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Abstract
Renewable and biodegradable alternatives to fossil-based materials are essential as concerns over depleting finite resources 
and the pollution of our ecosystems are growing. Abundant, highly anisotropic, and mechanically strong cellulose 
nanofibrils (CNF) are attractive building blocks for the fabrication of high-performance biobased materials that can 
compete with their conventional fossil-based counterparts. This thesis presents potential solutions to key challenges in the 
production and properties of CNF and CNF-based materials, such as low moisture resistance and energy-intense processing, 
by using the physicochemical properties of tannins. The benchmarking of CNF to improve energy-efficient production 
was investigated and the ability of plant-derived tannins to precipitate proteins, react with nucleophiles when oxidized, 
and coordinate to metal ions was exploited to produce multifunctional films and foams that were inspired by Nature or 
traditional processes.

Wet strong, antioxidant, and UV-blocking CNF-based films were produced by mimicking the traditional process of 
leather tanning. Oxidized CNF were grafted with gelatin that was precipitated with a water-soluble tannin. The polyphenolic 
tannin provided the films with good radical scavenging properties and efficient blocking of light in the UV-B/UV-C range. 
The insoluble gelatin–tannin complexes conferred upon the material wet mechanical properties that were comparable to the 
dry mechanical performance of fossil-based packaging films. So far, there is no universally accepted approach to account 
for how the swelling of a hygroscopic CNF-based film influences its mechanical properties in humid or wet conditions. 
Here, a best practice for determining and reporting wet strength is suggested.

Inspired by the sclerotization of insect cuticle, a scalable route towards moisture-resilient, strong, and thermally 
insulating CNF-based foams was developed. The CNF were modified with a polyamine, ice-templated, treated with an 
oxidized tannin, solvent-exchanged to ethanol, and evaporatively dried. The cross-linked structure had a high compressive 
modulus and a thermal conductivity close to that of air, even at high relative humidities.

A method to produce micron-sized patterns on CNF films based on the traditional Bògòlanfini dyeing technique is 
presented. The films were pre-impregnated with a tannin and patterned using microcontact printing with a metal-salt-
soaked stamp. The line and dot patterns were analyzed and their colors were tuned by changing the metal ion in the printing 
ink or the pH.

The final part of the thesis describes a novel approach to assess the degree of CNF fibrillation during energy-efficient 
grinding by analyzing the structure and properties of anisotropic foams. The optimal energy input during fiber disintegration 
that produced CNF foams with the best mechanical and thermal insulation properties, as well as the highest CNF and foam 
cell wall orientation, was identified.
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Abstract 

Renewable and biodegradable alternatives to fossil-based materials are es-

sential as concerns over depleting finite resources and the pollution of our 

ecosystems are growing. Abundant, highly anisotropic, and mechanically 

strong cellulose nanofibrils (CNF) are attractive building blocks for the fabri-

cation of high-performance biobased materials that can compete with their 

conventional fossil-based counterparts. This thesis presents potential solutions 

to key challenges in the production and properties of CNF and CNF-based 

materials, such as low moisture resistance and energy-intense processing, by 

using the physicochemical properties of tannins. The benchmarking of CNF 

to improve energy-efficient production was investigated and the ability of 

plant-derived tannins to precipitate proteins, react with nucleophiles when ox-

idized, and coordinate to metal ions was exploited to produce multifunctional 

films and foams that were inspired by Nature or traditional processes. 

Wet strong, antioxidant, and UV-blocking CNF-based films were produced 

by mimicking the traditional process of leather tanning. Oxidized CNF were 

grafted with gelatin that was precipitated with a water-soluble tannin. The pol-

yphenolic tannin provided the films with good radical scavenging properties 

and efficient blocking of light in the UV-B/UV-C range. The insoluble gela-

tin–tannin complexes conferred upon the material wet mechanical properties 

that were comparable to the dry mechanical performance of fossil-based pack-

aging films. So far, there is no universally accepted approach to account for 

how the swelling of a hygroscopic CNF-based film influences its mechanical 

properties in humid or wet conditions. Here, a best practice for determining 

and reporting wet strength is suggested. 

Inspired by the sclerotization of insect cuticle, a scalable route towards 

moisture-resilient, strong, and thermally insulating CNF-based foams was de-

veloped. The CNF were modified with a polyamine, ice-templated, treated 

with an oxidized tannin, solvent-exchanged to ethanol, and evaporatively 

dried. The cross-linked structure had a high compressive modulus and a ther-

mal conductivity close to that of air, even at high relative humidities. 



A method to produce micron-sized patterns on CNF films based on the tra-

ditional Bògòlanfini dyeing technique is presented. The films were pre-im-

pregnated with a tannin and patterned using microcontact printing with a 

metal-salt-soaked stamp. The line and dot patterns were analyzed and their 

colors were tuned by changing the metal ion in the printing ink or the pH. 

The final part of the thesis describes a novel approach to assess the degree 

of CNF fibrillation during energy-efficient grinding by analyzing the structure 

and properties of anisotropic foams. The optimal energy input during fiber 

disintegration that produced CNF foams with the best mechanical and thermal 

insulation properties, as well as the highest CNF and foam cell wall orienta-

tion, was identified. 
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1 Introduction 

Starting from the early 20th century, materials based on fossil-derived plas-

tics have progressively replaced natural materials due to their low cost and 

appealing properties. They have not just significantly transformed material 

science, but became an integral part of our daily lives with a global production 

of ~359 million tons in 2018.1 However, the resulting dependence on finite 

resources combined with the significant environmental damage caused by the 

production and poor recycling of non-biodegradable plastics is a critical prob-

lem of our time. In addition, the pollution of our ecosystem with microplastics 

and their subsequent accumulation in many organisms is a major concern that 

led to a ban on certain single-use plastics in the EU in 2019.2,3 Driven by con-

cerns like these, material science has shifted towards finding renewable and 

biodegradable alternatives whose performance can compete with conventional 

fossil-based materials. Biopolymers, such as the polysaccharides cellulose, 

chitin, and alginate, as well as polypeptides and polyphenols, represent more 

sustainable, abundant, and biodegradable substitutes for fossil-derived poly-

mers. Cellulose is considered a particularly promising sustainable substitute 

since it is already produced industrially on a large scale for e.g. paper products 

or textile fibers, and is the most abundant polymer on Earth. The polysaccha-

ride is found among others in higher plants, algae, bacteria, fungi, and animals, 

and consists of a linear chain of β(1→4)-linked anhydro-D-glucose units.4 The 

hydroxyl groups on its backbone enable the water-insoluble chains to assem-

ble via intramolecular and intermolecular hydrogen bonding.5 The resulting 

stacked polymer chains form an anisotropic semi-crystalline structure in four 

main polymorphs Cellulose I–IV, and Cellulose I is most abundant form in 

Nature. Cellulose is secreted by enzymes that polymerize glucose as elemen-

tary fibrils that are 3–4 nm in width and >1 μm in length and made up of rod-

like cellulose nanocrystals (CNC) and disordered regions.6 Elementary fibrils 

are further assembled into larger units with widths ranging from 20–50 nm 

and the term cellulose nanofibrils (CNF) refers to both the assemblies and the 

elementary fibrils themselves.7 Trees congregate CNF in microfibrils embed-
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ded in a matrix rich in the aromatic polymer lignin and the branched polysac-

charide hemicellulose, which confer the load-bearing cell walls with high ten-

sile strength. Depending on the species, wood consists of 40–50% cellulose, 

25–35% hemicelluloses, and 25–35% lignin, and the hierarchical structure of 

wood spans over several length scales (Figure 1.1).8 

 

Figure 1.1. The hierarchical structure of wood ranges over several or-

ders of magnitude. 

 

The grand challenge that both the industry and the scientific community 

face, however, is to make renewable cellulose-based materials that match or 

even supersede the performance of the fossil-based materials they aim to re-

place. Nanosized cellulose particles are an auspicious solution to this chal-

lenge due to the intriguing physical and chemical properties that result from 

their small size. Colloidal suspensions of cellulose nanocrystals (CNC), pro-

duced by acid hydrolysis of wood cellulose, were reported in the early 1950s9 

and cellulose nanofibrils (CNF), produced from homogenizing wood pulp, 

were first described in 1983.10 A recent societal effort to find novel uses for 

wood, combined with progress in process development, has put the spotlight 

back on nanocelluloses. The longer and more flexible CNF entangle and form 

a strong network, whereas the rod-like and stiff CNC can self-assemble and 

show birefringence. Here, for the production of flexible and mechanically re-

silient nanocellulose-based materials, CNF were the material of choice. 
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1.1. CNF: Isolation, properties and applications 

CNF have been obtained from many cellulosic sources, such as agricultural 

residues, annual plants, or sludge but the main industrial source for cellulose 

and CNF is wood.11,12 The wood pulp is usually chemically treated to remove 

most of the lignin and hemicelluloses e.g. via the Kraft or Sulfite processes. 

The pulp fibers are mechanically disintegrated in a top-down process where 

high enough shear forces break apart the strong interfibrillar interactions and 

promote the separation of CNF from larger aggregates.13 The energy needed 

for this disintegration step can be significantly lowered by using chemical14–17 

or enzymatic18 pretreatments. During the TEMPO-mediated oxidation of cel-

lulose fibers, for example, hydroxyl groups on the glucose C6 carbon are se-

lectively oxidized to carboxyl groups.14 As a result of increased electrostatic 

repulsion, gentle mechanical disintegration is sufficient to produce highly in-

dividualized CNF. However, pretreatment steps pose high environmental im-

pacts, rely on expensive or harmful chemicals that hinder large scale produc-

tion, or change the CNF surface chemistry.19,20 The main methods for mechan-

ical disintegration include homogenization, microfluidization, and grinding, 

but alternative techniques, such as cryocrushing, extrusion, high-intensity ul-

trasonication, aqueous counter collision, ball milling, steam explosion, or 

twin-screw extrusion have also been reported.21 Following intensive research 

efforts, CNF production has reached commercial scale22 and it is estimated 

that the world market for nanosized cellulose particles will grow from 2020 

annually over 20% to reach 783 million dollars by 2025.23 

Once produced, CNF stand out as sustainable bio-nanomaterials with ex-

cellent mechanical properties, such as a specific strength and stiffness superior 

to those of most glasses, plastics, ceramics, metals, and alloys.24 Further ad-

vantages of CNF include their abundance, renewability, low density (1.60 kg 

m–3),25 non-toxicity, low thermal expansion coefficient (<5 ,26 and 

biodegradability.27 Moreover, the abundant hydroxyl groups on the surface of 

the CNF allow for targeted modifications to tailor the CNF properties and add 

functionalities.5 The potential applications of CNF include, the use as rein-

forcement in polymer composites, as rheological modifier and stabilizer in 

food products, coatings, and inks, as a strengthening agent in paper, board, 

and coatings, to improve the mechanical and barrier properties of packaging 

films, to make flexible, lightweight, and transparent electronics, and as bio-

compatible building block in biomedical application.28,29  
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1.2. CNF-based materials 

CNF are usually isolated in aqueous environments and processed as dilute 

suspensions. Thus, dewatering and drying are crucial steps in the production 

of CNF-based materials. The alignment and packing of the anisotropic fibrils 

can be tuned by controlling the process parameters (e.g. counterions, pH, or 

the addition of polymers) and drying methods, resulting in materials with de-

signed CNF morphology and physical properties. Hence, the CNF building 

blocks can be assembled into novel functional bulk materials, such as beads, 

hydrogels, continuous fibers, films/coatings, or foams/aerogels via bottom-up 

techniques.30 Self-standing films and foams have been reported in the papers 

included in this thesis and will be discussed in more detail. 

Self-standing CNF-based films, also called nanopapers, can be produced 

by casting, filtering, hot-pressing or spin-coating, among which the dewater-

ing of CNF suspensions through casting or filtration are the main methods 

(Figure 1.2a). During casting, the solvent slowly evaporates and the concen-

tration of CNF increases homogeneously until interfibril interactions lead to 

aggregation. The vacuum-assisted filtration of CNF suspensions, on the other 

hand, leads to dense packing of CNF at the interface between the suspension 

and the filtration membrane. Both methods can take several hours to form a 

film, which represents a bottleneck towards a large-scale industrial produc-

tion. To avoid warping and cracking caused by inhomogeneous drying, the 

almost-dry films are usually pressed or dried at elevated RH in a final step. 

