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1. Introduction 

The global socioeconomic development and industrial growth during the last 
century have accelerated the use of non-renewable resources, which has now 
bounced back as ecological issues such as resource depletion, pollution, and 
rapid global warming. The growing concern of environmental issues has shifted 
the attention towards pollution control by cutting the fossil-based emissions 
and transforming society into a circular economy and bioeconomy.[1][2] 

In addition, EU regulations and United Nations Sustainability Goals impel in-
dustries to develop clean and environmentally sound technologies.[3][4] Achiev-
ing the circular economy targets requires besides increasing the reuse of existing 
materials, also developing new renewable, and/or recyclable material solutions. 
Biomass is an almost inexhaustible resource of raw materials that has gained 
great attention in replacing non-renewable fossil-based materials.[5] Even 
though biomass is a renewable resource, raw material consumption needs to be 
regulated to maintain the balance between biomass reproduction and resource 
consumption.  Furthermore, the whole life cycle environmental effects of mate-
rials should be considered in the development. These environmental effects in-
clude energy consumption, consumption of raw materials and resources, emis-
sions, toxicity potential, hazard potential, and land area use.[6] 

Cellulose, an abundant and renewable organic polymer with high mechanical 
strength, is an attractive source to develop biomaterials to meet the constantly 
increasing needs of renewable and biocompatible material solutions. With 
proper design and engineering, cellulosic materials have been adapted to a wide 
range of fields ranging from traditional pulping and paper to textiles, compo-
sites, food, pharmaceutical, and medicinal applications.[7][8][9][10] Owing to its 
unique structure and properties, cellulose can be utilized both as macroscale 
and nanoscale fibers enabling a vast amount of different applications.[11][12][13] 

Colors are influencing our experiences and emotions in daily life, and they are 
a significant aesthetic part of many materials. Despite its vital role, consumers 
do not often consider color as a matter and they are not aware of its origin.[14] 
The coloring of materials has been found to date back to ancient times when 
textiles were dyed with natural colorants.[15] Since discovering the synthetic pro-
duction routes, synthetic dyes and pigments have dominated the dyeing indus-
try owing to the availability, well-established processes, variety and reproduci-
bility of colors, and economical reasons.[16]  As the global attention has shifted 
towards sustainability and resource wisdom, the pollution issues related to the 
colorant industry have been highlighted. The largest industry using colorants is 
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the textile dyeing and finishing industry, which is also globally the largest pol-
luter of clean water due to water-intensive processes.[17] The awareness of color-
ant-related pollution has shifted the interest back to bio-based colorants, which 
are renewable and less toxic than synthetic counterparts.[18] Additionally, the 
valorization of valuable biocolorants from existing residues promotes the circu-
lar economy approaches. During the last decade, the research around natural 
colorants has increased notably. In 2020, the number of published research 
items in Web of Science about “natural dyes” was 3.5-fold higher compared to 
2010.[19]  

In addition to color, many natural colorants possess bioactive properties, such 
as antimicrobial, antioxidant, and UV protectiveness since these colored com-
pounds are often specialized metabolites (also called secondary metabolites) in-
volved in the plants’ defense system against external threats.[20][21][22] Therefore, 
by incorporating natural colorant into a cellulosic material, new valuable func-
tionalities can be brought to these materials. This thesis investigates functional 
materials made of cellulosics and colorants derived from natural sources. The 
applied biocolorants were isolated forest industry residues, high added-value 
crop Isatis tinctoria, and fast-growing microalgae Chlorella vulgaris together 
with other natural substances present in the source materials.   

 
  



Thesis objectives and summary of papers 
 

 

3 
 

2. Thesis objectives and summary of 
papers 

The objective of the thesis was to utilize biocolorants in functionalizing cellulo-
sic materials, investigate their chemical and physical characteristics, and intro-
duce potential practical applications for such materials.  

In Publication I, the focus was on investigating the interaction of willow 
bark extract and nanocellulose, and the chemical and physical properties of the 
produced functional material. The polyphenols are known to be sensitive to ex-
ternal factors, such as heat and light, and this characteristic was exploited in 
tuning the nanocellulose biohydrogel by crosslinking the components of willow 
bark extract enzymatically and with UVC-light to create a double network struc-
ture.  The hydrogel was turned into self-standing films, which showed bioactiv-
ity, and tunable optical and oxygen barrier properties.  

The objective in Publication II was to explore the utilization of nanocellulose 
in developing indigo dyeing towards a more sustainable process. The traditional 
indigo dyeing technique requires the use of harsh chemicals since the blue in-
digo pigment is insoluble in most solvents. Indigo molecules are reduced into 
soluble leucoindigo molecules that, however, oxidize readily back to pigment 
form due to atmospheric oxygen. The obtained results indicated that leucoin-
digo from Isatis tinctoria remained longer in leucoform when incorporated into 
a nanocellulose matrix. The indigo nanocellulose suspension was shown to be 
applicable for printing patterns on cotton, and the bioactive properties of natu-
ral indigo were brought successfully to the nanocellulose since the casted films 
showed good antioxidant activity.  

The goal in Publication III was to investigate the utilization of willow bark 
extract as a biocolorant for two different cellulosic fibers. In traditional natural 
dyeing, the dye uptake and stability are often improved with mordants, i.e., dye 
fixatives, which are mostly metallic compounds. Therefore, to promote the sus-
tainability of biocolorants, the study focused on exploring the performance of 
certain bio-based mordants instead of metallic mordants. The dyeing results 
were investigated in terms of adsorbed colorant amount, chemical structure, 
and color. Surprisingly, the visual appearance and amount of absorbed willow 
bark extract were not directly proportional, which was concluded to arise from 
adsorption of colorless and colored components, and polymerization of temper-
ature-sensitive polyphenolic compounds. 

In Publications IV and V, the aim was to create lightweight lignocellulosic 
foams from renewable raw materials and inexpensive surfactants with a 
straightforward process. The focus was on finding optimum parameters for 
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creating a maximum volume of foam and investigating the effect of lignocellu-
losic materials and surfactants on foamability and stability. The foams were in-
tended to use as camouflage for large surfaces and therefore their thermal insu-
lation and optical properties were evaluated. 
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3. Background 

3.1 Cellulosic materials 

Cellulose is the most abundant natural polymer found mainly in plant biomass 
and in smaller quantities in certain algae, bacteria, and fungi.[23] The main raw 
material resource for constantly increasing cellulose production is wood pulp 
with a total annual production of over 420 million metric tons.[24] The pulping 
and paper industry remains the largest user of cellulose, followed by cellulose 
derivates used for fibers, films, pharmaceuticals, food, and cosmetics.[11] Besides 
trees, cotton is also a rich source of cellulose as it can contain over 80% of cel-
lulose.[25] Annually approximately 20 million tons of cotton is being produced 
and mainly used for making textiles, although cotton cultivation is not environ-
mentally sound due to excessive water consumption, land use, soil degradation, 
and use of pesticides.[26][27] 

Cellulose consists of repeating glucose units, i.e. β-D-glucopyranose, which 
are covalently linked with β-1,4-glycosidic bonds through C1 and C4 carbons re-
sulting in linear-chain polymers with a large number of hydroxyl groups.[11] The 
hydroxyl groups are contributing to the formation of extensive inter- and intra-
molecular hydrogen bonding networks between cellulose chains, that lead to the 
formation of alternating crystalline and amorphous/disordered regions ena-
bling the typical high chain stiffness of cellulose.[23] It should be noted that there 
are differing opinions about the crystal structure of cellulose, and also the valid-
ity of crystallinity measuring methods is still under debate.[28][29] For instance, 
it has been proposed that the amorphous regions are not fully amorphous, but 
only slightly disordered.[30]  

In nature, cellulose is often appearing along with other lignocellulosic com-
pounds, that is, lignin and hemicelluloses, in the plant cell walls as structural 
components. Cellulose accounts approximately for 37-45%, hemicelluloses 20-
30%, lignin 20-30%, and extractives 2-5% of the dry weight of lignocellulosic 
material depending on the tree source.[31][32] In addition to variance in lignocel-
lulosic composition, the origin of cellulose influences the chain length and 
length of microfibrils creating the macroscopic cellulose structures. The degree 
of polymerization of cellulose is typically 300-1700 anhydroglucose units 
(AGUs) in wood and 800-10000 AGUs in cotton.[11] The cellulose found from 
individual plant cell walls has hierarchical morphology.  The cellulose chains 
aggregate to elementary fibers (diameter 1.5-3.5 nm), then to microfibrils (di-
ameter 10-30 nm), and further to microfibrillar bundles (diameter order of 
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hundreds nm) due to intermolecular hydrogen bonds and van der Waals 
forces.[11] The hierarchical structure of cellulose is presented in Figure 1. 

The discovery of the morphological hierarchy of cellulose has enabled the cre-
ation of different sized cellulosic materials with characteristic properties. Bi-
obased nanomaterials have gained attention from industry and academia not 
only due to renewability and sustainability but also due to their unique chemical 
and physical properties compared to macroscopic cellulose.[33] The nano- and 
microsized cellulose fibers can be produced either via top-down or bottom-up 
approaches.[9] The isolation using top-down methods, such as mechanical, 
chemical, and enzymatical disintegration, is an energy-intensive process due to 
tightly bound fibrils but the chemical and enzymatic pre-treatments decrease 
the energy consumption of the process.[34]  

Nanocellulose is defined as cellulosic material having at least one dimension 
in the nanoscale (<100 nm) and it can be in form of cellulose nanofibrils (CNF), 
bacterial nanocellulose (BNC), or cellulose nanocrystals (CNC).[7] The nanocel-
lulose materials discussed in this thesis are solely in the form of cellulose nano-
fibrils. A typical method to disintegrate the cellulose pulp to CNFs is mechanical 
fibrillation using for instance grinding, high-pressure homogenizers, and mi-
crofluidizers.[35] The pulp can be pre-treated using various methods, such as en-
zymes, 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) oxidation, car-
boxymethylation, or cationization, before microfibrillation to improve the fibril-
lation efficiency.[36][37][38][39]  For instance, TEMPO-mediated oxidation can be 
used as a pretreatment to reduce the energy consumption in the fibrillation pro-
cess.[40] Additionally, with TEMPO-pretreatment the morphology and crystal-
linity remain unchanged, and significant amounts of sodium carboxylate groups 
are formed on microfibril surfaces allowing to obtain individualized nanofibrils 
with a tensile strength comparable to Kevlar.[41] The morphology and mechani-
cal properties of isolated CNF depend on the raw material, and applied fibrilla-
tion and pre-treatment method. Typically, the length of CNF is several microns 
and they have a high aspect ratio and excellent mechanical properties.[7][41] 

The characteristic properties of CNF arise from the native microfibril struc-
ture and hygroscopic nature. In an aqueous environment, water promotes swell-
ing of the CNF network as the water is adsorbed on the surface of fibrils.[42] As 
a result, CNF forms hydrogels even at low dry matter content. The rheological 
properties of CNF suspensions are complex and highly dependent on the solid 
content of the hydrogel.[7] CNF films have high mechanical strength, stiffness, 
and optical transparency, although the films are quite brittle and hydrophilic 
without any modifications.[43][44] CNF films from TEMPO-pretreated nanocellu-
lose are also optically transparent due to individualized nanofibrils, whereas 
CNF films from mechanically disintegrated nanocellulose are only partially 
transparent and opaque.[45] CNF is widely used also in form of composites and 
aerogels in various fields owing to their high specific surface area, strength, eco-
friendliness, and functionalization possibilities.[7] 
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Figure 1. The hierarchical structure of cellulose from tree to plant cells, microfibril bundles, mi-
crofibrils, elementary fibers, and eventually to the cellulose molecule. The scale adapted 
from[10][11]. 

