced from Publication Ⅲ. 

Water interaction in terms of moisture sorption tendencies of pure CNF and 
nanocomposite films at 10 wt % lignin content are depicted in Figure 29b. Am-
bient dried CNF, CLPs, and c-CLPs films showed similar magnitudes in the iso-
therm loop area, indicating that the total amount of hysteresis demonstrated by 
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all the tested ambient dried films is similar. The sorption isotherm reveals that 
until 50% RH, both pure CNF and nanocomposite films exhibit minor differ-
ences in their respective sorption isotherms. However, at higher RH, they dis-
play different equilibrium moisture content (EMC) values.  In brief, at the high-
est RH of 95%, the ambient dried films present larger EMC values as compared 
to the hot-pressed ones. The lower EMC values of hot-pressed films are most 
likely the result of the loss of cumulative pore (Figure 29b) volume and densifi-
cation of the fibrillar network.  

The results of this research support the idea of harnessing the collective po-
tential of lignocellulosic nanoparticles for composite applications. The unique 
nanoscale structural features of both nanocellulose and colloidal lignin nano-
particles such as high aspect ratio, large specific surface area, and presence of 
functional groups on their respective surfaces make them an ideal combination 
in which both matrix and reinforcement are of biological origin.  

The present approach has several attractive features; both nano-components 
CLPs and CNF demonstrate excellent suitability for water-based systems and 
contribute to property enhancements without the need for any chemical modi-
fication to either CLPs or CNF.142 Finally,  the important limitation needed to be 
considered is the hydrophilic nature of both CLPs and CNF. The hydrophilic 
surface character not only limits their applications but also prevents the use of 
hydrophobic polymers, making them incompatible for nanocomposite applica-
tions. To overcome this concern, the next study utilizes the water-based PU sys-
tem in combination with CNF to selectively hydrophobize one side of the com-
posite film.  
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5.4 Cellulose nanofibril composite films with polyurethane             
(Publication Ⅳ) 

5.4.1 Water interaction of CNF-PU films  

During nanocomposite film preparation, PU particles concentrated towards the 
bottom side of the films due to the vacuum gradient. The nanocomposite films 
obtained exhibited a top surface rich in CNF and a bottom surface enriched with 
PU. This arrangement of two distinctive materials in one film rendered the films 
stereoselective and significantly influenced their water interaction properties. 
The nanocomposite film at 10% PU fraction exhibited a WCA value of 81° to-
wards the PU-rich surface, and 30° towards the CNF-rich surface as shown in 
Figure 30. Similar trends in WCA values were observed at different loading of 
PU content, as tabulated in Table 7.  

 
 

Figure 30. Water contact angle images of CNF/PU nanocomposite at 10 wt % PU content. Re-
produced from Publication Ⅳ. 

Table 7. Water contact angle values for pure and CNF-PU nanocomposites  

Pure PU 81.3° ± 1.3° 

CNF(10)PU 
PU rich surface 81.4° ± 1.2° 

CNF rich surface 36.1° ± 1.3° 

CNF(30)PU 
PU rich surface 62.5° ± 3.2° 

CNF rich surface 37.1° ± 2.2° 

CNF(60)PU 
PU rich surface 77.9° ± 0.3° 

CNF rich surface 69.8° ± 2.7° 
Pure CNF 45.6° ± 8.5° 

 
FESEM micrographs and X-ray photoelectron spectroscopic data also comple-
mented the wetting experiments. FESEM micrograph of the nanocomposite 
films with 10 % PU, clearly indicated the presence of fibrils on CNF rich surfaces. 
In contrast, the PU-rich surface depicted a smooth surface, with no signs of fi-
brils. Likewise, the spectra obtained from X-ray photoelectron spectroscopy 
also revealed a large number of N-C=O bonds present on the PU-containing sur-
face and a high concentration of the typical carbon bound to only one oxygen 
(C-O), characteristic for cellulose, on the opposite side of the film.  

PU rich surface CNF rich surface 
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Figure 31. Water absorption of the pure CNF and nanocomposite films. Reproduced from Publi-
cation Ⅳ. 

As shown in Figure 31, the nanocomposite films containing PU demonstrated 
lower water absorption as compared to the pure CNF films. It is important to 
mention that it is the PU-rich side which affects the overall absorption of the 
nanocomposite film.  This observation is in line with the previous findings,142 
since the PU brought the hydrophobic character into the films so that the nano-
composite films showed a reduced affinity to water, leading to a decline in mois-
ture absorption. 