The micrometer-thin and layered films (Figure 1.2b) display excellent me-

chanical properties, high oxygen-barrier properties, optical transparency, and 

low thermal expansion at low humidity.31–33 The mechanical performance of 

CNF-based films has been extensively studied and is influenced by many pa-

rameters, including the processing method, humidity, fibril type (e.g. different 

origin, isolation route, surface chemistry, crystallinity, aspect ratio, degree of 

polymerization), fibril alignment, porosity, suspension chemistry (e.g. change 

of counter-ion or pH), or the addition of polymers or inorganic particles.24 

Films can further be functionalized either by the incorporation of an additive 

to the initial CNF suspension, or by chemically modifying the CNF itself. 

CNF-based films are being considered as a green alternatives to fossil-based 

films in applications such as water purification or packaging.32,34,35  
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CNF are also a suitable candidate for the production of ultralight, flexible 

and strong foams or aerogels with high specific surface areas for applications 

such as biomedical scaffolds, electrical devices, and high-performance ther-

mal insulation.36 CNF-based porous materials are sometimes called foams or 

aerogels. Although the nomenclature is somewhat flexible, the porosity in aer-

ogels is primarily within the mesoporous (2 pore size  50 nm) range, 

whereas foams are mainly macroporous (pore size > 50 nm).36 Structural col-

lapse due to capillary-pressure-induced stresses during the evaporation of wa-

ter is usually overcome by supercritical or freeze-drying the wet foams or hy-

drogels (Figure 1.2c). Supercritical drying involves exchanging the water in 

an aqueous gel with a supercritical fluid (commonly CO2 after an intermediate 

solvent exchange step) that can be sublimed into gas without surface tension 

and capillary stress. Freeze-drying is preceded by either isotropic or aniso-

tropic freezing of the wet gel. During directional ice-templating, also called 

freeze-casting, ice crystals that grow along a temperature gradient push aside 

CNF particles, resulting in an anisotropic structure (Figure 1.2d). Sublimation 

of the ice gives a structure in which the columnar or lamellar macropores or 

cells are aligned in the freezing direction (Figure 1.2e). The resulting foams 

or aerogels can have densities as low as 1 kg m–3 (porosity >99%) depending 

on the solid content in the initial suspension and specific surface areas up to 

600 m2 g–1, as well as high specific mechanical properties and low thermal 

conductivities that outperform fossil-based foams at low or moderate relative 

humidities.37–39 
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Figure 1.2. Schematic illustration of (a) CNF film preparation via evap-

orative casting or vacuum filtration that results in (b) a self-standing 

film showing a layered cross-sectional structure. (c) A hypothetical 

phase diagram showing the different drying techniques; and (d) the pro-

cess of directional ice-templating of a CNF suspensions that results in 

a dried foam with (e) a honeycomb structure in its radial direction. 
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1.3. Key challenges for the production and properties of 

CNF and CNF-based materials 

As the interest of researchers and companies in CNF as a versatile and bio-

based high-performance material continues to grow, there are some major is-

sues that need to be addressed before CNF can reach their full potential. 

1.3.1. Resilience of films and foams in humid and wet conditions 

The inherent hydrophilicity of cellulose causes CNF-based materials to 

easily absorb water, which results in a substantial reduction in their strength 

and barrier properties as well as an increase in thermal conductivity in humid 

and wet conditions.40,41 Thus, decreasing the sensitivity of CNF-based films 

and foams to water is a key challenge for reaching the full potential of CNF 

in certain applications. The water uptake and swelling of films made from 

CNF is significantly higher compared to conventional paper made from mac-

roscopic cellulose fibers, as the surface area increases with decreasing particle 

size.40 The sensitivity to swelling is further linked to the surface chemistry and 

crystallinity of CNF, as charged groups increase the water uptake due to the 

additional osmotic swelling pressure and as water penetrates more easily into 

the disordered rather than the crystalline regions of cellulose.42,43 Several strat-

egies have been suggested to chemically or physically crosslink or hydro-

phobize CNF-based materials to increase their water resilience and wet me-

chanical properties.44,45 Finding additional environmentally friendly routes to 

increase the water resistance of CNF-based materials while maintaining their 

biodegradability is crucial for certain replacing fossil-based materials. 

1.3.2. Evaporative drying methods for foams 

Super-insulating CNF-based foams (i.e. those with thermal conductivity 

below that of air) have been proposed as potential alternatives to fossil-based 

thermal insulation39,46,47 and it is crucial to preserve the original network struc-

ture of the material after drying. During evaporative drying of hydrogels, the 

small pore sizes and high surface tension of water lead to a high negative hy-

drostatic pressure. The network of hydrophilic CNF can usually not withstand 

these high capillary forces, which results in the densification, shrinkage or 

collapse of the structure. Thus, ultrahigh porosities and nanosized pores are 

usually achieved by freeze-drying or supercritical drying of aqueous nanocel-

lulose-based gels or wet foams.36 However, these processes are energy- and 
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time-intensive, require batch processing, are difficult to scale up, and rely on 

expensive equipment.48,49 Energy-efficient evaporative drying in an oven is a 

well-established industrial process and could enable a more sustainable mass 

production of CNF-based foams or aerogels. In order to prevent structural col-

lapse or deformation caused by the hydrostatic pressure during the evapora-

tion of water, a CNF-based gel or wet foam needs to be stabilized and often 

solvent-exchanged to a low-surface-tension solvent. Previous strategies to 

strengthen the aqueous CNF network to obtain isotropic evaporatively dried 

CNF foams and aerogels include non-covalent50–53 or covalent crosslink-

ing.54,55 

1.3.3. Functionalization using sustainable components 

Materials based on CNF can be considered as sustainable due to the renew-

able origin of CNF. However, a true transition from fossil-based to fully sus-

tainable materials requires that the components used to tune the properties of 

CNF-based materials are also eco-friendly. Examples of CNF-based hybrid 

materials that incorporate different biopolymers include strong fibers with spi-

der silk proteins,56 water resistant films with chitosan57 or algal polysaccha-

rides,58 or biocompatible composites with collagen.59 Wood, in particular, is 

an important bioresource not just for cellulose, but also for components that 

can improve the performance of CNF-based materials. These include for ex-

ample hemicelluloses that reinforce hydrogels60 or lignin that renders films 

more ductile and water resistant.61 Residues from the forestry industry, such 

as tree bark that is removed during production and usually burnt for energy 

recovery, constitute an important source for extractives.62 Examples of com-

ponents that can be extracted from bark include monomers of suberin, which 

have been used to hydrophobize CNC-containing films,63 non-cellulosic pol-

ysaccharides, and tannins. The latter can make up a substantial fraction of the 

bark, depending on the plant species, and is an underutilized renewable re-

source for the production of materials or aromatic chemicals.64 Recently, CNF 

has been mixed with tannin to prepare antioxidant and UV-blocking thin 

films.65,66  
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1.3.4. CNF production: Energy efficiency and quality 

benchmarking 

The high energy consumption and associated cost required to generate high 

shear forces that promote fiber delamination is a major obstacle in the com-

mercialization of CNF. Grinding the fibers between one static and one rotating 

disc is considered the most energy efficient method for fibrillation, compared 

to common high-pressure homogenization, as it does not require any form of 

pretreatment and has the highest production capacity.67 The degree of fibrilla-

tion of a CNF sample is a component of its quality, and thus must be measure-

able. Microscopic analysis of the CNF morphology are commonly used to 

study the extent of fibrillation, but the method is not optimal since only a small 

fraction of a CNF batch is analyzed and large fibers are often excluded due to 

high magnification. Optical methods that analyze a CNF suspension on sev-

eral length scales have been suggested,68 and the degree of fibrillation has been 

investigated extensively with different characterization techniques or a com-

bination of methods.69 Recently, the first approach to a universal CNF quality 

index was proposed; the measurement involved directly investigating the CNF 

suspended in water and indirectly evaluating the properties of CNF films 

formed from the suspension.70 Two multifactor quality indices were sug-

gested; these were based on either eight or four tests that used standard equip-

ment. Measuring the degree of fibrillation of CNF suspensions will not just 

allow for proper trade and safety assessments, but also help to increase energy-

efficiency during production. 

1.4. Tannins: Background, properties and applications 

Tannins are polyphenolic molecules that accumulate in plants, for example, 

as defense against predators or as protection against harmful UV radiation.71 

Tannins have been used by mankind for millennia and their ability to precipi-

tate proteins has e.g. been exploited to convert animal hides into leather in a 

process known as vegetable tanning.72 Tannins in wine are responsible for its 

signature astringency as they precipitate salivary proteins and thus reduce lu-

brication.73 There are two main classes of tannins: hydrolyzable tannins (Fig-

ure 1.3), which are esters of usually glucose and gallic acid, and condensed 

tannins, which are polymers of flavonoids and are also called proanthocya-

nidins. Tannins are the second most-abundant natural phenolic material, after 
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lignin, and can be obtained from the leaves or bark of many trees via solvent 

or hot-water extraction.74 These generally water-soluble molecules can form 

both hydrogen bonds through their abundant polar phenol groups, and hydro-

phobic π-stacking interactions with their planar aromatic structures. The cate-

chol groups form colored metal-catechol chelate complexes, and this reaction 

was used to produce iron-gall inks, an important writing ink that was exten-

sively used for more than 300 years.75 The ability of tannins to stabilize radi-

cals in their phenolic structure results in antioxidant properties and they can, 

once oxidized, readily react with nucleophiles.76 Owing to their intriguing 

properties and biological origin, tannins are nowadays applied in e.g. leather 

manufacturing, adhesives, food additives, and pharmaceutical applications.77 

 

Figure 1.3. Physicochemical properties of a representative plant-de-

rived hydrolyzable tannin. 
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1.5. Scope of the thesis 

The principal motivation for this study is our society’s need to find inno-

vative renewable and biodegradable alternatives to fossil-based materials. The 

materials presented in this thesis are based on cellulose nanofibrils (CNF), a 

versatile and abundant raw material that is increasingly used in both research 

and industry for the production of sustainable high-performance materials. 

Remaining challenges for CNF-based materials such as their weakening in 

humid and wet conditions are addressed by using tannins in a leather-inspired 

and a sclerotization-inspired route towards water resilient films and foams, 

respectively. The first strategy (Chapter 3, based on paper I) uses the polyphe-

nolic tannin to precipitate gelatin that was grafted onto oxidized CNF. The 

formation of insoluble gelatin-tannin complexes confers the multifunctional 

material with wet strength, as well as antioxidant and UV-blocking properties. 

The lack of a universally accepted best practice when measuring and reporting 

wet mechanical properties is discussed and a set of recommendations is pro-

posed (Chapter 2.4.3, based on paper IV). During the second route (Chapter 

4, based on paper II), the ability of the oxidized tannin to react with nucleo-

philes is exploited to cross-link an amine-modified CNF network. The result-

ing moisture-resilient and lightweight foams were both strong and thermally 

insulating at high relative humidities. The quinone-tanned material withstood 

evaporative drying with minimal structural change, which is an important re-

quirement for the large-scale production of CNF-based porous materials.  

Furthermore, the ability of the tannins to form colored complexes with 

metal ions is exploited to form tunable micron-sized patterns on CNF films 

using a method that is based on the traditional Bògòlanfini dyeing technique 

(Chapter 5, based on paper III). A primary consideration in all studies was to 

use other biobased and safe components and processing routes to modify the 

CNF-based materials in order to present truly sustainable alternatives to fossil-

based materials. 

The final part of the thesis (Chapter 6, based on paper V) investigates a new 

approach to increase the energy efficiency during CNF production by as-

sessing the degree of CNF fibrillation via the analysis of anisotropic foams. 
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2 Preparation and characterization of 

materials 

More detailed information on the procedures can be found in papers I–V at-

tached. 