3.2 Fundamentals of colorants 

Color is a phenomenon requiring visual perception and interaction of light with 
colorant molecules. The color can be also the result of the interaction of 
nanostructures and incident light, in which case color is referred to as structural 
color.[46] This thesis focuses only on color arising from dye and pigment mole-
cules. The light contributing to the visual perception consists of the whole visible 
light spectra (400-700 nm).[47] Depending on the molecular structure of the dye, 
certain wavelengths of this incoming visible light are absorbed by chromophoric 
and auxochromic groups of the dye molecules. The wavelengths not absorbed 
are reflected from the surface and the wavelength of these electromagnetic 
waves defines how our brains perceive the color.[48] Figure 2 describes the color 
perception and process of interaction of light and dye molecules.  

According to Witt’s theory, dyes contain two types of groups that are respon-
sible for color.[49] The chromophores are the main factors affecting color and 
auxochromes are substituent groups attached to the main skeleton, which can 
enhance or shift the absorption wavelength of color. The most common chro-
mophoric groups are azo (–N=N–), carbonyl (–C=O), methine (–CH=) and ni-
tro (–NO2) groups, and common auxochromes are hydroxyl (–OH), amine (–
NH3), carboxyl (–COOH) and sulphonate (–SO3H) groups.[50][48] In addition to 
chromophores, the compound has to be conjugated to have color. For instance, 
azo chromophores alone are not enough to create color if located between me-
thyl groups. However, if the same azo group is between aromatic rings, its color 
is orange.[51] Even though Witt’s theory of color is a rather simplified description 
it retains its place in color research, although modern theories of valence bond 
or molecular orbital approaches can give more detailed information of color 
properties of certain colorants.[48]  
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Figure 2. Schematic illustration of the interaction of colorant molecules and incident light. The 
colorant molecules of the leaf absorb violet, blue and yellow light and in turn, reflects green light 
and thus the leaf appears as green. Raw data for chlorophyll a and b absorption spectra from 
PhotochemCAD™ database.[52] 

As mentioned earlier, the majority of consumed dyes and pigments are syn-
thetic fossil-based colorants owing to their availability, vast variety of colors, 
stability, and price.[50] One main user of dyes is the textile industry, and the dye-
ing and other textile finishing processes have been recognized to create 20% of 
global industrial water pollution.[53] Additionally, some dye types, such as azoic 
dyes, are toxic and harmful to the environment and humans.[54] Owing to the 
increased environmental awareness, there has been an increased focus on de-
veloping more efficient dyeing processes and wastewater management and find-
ing more eco-friendly dyes.[55][56]  

Natural colorants are renewable and less toxic than their synthetic counter-
parts.[57][16] The biodegradability and lower toxicity, however, should not be gen-
eralized to all bio-based colorants or any other natural compound since the nat-
ural origin is not a guaranty for non-toxicity and quick degradation. For in-
stance, indigo can retain its color for over centuries as it has been found even 
from thousands of years old fabrics.[58] Furthermore, the energy and water con-
sumption during processing should be considered thoroughly since they have 
also an impact on the overall eco-efficiency of colorants.[59] Colored compounds 
can be found in a variety of plants as many of such compounds are specialized 
metabolites involved in defending the plant against environmental factors.[60][61] 
Therefore, many plant-based colorants show bioactive properties, such as UV-
protectivity, antioxidant and antimicrobial activity.[62] However, all colored 
compounds are not feasible to isolate and utilize as colorants. Some of these 
alluring, colored compounds are extremely sensitive to light and air and their 
color fades rather quickly.[63] However, the degradable colorants can be valor-
ized to materials and applications that have a short lifespan and are desired to 
degrade relatively fast, for instance, biodegradable plastics. 

Furthermore, to promote a circular economy and not to waste valuable arable 
land, the raw material source of biocolorants should preferably exist in indus-
trial residues.[64] Another proposed approach is the biosynthesis of colorants, in 
which certain microbes are cultivated in bioreactors to produce color.[65] The 
obvious advantage of bioreactor cultivated colorants is the continuous supply of 
colorants compared to residues that can suffer from seasonal variance. While 
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biosynthesized colorants are an interesting future source for color, the scale-up 
of the processes needs further development. Even though natural colorants have 
obtained attention, they are not yet applied on a large scale, mainly owing to the 
non-compatibility with existing processes.[16] Hot water extraction is a com-
monly utilized method to isolate the polar colorant molecules from plant mate-
rial owing to its simplicity, scalability, and non-toxicity.[66] The rather dilute ex-
tracts are dried to powder form for ensuring that the structure remains un-
changed during storage and for facilitating transportation. Lyophilization is a 
desirable drying technique when biocolorant is intended for research purposes 
but for large-scale manufacturing, spray drying is the most feasible tech-
nique.[64]  

The dyeability of material and stability of coloration is dependent on the in-
teraction between dye molecules and the surface chemistry of the material to be 
dyed. The linkage between dye and material can be either chemical or physical. 
Chemical interactions, including covalent and ionic bonds, create more stable 
colors than physical interaction based on van der Waals, hydrogen bonding, or 
metal complexation.[50] Although, if dye molecules are physically trapped in the 
material, for instance in plastic, the nature of interaction does not have a drastic 
effect on stability in terms of leaking. In addition to the nature of the interaction, 
the dye molecule's stability against light and oxygen influences the color fast-
ness of the dyeing result.[67] 

3.3 Colorants from the forest industry 

Forest industry residues are one promising feedstock for natural colorants along 
with the agricultural waste.[64] The potential residues, such as bark and lignin, 
contain valuable and colored compounds that could be utilized further.[68] In a 
traditional pulp mill, the carbohydrates portion of the wood is utilized mostly 
for producing paper products and other cellulosic articles.[11] Prior to pulping, 
the bark is peeled off from the logs. Typically, tree bark is comprised of 13-21% 
of the log dry weight and it contains up to 50% of lignin and extractives. Yet, it 
is mostly used for energy production and as landfills.[69] Besides bark, lignin is 
obtained from pulping operations as often the cellulosic biomass is delignified, 
for instance with kraft cooking, to separate the carbohydrates from lignin.[70] 
Modern biorefineries aim to the valorization of all biomass constituents for 
added-value chemicals and materials. In zero waste wood biorefinery com-
plexes, all fractions of the wood biomass are recovered and converted to value-
added products.[71] In addition to biomass residues, short-rotation crops with 
high productivity are potential biomass resources for valuable renewable mate-
rials and chemicals.[72] Willows are fast-growing and their cultivation has a pos-
itive effect on climate change as they act as a carbon sink.[73][74] 

Tree bark contains a variety of valuable compounds, from which many exhibit 
bioactive properties as they are specialized metabolites. Specialized metabolites 
are compounds that are involved in the plants’ defense system against external 
threats.[75] These compounds are often extracted using water or organic sol-
vents.[76] The levels of extractives within the same species can vary depending 
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on seasonal changes, growing location, and the age of the crop. Wood bark com-
pounds have been proposed for adhesives, pollutant absorbents, and bio-oils, to 
mention a few applications.[77][78][79] Willow bark has been used especially for 
pharmaceutical purposes owing to its anti-inflammatory properties.[80] The wil-
low bark water extract contains multiple polyphenolic compounds, such as sali-
cin and tannins, which quantities vary from species to species.[81] During the 
extraction, the oxidation and polymerization of polyphenolic compounds are in-
evitable due to heat and aerial oxygen and thus the resulting extract is a complex 
mixture of monomeric, oligomeric, and polymeric compounds.[69] Due to the 
complexity, the analysis of willow bark extract in this work has been based on 
the monomeric units with well-known structures present in the mixture, since 
the structures of the formed complex oligomers and polymers depend on the 
processing conditions and other chemical compounds present, which compli-
cate the obtaining of comparable results. The presence of polyphenolic and ox-
idated compounds gives brownish and yellowish coloration to the extracts.  

Lignin has been traditionally considered as a low-value residue of pulping and 
papermaking, which has been mostly used for generating heat.[82] In recent 
years, the valorization of residual lignin for chemicals, materials, and fuel, has 
gained great attention.[83][84] Lignin is an aromatic polymer comprised of three 
basic monomer units; p-hydroxyphenyl (H), guaiacyl (G), syringyl (S), linked 
together via aromatic, aliphatic ether bonds, or C–C bonds.[85] Depending on the 
origin and extraction process, the ratio of the three monomeric units is alternat-
ing, leading to complex and varying three-dimensional and linear structures.[86] 
The complexity and variability of chemical structures have been hindering the 
development of lignin valorization.  

The interaction of cellulosic materials with bark extractives and lignin is quite 
similar as both contain aromatic molecules. Without any further cellulose sur-
face modifications, the interaction of hydroxyl groups of cellulose and phenol 
groups of lignin and bark extractives occurs through non-covalent interactions 
including hydrogen bonding and hydrophobic interaction.[87] In coloration re-
lated studies, lignin has been mainly utilized as an adsorbent material for dye 
removal.[88] Similar to bark extractives, lignin show also UV protectiveness and 
antioxidant activity.[89] 

3.4 Indigo 

Indigo with its bright blue color is one of the most famous natural dyes, and it 
is an important dye, even though mainly as a synthetic product, used in denim 
manufacturing.[90] In addition to the exceptional blue color, the photostability 
of indigo is remarkable compared to other natural colorants. The photostability 
of indigo, also known as indigotin, is originating from stabilizing intra- and in-
termolecular hydrogen bonds that prevent photo-isomerization.[91][92] 

Nowadays indigo is mostly synthesized from petroleum-derived precursors 
via a few different chemical routes depending on the manufacturer.[93] The syn-
thesized indigo has over 90% indigotin, although some co-compounds, such as 
red-colored indirubin, are also present.[94] Indigo can also be extracted from 
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Indigofera tinctoria, Isatis tinctoria, and Polygonum tinctorium, and it can be 
biosynthesized by recombinant E.coli bacteria.[95][96][97][98] The indigo precursors 
are obtained from plant leaves that are water extracted in alkaline conditions. 
As the precursors are subjected to oxygen, the precursors form indigo through 
condensation reactions (Figure 3).[99] The indigo formation reaction is quite 
sensitive for variations in conditions and, for instance, temperature changes can 
influence the indigotin yield.[100] Therefore, the natural indigo dye contains 
other indigoids as well. The most common of the co-indigoids is red indirubin, 
but also isomers of indigotin and indirubin are present in the plant-based in-
digo.[96] In addition to indigoids, other water-soluble compounds, such as flavo-
noids, can be found from the resulting colorant.[101] The presence of co-com-
pounds influences the spectral properties of the colorant and therefore the ob-
served color can be different compared to the synthetic one and also vary more 
depending on the source and between batches.   