5.4.2 Mechanical properties of PU containing nanocomposites 

Due to the high elongation at break of PU, its introduction into CNF caused a 
systematic decline in Young’s modulus of the PU-CNF composite films, as can 
be observed from the respective stress-strain plots in Figure 32a. At the loadings 
of 1, 10, 30, and 60 wt % of PU, the reduction in the modulus was 9%, 20%, 50%, 
and 70%, respectively, as compared to the pure CNF films. In the same fashion, 
the tensile strength of the nanocomposite films also exhibited a decline upon 
the incorporation of PU. However, in contrast, and more importantly, the CNF-
PU nanocomposites demonstrated excellent wet strength properties, when wet-
ted from the PU rich side, depicted in Figure 32b. The PU-CNF nanocomposite 
at 10% of PU loading showed a modulus of 3.9 GPa, which was 400% higher 
than the pure CNF film. Similarly, at the loadings of 1, 30, and 60 wt % of PU, 
the improvement in Young’s modulus was 150%, 300%, and 100% higher than 
for the pure CNF film, respectively. Apart from tensile modulus, the CNF-PU 
nanocomposites also revealed significantly higher tensile strength as compared 
to the pure CNF film. The deformation behavior of the PU-CNF nanocomposites 
showed a characteristic stress-strain curve as obtained for dry samples; however 
pure CNF film under wet conditions failed to exhibit the yielding region, rather 
it started deforming inelastically. Wetting of the CNF rich side of the nanocom-
posites for tensile testing failed to show any significant improvement.  
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Figure 32. Dry (a) and wet (b) tensile stress-strain curves of the pure CNF and CNF-PU nano-
composite films (wetted on the PU-rich surface). Reproduced from Publication Ⅳ. 

A clear benefit in the wet strength of CNF nanopaper can be observed from the 
strategy employed in the presented work. Since it’s the wet resistance of the CNF 
films which hinders their commercialization, a considerable amount of litera-
ture has been published on surface modification of the CNF surfaces to achieve 
competitive water resistance. Chemical methods are often employed to hydro-
phobize the CNF surfaces, among which esterification is commonly prac-
ticed.159–162 Similarly, the introduction of substituted silyl groups onto the sur-
face of CNF and carbamination by reacting isocyanates and the hydroxyl groups 
of the cellulose have also been practiced to obtain hydrophobic CNF materi-
als.163 The major drawback of chemical modification of CNF before film for-
mation is the loss in mechanical properties of the CNF films due to their detri-
mental effects on the hydrogen bonding between the fibrils. A combination of 
CNF with water-based polymers has also been utilized in this regard. Henriks-
son et al.,164 mixed water-based melamine formaldehyde in CNF dispersion to 
prepare nanopapers which demonstrated higher modulus and improved yield. 
Another approach to gain wet strength was employed by Lucenius et al.,165 
where the inclusion of uncharged polysaccharides improved the wet strength of 
CNF films.47,166  

In a nutshell, the results obtained from PU containing CNF nanocomposites 
confirm the previous finding of the suitability of CNF for water-based systems 
to obtain nanocomposites with excellent properties. The raw materials utilized, 
CNF and PU, are both readily available in large quantities, making them ideal 
for large-scale industrial applications. The hybrid wetting properties are unique 
assets of these nanocomposites, which makes them well suited for applications 
where the CNF-rich surface, due to its barrier properties, and PU-rich surface, 
due to its hydrophobic character, are required. Still, the use of PU may raise 
concern since it is not biodegradable. However, it is anticipated that, by using a 
relatively small amount (10 wt %) of PU, considerable improvement in water 
resistance can be gained. Furthermore, the comparative methods used to obtain 
hydrophobicity also have certain consequences. First and foremost, after target-
ing the hydroxyl groups for surface modification, the hydrogen bonding of the 
CNF films has to be sacrificed, making the films mechanically weak; it often also 
deteriorates their barrier properties.167–169 Furthermore, the unhealthy, toxic, or 
dangerous chemicals and solvents used in certain surface modifications are cer-
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tainly not encouraging concerning the environment. Last but not the least, di-
rect chemical modification makes the nanocellulose less biodegradable or non-
biodegradable.92  
  



51 
 

5.5 CLPs as activating anchors for enzymatic ester synthesis in 
aqueous conditions (Publication Ⅴ) 

This work aims to utilize the prominent surface features of CLPs. We exploited 
the significant negative charge of the CLPs to adsorb lignin that had been mod-
ified to carry a positive charge to produce cationic CLPs. The adsorption of Cat-
lig onto the CLPs was verified in Publication II. The cationic CLPs were used as 
enzyme carriers for ester synthesis. 