2.1. CNF preparation 

CNF from purely mechanical fibrillation 

The CNF described in papers I & V were produced by mechanical fibrillation 

of never-dried bleached Sulfite (Domsjö Fabriker AB, Sweden) and Kraft 

(SCA Östrand, Sweden) softwood pulps after washing with 0.5 M HCl, ion-

exchanging to the sodium form with 10–3 M NaHCO3, and rinsing with DI 

water until the pH was neutral. The cellulose, hemicelluloses, and lignin con-

tents of the washed pulps (see paper V) were determined by MoRe Research 

(Örnsköldsvik, Sweden). Initial suspensions of Kraft and Sulfite pulps at a 

solid content of 2 wt% were dispersed in DI water with a High-Shear Di-

spermix (Ystral GmbH, Germany). The dispersions were mechanically fibril-

lated using a supermasscolloider grinder (model MKZA10-15J, Disk model 

MKE 10-46#, Masuko Sangyo Co. Ltd., Japan). Operating power was used as 

the unique parameter to control the grinding process. Thus, the rotation rate 

of the grinding discs was held constant at 750 rpm and the gap between discs 

was adapted to reach a constant operating power surplus (operating power mi-

nus no-load power) of 0.2 kW. The CNF suspensions were circulated through 

the grinder until the desired energy consumption (kWh, i.e. operating power 

surplus multiplied by time) was reached. The specific energy consumption 

(kWh kg–1) for each CNF suspension was calculated by dividing the energy 

consumption by the initial dry weight of CNF in the suspension. 
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Preparation of dialdehyde CNF (DACNF) 

In paper I, a suspension of mechanically fibrillated Kraft pulp CNF was 

oxidized to dialdehyde CNF (DACNF) by adding NaIO4 at a ratio 

m(NaIO4):m(CNFdry) = 1:1. The mixture was stirred for 4 hours at room tem-

perature in an aluminum-foil-wrapped beaker to prevent light-induced decom-

position of NaIO4. The periodate was removed after oxidation by washing the 

suspension with deionized water until the conductivity of the filtrate was be-

low 5 μS cm–1 and the final DACNF suspension was stored at 4 °C until use. 

Preparation of Gelatin@DACNF 

In paper II, 250 mg gelatin (type B) added to 250 mL of a 3 mg mL–1 

DACNF suspension at 60 °C. The pH was adjusted to 6.5 with 0.1 M NaOH 

and the mixture was stirred for 3 hours at 60 °C. 

Preparation of carboxylated CNF 

In papers II & III, carboxylated CNF were produced from never-dried Sul-

fite softwood pulp (Domsjö Fabriker AB, Sweden) that was oxidized via a 

TEMPO-mediated oxidation according to a previously reported procedure.14 

After washing, the oxidized pulp was suspended and diluted in DI water and 

mechanically fibrillated by passing it through a microfluidizer (M‐110EH, 

Microfluidics) at high pressure. The total charge density of the surface-func-

tionalized CNF was determined by conductometric titration to be 1.1 (Paper 

II) and 0.6 (Paper III) mmol carboxyl groups per gram pulp, respectively.78 

CNF-based suspensions were prepared by adding DI water and/or addi-

tives, mixing with a high-speed disperser (Ultra-Turrax, IKA, Germany) and 

degassing using centrifugation or vacuum. 

2.2. Preparation and patterning of films 

CNF-based films were prepared in paper I via vacuum filtration. 15 g of a 

3 mg mL–1 CNF, DACNF, or Gelatin@DACNF suspension was filtered with 

vacuum assistance through nylon membranes (GVS, 0.45 μm, hydrophilic), 

rinsed and dried between paper sheets under a weight at room temperature. 

The leather-inspired tanning of films in paper I was performed by immersing 

Gelatin@DACNF films in a solution of 10 mg mL–1 TA in DI water for 24 

hours before washing with DI water and drying as described above. 
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In paper III, CNF films were prepared by allowing water to evaporate from 

0.2 mL of a 1.5 mg mL–1 carboxylated CNF suspension on a flat silicon sub-

strate at room temperature. The films were then impregnated with 10 μL of an 

aqueous TA or GA solution and dried again. PDMS stamps were prepared 

from a silicon elastomer kit (Sylgard 184, Dow corning, USA) by replica 

molding of a silicon master with sub-micron surface features. The pre-impreg-

nated films were patterned by placing PDMS stamps that were saturated with 

0.1 M Fe3+, Co2+, and Cu2+ aqueous metal salt solutions onto the pre-impreg-

nated films. 

2.3. Preparation of foams 

 

Foams were produced by directional ice-templating, also called freeze-

casting, and either freeze-drying (papers II & V) or solvent exchange and 

evaporative drying (paper II). A certain amount of suspension with at least 5 

mg mL–1 CNF was poured into a polymer mold that was equipped with a cop-

per bottom plate. The mold was then placed onto a block of dry ice (–78.5 °C) 

until the directional freezing of the suspension was complete. Freeze-drying 

of the frozen suspension was performed by placing them for at least 72 hours 

in a freeze-dryer (Alpha 1-2 LDplus, Christ, Germany).  

Evaporative-drying (paper II) was achieved by thawing frozen CNF/bPEI 

suspension in 20 vol% ethanol, increasing the ethanol content 

(20/40/60/80/99.5 vol%) for solvent exchange, then heating in an oven at 10 

°C/hour to 105 °C and holding for 12 hours. The sclerotization-inspired cross-

linking was performed by thawing 3 g of the frozen CNF/bPEI suspensions 

for 20 minutes in 70 mL of a solution of 10 mg mL−1 TA in 0.1 M pH 7 sodium 

phosphate buffer that had been oxidized with 5 mg mL−1 NaIO4 immediately 

before immersing the frozen freeze-cast suspensions. The cross-linked hydro-

gels were then washed, solvent exchanged to ethanol and dried in an oven as 

described above. 
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2.4. Characterization methods 

2.4.1. Microscopy 

Scanning electron microscopy (SEM) & energy-dispersive X-ray spec-

troscopy (EDX) 

High-resolution SEM and EDX were performed on a JEOL JSM-7401F 

(JEOL Ltd., Japan) microscope. The morphology of CNF in paper V was ob-

served after drying a drop of 0.01 mg mL–1 CNF suspension on a flat glass 

disc overnight at room temperature and coating with a thin layer of gold. The 

structure of the cross-section of films in paper I was observed after swelling 

the film strips in DI water for one hour, crash-freezing, cryo-fracturing, and 

freeze-drying. Images were taken using an accelerating voltage of 2 kV at a 

working distance of 8 mm. The elemental composition of the printed patterns 

on CNF films in paper III was determined using a Link system AN 10000 

EDX detector. High-resolution images of foam walls in paper II were taken at 

an accelerating voltage of 1 kV and a working distance of 8 mm. The porous 

architecture of cryo-fractured and freeze-dried foams in papers II & V was 

investigated using a tabletop TM 3000 (Hitachi High Tech, Japan) microscope 

using an accelerating voltage of 5 kV. The elemental composition of the foam 

cell wall in paper II was analyzed using the built-in EDX detector.  

Optical microscopy 

Optical microscopy images of printed patterns in paper III and film cross-

sections in paper I were taken on a Eclipse FN1 optical microscope (Nikon, 

Japan) that was equipped with a 50 objective (WD = 17 mm, NA = 0.45) and 

a CCD camera (Kappa Zelos-02150C GV, Kappa Optronics GmbH) for cap-

turing digital images. The white balance and contrast of the images were cor-

rected after capture. 

Atomic force microscopy (AFM) 

Topographical AFM images of CNF in paper II and printed patterns in pa-

per III were obtained on a Dimension 2100 SPM (Veeco/Bruker, USA) in tap-

ping mode. Fibrils were imaged after depositing a drop of 0.01 mg mL–1 CNF 

suspension onto a freshly cleaved mica substrate and drying under ambient 

conditions. CNF diameters were estimated by performing manual height 

measurements on at least 80 particles. Patterns were imaged directly on films 

that were casted onto flat silicon substrates. 
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2.4.2. Spectroscopy 

Fourier-transform infrared spectroscopy (FT-IR) 

FT-IR spectra were recorded on a Varian 610-IR spectrometer that was 

equipped with an ATR detection device with a single reflection diamond ele-

ment. A measurement was performed by accumulating 32 scans in the spectral 

region of 4000–400 cm–1 with a spectral resolution of 4 cm–1. 

Ultraviolet–visible spectroscopy (UV-Vis) 

UV-Vis absorbance of CNF-based films in paper I and suspensions in paper 

II was measured using quartz cuvettes on a Genesys 150 (Thermo Fisher Sci-

entific, USA) or a Lambda 19 (Perkin Elmer, USA) UV-Visible spectrometer 

in the range of 200–800 nm using air or water, respectively, as background. 

Nuclear magnetic resonance spectroscopy (NMR) 

In paper II, 1H→13C cross-polarization magic-angle spinning (CP-MAS) 

NMR spectra of dry CNF-based foams were recorded on an Avance-III NMR 

spectrometer (Bruker, USA) at a magnetic field strength of 14.1 T (Larmor 

frequencies of 600.1 for 1H and 150.9 MHz for 13C). 4.0 mm zirconia rotors 

were used and spun on the magic angle at 14.00 kHz. Acquisitions involved a 

4 μs proton 90° excitation pulse and matched spin-lock fields that obeyed a 

modified Hartmann-Hahn condition. The contact time was set to 500 μs and 

SPINAL-64 proton decoupling at 60 kHz was used. During each measurement 

32768 signal transients with 2 s relaxation delays were collected and chemical 

shifts were referenced with respect to neat tetramethylsilane (TMS).  
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2.4.3. Mechanical testing in the dry and wet state (Paper IV) 

Mechanical testing was performed on an Instron 5966 or 5944 universal 

testing machine (Instron, USA) that was equipped with a 100 N or 500 N load 

cell, respectively. The tests were conducted at 23 °C and 50% RH. 

Tensile testing 

In paper I, the mechanical properties of 20  3 mm2 rectangular film spec-

imens were analyzed using tensile testing in the dry state, after conditioning 

at 23 °C and 50% RH for at least 48 hours before testing, and in the wet state, 

after immersion in DI water, simulated seawater, or an aqueous TEA/SDS so-

lution for 1 hour before testing. The gauge length and strain rate were set to 

10 mm and 1 mm min–1, respectively, and the thickness of the dry specimens 

was determined with a digimatic micrometer (Mitutoyo, Japan, accuracy 0.1 

μm). The thickness of the wet specimens was calculated by multiplying the 

dry thickness with a swelling ratio that was determined from optical micros-

copy images of dry and swollen films. The resulting stress–strain curves were 

used to determine the Young’s modulus as the slope of the initial linear elastic 

region, the toughness as the area under the curve, and the tensile strength and 

strain at failure from the point of fracture. A representative stress–strain curve 

from tensile testing is presented in Figure 2.1a. 

Compression testing 

The mechanical performance of foams in papers II & V was determined 

using compression testing after conditioning the foams at 23 °C and 50% or 

98% RH for at least 48 hours before testing. The strain rate during compres-

sion was set to 10% min–1. The dimensions of the foams were determined with 

a digital caliper. The CNF foams behaved like cellular solids during compres-

sion, with an initial elastic region that is followed by a plastic region where 

cell walls first collapse and then densify.79 The Young’s modulus, compres-

sive strength, and toughness or energy absorption were determined from the 

stress–strain curves (Figure 2.1b) as the slope of the initial linear elastic re-

gion, the stress at 10% strain, and the area under the curve up to 70% strain, 

respectively. 
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Figure 2.1. Representative stress–strain curves from (a) tensile and (b) 

compression testing showing how mechanical properties were deter-

mined. 

 

Measuring and reporting mechanical properties of wet CNF-based films 

The adsorption of water along densely packed hydrophilic surfaces causes 

CNF-based films to take up substantial amounts of water in humid and wet 

conditions (Figure 2.2a). CNF are usually packed with an in-plane orienta-

tion in vacuum-filtrated or suspension-cast films, thus adsorbed water leads 

primarily to an increase in film thickness. The larger cross-section of the 

swollen films results in a lower true stress (σ), which is defined as the force 

(F) per unit area (A) (Figure 2.2b). Hence, using the dry thickness of films 

when reporting the wet mechanical properties leads to a critical overestima-

tion of stress-dependent parameters, such as tensile strength and stiffness. 