Although the plant-derived indigo is considered to be more sustainable than 
synthetic indigo owing to its renewability, the processing has still a few elements 
that require attention. First, the extraction process is water and energy-inten-
sive as for 1 kg of indigo the water consumption is 5 m3, and the energy con-
sumption is 5230 kWh.[95] Despite the high water and energy consumption, the 
production of plant-based indigo has been found to be less toxic to aquatic life 
than the production process of synthetic indigo.[59] Secondly, the utilization of 
indigo for dyeing purposes most often requires conversion into a water-soluble 
form since indigotin is insoluble in water and many other organic solvents. The 
water-soluble leuco form is achieved in industrial processes through reduction 
with sodium dithionite, which creates toxic effluents due to the formation of 
sulfur-based by-products.[102] The adsorption of leucoindigo on cellulose occurs 
via physical interactions including hydrogen bonds, van der Waals, and dipolar 
forces.[99] Fermentation[103], reducing sugars[104], and electrochemical reduc-
tion[105] have been proposed to replace sodium dithionite reduction. From a food 
security point of view, utilization of arable land for cultivating color crops can 
be considered troublesome. However, the cultivation of high-value crops such 
as Indigofera tinctoria is a profitable business to the farmers and dye produc-
ers, and diversifying crop rotations enriches the soil.[106][107] 

 

Figure 3. Natural indigo is obtained from the leaves of Isatis tinctoria with hot water extraction[99]. 
Enzymatically cleaved indoxyl forms leucoindigo, which is oxidized to insoluble blue indigo pig-
ment due to aerial oxygen. Picture of Isatis tincoria adapted from Publication II. 
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3.5 Colorant from microalgae 

Microalgae is a photosynthetic microorganism that has remained unchanged for 
a long time.[108] From solar energy, water, and carbon they synthesize biomass 
with high protein content, fatty acids, and antioxidant compounds.[109] The 
chemical composition varies from species to species and parameters, such as 
pH, temperature, light, and carbon availability have an influence on the compo-
sition as well.[110] Microalgae are used for food supplements, pharmaceuticals, 
animal feed, and cosmetics.[110] In recent decades, microalgae have been in the 
scope of interest as a renewable energy source since they can produce large 
quantities of lipids with a fatty acid profile suitable for biodiesel production.[111] 

One of the most interesting species is Chlorella vulgaris that is a green eukar-
yotic microalgae cell with a diameter of 2-10 μm.[112] They have a relatively large 
surface area due to their small cell size, which enables efficient photosynthesis. 
The growth rate is fast, the biomass can be doubled in less than a day, and the 
annual dry mass yield can be up to 2000 tons.[111] Additionally, the algal biomass 
cultivation does not require arable land since they can be produced in open pond 
systems or closed photo-bioreactors.[110] They do not necessarily require even 
clean water as they can be cultivated using, for instance, municipal wastewater 
as a growth medium.[113] 

The typical characteristic of microalgae is their color. In C. vulgaris green 
chlorophyll is the most abundant pigment (1-2% dry weight). Also, other pig-
ments, such as carotenoids, can be found from microalgae.[114] Chlorophyll is 
associated with photosynthesis and the other pigments are either improving the 
photosynthesis efficiency or protecting the chlorophylls from degradation.[110] 
Chlorophylls absorb light at the wavelengths of 660-665 nm (chlorophyll a) and 
642-652 nm (chlorophyll b) and show a green color.[115] Chlorophylls are applied 
as a pigment in food, dye-sensitized solar cells, and as an eco-friendly textile 
dye.[116][117][118] The microalgae contain also compounds that exhibit im-
munostimulant and antioxidant activities.[119][120]  

3.6 Bionanocomposites  

The exhaustive use of petroleum-based products has resulted in two challenges, 
which are, the depletion of resources and entrapment of microplastics in the 
environment and food chain. Cellulose nanofibrils (CNF) as renewable biopoly-
mers with high mechanical strength and stiffness are a viable alternative for fos-
sil-based polymers. However, CNF alone is quite brittle and hydrophilic, which 
has been hindering the development of nanocellulose-based materials.[121][42] 
The surface hydroxyl groups and high surface area however allow CNF to effi-
ciently interact with other compounds, enabling the tuning and tailoring of CNF 
properties. Various approaches, such as adsorption of hydrophobic molecules, 
the addition of ductile polymers, and colloidal lignin particles, have been inves-
tigated for modifying the intrinsic properties of CNF.[122][123][124][125] In many ap-
proaches, obtaining both hydrophobicity and ductility and maintaining the high 
stiffness at the same time remains challenging. The chemical modification of 
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surface hydroxyl groups often reduces the internal hydrogen bonding network 
impairing the mechanical properties.[122] 

Biocolorants, such as tannins, can be incorporated into nanocellulose for al-
tering the inherent properties.[126] Tannins and other polyphenolic compounds 
are often obtained using water extraction since it is a facile and non-toxic 
method.[76] The compounds obtained to water medium are hydrophilic and po-
lar and hence the interaction with cellulosic surfaces is based on physical 
forces.[87]  The utilization of natural colorants can also create added value to the 
material since the typical properties of biocolorants are brought to the compo-
site.[127] Different antioxidant, antimicrobial, and UV-blocking nanocellulose 
composites have been introduced in recent years.[126][128][129] In addition to 
added-value properties, the incorporation of tannins has been found to tune the 
inherent properties of cellulosic materials, such as hydrophilicity and barrier 
properties.[127][130] 

3.7 Biocolorants in cellulosic textiles 

Textiles and clothing are some of the basic necessities for humans making the 
textile industry one of the largest industries.[131] Color is a substantial part of the 
textiles and thus the textile industry is the largest industry utilizing colorants. 
Textiles are mainly colored with dyes and pigments of synthetic origin since they 
are available in many colors, they are rather stable, compatible with existing 
processes, and economically feasible.[18][132] However, the wet processes such as 
dyeing and other finishing steps, have been indicated to cause enormous water 
pollution in terms of suspended solids, color, pH, heat, and high chemical and 
biological oxygen demand.[133][56] The fixation of colorants is never 100% and 
thus some amount of colorant is always lost to effluents.[134] If wastewater man-
agement is insufficient, the colored pollutants enter the aquatic environ-
ments.[135] The coloring of textiles is one of the bottlenecks in developing the 
textile industry towards the circular economy and sustainability goals. 

Along with developing the efficiency of the dyeing process and lowering the 
water consumption, for instance with supercritical CO2 technology, recycling of 
color, and improving the wastewater management, researchers have taken a 
look back to history and investigated biocolorants as alternatives for synthetic 
colorants.[136][137][138][139] Man-made regenerated cellulose fibers are considered a 
more sustainable raw material for the constantly increasing textile fiber demand 
than cotton.[140] The dyeing of cellulosic materials is often performed in exhaus-
tion dyeing, and the greener technology of supercritical CO2 dyeing is not feasi-
ble for cellulosic fibers due to their hydrophilicity.[138]  

The fiber-dye attachment of cellulosic fibers with biocolorants is mainly of 
non-covalent nature. Due to the non-covalent attachment, the fastness of bio-
colorants against washing is often poorer compared to synthetic dyes. For in-
stance, the widely utilized reactive dyes for cellulosic coloration form covalent 
bonds with fibers.[141] In traditional natural dyeing processes, the common ap-
proach to improve the strength of attachment is to apply dye fixatives, also 
known as mordants.[142] Mordants have been mostly metallic salts forming 
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coordination complexes with biocolorant molecules, but due to the toxicity of 
metallic mordants, their consumption has been limited.[143] Other approaches, 
such as modification of cellulosic surfaces with cationization or coatings, and 
utilization of bio-based mordants, such as tannins or metal hyperaccumulating 
plants, have likewise been investigated.[144][145][146][147] The biocolorants can 
therefore act also as mordants to other biocolors. The presence of bioactive 
properties can also reduce the need for additional finishing steps. For instance, 
antimicrobiality and UV protectiveness can be achieved with biocolorants, 
meaning that the water and chemical resources needed for separate UV-shield-
ing treatment are preserved.[148] 

3.8 Cellulosic foams  

Liquid foams generated with surfactant solutions consist of closely packed gas 
bubbles with sizes ranging from microns to centimeters depending on the foam 
generation technique.[149] The characteristic feature of liquid foams is a large 
number of air-water interfaces that yield unique light scattering, acoustic, ther-
mal, and rheological properties.[150] They are utilized in various applications 
from cosmetics to papermaking and fire fighting.[151][149] In addition, wet foams 
are suitable platforms for microporous solid foams, such as thermal insulation 
and ceramic foams.[152][153] 

Almost any liquid can be foamed temporarily. The foaming is not a spontane-
ous process and thus it requires relatively large energy input to generate bub-
bles. Common foaming techniques include different chemical, physical and bi-
ological means.[150] Physical techniques, including bubbling, shaking, and mix-
ing, are most widely used in industrial foaming processes. Foaming is a complex 
process since multiple parameters, such as surfactant chemistry, surfactant con-
centration, and foaming technique, influence the resulting foam bubble sizes, 
bubble size distribution, and gas fraction, and therefore foam characteris-
tics.[150] 

The liquid foams are thermodynamically unstable systems and over time they 
age since the gravitational forces compel the liquid to drain from the foam 
phase, leading to thinning of the film between bubbles followed by the coales-
cence of bubbles and eventually coarsening of the foam (Figure 4).[154][155] Sur-
factants are applied to liquid foams to improve foamability and the stability of 
the foam. Surfactants reduce interfacial energy at the gas-liquid interface and 
thus hinder aging.[156] Surfactants can have various morphologies and surface 
charges, which in turn has an impact on the foaming and interactions with pos-
sible other compounds in the foam.[157]  

In addition to surfactants, high stability wet foams require high viscosity 
and/or stabilizing particles to maintain the bubble structure and avoid ag-
ing.[158] The stabilizing particles can be spherical or non-spherical, and different 
biomolecules, colloidal particles, and fibers have been shown to improve foam 
stability in certain systems.[159][160][161] The utilization of Pickering particles, i.e., 
physical stabilizers accumulating to the air-water interface, allows producing 
wet foams with high stability.[162] Nanocellulose-stabilized foams have obtained 
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great interest due to their low density and compatibility for a wide range of ap-
plications such as thermal insulation, adsorbents, membranes,  and biomedical 
scaffolds.[163][164][165][166] In addition, non-spherical nanocellulose stabilizing 
agents have been shown to provide greater stabilization than spherical particles 
due to better surface coverage and the formation of an entangled network 
around the bubbles.[161]  

The porous structure enables the utilization of foams for thermal insulation as 
the trapped gas hinders the heat transfer, that is infrared radiation, through the 
foam.[163] In addition to controlling the infrared region spectral properties with 
the foam structure, the application of biocolorants could modify the spectral 
properties of foams over ultraviolet and visible light wavelengths.  