5.5.1 Enzymatic synthesis of butyl butyrate in aqueous-organic media 

The esterification of butyl butyrate is of considerable industrial interest due to 
many applications as additives for food products as flavoring compounds and in 
cosmetics. However, the presence of water has retardation effects on esterifica-
tion kinetics due to reverse hydrolysis.  An innovative method to proceed with 
ester synthesis in water by fabricating enzyme immobilized cationic lignin na-
noparticles entrapped in calcium- alginate was designed. To estimate the aque-
ous esterification of this new system, the synthesis of butyl butyrate com-
menced. After 24h reaction time, Lipase M adsorbed on the surface of c-CLPs, 
entrapped inside alginate beads, which exhibited a maximum molar yield of 
34% in the biphasic hexane- water (1:1, v/v) medium (Figure 33). After five con-
secutive reaction steps, the molar yield of butyl butyrate was competitive to the 
yield obtained in the first 24 h reaction from the alginate beads containing only 
Lipase M.  Furthermore, the Lipase M enzyme adsorbed on c-CLP entrapped in 
alginate showed a molar yield of 70% as compared to only 2% from LbL-coated 
catalysts after 96 h. Experimental evidence suggested that entrapment of Lipase 
M with Catlig had a beneficial outcome on the esterification performance, asso-
ciated with the activation and anchoring effect.  

 

Figure 33. Biphasic butyl butyrate synthesis catalyzed by Ca-alginate beads containing Lipase 
M, various forms of lignin, or surfactants. Comparison of various surface-active materials in Ca-
alginate beads used in five repeated 24 h reactions. 



52 
 

The esterification reaction catalyzed by the Lipase M adsorbed on c-CLP and 
entrapped in the Ca-alginate matrix proceeds in two stages. In the first stage, 
the reagents butanol and butyric acid diffuse into the alginate beads containing 
the enzyme from the aqueous-organic medium and reaches the confined en-
zyme space. In the second stage, the low solubility of the butyl butyrate170 causes 
its diffusion from the confined enzyme space into the Ca-alginate matrix and 
ultimately into the external organic phase. The Ca-alginate serves as a water-
absorbing matrix and resists swelling which maintains a low water activity in 
the vicinity of the enzyme. Due to the presence of organic solvent in the reaction 
medium, the synthesized product is continuously removed, which drives the re-
action toward products.  

5.5.2 Activation of lipases by synthetic surfactants 

To evaluate the efficiency of our immobilization strategy compared to the use of 
surfactants, Lipase M was entrapped in alginate hydrogel with nonionic, ani-
onic, and cationic surfactants, Tween 80, sodium dodecyl sulfate (SDS), and di-
dodecyl dimethylammonium bromide (DDMA), respectively. The nonionic sur-
factant, Tween 80 demonstrated the highest butyl butyrate yield, equivalent to 
the one obtained by Catlig after two 24 h reactions (Figure 33). On the other 
hand, SDS and DDMA surfactants exhibited negligible yield due to their struc-
tural configuration. It is anticipated that the presence of aromatic species and 
the complex three-dimensional structure of Catlig anchors the Lipase M effec-
tively, leading to better yield. Moreover, during the immobilization step, Lipase 
M adsorbed onto c-CLPs formed spheroidal clusters before being entrapped into 
the alginate hydrogel, illustrated in Figure 34a. 
 

 

Figure 34. (a) Schematic illustration of the interfacial activation and confinement of hydrolases 
entrapped after adsorption on c-CLPs. (b) confocal laser scanning microscopy (CLSM) and (c) 
FESEM images display corresponding microstructure assembly in the calcium alginate matrix. 

Many studies have demonstrated the use of different lipases for a variety of re-
action systems, however, the molar yield obtained in this work for butyl butyrate 
is among the highest reported for biphasic,171 microaqueous,170, or non-aque-
ous172 reactions. Gomes et al.,173 utilized Chitin-immobilized lipase for synthe-
sizing butyl butyrate173, which delivered a molar conversion yield of 69% in 48 h. 
Synthesis of methyl butyrate in 9:1 v/v hexane: water returned a molar yield of 
40% in one hour; however, the synthesis was accomplished using free lipase, 
and catalyst recycling was neglected.174 Another report demonstrating the im-
mobilization of Lipase in alginate beads containing hexadecane only managed 

a b c
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to obtain a 32% molar yield of butyl butyrate in 96 h, after excessive extrac-
tion.171  