Plotting representative stress–strain curves of a hypothetical, but realistic 

CNF-based film using the correct thickness at a certain water content visu-

alizes the drastic differences in strength (Figure 2.2c). 
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Figure 2.2. Influence of humid and wet conditions on typical hydro-

philic nanocellulose-based films: (a) The water content increases with 

increasing RH, resulting in (b) a swelling-induced expansion of the 

cross-sectional area of the film that leads to (c) a reduction in stress with 

increasing water content. Adapted from paper IV.45 © 2020, Biomacro-

molecules. 

The growing interest in CNF-based films for commercial applications has 

led to an increasing number of reports on wet mechanical properties (Table 

1 in paper IV). However, many studies do not report if or how the swollen 

thickness of the films was determined, or they directly use the dry thickness 

for the calculation of wet stress. The different approaches might be caused 

by the different backgrounds of the researchers determining and reporting 

the wet mechanical properties. In paper science, for instance, dry dimensions 

are commonly used for the calculation of the wet strength (e.g., standard 

SCAN-P 20:95; TAPPI Test Method T 456). Researchers working on the 

wet mechanical properties of nanocellulose- or other hygroscopic biopoly-

mer-based film would greatly benefit from a common set of recommenda-

tions that enables them to benchmark the properties of their material against 

others. The following core recommendations, which are taken from paper 
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IV,45 present a suggested best practice for reporting wet mechanical proper-

ties of nanocellulose-based materials. 

Core recommendations (taken from paper IV45): 

1. The experimental section should clearly state how the evaluation of 

the mechanical properties at high RH and/or for fully hydrated state 

was performed, including how the wet dimensions were measured. 

2. The cross-sectional area in the swollen state should be measured 

and used for the evaluation. Care needs to be taken when using a 

caliper to not compress the softened materials excessively. This can 

be balanced using a flat sheet caliper or placing a coverslip on the 

soft materials. Additionally, microscopy setups can be used. Values 

for the thickness of such films may also be estimated from the swell-

ing data at the given humidity or in the wet state, but swelling and 

deswelling may not always lead to the same dimensions. Hence, 

measuring the true cross section is advised. 

 

2.4.4. Other 

Thermal gravimetric analysis 

The thermal decomposition behavior of the films in paper I was determined 

on a Discovery TG (TA instruments, USA) by heating approximately 10 mg 

of film sample to 600 °C at a heating rate of 10 °C min–1 in a 40 mL min–1 

nitrogen flow. 

Rheology 

The rheological properties of CNF-based suspension in paper II were in-

vestigated using a Physica MCR 301 rheometer (Anton Paar, Austria) 

equipped with a smooth cone-on-plate geometry (2° nominal angle, 25 mm 

diameter, 50 μm gap) performing amplitude sweeps from 0.01 to 1000% strain 

at a frequency of 1 Hz and a temperature of 25 °C. 

Antioxidant activity 

The antioxidant capacity of CNF-based films in paper I was determined 

using a modified DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging 

assay.80 10 mg of dry film were suspended in 1 mL of 0.1 mM DPPH in meth-

anol and placed in the dark for either 5 min or 5 hours. The absorbance of the 
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supernatant at 517 nm was then measured using an UV-Vis spectrometer and 

the DPPH radical scavenging activity was calculated according to equation 

(1): 

 
DPPH inhibition [%] = (

𝐴𝑟𝑒𝑓 − 𝐴

𝐴𝑟𝑒𝑓

) × 100 (1) 

where A is the absorbance of the sample supernatant and Aref is the absorb-

ance of 0.1 mM DPPH in methanol. 

Ninhydrin assay 

The amount of primary amino groups before and after modification of dry 

CNF-based films in paper I and foams in paper II was determined with a mod-

ified Ninhydrin (2,2-dihydroxyindane-1,3-dione) assay.81 A dry piece of a 

film or foam specimen was suspended in ethanol, 1 mL of 1.5 % (w/v in eth-

anol) Ninhydrin solution was added and the suspension was heated to 80 °C 

for 25 (paper I) or 45 min (paper II). After cooling down, the supernatant was 

diluted with DI water and its absorbance at 570 nm was measured with a UV-

Vis spectrometer against a blank Ninhydrin solution. The absorbance at 570 

nm is proportional to the concentration of free primary amino groups.82 

Sedimentation 

The aspect ratio of CNF produced in paper V was determined from sedi-

mentation experiments on 55 mL of 0.150, 0.125, 0.100, 0.075, and 0.050 wt% 

CNF suspensions using the crowding number theory.83,84 The ratio of the 

height of the sediment after one week of sedimentation over the height of the 

whole suspension was plotted against the initial solid concentration and fit 

with a quadratic function. The solids concentration at the gel point gc (kg m–

3) corresponds to the linear term of the quadratic function and can be used to 

calculate the aspect ratio A according to equation (2): 

 𝐴 =
6

√
𝑔𝑐𝜌𝑓

𝜌𝑙

 
(2) 

where ρl and ρf are the densities of water (1000 kg m–3) and cellulose (1500 

kg m–3), respectively, and it is assumed that the CNF are perfect cylinders with 

uniform cross-sections. 
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Orientation index from image analysis 

In paper V, the degree of CNF and cell wall orientation was calculated from 

SEM images of the foams in the axial direction by using the ImageJ plug-in 

OrientationJ.85 The software plots a histogram of the local orientation of every 

pixel after calculating the structure tensor in its local neighborhood.86 The re-

sulting histograms were fit with Gaussian curves and an orientation index f 

was calculated from the full width at half maximum (fwhm) according to 

equation (3): 

 𝑓 =
180 − fwhm

180
 (3) 

Degree of CNF alignment from XRD 

In papers II & V, the degree of CNF alignment inside the foam walls was 

determined by X-ray diffraction. 2D patterns of the foams in the radial direc-

tion were recorded and an azimuthal integration of the cellulose (200) peak 

(2θ = 22.6°) was performed. The Hermans’ orientation parameter fH, which 

can be used to quantify the alignment of CNF in the freezing direction, was 

calculated according to equation (4): 

 

𝑓𝐻 =

3(
∑ 𝐼(𝜑) sin 𝜑 cos2 𝜑

𝜋
2
0

∑ 𝐼(𝜑) sin 𝜑
𝜋
2
0

) − 1

2
 

(4) 

where φ is the theoretical angle between the predominant direction CNF 

and the direction of growing ice crystals during freezing and I(φ) is the inten-

sity at a certain angle φ.87,88 

Nitrogen sorption 

Nitrogen sorption measurements on the foams in papers II & V were per-

formed on an ASAP 2020 (Micromeritics Instrument Corporation, USA) after 

degassing at 80 °C for 10 hours. The surface area and average pore sizes of 

the foam walls were estimated using the Brunauer–Emmett–Teller (BET) and 

the Barrett–Joyner–Halenda (BJH) models, respectively.89,90 
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Density and porosity 

In papers II & V, the apparent densities of the foams ρfoam were determined 

by measuring their volume with a digital caliper and their weight with an an-

alytical balance (Sartorius, Germany) after conditioning for at least 48 hours 

at 23 °C and either 50% or 98% RH. Their porosity φ was calculated from 

ρfoam and the skeletal density of the dry foams ρsk, which was defined as the 

weighted arithmetic mean of the densities of the components, according to 

equation (5): 

 
𝜑 [%] = (

1 − 𝜌𝑓𝑜𝑎𝑚

𝜌𝑠𝑘

) × 100 (5) 

Water uptake 

The water uptake of films in paper I was determined by measuring their 

weight on an analytical balance before and after immersion in DI water. The 

excess water on wet specimens was removed by blotting with filter paper. 

In paper II, the water uptake of foams was determined by measuring the 

mass change with an analytical balance after conditioning at 20/35/50/65/80% 

RH inside a Climacell Evo humidity chamber (MMM group, Germany) or at 

98% RH after conditioning over a saturated solution of potassium sulfate at 

23 °C. 

Thermal conductivity 

The thermal conductivity of foams in papers II & V was determined with a 

TPS 2500 S Thermal Constants Analyzer (Hot Disk AB, Sweden) in aniso-

tropic mode.41 The thermal conductivities in the radial (λr) and axial (λa) di-

rection of foams were measured in a customized cell at 22 °C and between 5–

80% RH. The RH was controlled using a P2 humidifier (Cellkraft, Sweden). 

For calculations, the dry specific heat capacity of the foams was determined 

using differential scanning calorimetry on a DSC 1 STARe (Mettler Toledo, 

USA), where 10 mg of dried material were analyzed between –20 and 50 °C 

at a 10 °C min–1 heating and cooling rate. The wet specific heat capacity at 

each RH was calculated from the dry one using the water uptake data and the 

rule of mixtures. The thermal conductivity anisotropy ratio was calculated by 

dividing λa by λr. 
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3 Leather-inspired CNF-based films with high 

wet-strength (Paper I) 

There have been attempts to improve the wet strength of CNF-based films 

either by the formation of covalent bonds91–94 or non-covalent interac-

tions.57,58,95 Unfortunately, there is no standard method to take into account the 

influence of swelling when measuring and reporting wet mechanical proper-

ties, which makes it hard to compare different modification strategies. Besides 

efforts to enhance water stability, a trend towards active food packaging has 

sparked research on CNF-based films that are antioxidant and block UV-

light.65,66,96–98 

We designed leather-inspired CNF-based films modified with insoluble 

gelatin–tannin complexes, which conferred wet strength (paper I). The poly-

phenolic nature of the incorporated tannin rendered the films antioxidant and 

UV-blocking. 

3.1. Preparation and characterization of films 

The preparation of films was inspired by the vegetable tanning of leather, 

where tannins form insoluble complexes with proteins and transform the pu-

trescible skin into a microbial-resistant and moisture-stabilized material.99,100 

Hence, CNF that was produced by grinding, was oxidized to form dialdehyde-

modified CNF (DACNF, 0.78 ± 0.02 mmol aldehyde per gram CNF) and 

grafted with gelatin, a mixture of peptides and proteins derived from bovine 

skin collagen, to form Gelatin@DACNF. A dilute suspension of Gela-

tin@DACNF (Figure 3.1a) was subjected to vacuum filtration (Figure 3.1b) 

to prepare translucent Gelatin@DACNF films (Figure 3.1c). The dry films 

were then treated in an aqueous solution of TA (Figure 3.1d), washed, and 

dried to form the slightly brown and translucent TA/Gelatin@DACNF hybrid 

films (Figure 3.1e). The network was physically cross-linked by the hydrogen 
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bonding and hydrophobic interactions that formed between gelatin and TA 

(Figure 3.1f). 

 

Figure 3.1. Preparation route of the leather-inspired TA/Gela-

tin@DACNF films: An aqueous suspension of (a) gelatin-grafted 

DACNF is (b) vacuum-filtrated to form (c) translucent Gela-

tin@DACNF films that are immersed in an (d) aqueous TA solution to 

form (e) the slightly brownish leather-inspired TA/Gelatin@DACNF 

films, in which (f) gelatin and TA are connected by hydrogen bonding 

and hydrophobic interactions. Taken from paper I.101 © 2020, Biom-

acromolecules. 

The grafting of gelatin onto DACNF resulted in a gelatin content of 5.9 

wt% in the dry Gelatin@DACNF films, which is significantly higher than in 

vacuum filtered films of physical mixtures of CNF and gelatin (3.7 wt%). The 

Maillard-type reaction between DACNF aldehydes and gelatin amines re-

duced the aldehyde content of the DACNF by 29% after grafting of gelatin, 

as determined from hydroxylamine hydrochloride titration.102 No further de-

crease in aldehyde content was observed when increasing the grafting reaction 

time, which was assigned to the fact that the remaining aldehyde groups are 

located inside the fibrils and thus not available to react with gelatin.103 The 

reduction in surface aldehyde groups could be observed by treating the films 
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with diamminesilver(I) (Tollens’ reagent), where much less bright silver na-

noparticles from the reaction with aldehydes could be observed on Gela-

tin@DACNF films, compared to non-grafted DACNF films (Figure 3.2a). In-

frared spectroscopy confirms the absence of the characteristic aldehyde band 

(1740 cm–1) and the emergence of gelatin amide I, II, and III bands (1637, 

1525, and 1259 cm–1, respectively) in the spectra of the grafted Gela-

tin@DACNF films (Figure 3.2b). In addition, the grafting reaction with 

DACNF led to a 57% reduction in gelatin primary amine groups, as deter-

mined from a modified Ninhydrin colorimetric assay. 