 

Figure 4. The three main processes of foam aging. The liquid drains from the foam phase due to 
gravitational forces leading to thinning and rupture of bubble films, which eventually causes an 
increase in the mean bubble size and coarsening of foam due to the gas transfer from smaller to 
larger bubbles. 
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4. Experimental 

This chapter describes briefly the materials and methods used in the prepara-
tion of biocolorants and cellulosic materials (Figure 5). Additionally, the applied 
characterization methods for biocolorant functionalized cellulosic structures 
are presented. The detailed information of each material and characterization 
technique can be assessed from original Publications I-V. 
  

Figure 5. The biocolorant sources and cellulose materials utilized here for creating functional cel-
lulosic materials. The Publications I-IV where the materials have been used are indicated.   
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4.1 Materials 

4.1.1 Cellulosic materials 

A total of five different cellulose materials were utilized in this thesis. A broad 
range of cellulose materials was used for sample preparation to study the com-
patibility of cellulose with various biocolorants, which are discussed in detail in 
a subsequent chapter. Cellulose nanofibril (CNF) suspension of 1.1 wt-% solid 
content prepared from never-dried bleached kraft pulp with TEMPO-mediated 
oxidation and microfluidization was used in Publication I. The process pub-
lished by Saito et al was followed.[36] The surface charge of TCNF was deter-
mined to be approximately 1 mmolg-1 with conductometric titration. Mechani-
cally disintegrated CNF suspensions were used in Publications II, IV, and V. 
Briefly, the never-dried bleached pulp was washed to sodium form and fibril-
lated using first a Masuko grinder and followed by microfluidization.[167] In 
Publication III, regenerated cellulosic fibers (Ioncell-F®) and microcrystal-
line cellulose (AaltoCell™) were compared in terms of biocolorant adsorption. 
Ioncell fibers were produced in Ioncell-F process from bleached kraft pulp using 
environmentally friendly ionic liquids.[168] Microcrystalline cellulose was pre-
pared from never-dried bleached softwood kraft pulp with acid hydrolysis and 
the solid content of suspension was 12.0 wt-%.[169] Never-dried bleached kraft 
pulp from birch (12.7 wt-%) was utilized for foam stabilization in Publications 
IV and V. 

4.1.2 Biocolorants 

Willow bark extract 
Willow bark extract (WBE) utilized in Publications I and III was produced 
using hot water extraction according to Dou et al.[170] Dried bark material from 
four-year-old hybrid willow (Salix sp.) Karin (Kyyjärvi, Finland) was extracted 
in 80°C water with constant stirring, followed by filtration and centrifugation to 
remove residue solids. The extract was dried using lyophilization to improve the 
storage life of WBE. The powder was protected from light and stored at -20°C. 

Natural indigo 
Natural indigo from Isatis tinctoria was used in Publication II. Briefly, in-
doxyl molecules are released from the precursors present in the leaves during 
the water extraction, which are then oxidized to the indigo molecules.[99] The 
aqueous indigo solutions were received from Natural Indigo Finland Oy and 
dried to pigment form either via lyophilization or drying at 70°C. 

Kraft lignin 
Kraft lignin (BioPiva™) from softwood was purchased from UPM and used for 
foam stabilization in Publications IV and V. 

Microalgae 
Microalgae Chlorella vulgaris utilized in Publication V was purchased from     
Ruohonjuuri. 
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4.1.3 Other materials 

Trametes hirsuta laccase (ThL) with the catalytic activity of 6500 nkatml-1 and 
protein concentration of 3.5 gL-1 , kindly provided by Martina Blomster-And-
berg (VTT), was utilized for crosslinking phenolic compounds of WBE in Pub-
lication I.[171] In the same research, catechol, sorbitol, 2,2-azinobis-(3-
ethylbenzothiazoline)-6-sulfonate (ABTS), and tannic acid were utilized in anal-
yses. In Publication II, synthetic indigo (purity 95%), ABTS, tannic acid, and 
sodium dithionite were used in preparation and characterization. For Publica-
tion III, (+)-catechin (purity ≥99%), picein (purity ≥98%), and triandrin (pu-
rity 85%) were used as HPLC standards, and citric acid, oxalic acid, tannic acid, 
and potassium sulfate dodecahydrate (alum) as mordants. In Publications IV 
and V, sodium dodecyl sulfate (SDS) and polysorbate 80 (T80) were utilized as 
surfactants.  

4.2 Methods 

4.2.1 Preparation of bioactive double network hydrogels and films 

Double network (DN) hydrogels in Publication I were prepared from TCNF 
and WBE or catechol as presented in Figure 6. Briefly, 0.4 wt-% suspension of 
TCNF and 0.8 wt-% of WBE (pH 5.4) or catechol (pH 4.4) were mixed in 1:1 
volumetric ratio. The crosslinking of phenolic compounds of WBE or catechol 
was then initiated using either enzyme (ThL, 20 nkatml-1) or UVC-light (254 
nm). Enzymatic crosslinking was carried out via incubating samples at 37.5 for 
4 hours with constant shaking. Crosslinking of TCNF-WBE and TCNF-catechol 
hydrogels using UVC-light was achieved via UVC-light exposure using a UV 
cross-linker CL-508 (Uvitec, United Kingdom) with 40 Jcm-2 doses. For the 
preparation of self-standing films, the dry matter content of TCNF and 
WBE/catechol were doubled keeping their ratio constant. Additionally, sorbitol 
(30 wt-% of the TCNF dry matter) was mixed with the DN hydrogels as a plasti-
cizer. The films were prepared by casting the DN hydrogels on petri dishes and 
dried for 3 days at room temperature. 
 

Figure 6. The preparation of double network gels from cellulose nanofibrils (TCNF) and willow 
bark extract (WBE) through crosslinking either with Trametes hirsuta laccase (ThL) or UVC light.  
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4.2.2 Preparation of nanocellulose indigo suspensions 

In Publication II, both natural and synthetic indigo were embedded in CNF 
suspension. First, the indigo pigment (2 gL-1) was reduced to water-soluble leu-
coindigo form using the traditional sodium dithionite (2 gL-1) vat technique.[172] 
Before adding the reducing dithionite, the aqueous indigo solution was heated 
to 50°C, and pH was increased to 10 with sodium carbonate. The reduction was 
carried out for 30 minutes and then leucoindigo was carefully added to the CNF 
suspension with a volumetric ratio of 1:2.5. Leucoindigo CNF suspensions were 
mixed with magnetic stirrers in open vials and the oxidation of leucoindigo to 
indigo was followed for 24 hours. For antioxidant activity studies, natural or 
synthetic indigo (10% of the CNF solid content) was added to CNF suspension, 
films were cast in petri dishes and dried at room temperature for a week. No 
reduction step was included. 

4.2.3 Preparation of willow bark extract dyed cellulosic fibers 

The microcrystalline cellulose and macroscopic Ioncell-F fibers were dyed with 
WBE using the conventional immersion dyeing technique in Publication III. 
The cellulosic fibers were immersed in WBE (1:50 fibers-to-liquid) and dyed in 
a hot water bath at 80°C for 1 hour. The mordanting with citric acid, oxalic acid, 
tannic acid, or alum was carried out simultaneously with dyeing. The amount of 
WBE was 20% and mordant 10% of the weight of cellulose material. The dyed 
fibers were collected by centrifugation and rinsed with water to remove excess 
dye. The microcrystalline cellulose samples were vacuum-filtered to free-stand-
ing films, and the films and Ioncell-F fibers were dried overnight at 40°C. 

4.2.4 Preparation of lignocellulosic foams 

The lignocellulosic foams studied in Publications IV and V were produced 
from cellulose (bleached pulp or CNF), biocolorant (kraft lignin or microalgae), 
surfactant (SDS or T80), and water as shown in Figure 7. Experimental design 
and response surface methodology (RSM) was utilized in optimizing the foam-
ing process in terms of foam volume and stability. The concentration limits for 
lignocellulosic materials and surfactants were determined in preliminary 
screening experiments. The central composite design with three factors and 
three replicated center points was selected for experimental design. The con-
centrations of materials were varied from low (-1) to middle (0) and high (+1) 
within the predefined limits. A total of 17 experiments were repeated twice for 
each of four experimental designs (Pulp+SDS, CNF+SDS, Pulp+T80, CNF+T80).  

The cellulosics, lignin, microalgae, surfactant, and water were mixed accord-
ing to ratios determined in the experimental matrix. The foam was generated by 
mechanically stirring the samples using an Ultra-Turrax homogenizer for 2 
minutes. Foams were then transferred to graduated cylinders and followed for 
the changes in foam height and drained liquid for 2 hours.  
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Figure 7. The lignocellulosic foams were produced from cellulose (bleached pulp/CNF), surfac-
tant (SDS/T80), and biocolorant (Kraft lignin/microalgae) by mixing with Ultra-Turrax homogenizer 
for 2 minutes at concentration combinations obtained from the experimental design. The foama-
bility and stability were determined from the volume of foam and drained liquid, respectively. 

4.2.5 Solid-state characterization methods 

Fourier transform infrared spectroscopy (FTIR) 
The chemical composition of bioactive composite films (Publication I), and 
Ioncell-F and microcrystalline cellulose dyed with WBE (Publication III) were 
analyzed using a Fourier transform infrared (FTIR) spectrometer. Two different 
FTIR techniques were utilized; attenuated total reflection Fourier-transform in-
frared (ATR FTIR) spectroscopy and Fourier Transform–infrared photoacous-
tic (FTIR-PAS) spectroscopy, respectively.  

Atomic force microscopy (AFM) 
The surface morphology of composite films in Publication I was characterized 
with atomic force microscopy (AFM) using a Nano-TA instrument (Anasys In-
struments, United States) in tapping mode in air using standard silicon probes. 
The samples were spin-coated onto silicon wafers using polyethyleneimine 
(PEI) as an anchoring layer. The 5x5 μm2 images were taken from two different 
locations and only flattening was used in image processing. 