Taken together, the present work demonstrates the effective utilization of the 
surface features of CLPs for ester synthesis in aqueous media. An efficient de-
sign of these microreactors was only possible due to the anionic nature of CLPs 
and their large surface area. Furthermore, the system provided multiple ad-
vantages over existing techniques. Spatially confined lipase retained 70% of its 
synthetic activity at higher water to hexane volume ratio (9:1) in the reaction 
medium. Importantly, lipase immobilization does not require cross-linking, 
eliminating the need for cross-linking agents 173,175 along with excellent stabili-
zation of the enzyme under esterification conditions.
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6. Conclusions 

By effectively utilizing the nano-components of lignocellulosic biomass, this 
thesis has demonstrated that the nano-morphologies of cellulose and lignin in 
the form of cellulose nanofibers and colloidal lignin particles respectively, are 
likely to play a pivotal role in providing greener solutions, from high-tech and 
novel products to bulk consumables. The strenuous challenges posed by the 
flammability and hydrophilicity of nanocellulose and secondly, structural diver-
sity and heterogeneity of lignin, were addressed using novel approaches. This 
work also highlights the importance of surface-sensitive methods such as QCM-
D and AFM to obtain the greater understanding necessary for designing ligno-
cellulosic materials in optimum fashion.  

From the application perspective, a significant improvement in the flame re-
tardancy of CNF aerogels without compromising their insulation properties and 
thermal stability was made possible. The use of SBC provided excellent flame-
retardancy to meet the strict safety requirements for building insulation, along 
with paving the way for a low-cost, industrially efficient, and environmentally 
friendly method. To expand our focus towards the development of nanocompo-
site systems for harnessing the collective potential of both CNF and CLPs, a sys-
tematic examination of CLPs was performed. The analytical platforms, QCM-D 
and AFM provided a detailed understanding of CLP, in terms of their surface 
interactions, wetting properties, and pH stability, on a level of detail not possi-
ble with previously used bulk methods. An efficient design of the nanocompo-
sites from CNF-CLPs demonstrated tougher film structure along with the high-
est strain at failure values reported thus far for all-lignocellulose films. We an-
ticipate that the unique nanoscale structural features of both CNF and CLPs 
such as high aspect ratio, large specific surface area, and spherical geometry of 
CLPs, in combination with rich functional group surface, contributed synergis-
tically to enhance the toughness of nanocomposites. Learning from the encour-
aging results from CNF-CLP nanocomposites, the challenge of the inherent hy-
drophilicity of CNF was addressed by preparing CNF-PU hybrid nanocompo-
sites. The hybrid nanocomposites acquired stereoselective water-resistance 
character, being hydrophobic towards the PU-rich side and hydrophilic on the 
CNF-rich side. The addition of low PU content remarkably enhanced the wet 
strength and decreased the water absorption of the material.  Moreover, the an-
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ionic nature of CLPs and their large surface area was utilized to prepare micro-
reactors by immobilizing enzymes for ester synthesis in aqueous media. The en-
zyme immobilizing CLPs embedded in alginate beads demonstrated remarkably 
high synthetic activity retention in the presence of a large quantity of water, 
providing an environmentally friendly and affordable solution to control the re-
versibility of hydrolases.  

While this thesis answered many questions, at the same time some limitations 
were also observed. For instance, the flame-retardant CNF aerogels were 
slightly brittle. Another weakness regarding these aerogels is the increase in 
moisture absorption at a high loading of sodium bicarbonate, which may affect 
their thermal conductivity in long-term use. The affinity of CNF and CLPs to 
water, resulting from their chemical structures, offers many advantages such as 
their utilization in water-based systems, but it also brings along the limitation 
of their use with hydrophobic polymers because of poor dispersion or compati-
bility. This challenge can be addressed by using a polymeric system such as wa-
ter-based polyurethane, but it is not biodegradable, even though PU was used 
in very low quantity.  

Central to the entire thesis work was the use of lignocellulosic building blocks 
as a material platform for diverse applications. In light of the opportunities and 
limitations posed by CNF and CLPs, further development of their surface char-
acter would be necessary to expand their application portfolio.  However, any 
such surface modifications to CNF or CLP, which can compromise their biodeg-
radability must be avoided. Furthermore, the use of toxic and harmful reagents 
should be minimized as much as possible to preserve the environmentally 
friendly nature of lignocellulosic materials.  
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