The complexation of Gelatin@DACNF films with an aqueous solution of 

TA led to slightly brown and translucent TA/Gelatin@DACNF films with a 

final composition of 83.5 ± 0.5 wt% DACNF, 5.2 ± 0.7 wt% gelatin, and 11.2 

± 0.4 wt% TA. Three times more tannin could be incorporated in films that 

were grafted with gelatin (11.2 wt%), compared to neat CNF films (3.7 wt%). 

The increase in tannin content suggests the formation of insoluble gelatin-TA 

complexes in addition to the TA that has been adsorbed onto cellulose.104 In-

frared spectroscopy on TA/Gelatin@DACNF films showed characteristic 

bands for tannin carbonyl (1700 cm–1) and phenolic (1608 cm–1) groups (Fig-

ure 3.2b). 

Upon soaking in DI water for 1 hour, the neat CNF films and films of phys-

ical mixtures of CNF and gelatin (CNF/Gelatin) swelled significantly, with 

weight increases of 168 and 141%, respectively (Figure 3.2c). The complexa-

tion of gelatin in physical mixtures of CNF and gelatin (CNF/Gelatin/TA) de-

creased the water uptake to 92%, which is still much higher compared to 

DACNF (40%) and Gelatin@DACNF (44%) films, where interfibril hemiac-

etal linkages consolidate the network.105 The leather-inspired TA/Gela-

tin@DACNF films had the lowest water uptake of only 25%, which was at-

tributed to the formation of insoluble gelatin–TA complexes that cross-link 

the structure. 
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Figure 3.2. Characterization of hybrid films: (a) SEM images of 

DACNF and gelatin-grafted Gelatin@DACNF films after exposure to 

diamminesilver(I) (Tollens’ reagent); (b) FT-IR spectra and; (c) water 

uptake of CNF-based hybrid films. Adapted from paper I.101 © 2020, 

Biomacromolecules. 
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3.2. Wet and dry mechanical properties 

The mechanical performance of the CNF-based hybrid films was investi-

gated using tensile testing in the dry state after conditioning the specimens at 

23 °C and 50% RH for at least 24 hours, and in the wet state after immersing 

the specimens in DI water, simulated seawater (pH 8.2), or a SDS/TEA solu-

tion for one hour. The wet thickness of the films was calculated by multiplying 

the dry thickness with a swelling ratio, which was obtained from optical mi-

croscopy images. 

In the dry state, the CNF-based hybrid films show a steep initial elastic 

region that is followed by a linear plastic deformation regime (Figure 3.3a). 

The neat CNF films reach a strain at failure of 15.5 ± 2.5% at a tensile strength 

of 139 ± 9 MPa with a Young’s modulus of 4.4 ± 0.3 GPa. The dry leather-

inspired TA/Gelatin@DACNF films could not reach the same strain to failure 

(11.4 ± 1.6%), but had a superior tensile strength (140 ± 12 MPa) and Young’s 

modulus (4.7 ± 0.2 GPa). 

Wet films of neat CNF and CNF/Gelatin became very weak as their tensile 

strength and Young’s modulus dropped by over 99%, and failure occurred at 

low strains of 6.7 ± 1.0% and 7.2 ± 0.8%, respectively (Figure 3.3b). Both, the 

formation of gelatin-TA complexes in CNF/Gelatin/TA films and interfibril 

hemiacetal linkages in DACNF films improved the wet mechanical perfor-

mance with an increase in wet tensile strength of about 3 and 11 times, respec-

tively. Wet gelatin-grafted Gelatin@DACNF and TA/Gelatin@DACNF films 

show strain hardening during tension, which is assigned to strain-induced fi-

bril alignment.87 The alignment can be observed by a high degree of birefrin-

gence when placing film strips between crossed polarizers at a 45° angle after 

testing (Figure 3.3b, inset). The wet leather-inspired TA/Gelatin@DACNF 

hybrid films displayed the by far best mechanical performance (Figure 4.4c–

d), which was assigned to strong but flexible interfibrillar cross-links formed 

by insoluble gelatin-TA complexes. The Young’s modulus of 312 ± 26 MPa, 

tensile strength of 33 ± 2 MPa, strain at failure of 22 ± 2%, and toughness of 

3.4 ± 0.4 MJ m–3 for these films in the wet state are superior than or compara-

ble to dry bio- and paper-based food packaging materials,106,107 commercial 

biodegradable poly(lactic-acid)-based films,108 and conventional multilayer or 

LDPE packaging films.109,110 
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The leather-inspired reinforcement could be reversed by the disintegration 

of the gelatin-TA complexes in an aqueous SDS/TEA solution.111 The tensile 

strength and Young’s modulus of SDS/TEA-treated films was lower, but the 

strain at failure similar compared to Gelatin@DACNF, suggesting that the 

gelatin grafting was not affected (Figure 3.3c–d). Soaking in simulated sea-

water at pH 8.2 did not significantly deteriorate the wet mechanical properties 

of the leather-inspired TA/Gelatin@DACNF hybrid films, indicating that the 

gelatin-TA complexes could withstand high ionic strength and slightly alka-

line conditions (Figure 3.3c–d).  

 

Figure 3.3. Mechanical properties of CNF-based hybrid films: Repre-

sentative stress–strain curves from tensile testing of (a) dry and (b) wet 

specimens with (inset) images of DACNF and leather-inspired TA/Gel-

atin@DACNF film strips placed between crossed polarizers at a 45° 

angle after testing. Results from wet mechanical testing plotted as; (c) 

tensile strength vs. Young’s modulus and (d) toughness vs. strain at 

failure. Adapted from paper I.101 © 2020, Biomacromolecules. 
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3.3. Antioxidant and UV-blocking properties 

The antioxidant activity of the CNF-based hybrid films was assessed using 

a DPPH assay, in which the absorbance at 517 nm of a colored DPPH free 

radical solution is measured. Immersing the tannin-containing TA/Gela-

tin@DACNF films changes the color of the solution from violet to colorless, 

scavenging more than 94% of the DPPH radicals after only 5 min (Figure 

3.4a). Cationic CNF films with a similar tannin content (10 wt%) scavenged 

only 31% DPPH radicals after 30 min, showing that the leather-inspired 

TA/Gelatin@DACNF reduced radicals more efficiently.66 CNF and Gela-

tin@DACNF films that did not contain tannin scavenged only 3 and 5% of 

radicals, respectively, after 5 hours. 

In addition to scavenging radicals, the conjugated polyphenolic structure of 

tannins also absorbs harmful UV light from solar radiation in plants.71 Thus, 

the UV-blocking capabilities of the CNF-based hybrid films were evaluated 

using UV-Vis spectroscopy (Figure 3.4b). The ~50 μm thick leather-inspired 

TA/Gelatin@DACNF films absorbed 100% of UV-B/UV-C light (200–315 

nm) and about 88% of UV-A light (315–400 nm). In contrast, the CNF, 

DACNF, and Gelatin@DACNF films that were not treated with a solution of 

TA absorbed only between 78 and 80% UV-A, 84 and 86% UV-B, and 94 and 

97% UV-C light, respectively. The absorbance of visible light was about 70% 

in all films, resulting in translucent films (Figure 3.4c). The difference in UV-

C light absorbance was demonstrated by irradiating neat CNF and leather-

inspired TA/Gelatin@DACNF films with a 254 nm lamp. The tannin-contain-

ing films blocked the incoming UV-C light more efficiently, resulting in an 

opaque material, whereas the neat CNF films remained translucent. 
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Figure 3.4. Antioxidant and UV-blocking properties of CNF-based hy-

brid films: (a) DPPH inhibition of CNF, Gelatin@DACNF and leather-

inspired TA/Gelatin@DACNF films with (inset) pictures of the DPPH 

solutions after 5 hours; (b) UV light transmittance of films as a function 

of the wavelength; (c) Neat CNF and leather-inspired TA/Gela-

tin@DACNF films before and during irradiation with 254 nm UV-C 

light. Adapted from paper I.101 © 2020, Biomacromolecules.  
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4 Quinone tanning processing of moisture 

stable foams (Paper II) 

In order to enable energy-efficient and scalable evaporative drying of CNF-

based porous materials, the CNF network needs to be strengthened enough to 

withstand structural collapse during drying. Sclerotization, or quinone tan-

ning, is a natural strategy used for example in arthropod cuticles and squid 

beaks to stabilize and harden materials using covalent cross-links between nu-

cleophilic groups, such as amino groups, and quinones.112,113 This catechola-

mine chemistry has been used, for example, to prepare chitin/chitosan films114–

116 and hydrogels.117,118 

Inspired by sclerotization, we cross-linked ice-templated bPEI-stabilized 

CNF to form networks that could be evaporatively dried (paper II). The struc-

ture is strengthened by non-covalent interactions between CNF and bPEI and 

by covalent bonds that form via a Michael-type addition reaction of oxidized 

tannin and bPEI amines. The resulting lightweight and anisotropic biobased 

foams displayed excellent mechanical and thermal insulation properties at dif-

ferent relative humidities. 

4.1. Sclerotization-inspired preparation and 

characterization of foams 

The synthesis of the sclerotization-inspired foams began in an aqueous sus-

pension of 5 mg mL−1 carboxylated CNF and 0.5 mg mL−1 bPEI, where the 

partly positively charged polyamine bPEI adsorbs onto the negatively charged 

CNF (Figure 4.1a). Directional ice-templating of the mixture in a freeze-cast-

ing mold results in an anisotropic frozen structure (Figure 4.1b) that is thawed 

in an aqueous solution of TA (Figure 4.1c), which has been oxidized with 

NaIO4 to yield quinones (Figure 4.1d). The quinones can crosslink the bPEI 

via a reaction similar to sclerotization (Figure 4.1e) and the resulting hydrogel 
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is subsequently washed and solvent exchanged to ethanol. Upon evaporative-

drying and heating in an oven (Figure 4.1f), additional amide bonds are 

formed between CNF and bPEI (Figure 4.1g). The lightweight brown aniso-

tropic foam that is obtained (Figure 4.1h), retains both the shape and the 

macroporous honeycomb structure (Figure 4.1i) that were formed during di-

rectional ice-templating. Analysis of the Hermans’ orientation parameter (fH) 

from XRD patterns revealed that the CNF in the sclerotization-inspired, evap-

oratively dried CNF–bPEI–TA foam’s thin cell walls (Figure 4.1j) were as 

aligned as those in anisotropic freeze-dried foams of neat CNF. 

 

Figure 4.1. Preparation of the sclerotization-inspired CNF–bPEI–TA 

foams: An aqueous suspension of (a) 5/0.5 mg mL−1 CNF/bPEI is (b) 

ice-templated in a freeze-casting mold and thawed in an (c) aqueous 

solution of TA, where (d) TA-catechols are formed. (e) The Michael-

type cross-linked structure can be (f) evaporatively dried in an oven af-

ter solvent exchange to ethanol, where (g) additional cross-links are 

formed between CNF carboxylates and bPEI amines. SEM images of 

the (h) CNF–bPEI–TA foam show (i) a macroporous honeycomb struc-

ture perpendicular to the freezing direction that consists of (j) thin cell 

walls. Adapted from paper II. 
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4.2. Characterization and chemistry of suspensions and 

foams 

The interaction between bPEI and carboxylated CNF leads to aggregation 

that can be observed from AFM images. The addition of bPEI to CNF with an 

average diameter of 3.0 ± 0.6 nm leads to the formation of aggregates of en-

tangled CNF/bPEI and excess bPEI with sizes between 60 and 300 nm upon 

drying (Figure 4.2a). When observing a 5/0.5 mg mL−1 CNF/bPEI dispersion 

between crossed polarizers, the bright areas that indicate ordered CNF do-

mains became smaller suggesting that aggregation between CNF and bPEI 

prevents CNF assembly (Figure 4.2b).119 The aggregates in CNF/bPEI sus-

pensions reduce the transmission of visible light slightly with a large drop at 

shorter wavelengths, suggesting that their size is below 400 nm (Figure 

4.2c).120 The rheological properties of the CNF/bPEI suspension suggest a 

stronger and more brittle network, as storage and loss modulus increase and 

the gel breakup occurs more rapidly at lower strains, compared to a neat CNF 

suspension (Figure 4.2d). Reducing the pH or bPEI concentration in 

CNF/bPEI suspensions resulted in a more liquid-like behavior.  