Scanning electron microscope coupled with Energy dispersive X-
ray spectroscopy (SEM-EDS)  
The morphology of indigo and indigo embedded in nanocellulose matrix was 
characterized using a field emission scanning electron microscopy (FE-SEM, 
Zeiss Merlin, Germany) at 5 kV accelerating voltage in secondary electron mode 
in Publication II. Indigo powder or self-standing films of nanocellulose and 
indigo were fixed on carbon tape and sputtered with a 2 nm thick Au/Pd coating. 
The elemental composition of samples was acquired with an X-ray energy dis-
persive spectrometer (EDS) equipped with Ultra Dry Silicon Drift Detector 
(Thermo Scientific, USA). 
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4.2.6 Liquid state characterization methods 

Chromatography 
An Agilent 1260 Infinity high-performance liquid chromatography (HPLC) in-
strument equipped with a diode array detector (DAD) and quadrupole-time-of-
flight mass spectrometer (QTOF-MS) was applied for characterization of indigo 
composition in Publication II, and for quantification of adsorbed WBE on cel-
lulosic materials in Publication III. The chromatographic separation was per-
formed with a Phenomenex Kinetex Biphenyl column and acquired data were 
processed with a MassHunter software 7.0.  

The influence of enzymatic and UVC light-induced crosslinking to the size of 
WBE and catechol polymers (Publication I) were analyzed with size exclusion 
chromatography (SEC) using an Agilent 1100 high-performance liquid chroma-
tography system in combination with a UV detector. The sizes of polymeric ma-
terials were determined by comparing to calibration curve accomplished with 
polystyrene sulfonate standards and syringol. 

Photophysical spectroscopy 
Various photophysical spectroscopy methods were utilized in the characteriza-
tion. The absorption characteristics of biocolorant solutes were assessed using 
ultraviolet-visible spectroscopy (UV-Vis) in Publications I, II, and III. This 
information was utilized in further analyses, such as in HPLC identification and 
fluorescence studies.  

The fluorescence excitation and emission spectrum of indigo and leucoindigo 
in nanocellulose suspensions were recorded in Publication II to investigate 
the photophysical properties of indigo. In the same study, time-resolved fluo-
rescence spectroscopy was utilized for the characterization of fluorescence life-
time decays of indigo in indigo and leucoindigo forms and nanocellulose stabi-
lized leucoindigo. 

The reflectance at 380-700 nm and the color strength of willow bark dyed cel-
lulosic fibers produced in Publication III were determined using a Spectoro-
lino spectrophotometer (GretagMacbeth Inc., Germany) with D65 illumination.  

Quartz crystal microbalance with dissipation monitoring (QCM-D) 
The adsorption of willow bark extract onto nanocellulose thin films was inves-
tigated using QCM-D (Q-Sense, Biolin Scientific, Sweden) in Publication I. 
Nanocellulose thin films from TCNF were prepared on polyethyleneimine (PEI) 
coated gold quartz crystals using the spin-coating method. Willow bark extract 
was injected at a constant flow rate to the chamber and the adsorption to the 
TCNF substrate was monitored as a decrease in frequency. From the change in 
frequency, the sensed mass could be calculated and the change in dissipation 
indicated changes in viscoelastic properties. 

Rheological measurements 
In Publication I, the influence of crosslinking of phenolic compounds of wil-
low bark extract and catechol and formation of double network structure on the 
rheological properties of hydrogel were investigated with small deformation os-
cillatory rheology. A Discovery hybrid rheometer-2 (TA Instruments, United 
States) with a smooth 40 mm parallel plate geometry was used in the analysis. 
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First, the stress sweeps (0.001-1 Pa) were performed individually to define lin-
ear viscoelastic regions for each sample. Frequency sweeps were then carried 
out using frequencies 0.01-10 Hz with constant stress.  

In Publication V, the viscosity of lignocellulosic foams was determined using 
small deformation rheology. The viscosity measurements were performed at 
23oC with a controlled rate rheometer MCR 302 (Anton Paar) using a plain 
plate-plate geometry (diameter 25 mm). The apparent viscosity data was col-
lected using rotational methods (shear rate range of 0.001 – 1000 s-1), each data 
point was taken after 15 seconds to allow the system to stabilize.  

4.2.7 Bioactive properties 

The antioxidant activity of WBE and natural indigo was investigated according 
to ABTS assay in Publications I and II, respectively. The dry powder (2 mg) 
or circular films (d=6 mm) were mixed with diluted ABTS radical cation solu-
tion. The absorbance readings were compared to the absorbance of ABTS radi-
cal solution at 734 nm to obtain the radical scavenging (%). Tannic acid was 
used as an antioxidant reference in both studies and the tannic acid calibration 
curve was utilized in determining the tannic acid equivalents. The UV-light 
shielding properties of bioactive WBE films were studied with a spectrophotom-
eter in Publication I. The films were cut to size and fixed to a quartz cuvette 
prior to measurements.  

4.2.8 Physical properties of functionalized cellulosic materials 

Mechanical properties of bioactive films 
The tensile strengths of the bioactive films in Publication I were investigated 
with a DDS-3 microtensile tester (Kammrath & Weiss, Germany) using 100 N 
load cell, 10 mm gauge length, and 0.5 mm min−1 elongation rate at 50% relative 
humidity and 21°C. The films were cut to size and the tensile strength and tough-
ness of each specimen were determined from four measurements. The mean 
thickness of films was measured with a micrometer (Lorentzen and Wettre, 
Sweden) from three places. The oxygen transmission rates (OTR) of the bioac-
tive films were determined according to ASTM standard F1927 using gas per-
meation tester (Mocon Ox-Tran Model 2/21, Modern Controls Inc., United 
States) at 50% relative humidity and 23°C. The measurements were performed 
from duplicate samples simultaneously from a 5 cm2 area.  

Thermal and optical properties of lignocellulosic foams 
The thermal conductivity and diffusivity of selected lignocellulosic foams in 
Publication IV were investigated by monitoring the top surface temperature 
with an infrared camera (FLIR One Pro) from foams placed on a hot plate. The 
wet foams were confined in plastic cylinders (d=5.9 mm) to control the thick-
ness of the foam layer.  In Publication V the thermal conductivity of bulk wet 
foams was determined using a CTherm TCi device exploiting a modified transi-
ent plane source technique. The device was calibrated with distilled water, LAF 
6720 foam, air, and pyrex. The foams with a volume of 270 mL were let to 
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stabilize for 12 minutes after foaming to allow the excess water to drain. The 
thermal conductivity was measured from approximately 2 cm depth from the 
foams and the measurement was carried out for 2 hours. 

The multispectral properties of lignocellulosic foams produced in Publica-
tion V were investigated using a Specim IQ hyperspectral camera at wave-
lengths from 400 nm to 1000 nm and compared to natural reference materials 
collected from the boreal forest.  
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5. Results and Discussion 

 
The main findings of Publications I-V are summarized and discussed in this 
section. More detailed descriptions are found from the original publications. 

5.1 Biocolorants 

Four different biocolorants from different sources were utilized in this thesis; 
willow bark extract (WBE) obtained from the bark of fast-growing willows with 
hot water extraction, Kraft lignin as residues from pulping, indigo from high-
value Isatis tinctoria, and fast-growing microalgae Chlorella vulgaris. The color 
properties were investigated in terms of absorption characteristics (Figure 8). 
Both WBE and lignin exhibited brown color. Typical to brown colorants, they 
did not have a distinct single absorption wavelength since brown colorants ab-
sorb multiple colors of light and in turn reflect at low intensity red, yellow, or-
ange, and green light.[173] Indigo showed a brilliant blue shade and had an ab-
sorption maximum near 615 nm. The microalgae C. vulgaris had typical green 
color arising from chlorophylls present in the microorganism. A common char-
acteristic of biocolors is their versatile composition compared to synthetic col-
orants. Since they are derived from natural sources, they contain various com-
ponents along with the colorant while synthetic colorants consist mostly of the 
colorant molecules with only a small amount of co-products from the synthesis. 
For instance, the WBE used here consists of three main phenolic compounds 
and monosugars.[170] In addition to monomeric phenolic compounds, the WBE 
contains polymerized and oxidized compounds formed from the three main 
monomeric components, which is typical of polyphenolic compounds due to 
their reactivity.[178] The oligomeric and polymeric compounds contribute largely 
to the color formation of WBE since two out of three of the main monomeric 
compounds are colorless in their pure form (Publication III). Natural indigo 
contains indigo derivatives and flavonoids in addition to indigo mole-
cules.[96][101] The most complex biocolorant utilized here was the microalgae C. 
vulgaris, which consists of 42-58% amino acids, 5-40% lipids, 12-55% carbohy-
drates, 1-2% pigments (chlorophyll), and minerals and vitamins.[110] The only 
exception was Kraft lignin, which is purely lignin, although the polymeric struc-
tures have diverse and altering architectures.[86] The presence of co-products 
influences the absorption and color properties of the biocolorants and thus, for 
instance, the blue color produced natural and synthetic indigo have different 
hues. In addition, the adsorption to the dyeable cellulosic substrate can alter 
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between synthetic and natural colorants depending on their overall composi-
tion. 

 

Figure 8. Simplified chemical structures of the main colorant compounds and color characteris-
tics of the biocolorants utilized here. For willow bark extract, the presented monomeric com-
pounds are the main building blocks for complex polymeric structures giving the coloration to the 
extract. Chemical structures adapted from following: A[170], B[174], C[99], D[175]. (aPublication III, 
bPublication V, cPublication II) 

5.2 Bioactive composites 

Biocomposite films from nanocellulose (CNF) and willow bark extract or indigo 
as biocolorants were investigated for creating bioactive composite materials in 
Publications I and II, respectively. Both WBE and indigo showed bioactivity 
since they both exhibited radical scavenging capability owing to the presence of 
phenolic rings with accessible OH substituents (Figure 9 A).[176][177] The antioxi-
dant activity of indigo from Isatis tinctoria was found to be arising from the 
polyphenolic co-products present in the natural biocolorant mixture since the 
synthesized indigo did not show antioxidant activity. The interaction between 
negatively charged nanocellulose and negatively charged polyphenolic com-
pounds of WBE and natural indigo is based on non-covalent interactions includ-
ing hydrogen bonding and hydrophobic interactions.[87] Therefore the number 
of free, accessible OH groups for scavenging the free radicals is quite high and 
the antioxidant properties are retained even though WBE or natural indigo con-
taining the phenolic compounds are embedded into the nanocellulose matrix 
(Figure 9 A). With WBE, the enzymatic crosslinking of phenolic constituents to 
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larger polymeric units in the TCNF matrix reduced the radical scavenging capa-
bility as the number of accessible OH groups was lower due to oxidation and 
polymerization reactions. The phenolic groups, such as ortho-diphenols in (+)-
catechin, are susceptible to light and oxygen leading to oxidation, polymeriza-
tion, and other complex reactions.[178] The sensitivity for external factors sets 
challenges for handling and storing the WBE before utilization but on the other 
hand, it enables the tuning of antioxidant properties to some extent by cross-
linking the material. However, it should be noted that neither the enzymatic nor 
the UV light-initiated crosslinking are highly selective processes and thus, for 
instance, the polymeric size of WBE, can only be roughly controlled.    