Lightweight foams were obtained from evaporative drying of ice-templated 

and solvent-exchanged CNF/bPEI suspensions, either without (CNF–bPEI), 

or after sclerotization-inspired cross-linking (CNF–bPEI–TA). During the lat-

ter, highly reactive electrophilic quinones are formed by oxidizing TA with 

NaIO4, as demonstrated using UV-Vis spectroscopy (Figure 4.2e), and react 

with the nucleophilic bPEI amine groups via a Michael-type addition reaction. 

CNF suspensions did not withstand the capillary forces during evaporative-

drying and collapsed; thus neat CNF foams were produced via freeze-drying 

(CNF–FD) for comparison. The 13C CP-MAS NMR spectrum of the CNF–

bPEI–TA foams featured peaks at 138 and 146 ppm, confirming the incorpo-

ration of aromatic TA derivatives (Figure 4.2f). In addition, the formation of 

amide bonds between CNF carboxylates and bPEI amines during oven-dry-

ing121 was verified by the appearance of a peak at 175 ppm in the 13C NMR 

spectra of CNF–bPEI and CNF–bPEI–TA, and using FT-IR spectroscopy 

(Figure 4.2g). Sclerotization-inspired cross-linking reduced the absorbance at 

570 nm of Ninhydrin solutions that were exposed to the foams by 45%, indi-

cating that the amount of bPEI primary amines decreased after reaction with 

oxidized tannin (Figure 4.2h). 
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Figure 4.2. Characterization of CNF and CNF/bPEI suspensions and 

CNF–FD, CNF–bPEI, and CNF–bPEI–TA foams: (a) Topological 

AFM images; (b) appearance of suspensions between crossed polariz-

ers; (c) UV-Vis transmittance and (d) rheological measurements of sus-

pensions; (e) UV-Vis transmission of oxidized and neat TA solutions; 

(f) 13C CP-MAS NMR spectra and (g) FT-IR spectra of foams; and (h) 

absorbance at 570 nm of a Ninhydrin solution after reaction with the 

foams. Adapted from paper II. 
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4.3. Moisture stability, mechanical properties and 

thermal conductivity of foams 

The composition, moisture stability, mechanical performance and thermal 

conductivity of foams at different RH are presented in Table 4.1 and Figure 

4.3. The evaporatively dried foams with a CNF content of over 80% had an 

apparent density as low as 7.7 kg m–3 at 50% RH resulting in a porosity of 

over 99% (Table 4.1). Changing the atmosphere from 50 to 98% RH resulted 

in a small increase in water uptake and density of the CNF–bPEI–TA foams, 

whereas non-modified CNF–FD foams absorbed much more moisture and 

partially collapsed (Figure 4.3a–b). 

The mechanical properties in compression were determined along the di-

rection of the cell walls. Sclerotization-inspired cross-linked CNF–bPEI–TA 

foams exhibited a Young’s modulus of 157 ± 40 kPa, a strength of 8.5 ± 0.8 

kPa, and a toughness of 8.2 ± 0.5 kJ m–3 at 50% RH (Table 4.1). The signif-

icantly higher specific Young’s modulus of CNF–bPEI–TA compared to 

CNF–bPEI at 50% and 98% RH shows that the sclerotization-inspired cross-

linking stiffens the structure both at moderate and humid conditions (Figure 

4.3c). The specific Young’s modulus of CNF–bPEI–TA of 20.4 kNm kg–1 

at 50% RH is higher than previously reported isotropic evaporatively dried 

CNF-based foams or aerogels.52–54 The Young’s modulus of CNF–bPEI–TA 

foams decreased by 43% when increasing the RH from 50 to 98%, which is 

identical to the previously reported decrease in boric acid cross-linked ani-

sotropic freeze-dried foams after changing the atmosphere from 50 to 85% 

RH.39 Reposing the CNF–bPEI–TA foams back to 50% RH after condition-

ing at 98% RH resulted in a small decrease in Young’s modulus (12%), but 

an increase in strength (10%) and toughness (12%), showing that the me-

chanical properties could be restored after exposure to high RH (Figure 

4.3d). 

The thermal conductivity of the anisotropic CNF-based foams with aligned 

cell walls and CNF is always lower in the radial direction (λr), i.e. perpendic-

ularly to the fibril and foam cell wall direction, than in the axial direction (λa), 

resulting in anisotropy ratios (λa/λr) greater than one (Table 4.1).122,123 The λr 

of evaporatively dried and moisture-stable CNF–bPEI–TA foams was close 

to the thermal conductivity of air and relatively insensitive to changes in hu-

midity between 20 and 80% RH (Figure 4.3e). CNF–bPEI–TA foams had, 
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however, higher λr compared to freeze-dried CNF-FD foams, which is as-

signed to the formation of stronger covalent bonds during the sclerotization-

inspired cross-linking that promote heat transfer.124,125 In comparison, the λr of 

CNF–bPEI–TA foams was considerably lower than that of evaporatively dried 

CNF/polyoxamer foams41 and conventional insulation materials such as tradi-

tional cellulose insulation, fossil-based EPS/XPS foams and mineral wool, but 

similar to PU foam and higher than super-insulating silica aerogels (Figure 

4.3f).126,127 

Table 4.1. Composition, mechanical properties and thermal conductivity of 

CNF–FD, CNF–bPEI, and CNF–bPEI–TA foams. 

 CNF–FD CNF–bPEI CNF–bPEI–TA 

Drying method Freeze-dried Evaporatively dried 

Composition: CNF/bPEI/TA (wt%) 100 90.9 / 9.1 82.9 / 8.3 / 8.8 

Mechanical properties at 50% RH    

Apparent density (kg m–3) 6.5 ± 0.1 7.7 ± 0.2 7.7 ± 0.2 

Porosity (%) 99.6 99.5 99.5 

Young’s modulus (kPa) 270 ± 97 98 ± 20 157 ± 40 

Strength (kPa) 9.1 ± 0.8 5.8 ± 0.9 8.5 ± 0.8 

Toughness (kJ m–3) 8.0 ± 0.9 7.2 ± 0.5 8.2 ± 0.5 

Mechanical properties at 98% RH    

Shrinkage (vol%) 57 ± 12 10 ± 6 11 ± 3 

Apparent density (kg m–3) 28.4 ± 16.5 10.7 ± 0.7 10.1 ± 0.4 

Porosity (%) 98.1 99.2 99.3 

Young’s modulus (kPa) – 32 ± 6 90 ± 16 

Strength (kPa) – 2.1 ± 0.2 4.7 ± 0.6 

Toughness (kJ m–3) – 4.0 ± 0.5 6.2 ± 0.5 

Thermal conductivity at 50% RH    

λr (mW m–1K–1) 22.3 ± 0.7 – 26.1 ± 1.0 

λa (mW m–1K–1) 112.3 ± 3.5 – 104.5 ± 5.0 

Anisotropy ratio λa/ λr 5.0 ± 0.2 – 4.0 ± 0.3 

Thermal conductivity at 80% RH    

λr (mW m–1K–1) 25.5 ± 0.4 – 26.9 ± 0.3 

λa (mW m–1K–1) 156.0 ± 3.6 – 142.1 ± 3.1 

Anisotropy ratio λa/ λr 6.1 ± 0.2 – 5.3 ± 0.1 
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Figure 4.3. Moisture stability, mechanical properties and thermal con-

ductivity of foams: (a) water uptake as a function of RH; (b) influence 

of high RH on foam structures; (c) specific Young’s modulus before 

and after sclerotization-inspired cross-linking; (d) mechanical proper-

ties of CNF–bPEI–TA foams after exposure to high RH; (e) λr as a func-

tion of RH; (f) Comparison of λr to conventional thermal insulation, 

evaporatively dried CNF-based foams and silica aerogels. Adapted 

from paper II. 
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5 Functionalization and patterning of films by 

complexes of tannins and multivalent metal 

ions (Paper III) 

Accessible organic and inorganic materials have been used to dye and pat-

tern textiles and paper by ancient civilizations around the globe, including In-

digo of Woad in Europe,128 Maya blue in Mesoamerica,129 and Egyptian pig-

ments in Africa.130 Black or dark blue dyes that are formed in the reaction 

between an organic tannin and an inorganic iron salt appeared in European, 

African, and Asian cultures.131–134 The coloring principle of these so-called 

iron-gall inks relies on the formation of dark and insoluble ferric tannate com-

plexes.75 In Malian culture, Bògòlanfini mud cloth is prepared by a unique 

two-step dyeing technique, where hydrolyzable tannins are pre-adsorbed onto 

cotton fabric by soaking it in a leaf extract and then patterned using iron-rich 

mud.135–137 Apart from its use in printing and traditional dyeing, patterning of 

cellulose-based substrates has recently been suggested for advanced applica-

tions such as bioassays,138 electroanalytical devices,139 and wearable electron-

ics.140 

We used a Bògòlanfini-inspired process to pattern and functionalize CNF 

films with plant-derived hydrolyzable tannins and Earth-abundant metal ions 

(paper III). Self-standing functionalized CNF-tannin films were prepared and 

tunable patterns were formed with metal ion solutions using microcontact 

printing. 
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The evaporative casting of suspensions containing carboxylated CNF, a hy-

drolyzable tannin (TA, GA, or EA), and an iron salt (FeCl3, FeCl2, or FeSO4) 

resulted in self-standing films that remained dark even after washing (Figure 

5.1a). Topographical AFM images show CNF networks in unmodified films 

(Figure 5.1b,i), whereas the films were decorated with GA assemblies upon 

GA addition (Figure 5.1b,ii). Adding GA and FeIII to a CNF suspension led to 

the formation of 20–50 nm big nanoparticles on the dry film surface (Figure 

5.1b,iii). UV-Vis spectroscopy of suspensions containing GA and FeIII re-

vealed a broad band ~590 nm that corresponds to a ligand–to–metal charge-

transfer (LMCT) band between GA ligands and iron (Figure 5.1c). A weak 

shoulder at ~390 nm was assigned to the formation of GA quinones by a par-

tial reduction of FeIII to FeII.141 XANES and XPS measurements demonstrated 

that iron was present as both FeIII and FeII, regardless of which salt was ini-

tially used to complex GA. Treating GA-impregnated CNF films with FeIII or 

FeII shifted the infrared ν(C=O) band of adsorbed GA from 1686 cm−1 to 1707 

cm−1 and replaced the intense CNF ν(C=O) band at 1598 cm−1 with a new band 

at 1629 cm−1 (Figure 5.1d). The complexation of GA with iron is indicated by 

a decreased absorbance of the phenolic ν(HO–C) band (∼1244 cm−1) and new 

peaks at 1582 cm−1 and 1427 cm−1 that can be assigned to coordinated COO− 

asymmetric and symmetric stretching modes, respectively.142,143 
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Figure 5.1. Characterization of CNF suspensions and films after mod-

ification with GA-FeII/III complexes: (a) Images of a self-standing film 

after evaporative casting; (b) Topographical AFM images of (i) a neat 

CNF film, and films that were treated with (ii) GA and (iii) a mixture 

of GA and FeIII; (c) UV-Vis spectrum of a CNF+GA+FeIII suspension; 

(d) IR spectra of films at different stages of the modification. Adapted 

from paper III.144 © 2019, Nanoscale. 

The ability to decorate CNF films with micron-sized patterns of tannin-iron 

complexes was demonstrated by microcontact printing. CNF films were evap-

orative-casted onto a flat silicon substrate and impregnated with a solution of 

either GA or TA. The pre-adsorbed GA or TA was then locally complexed 

with a metal salt solution that was inked on a PDMS stamp (Figure 5.2a). 

Optical microscopy images show that printing with a FeIII-saturated stamp 

onto a TA-impregnated CNF film results in dark micron-sized line (Figure 

5.2b) or dot (Figure 5.2c) patterns that relate to the structure of the printing 

stamp. Topographical AFM images indicate that the printed lines are 2 μm 

wide and consist of surface-bound nanoparticles that are ~20 nm in size (Fig-

ure 5.2d–f). Back-scattered-electron SEM images of the tannin-iron pattern 

show bright lines and an EDX Fe-Lα line scan confirms the presence of iron 

in the lines (Figure 5.2g). 
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Figure 5.2. Microcontact printing of CNF films with tannin-metal com-

plexes: (a) Illustration of the Bògòlanfini-inspired two-step microcon-

tact printing of tannin-impregnated CNF films with metal ion-saturated 

PDMS stamps; Optical microscopy images of dark micron-sized TA-

FeIII (b) line and (c) dot patterns; Tapping-mode AFM images of (d) a 

single printed TA-FeIII line, (e) a 3D image of the line surface and (f) 

an extracted height profile across one line; (g) Back-scattered-electron 

SEM image of a TA-FeIII line pattern including an EDX Fe-Lα line 

scan. Taken from paper III.144 © 2019, Nanoscale. 

In order to demonstrate that patterning is not limited to TA-FeIII complexes, 

microcontact printing was also performed on GA-impregnated films using 

CoII and CuII salt solutions. Figure 5.3a shows optical microscope images of 

dark blue GA-FeIII, red GA-CoII and green GA-CuII line patterns on CNF 

films. Hence, the color of the created pattern can be easily tuned, by simply 

changing the metal ion in the printing ink, which results in the formation of 

metal-catecholate complexes that absorb visible light at different wave-

lengths.145  
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In addition, the color of FeIII-catechol complexes can be tuned by changing 

the pH, as the stoichiometry between FeIII and catechol changes from 1:1 at 

low pH to 1:3 at high pH.146 Figure 5.3b shows the reversible color change of 

green acidified TA-FeIII line patterns, to red when the pH was increased, and 

back to green after acidifying the film surface again. Therefore, complexation 

of pre-adsorbed tannin with metal ion solutions using microcontact printing 

constitutes a simple and versatile route towards tunable micron-sized patterns. 

 

Figure 5.3. Tuning the color of micron-sized patterns on CNF films by 

modulating the tannin-metal ion complexes: (a) Line patterns of dark 

GA-FeIII, red GA-CoII, and green GA-CuII complexes; (b) pH dependent 

reversible color change of TA-FeIII line patterns. Taken from paper 

III.144 © 2019, Nanoscale. 
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6 Assessment of CNF fibrillation degree by 

studying anisotropic foams (Paper V) 

Benchmarking the degree of fibrillation and increasing the energy effi-

ciency during its processing are crucial to understanding CNF properties and 

reducing their cost for a given application. Characterizing the mechanical 

properties of films produced from different grades of CNF has been suggested 

as indirect method to complement suspension analysis in the assessment of 

the CNF fibrillation degree.70 However, there is no common protocol for film 

processing and characterization, which can also affect measured film proper-

ties.147 

We assessed the degree of CNF fibrillation by analyzing anisotropic foams 

that were produced by reliable and reproducible directional ice-templating 

(paper V). A higher degree of fibrillation and thus more homogeneous CNF 

suspension yields a more uniform macroporous structure, better mechanical 

performance, as well as increased alignment of CNF and foam cell walls. The 

specific energy consumption during fibrillation with a grinder was adjusted to 

optimize the properties of anisotropic freeze-cast foams. 

6.1. Production and characterization of CNF 

Specific energy consumption was chosen as the main parameter to control 

the extent of mechanical fibrillation of Sulfite (S) and Kraft (K) pulp. Three 

CNF suspensions from each pulp (S1–3, K1–3) were obtained after very low 

energy input followed by two more homogeneous CNF suspensions at higher 

energy input (S4–5, K4–5; Figure 6.1a). A larger amount of hemicelluloses in 

the Kraft pulp led to an increased viscosity of the suspension during fibrilla-

tion, which resulted in higher specific energy consumptions per pass through 

the grinder, compared to Sulfite pulp.148,149  
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SEM images of the suspensions (Figure 6.1b) show that fibrillation started 

in both pulps already after a single pass through the grinder; however, short 

intact fibers and microfibril aggregates remained in case of Sulfite pulp (S1). 

The Kraft pulp disintegrated down to the nanofibril level right away, with al-

most no intact fibers remaining (K1), and formed a homogeneous suspension 

of CNF at higher energy input (K3–5) with significantly less remaining mi-

crofibrils than in Sulfite pulp suspensions (S3–5). The more efficient fibrilla-

tion of the Kraft pulp was assigned to the presence of more hemicelluloses 

that prevent nanofibril aggregation by hydrogen bonding and electrostatic re-

pulsion.70,148,149 

The fibril aspect ratio of Kraft and Sulfite pulps and CNF suspensions was 

determined from sedimentation experiments (Figure 6.1c). The sharp increase 

in the aspect ratio at early fibrillation stages is assigned to a preferred lateral 

disintegration, which is consistent with SEM observations. More passes 

through the grinder increase the probability of transversal fibrillation (i.e. cut-

ting of the fibrils), which leads to a gradual decrease in aspect ratio. Kraft CNF 

have a higher aspect ratio due to smaller fibril diameters from more homoge-

neous and efficient fibrillation and the Kraft CNF was selected for assessing 

the fibrillation quality by investigating the properties of anisotropic foams. 
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Figure 6.1. (a) Number of passes through the grinder vs. specific en-

ergy consumption during fibrillation of Sulfite (○) and Kraft (□) pulp. 

(b) Morphologies of representative Sulfite (S1–5) and Kraft (K1–5) 

CNF suspensions produced with increasing energy input. (c) Aspect ra-

tios of fibrillated Sulfite (○) and Kraft (□) pulps as a function of specific 

energy consumption during fibrillation. Adapted from paper V.46 © 

2020, ACS Sustainable Chem. Eng. 
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Unidirectional ice-templating and freeze-drying were used to prepare light-

weight Kraft pulp (K0) and CNF (K1–5) foams. Figure 6.2 shows representa-

tive SEM images of the cross-section of a K0 foam, which lacks any form of 

defined cellular structure, and of the anisotropic K1–5 CNF foams with 

aligned columnar macropores. The foams prepared from low-energy-input 

K1–3 CNF suspensions have defective cell walls and inhomogeneous cell 

sizes as a consequence of residual macrofibrils and poorly fibrillated material. 

CNF suspensions produced with a minimum specific energy consumption of 

3 kWh kg–1 (K4–5) form a more consistent and defined open honeycomb 

structure with intact cell walls. 

 
Figure 6.2. SEM images of the cross-section of foams prepared from 

Kraft pulp (K0) and CNF (K1–5) by ice-templating. Taken from paper 

V.46 © 2020, ACS Sustainable Chem. Eng. 

The change in macroporous structure of anisotropic foams has a direct in-

fluence on their mechanical properties. Both the Young’s modulus and energy 

absorption during compression testing in the axial direction are significantly 

higher for foams made from K4 CNF compared to foams produced from pulp 

or low-energy-input CNF. The greater amount of nanofibrils leads to an in-

crease in fibril–fibril bonds that form a tighter and more entangled network 

which distributes stress more efficiently.150 The subsequent decrease in mod-

ulus combined with an only slight increase in energy absorption suggests that 

an optimum in specific energy consumption around 3 kWh kg–1 could be iden-

tified. 
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6.2. Characterization of CNF and foam cell wall 

alignment 

The CNF and cell wall alignment was quantified by image analysis of SEM 

images of the axial cross-section of the foams, i.e. along the ice growth direc-

tion. Image analysis created color-coded maps from the greyscale SEM im-

ages; here, a larger amount of red pixels indicates better alignment in the freez-

ing direction (0°, Figure 6.3a, inset). Figure 6.3a shows the calculated orien-

tation index f for the K1–5 foams. The significant increase in f between foams 

prepared from K3 and K4 CNF is in good agreement with the SEM images of 

the foams radial cross-sections. Additional energy input did not result in better 

alignment, as f did not further increase for K5 foams, suggesting that an opti-

mum around 3 kWh kg–1 (K4) could be identified. The Hermans’ orientation 

parameter (fH) of foams that quantifies CNF crystal unit alignment using XRD 

ranged from 0.01 (K0) to 0.31 (K5), but did not show a clear trend. Thus, fH 

might be useful to compare different types of CNF, but is unreliable for bench-

marking the degree of fibrillation. 

The thermal conductivity of the CNF foams in the axial (λa) and radial (λr) 

directions were measured at 50% relative humidity and 22 °C, and their ani-

sotropy ratios (λa/λr) were calculated (Figure 6.3b). Increasing energy input 

during CNF production gave higher λa and lower λr, and thus higher anisotropy 

ratios, up to a maximum at a specific energy consumption of 3 kWh kg–1. The 

tendency towards higher anisotropy ratios is assigned to less defective and 

more aligned heat-conducting CNF and cell walls and a more uniform porous 

structure in foams prepared from high energy input CNF. 
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Figure 6.3. Analysis of the CNF and cell wall alignment of K1–5 

foams: (a) Orientation index f as calculated from the image analysis of 

SEM images in the axial direction and (b) anisotropy ratio as calculated 

from dividing the axial by the radial thermal conductivity (λa/λr). 

Adapted from paper V.46 © 2020, ACS Sustainable Chem. Eng. 

Overall, the Young’s modulus, CNF and cell wall alignment, and anisot-

ropy of thermal conductivity all reached maxima for foams generated from 

cellulose fibrillated at a specific energy consumption of 3 kWh kg–1 (Figure 

6.4), suggesting that this energy input yields the highest quality Kraft CNF for 

the synthesis of anisotropic foams. 

  
Figure 6.4. Correlation of the orientation index (grey), Young’s modulus 

(blue) and thermal conductivity anisotropy ratio (orange) of foams prepared 

from K1–5 CNF. 
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7 Conclusions 

In this thesis new potential solutions to key challenges related to the pro-

duction of CNF and the production and properties of CNF-based films and 

foams that rely on the physicochemical properties of tannins were presented. 

Tannins are defined by their ability to precipitate proteins, a property that 

was traditionally used to convert animal skins into leather. We mimicked the 

leather-making process to produce wet-strong CNF-based films by using a 

tannin to precipitate gelatin that was grafted onto dialdehyde-modified CNF. 

The wet strength of the leather-inspired films was greater than that of dry plas-

tic films and was assigned to the formation of water-insoluble tannin–gelatin 

complexes. The polyphenolic tannin provided the film with antioxidant and 

UV-blocking properties making the multifunctional material a promising re-

newable alternative to fossil-based food packaging. 

The influence of swelling on the accurate measurement and reporting of 

the wet mechanical properties of CNF-based films and reasons why different 

approaches exist have been discussed. A set of core recommendations has 

been presented as a best practice that future studies can use to benchmark wet 

mechanical performance. 

Tannins are rich in catechol groups that can be oxidized to produce qui-

nones that readily react with nucleophilic groups, which is an important step 

during the sclerotization of insect cuticle. Foams were prepared by a scalable 

sclerotization-inspired process from suspensions of carboxylated CNF that 

were aggregated with the polyamine bPEI. The suspensions were ice-tem-

plated, cross-linked with an oxidized tannin by a Michael-type reaction, sol-

vent exchanged to ethanol, and evaporatively dried in an oven. Anisotropic, 

lightweight and moisture-resilient foams were obtained that represent a more 

sustainable alternative to fossil-based thermal insulation due to their high spe-

cific strength and low thermal conductivity at moderate and high RH. 
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The catechol groups on tannins form colored complexes with multivalent 

metal ions, such as FeII/III, which is the basis of historic iron gall inks and the 

traditional Bògòlanfini dyeing technique. We used this chemistry to produce 

micron-sized patterns on CNF films that were pre-impregnated with a tannin. 