In addition to its radical scavenging ability, the WBE exhibited UV shielding 
properties (Figure 9 B). The ability to absorb effectively damaging energetic UV 
light is a characteristic feature of phenolic rings.[179] WBE is rich in polyphenols 
and the UV shielding capability was investigated from WBE embedded nanocel-
lulose films. TCNF-WBE composites were found to block nearly all UVA (320-
400 nm) and UVB (280-320 nm) radiation. The composite films with WBE con-
stituents crosslinked enzymatically or using UVC-light blocked completely all 
the wavelengths of the UVA and UVB light. The structural changes in the WBE 
upon oxidation and polymerization of phenols altered the size of polymeric par-
ticles and the coloration to a darker shade, which improved the UV shielding 
capability of the composite films. In the visible light region (400-800 nm), the 
TCNF-WBE films showed optical transmittance, although the transmittance 
was lower compared to neat TCNF film with high transparency. Similar to anti-
oxidant activity, the UV shielding properties of TCNF-WBE composites can be 
altered with different crosslinking methods.   

Often the typical approach in CNF film modification is to decrease the water 
sensitivity and increase the ductility of films with various hydrophobization 
techniques and chemical crosslinking, respectively.[43][180][181] Herein, the ap-
proach was to incorporate the bioactivity to the film with biocolorants without 
sacrificing the mechanical properties of the nanocomposite films. The effect of 
WBE on the mechanical properties of TCNF films was investigated with tensile 
strength testing (Figure 9 C). The tensile strength of TCNF-WBE composite 
films was observed to be lower than for neat TCNF films. However, it should be 
noted that the tensile strength of TCNF (301 MPa) observed here was a bit 
higher than usually reported (233 MPa[182]-290 MPa[43]), which was due to the 
small size of the test specimen. The small specimen is not a perfect representa-
tive for bulk material properties since it is less likely to have defects than a larger 
specimen.[183] The lower tensile strength of composite films implies that the 
WBE polyphenols disturbed the formation of an interfibrillar hydrogen bonding 
network in the cellulose nanofibril matrix that is giving the mechanical strength 
to the neat films. Secondly, the polymeric WBE particles formed unevenly dis-
tributed clusters within the TCNF matrix, which also impaired the tensile 
strength since aggregates present in composite films are known to reduce the 
mechanical strength.[184] In enzymatically crosslinked films, the WBE polymeric 
particles were more evenly distributed than in untreated or UVC-light cross-
linked films (Figure 9 C) and in turn, the tensile strength of that film improved 
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slightly compared to UVC crosslinked and untreated film. A similar reduction 
in mechanical properties has been observed upon the addition of tannins to the 
cellulose matrix.[185][127] While in a system containing an elastic polymer, gelatin, 
the mechanical strength of tannin-containing nanocellulose films was slightly 
improved compared to neat nanocellulose.[126] The composite films tested here 
contained sorbitol, which is a widely utilized natural plasticizer for biopolymer 
films, but it was not enough to improve the strength of WBE-TCNF compo-
sites.[186] Even though the mechanical properties decreased upon crosslinking, 
the biocomposite films exhibiting antioxidant and UV shielding capabilities are 
interesting for instance for packaging materials for oxygen and light-sensitive 
products, and the film could be applied as a coating layer.   

Although the incorporation of WBE biocolorant impaired the mechanical 
properties, the oxygen barrier properties of TCNF film were retained in the com-
posite films. CNF films have generally low oxygen transmission in the dry state, 
even lower than synthetic polymers such as cellophane, due to the formation of 
an extensive interfibrillar hydrogen bonding network.[187][188] The measured ox-
ygen transmission rates (OTR) depend on the thickness of films, whereas the 
oxygen permeability (OP) values are normalized to the thickness (Figure 9 C). 
In general, the oxygen transmission rates of cellulose nanofiber films principally 
increase along with an increase in relative humidity (RH) due to the water sen-
sitivity of CNF.[188] The OP values for composite films at RH 50% varied from 3 
to 20 cm3·μm/m2·day·atm, meaning the films were classified as high oxygen 
barriers since OP was below 75 cm3·μm/m2·day·atm at RH 50%.[188] These re-
sults indicate that the TCNF-WBE films could provide excellent oxygen barrier 
properties in addition to earlier seen antioxidant and UV shielding properties. 
These features make the material interesting for packaging applications as a re-
newable, bioactive oxygen barrier film as a substitute for current synthetic ma-
terials. The widely used plastic packages have good moisture resistance but poor 
oxygen barrier and light protecting properties, and thus usually multiple layers 
of different materials, such as plastic, paper, and aluminum foil, are needed to 
create desired protecting properties to the package. However, the multilayer 
structure hampers the recycling of such packages.[189][190] The low mechanical 
strength and water sensitivity of the composite films presented here could be 
overcome by using the multilayer structure with other bio-biobased films to cre-
ate fully renewable and recyclable material.  



Results and Discussion 
 

 

28 
 

 

Figure 9. A) Antioxidant properties of willow bark extract (WBE) and indigo and self-standing 
composite films composed of cellulose nanofibrils (CNF or TCNF) and WBE or indigo. B) UV-
shielding capacity of self-standing composite films composed of TCNF and WBE. C) The me-
chanical properties of self-standing TCNF-WBE composite films and AFM micrographs of spin-
coated model surfaces. (Reproduced from Publications I and II) 

5.3 Cellulosic hydrogels 

Hydrogels are swollen polymer networks containing a high amount of water. In 
general, CNF suspension forms hydrogels even at relatively low solid content, 
and the rheological properties, such as viscosity, are highly dependable on the 
CNF solid content and charge.[7] The effect of WBE and crosslinked WBE on the 
rheological properties of TCNF hydrogels were investigated in Publication I 
(Figure 10). CNF hydrogels are also shear-thinning and thixotropic fluids, 
meaning their viscosity decrease under shear stress and they regain the viscosity 
after a fixed time as the shear force has been removed.[191] The thixotropic nature 
is useful for instance for three-dimensional (3D) printing.[192] The TCNF used 
herein has sodium carboxylate groups at the fibril surfaces, that are dissociated 
at neutral or high pH, giving the fibrils a negative surface charge and leading to 
electrostatic and osmotic repulsion. As a consequence of repelling forces, highly 
viscous and stable hydrogels are obtained.[12] TCNF suspension show gel-like 
behavior above 0.4-0.5wt-% solids content, depending on the sodium carbox-
ylate content[193][191], whereas a solids content above approximately 1.2wt-% of 
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uncharged CNF is required to reach the critical gel point.[194] The comparison 
between different studies is however rather difficult due to the lack of universal 
protocols for rheological investigations.[7] 

Figure 10 B shows that all TCNF containing samples were viscoelastic solids 
(elastic modulus G’>viscous modulus G’’). Addition of WBE to the TCNF hydro-
gel gave yellow-brown color to the gel (Figure 10 A) and increased the elastic 
modulus while the viscous modulus remained somewhat similar, which indi-
cated that the interaction between TCNF and WBE improves the solid-like be-
havior of the system. The small increase in moduli across the angular frequen-
cies suggests that the hydrogels presented here were weak physically cross-
linked gels.[195] The interaction between TCNF and WBE was proved to be based 
on physical interactions using FTIR (Figure 10 C), meaning that upon crosslink-
ing, the system formed a double network structure containing two separate pol-
ymeric networks. Although the enzymatic polymerization was found to increase 
the polymer size of WBE more than UVC induced crosslinking, enzymatic cross-
linking did not greatly affect the moduli of the TCNF-WBE system. UVC cross-
linking increased both G’ and G’’, indicating the formation of a more solid-like 
system.  The interaction of WBE and TCNF was further studied using quartz 
crystal microbalance with dissipation monitoring (QCM-D), which showed that 
the adsorbed amount of WBE was low and the adsorbed layer was very rigid 
(almost no increase in dissipation). Nevertheless, the adsorbed molecules were 
not removed upon rinsing (Figure 10 D).    

 
 

 

Figure 10. A) UVC crosslinked hydrogel of cellulose nanofibrils (TCNF) and willow bark extract 
(WBE), B) the elastic modulus (G’) (solid lines) and viscous modulus (G’’) (dashed lines) of TCNF 
and TCNF-WBE hydrogels, C) FTIR spectra of TCNF-WBE composite films cast from hydrogels, 
and D) QCM-D measurement of WBE adsorption onto TCNF thin film. Changes in dissipation (red 
curve) and frequency (blue curve) (3rd overtone) are shown as a function of time. (B, C, D repro-
duced from Publication I) 
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In addition to modifying the rheology with WBE biocolorant, CNF hydrogel 
was utilized as a matrix carrier for natural indigo. In Publication II, the ap-
proach was to utilize CNF hydrogels for developing the indigo dyeing towards a 
more sustainable process. The hot water extraction process to obtain indigo pig-
ment from plant material requires a lot of water and energy for heating the bath, 
which is not in line with sustainability goals. Furthermore, indigo molecules are 
insoluble and before applying them as a dye they need to be reduced into soluble 
leuco form, which is mainly achieved with sodium dithionite that causes sulfur-
containing effluent problems.[102] The soluble leucoform is present during the 
extraction process from plants (unlike with synthetic indigo), but it oxidizes into 
insoluble form quickly. Therefore, retaining indigo in soluble leuco form from 
extraction to dyeing would reduce the environmental effect as the number of 
processing steps would be smaller, and less harmful chemicals would be used.  

The leucoindigo was observed to remain longer in leucoindigo form in the CNF 
matrix and the stabilization of leucoindigo on CNF was investigated using time-
resolved spectroscopy, which indicated that the lifetime decay of CNF stabilized 
leucoindigo was similar to neat leucoindigo in the solvent system (Figure 11 A, 
B). The fluorescence lifetime of indigo form was shorter than that of leucoindigo 
due to the intra- and intermolecular hydrogen bonds present in indigo, which 
dissipate the excited state quickly.[196] The hydrogen bonding is also behind the 
good photostability of indigo. The qualitative investigation in Figure 11 A re-
vealed that the leuco form was retained longer with natural indigo than syn-
thetic indigo since after 12 hours the synthetic indigo containing CNF suspen-
sions had already reached the typical dark blue color of indigo.  

The composition of synthetic and natural indigo is rather different since the 
synthesized indigo contains mostly indigo, while natural indigo has also other 
co-products.[96][101] The indigo purity in terms of the indigo amount was found 
to be at a similar magnitude with both synthetic and natural indigo in chroma-
tographic analysis (Figure 11 C). Natural indigo however contained a larger 
amount of indirubin and other co-compounds, which can alter the resulting 
color. The presence of co-compounds was however thought to be the key reason 
for the better stability of leucoindigo of natural indigo than synthetic indigo. The 
compound eluted at 12 min, showed UV absorption characteristics typical for 
flavonoids. Furthermore, the radical scavenging capability of natural indigo 
seen earlier in chapter 5.2 verifies the presence of antioxidant species in the bi-
ocolorant, which are hampering the oxidation of leucoindigo to indigo form.  