The patterning was performed by microcontact printing using a stamp that was 

saturated with an aqueous iron salt solution. The color of the patterns could be 

tuned by changing the pH or the metal ion, illustrating the versatility of this 

process, which is based solely on renewable and Earth-abundant materials. 

The degree of CNF fibrillation was studied with respect to the energy con-

sumption during mechanical grinding of Kraft and Sulfite pulps. CNF suspen-

sion analysis showed that the Kraft pulp disintegrated into a more homogene-

ous material, which was related to the presence of residual hemicelluloses. 

Anisotropic Kraft CNF foams were produced and their porous structure, CNF 

and cell wall alignment, mechanical properties, and thermal conductivity were 

characterized. An optimal energy input of 3 kWh kg–1 during CNF production 

was identified with respect to the CNF foams properties representing a 

straightforward approach to energy-efficient CNF production. 
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8 Outlook 

The large-scale production and potential commercial application of the 

leather-inspired films or of a biobased material that exploits similar interac-

tions would be very interesting. One way to reduce the cost of the film could 

be to replace highly fibrillated CNF with a lower-grade microfibrillated cellu-

lose and commercial tannic acid with a bark extract that is rich in tannins. The 

animal-derived gelatin could be substituted with industrially produced 

methylcellulose that also precipitates with tannin. The interactions between 

gelatin/methylcellulose and tannin could be tuned by the choice of tannin/bark 

extract towards even better wet and dry mechanical properties. The resulting 

film should also be further characterized towards potential application as 

packaging material by e.g. testing its barrier properties and biodegradability. 

In addition to fellow students that will hopefully benefit from the proposed 

best practice on how to measure and report wet mechanical properties of nano-

cellulose-based materials, the recommendations could also be included in in-

ternationally agreed standards to avoid future misunderstandings. 

It would be extremely interesting to try to scale up the production of the 

sclerotized CNF-based foams towards large panels that could be used as ther-

mal insulation in buildings. Since the bottleneck of freeze- or supercritical-

drying has been eliminated, the next step could be to find a more efficient 

alternative to dry ice for the ice-templating. Also, a biobased polyamine could 

be used to replace fossil-derived bPEI to render the material 100% biobased 

and the sclerotization-inspired chemistry should be applied to strengthen 

CNF-based materials other than foams. 

The Bògòlanfini-inspired microcontact printing on CNF films relies en-

tirely on Earth-abundant, non-toxic, and relatively cheap components, which 

makes it exciting to try to apply this material as single-use biosensor. 

Finally, the suggested approach for correlating the degree of fibrillation to 

the properties of anisotropic foams needs to be tested on many more types of 

starting materials and fibrillation methods.  
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Populärvetenskaplig sammanfattning 

Sedan början av 1900-talet har icke förnybara material som t.ex. syntetisk 

petroleumbaserad plast förändrat vårt samhälle. Med tanke på de 

miljöproblem som orsakas av plastens långsamma nedbrytning och behovet 

att radikalt minska användningen av fossila bränslen är det absolut nödvändigt 

att ersätta icke förnybara material med nya, biologiskt nedbrytbara material 

som är baserade på förnybara råvaror. Cellulosa, den vanligaste biopolymeren 

på Jorden och ett traditionellt viktigt råmaterial för industriell produktion av 

allt ifrån papper till byggmaterial, uppfyller dessa krav. I växter samlas 

cellulosans molekylkedjor till nanometerstora, kristallina enheter som hålls 

samman av vätebindningar och bildar cellulosa nanofibrer (CNF). 

Tillsammans med lignin och hemicelluloser ger dessa motståndskraftiga fibrer 

växterna sin styrka och stabilitet. CNF kan extraheras från 

cellulosainnehållande råvaror, såsom pappersmassa, med hjälp av mekaniska 

och/eller kemiska metoder och är på grund av sina unika egenskaper 

intressanta byggstenar för produktion av förnybara högpresterande material. 

CNF har hög specifik styrka och styvhet samt en stor specifik yta som kan 

modifieras kemiskt. Dessutom är CNF giftfri och biologiskt nedbrytbar, har 

låg densitet och termisk expansion. En annan grupp av förnybara 

biomolekyler är polyfenoliska tanniner, vilka ackumuleras av växter som 

försvarssubstanser i deras bark och löv. Tanniner, som är den näst vanligaste 

aromatiska biomolekylen efter lignin, har använts som ett garvmedel i 

tusentals år och ger vissa viner dess strävhet. 

Denna avhandling presenterar potentiella lösningar för hur CNF-baserade 

material med goda egenskaper kan framställas. Först presenteras två strategier 

som minimerar försvagningen av hydrofila CNF-filmer/-skum i fuktiga 

och/eller våta förhållanden. I den första delen (kapitel 3, baserad på 

manuskript I) görs CNF-filmer våtstarka med en läderinspirerad metod som 

utnyttjar tanniners förmåga att tvärbinda proteiner. CNF modifierades först 

med gelatin för att producera en film som sedan behandlas med en tannin-
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innehållande vattenlösning. Det resulterande materialet besitter såväl en hög 

våtstyrka som antioxidant och UV-absorberande egenskaper. Oklarheten i hur 

att draghållfastheten för våta nanocellulosabaserade material skall mätas och 

rapporterats har analyserats och resulterat i specifika rekommendationer för 

rapportering av de mekaniska egenskaperna hos dessa material i framtiden 

(kapitel 2.4.3, baserat på manuskript IV).  

 Den andra delen av avhandlingen (kapitel 4, baserad på manuskript II) 

inspirerades av insekters sklerotiserade exoskelett och använder egenskapen 

hos oxiderade tanniner att reagera med nukleofila grupper. Denna förmåga har 

användts för att tvärbinda aminmodifierade CNF-skum och öka deras 

motståndskraft mot vatten. De anisotropa och lätta skummen är mekaniskt 

stabila och termiskt isolerande vid hög luftfuktighet. Det nya materialet kan 

också torkas i en konventionell ugn och kräver inte energiintensiv frys- eller 

superkritisk torkning. I det tredje avsnittet av avhandlingen (kapitel 5, baserat 

på manuskript III) används tanninkatekolgruppernas förmåga att bilda färgade 

komplex med järnjoner – liknande den traditionella Bògòlanfini-trycktekniken 

från Mali – för att trycka mikrometerstora och förändringsbara mönster på 

CNF-filmer. Den nya mönstertekniken använder nästan uteslutande förnybara 

komponenter samt enkla behandlingsmetoder. Den sista delen av arbetet 

(kapitel 6, baserat på manuskript V) introducerar en ny metod för att utvärdera 

och optimisera energieffektiviteten för CNF-produktion genom att utvärdera 

CNF-fibrilleringsnivån baserat på egenskaperna hos anisotropa skum.  
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Populärwissenschaftliche Zusammenfassung 

Seit Beginn des 20. Jahrhunderts haben nichterneuerbare Materialien, wie 

etwa synthetische erdöl-basierte Kunststoffe, unsere Gesellschaft grundlegend 

verändert. In Anbetracht der enormen Umweltverschmutzung durch deren 

langsame Zersetzung und dem Schwinden fossiler Rohstoffe ist es jedoch 

unerlässlich, nichterneuerbare Materialien durch neue zu ersetzen – solche, 

die auf nachwachsenden Rohstoffen basieren und biologisch abbaubar sind. 

Cellulose – dieses am häufigsten vorkommende Biopolymer und ein 

traditionell wichtiger Rohstoff für die industrielle Herstellung nachhaltiger 

Materialien, erfüllt diese Anforderungen. In Pflanzen assemblieren die 

Cellulosemolekülketten zu nanometerdicken, kristallinen Einheiten die durch 

Wasserstoffbrückenbindungen zusammengehalten werden und Cellulose-

Nanofasern (CNF) bilden. Zusammen mit Lignin und Hemicellulosen 

verleihen diese reißfesten Fasern den Pflanzen ihre Stärke und Stabilität. CNF 

können mit mechanischen und/oder chemischen Methoden aus cellulose-

haltigen Rohstoffen, wie etwa Zellstoff, extrahiert werden und sind aufgrund 

ihrer einzigartigen Eigenschaften interessante Bausteine für die Herstellung 

von erneuerbaren Hochleistungswerkstoffen. Sie besitzen eine hohe 

spezifische Festigkeit und Steifigkeit, und eine große spezifische Oberfläche, 

welche chemisch modifizierbar ist. Zusätzlich sind sie ungiftig und biologisch 

abbaubar, und weisen eine geringe Dichte und Wärmeausdehnung auf. Eine 

weitere Gruppe von nachwachsenden Biomolekülen sind polyphenole 

Tannine, die von Pflanzen als Abwehrstoffe in deren Rinde und Blättern 

angehäuft werden. Tannine sind das zweithäufigste aromatische Biomolekül 

nach Lignin, finden seit Jahrtausenden Verwendung als Gerbstoff und geben 

z.B. bestimmten Weinen ihre adstringierende Note. 

Diese Dissertation präsentiert potentielle Lösungen zu verbleibenden 

Herausvorderungen CNF-basierter Materialien. Zunächst werden zwei 

Strategien vorgestellt, welche die Schwächung von hydrophilen CNF-

Filmen/-Schäumen in feuchten und/oder nassen Verhältnissen minimieren. Im 
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ersten Teil (Kapitel 3, basierend auf Manuskript I) werden CNF-Filme mit 

einer Leder-inspirierten Methode nassstark gemacht. Hierbei wird die 

Fähigkeit der Tannine ausgenutzt, Proteine vernetzen zu können. Die CNF 

werden zunächst mit Gelatine modifiziert und damit ein Film produziert, der 

danach mit einer wässrigen Tanninlösung behandelt wird. Das entstandene 

Material ist nun nicht nur reißfest – trocken und nass – sondern besitzt auch 

antioxidative und UV-absorbierende Fähigkeiten. Unklarheiten hinsichtlich 

der Messung und Protokollierung der Zugfestigkeit von nassen 

Nanocellulose-basierten Materialien wurden analysiert und eine Reihe an 

Empfehlungen werden vorgeschlagen, die dazu beitragen sollen die 

mechanischen Eigenschaften dieser Materialien in Zukunft besser vergleichen 

zu können (Kapitel 2.4.3, basierend auf Manuskript IV).  

Der zweite Teil der Dissertation (Kapitel 4, basierend auf Manuskript II) 

wurde inspiriert von sklerotisierten Exoskeletten von Insekten und nutzt die 

Eigenschaft oxidierter Tannine, mit nukleophilen Gruppen zu reagieren. Diese 

Fähigkeit wird dazu genutzt um Amin-modifizierte CNF-Schäume zu 

vernetzen und deren Widerstandsfähigkeit gegen Wasser zu erhöhen. Die 

anisotropen und leichtgewichtigen Schäume sind dadurch bei hoher 

Luftfeuchtigkeit mechanisch stabil und wärmeisolierend. Das neue Material 

kann zudem in einem herkömmlichen Ofen getrocknet werden und benötigt 

keine energieaufwändige Gefrier- oder überkritische Trocknung. Im dritten 

Abschnitt der Dissertation (Kapitel 5, basierend auf Manuskript III) wird die 

Fähigkeit der Tannin-Catecholgruppen mit Eisenionen gefärbte 

Komplexverbindungen einzugehen – ähnlich wie bei der traditionellen 

Bògòlanfini Drucktechnik aus Mali – dazu benutzt, mikrometerkleine und 

veränderbare Muster auf CNF-Filme zu drucken. Die neue Drucktechnik 

benutzt fast ausschließlich nachwachsende und ungefährliche Komponenten 

und einfache Verarbeitungsmethoden. Der letzte Abschnitt der Arbeit (Kapitel 

6, basierend auf Manuskript V) stellt eine neue Methode vor, um die 

Energieeffizienz während der CNF Herstellung zu optimisieren durch die 

Evaluierung des CNF Fibrillierungsgrades anhand der Eigenschaften 

anisotroper Schäume.  
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