In addition to the antioxidant species slowing down the aerial oxidation of leu-
coindigo, the CNF suspension seemed to influence the rate of oxidation. The 
series with different CNF solid content and constant leucoindigo content as a 
function of time in Figure 11 A indicated that also the solid content of CNF sus-
pension can influence the oxidation speed to some extent. After 12 hours, the 
natural indigo embedded in the lowest CNF concentration had evolved darker 
blue coloration than the other suspensions with higher solids content. The dif-
fusion of solutes, such as oxygen, is lower in gels than in liquids.[197] The viscosity 
of CNF suspension increase along with the increase in solid content, which is 
further hindering the oxygen penetration into the suspension. It can be 
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concluded that the utilization of nanocellulose as a matrix carrier in natural in-
digo processing can reduce the number of processing steps and thus the chemi-
cal load as leucoindigo can be stabilized on nanocellulose. Previously, the focus 
on indigo processing has been on finding alternative reduction chemicals and 
techniques to replace sodium dithionite. These include natural reducing agents, 
such as glucose, and reduction techniques utilizing fermentation and electro-
chemical reactions.[104][103][105]  

 

  

Figure 11. A) The evolution of leucoindigo oxidation of synthetic indigo and natural indigo em-
bedded in nanocellulose (CNF) suspensions in open vials. The solids content (wt-%) of CNF is 
marked on vials. B) The lifetime decay rates of indigo, leucoindigo, and leucoindigo stabilized 
with CNF. C) The HPLC chromatogram of synthetic (1) and natural indigo (2). The insert diagram 
shows the surface area of indigo and indirubin peaks detected at 285 nm. D) The excitation (black 
line) and emission (blue line) spectra of CNF-leucoindigo and CNF-indigo. (Reproduced from 
Publication II) 

5.4 Cellulosic materials dyed with biocolorants 

The one evident and potential application for biocolorants is for the dyeing of 
textile fibers. As mentioned earlier in the background section, the global textile 
industry has to develop its current technologies in the near future to reduce the 
large environmental impact arising from the wet processing of textile fibers, in-
cluding dyeing, among other process steps.[198]  

One possibility is to find alternative bio-based colorants from existing process 
sidestreams. The coloration of two different cellulosic materials, that is micro-
crystalline cellulose (MCC) and regenerated Ioncell-F (IC) fibers, with willow 
bark extract was investigated using high-performance liquid chromatography 
(HPLC) analysis in Publication III (Figure 12 A). It is a well-acknowledged 
challenge, that dyeing of negatively charged cellulose with negatively charged 
biocolorant often requires additional compounds for improving the dye adsorp-
tion, the binding between dye and fibers, and colorfastness. This has been tra-
ditionally tackled with mordants that mostly are metals forming coordination 
complexes with biocolorant molecules, leading to the increased affinity between 
metal mordant-colorant complex and dyeable fibers, and improved wash 
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fastness properties.[147] However, some of the metals are not complexed and re-
main in the dye bath causing a harmful environmental burden to biocolorant 
dyeing. Therefore, the effect of mordanting on the dye adsorption of WBE was 
investigated using bio-based mordants including tannic acid, citric acid, and ox-
alic acid that were compared to conventional metal mordant alum. The semi-
quantitative analysis from colorant liquids before and after dyeing indicated 
that the dye fixation was, in general, higher for microcrystalline cellulose than 
for Ioncell-F fibers, which was most likely arising from the different accessible 
surface areas of materials (Figure 12 A). MCC was dyed as a slurry while IC was 
treated as fiber bundles, which means the surface area of MCC with dimensions 
in micron-scale was higher than the surface area of macroscopic IC fiber bun-
dles. The higher surface area provided more adsorption sites for WBE and bio-
mordants. The mordants improved dye fixation on IC while with MCC the high-
est dye fixation was achieved without mordant. 

The visual observation of color intensity and semi-quantitative analysis of dye 
fixation were partly inconsistent. The chromatographic quantification was car-
ried out at the UV light region while visual observation was based on visible light 
region wavelengths. Additionally, some components of biocolorant and mor-
dants are colorless and their adsorption to the fiber can block the site from col-
ored components reducing the visual color but increasing the detected dye fixa-
tion. For instance, monomeric (+)-catechin in WBE is colorless and it is also 
sensitive to oxygen, light, heat, and enzymes, which can lead to oxidation and 
polymerization of catechins (Figure 12 B) during dyeing, yielding to a change in 
color. It should be noted that the WBE contains also oligomeric polyphenols 
formed from monomeric (+)-catechin, picein, and triandrin before dyeing, but 
the dyeing in elevated temperature increases the polymerization and oxidation 
even further, which intensify the color. In addition to the darkening due to 
polymerization and oxidation, the formation of mordant-biocolor complexes 
and coordination complexes with alum change the structural chromophoric 
characteristics of colorant and shift the absorption wavelength of colorant.[48] 
For instance, WBE-AL colored MCC seemed to have visually the darkest color 
although the WBE, WBE-CI, and WBE-TA showed higher fixation yields based 
on the HPLC analysis. It is good to note that some of the HPLC-DAD chromato-
grams presented in Publication III (in Figure 3) had stabilization issues with 
the column affecting the retention times. However, it did not influence the iden-
tification of the followed components, i.e., (+)-catechin, picein, triandrin, and 
mordants, from the chromatogram since they were found based on masses with 
mass spectroscopy and the amount of fixed dye was calculated from the whole 
extract.  Additionally, there were found the following two errors in the original 
paper with the interpretation of molecules: dimer of catechin with m/z 577 is 
[M-H]- and not [2M-3H]3-, and the picein with m/z 595 [2M-H]- is two molecule 
cluster formed in the ion source, not dimer of picein. 

Despite the stabilization issues experienced in HPLC, these results highlight 
the difference between synthetic and natural colorants. While synthetic color-
ants are mainly composed of certain dye molecules that remain unchanged dur-
ing the dyeing, the biocolorants contain co-products along with the dye 
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molecules, which all contribute to the color fixation on the substrate and the 
coloration outcome as they might undergo structural changes besides the ad-
sorption on the substrate. The contribution of all these components should be 
considered when evaluating the performance of biocolorants.  

In addition to mordants, there are other approaches to improve the color in-
tensity and color fastness properties. It has been suggested that for instance 
modification of the fiber surface via cationization or by using other coatings can 
improve the adsorption of biocolorant molecules on the cellulose fibers.[144][145] 
Another potential approach is to modify the biocolorant structure. In Publica-
tion I, the reactivity of phenol-moiety containing biocolorant compounds were 
utilized for creating double network gels as discussed in chapter 5.3. However, 
the reactivity of phenolics can also be exploited for tuning the colorant proper-
ties. WBE and a model compound catechol embedded in nanocellulose (TCNF) 
were treated using UVC-light and laccase ThL and cast to self-standing films. 
The crosslinking improved the color intensity and the stability of the colorant 
(Figure 12 B). For WBE the color change was not as drastic as for catechol, which 
changed from almost colorless to black. The stability of color was investigated 
by immersing the films in water for 30 minutes. It was found that especially the 
enzymatic crosslinking of WBE and catechol efficiently reduced the leaching of 
dye. The higher molecular size of polyphenols as a result of crosslinking of the 
monomers reduces their solubility in water.[199] This in turn improved the color 
stability of the crosslinked TCNF-WBE/catechol films presented here. This pro-
cess could also be combined with biocolorant dyed textile fibers to improve the 
color intensity and the stability as an alternative for mordants. Additionally, the 
results indicate that even black colors are achievable albeit the black color is 
difficult to obtain from natural sources compared to other colors.[200] One typi-
cal black colorant referred to in the natural dye literature is logwood mordanted 
with iron. Another approach is to use multiple colorants to achieve absorption 
through multiple wavelengths of visible light.[201][202] However, there does not 
exist an ideal black dye, not even with synthetic dyes, that would absorb light in 
all visible light wavelengths.[203] 

In addition to direct dyeing on cellulose fibers, the biocolorants can be brought 
to the textile with a matrix carrier. In Publication II, the nanocellulose stabi-
lized leucoindigo suspension was applied as a fully bio-based printing paste for 
cotton (Figure 12 C). The utilization of nanocellulose in indigo processing can 
not only reduce the amount of reducing agents used in dyeing as discussed in 
chapter 5.3 but it could also be applied in the printing process and potentially 
reduce the amount of fixing chemicals used in commercial printing pastes, 
which usually contains thickener and binding agent, such as curable polymers 
in volatile solvents, besides the colorant.[204][205] Since cellulose has a tendency 
to form hydrogen bonds with itself[11], CNF was expected to act as an eco-friendly 
binder and thickener for the paste. The leucoindigo remained in green, insoluble 
form in the bulk nanocellulose suspension. The suspension was applied on cot-
ton with a screen-printing technique, in which layers of colorant material are 
applied on the substrate with a stencil to create patterns. The leucoindigo in 
nanocellulose came into contact with aerial oxygen as it was applied as coating 
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layers and the green leucoindigo was oxidized to blue indigo. In addition to 
color, the natural indigo and WBE possess bioactive properties, including anti-
oxidant activity and UV shielding, as discussed in chapter 5.1. The bioactivity 
could also be incorporated into textile fibers, creating added value besides col-
oration. For instance, clothing provides better protection against damaging UV 
light than any sunscreen. The textile fibers themselves show some UV protec-
tion depending on the fiber type. Bleached cotton has poor UV protection, while 
wool and synthetic fibers give good protection.[206] Often the UV protection of 
textiles is increased with organic and inorganic materials that either absorb or 
reflect UV light effectively and they are incorporated into the textile as an addi-
tional finishing step separate from dyeing.[207][208] With biocolorants showing 
UV absorbent characteristics, UV protection could be achieved with a single pro-
cessing step.  To conclude, biocolorants are one promising alternative for devel-
oping the textile dyeing industry towards more sustainable processes. There are 
yet a few limiting factors hindering the utilization of biocolorants on a larger 
scale, including the incompatibility with existing machinery, low yield, produc-
tion costs, and availability.[209] Obviously, biocolorants cannot alone answer to 
the constantly increasing dye and pigment demand and thus they are one meas-
ure along with improved dyeing technologies, recycling of dye effluents, and bet-
ter wastewater management.[141][210] The results presented in this thesis, how-
ever, show biocolorants have the potential to be used for textile fibers not only 
to create conventional coloration but also coloration with added value.   

 
 

 

Figure 12. A) Microcrystalline cellulose (MCC) and Ioncell-f fibers (IC) dyed with willow bark ex-
tract (WBE) biocolorant and tannic acid (TA), citric acid (CI), oxalic acid (OX), and alum (AL) as 
mordants. Estimation of WBE fixed (%) on the substrate in each experiment based on the chro-
matographic analysis of dye liquids before and after dyeing. B) An example of the potential oxi-
dation and polymerization reactions occurring for phenol moiety containing compounds. Reac-
tions adapted from[178][211]. The reactions changed the color of the biocolorant embedded in nano-
cellulose (TCNF) film and improved the washing fastness. C) The nanocellulose (CNF) suspen-
sion with natural indigo screen-printed on cotton. (A reproduced from Publication III, B from 
Publication I, and C from Publication II) 
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5.5 Lignocellulosic foams for optical and thermal camouflage 

Lignocellulosic foams aimed for military stealth application generated with a 
straightforward process from surfactants and renewable lignocellulosic materi-
als were investigated in Publications IV and V. The combination of light-
weight foam and biocolorants was expected to provide thermal and optical 
stealth in a boreal forest environment. The influence of two different cellulose 
materials (CNF and bleached pulp), two surfactants (SDS and polysorbate 80 
(T80)), and two biocolorants (kraft lignin and microalgae Chlorella vulgaris) 
on foamability was explored using experimental design and response surface 
methodology (RSM). The foamability experiment showed that SDS had superior 
foamability over T80 within this system (Table 1) even though the applied con-
centrations of both surfactants exceeded the critical micelle concentration that 
is required to achieve optimal foaming.[212] The results indicated that the volume 
of generated foam is directly proportional to the concentration of surfactant. 
The poorer foamability of T80 was considered to be due to the applied foaming 
conditions that did not provide enough energy for efficient foaming of T80. 
Since the differences in terms of maximum foam volume for CNF and pulp-
based foams were relatively small, the bleached pulp was selected for further 
thermal and optical experiments as it is more feasible for covering large surfaces 
due to its lower price compared to CNF. SDS was applied as a surfactant due to 
its better performance within this system. 

 
Table 1. The maximum generated foam volumes for each foam type without biocolorants.  

Foam Max. foam volume (mL) 

Pulp-SDS 86.7 
CNF-SDS 101.7 
Pulp-T80 47.2 
CNF-T80 38.9 

 
The influence of applied biocolorants on foamability was quite different (Fig-

ure 13). The effect of kraft lignin on foamability was found to be insignificant as 
the variations in maximum foam volumes for different lignin concentrations 
were small (Figure 13 A). The lignin was initially hypothesized to potentially 
have some effect on the foaming process since lignin is amphiphilic and water-
soluble lignosulfonate has been demonstrated to work as a surfactant.[213] Kraft 
lignin however is insoluble to water, which substantially influences its capability 
to act as a surfactant. However, with various modifications, lignin derivatives 
have been successfully utilized as biosurfactants.[213][214] The increasing concen-
tration of C. vulgaris on the other hand reduced the maximum amount of gen-
erated pulp foam notably (from 87 mL to 55 mL) (Figure 13 B). Microalgae has 
a relatively diverse composition as it is typically composed of 42-58% amino 
acids, 5-40% lipids, 12-55% carbohydrates, and 1-2% pigments.[110] The diverse 
composition plausibly influenced the interactions with surfactant and cellulose 
and thus reduced foamability. Lignin is an organic polymer crosslinked from 
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phenolic monomers and even though it can form complex structures, the chem-
ical composition is rather simple compared to microalgae.[85]

Figure 13. A) The response surface models for A) pulp foams with lignin and B) pulp foams with 
microalgae C. vulgaris. The highest foam volumes are indicated with red and the lowest with blue. 
(Reproduced from Publications IV and V)

The stability of pulp-SDS systems with and without biocolorants was investi-
gated 5 minutes after and 2 hours after foam generation in terms of liquid drain-
age (Table 2). During the aging process of foams, the liquid trapped in the foam 
phase begins to drain out due to gravitational forces, leading to thinning of the 
films between bubbles, which in turn lead to the rupture of films and coarsening 
of foam.[156] Even though surfactants improve the foam stability by stabilizing 
the bubble films and preventing the coalescence, the formation of stable foams 
requires either increasing viscosity of the aqueous phase or adding stabilizing 
particles, i.e. Pickering particles.[158][162][215] The solid matter concentration was 
a determining factor in controlling the drainage after 5 minutes of foam gener-
ation. The increasing solid content, including pulp, lignin, and microalgae, re-
duced the drainage and thus stabilized the pulp foam. The biocolorant contain-
ing foams showed smaller drainage than neat pulp foam and the increase in bi-
ocolorant concentration reduced the drainage further. After 2 hours of foaming, 
the difference in drainage between pure pulp foam and biocolorant containing 
foams was not as large as after 5 minutes. The doubling of lignin concentration 
did not reduce the drainage, while with microalgae the doubling of the concen-
tration yielded a significant reduction in the drainage. The results implied that 
both microalgae and lignin acted as stabilizers for the foam, although the mi-
croalgae was more efficient and hindered the drainage of foams better. 
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Table 2. The minimum drainage according to RSM models after 5 minutes and 2 hours of foam 
generation without biocolorants, and with 80g/L and 160 g/L biocolorant concentration.  

 5 minutes 2 hours 

Pulp-SDS 5.5 8.7 
Pulp-SDS-lignin 3.5 (80g/L) – 2.7 (160g/L) 8.3 (80g/L) – 8.3 (160g/L) 
Pulp-SDS-C. vulgaris 2.5 (80g/L) – 0 (160g/L) 8.5 (80g/L) – 5.2 (160g/L) 

The thermal conductivity was investigated from pulp foams with two different 
methods. In Publication IV, the wet foams were placed on a hot plate and the 
temperature on the foam surface was imaged using a FLIR ONE camera (figure 
14 A). In Publication V, the thermal conductivity was investigated from bulk 
foams using a CTherm TCi device (Figure 14 C). The heat transfer can occur via 
three modes: convection, conduction, and radiation. The total thermal conduc-
tivity of foam depends on the thermal conductivity of the gas phase and solid 
phase.[216] The small pore size and low density increase the thermal insulation 
capability since the high gas content trapped in closed cells hinder the heat 
transfer.[163] Since the wet foams tend to drain and coarse over time, the thermal 
conductivity tends to increase as the bubble size increase and gas content de-
crease. This was observed to occur for foams measured with the surface-sensi-
tive method since the temperature on the foam surface and thermal conductiv-
ities increased during the experiment (Figure 14 B).  

The effect of the solid phase composition, including pulp, lignin, and microal-
gae, and thickness of foam layer, on thermal conductivity was investigated. With 
the surface-sensitive method in Publication IV, the largest influence was 
found to arise from the thickness of wet pulp foam (Figure 14 B). The thicker the 
wet foam, the lower the thermal conductivity determined from the surface of the 
foam. This is because the heat has a longer path to travel in thicker foam, which 
in turn decreases the temperature observed on the surface. With the bulk 
method utilized in Publication V, there was a clear relationship between good 
thermal insulation and good foaming properties. The best thermal insulation 
was observed in foam consisting of only pulp with good foamability (Figure 14 
C). The increase in solid matter content in terms of higher pulp concentration 
increased the viscosity along with the thermal conductivity of foam. However, 
even though the pulp content of pulp-lignin (6.1 g/L) was slightly lower than in 
neat pulp (7.0 g/L), the high amount of lignin (160 g/L) increased the viscosity 
of pulp-lignin to a higher level than neat pulp. Therefore, it can be concluded 
that the largest influence on bulk thermal conductivity was arising from the air 
content of foam. The biocolorant containing foams showed better stability than 
neat pulp foam in terms of drainage (Table 2), meaning they retain more water 
in the foam phase than neat pulp foam. Since the thermal conductivity of water 
is higher than air, the heat is transferred more efficiently in biocolorant contain-
ing foams and these yielded poorer thermal insulation properties.  

The thermal conductivities of neat pulp foams were in the same order of mag-
nitude with both methods and comparable to dry polystyrene foam (Figure B 
and C). Previous studies have shown that pulp foams have thermal conductivity 
ranging from 33 to 41 mW/m°C and the cellulose nanofibril foams can reach 
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values even below 25 mW/m°C, implying they are super-insulating 
foams.[217][218][219] The most significant difference in the values of the foams pre-
sented herein and in the literature is the state of foam. Here the foams were 
measured wet and in literature, the foams are mostly in form of dry foams. Even 
though the conductivity increased upon drying (Figure 14 B), the pulp-lignin 
foam was demonstrated to perform effectively also as a dry foam (Figure 14 E) 
for camouflaging the heat signal of a body part to the background. 
 

Figure 14. A)  The surface-sensitive method for thermal insulation investigation. 1: 1 cm thick, 2: 
2 cm thick, 3: 4 cm thick pulp-lignin foams on 54°C hot plate. B) The thermal conductivities for 2 
cm and 4 cm thick neat pulp foams determined from the foam surface. Dry PS foam of 4 cm 
thickness was used for comparison. C) The bulk thermal conductivity of neat pulp and biocolor-
ants-pulp foams, and D) the relationship of thermal conductivity and viscosity of the same pulp 
foams. E) The effectiveness of lignocellulosic foam to camouflage the thermal signature of the 
arm to the background temperature. (Reproduced from Publications IV and V) 

Even though the biocolorants decreased the thermal insulation of pulp foam, 
the biocolorants were significant for the stability of the foam, and they were as-
sumed to provide visual stealth in the boreal forest environment. The spectral 
properties of wet foams containing biocolorants were explored using hyperspec-
tral imaging in Publication V. Hyperspectral imaging is a widely applied tech-
nique to detect visually similar camouflaged objects from the real environment 
based on the spectral characteristics from visible to near-infrared regions.[220] 
The spectral changes during 7 days follow-up were largest for neat pulp foam 
without biocolorants (Figure 15 A). During the 7-day follow-up, all the foam was 
eventually lost and the pulp foam without colorant became a translucent liquid, 
whereas, in biocolorants containing foams, the colorant was yet there although 
the foam was lost. In the visible color range, kraft lignin foams showed a reflec-
tance band through the visible light range (400-700 nm), which is typical for 
brown colors. The changes in Kraft lignin absorption properties in the visible 
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light range were small (Figure 15 B), indicating that the colorant was relatively 
stable, while with green microalgae foams the absorption behavior changed 
more. The microalgae C. vulgaris showed an absorption band near 550 nm, 
which is due to the chlorophyll pigments present in the microalgae. Chloro-
phylls are known to be unstable and degrade easily, which is caused by a shift in 
absorption and color (Figure 15 C).[221] Additionally, C. vulgaris can contain 
other colorants besides chlorophyll a and b, such as carotenoids, which influ-
ence the absorption characteristics.[114] However, the natural materials used as 
reference materials are also often a combination of multiple colorants and 
therefore their absorption characteristics vary too in nature depending on the 
age of crop, geographical location, and season.[222] Therefore the variance in re-
flectance arising from the pigments is natural and will not affect the stealth per-
formance of the foams in the visible light region.  

For optical stealth material, the near-infrared range (NIR) is also essential 
since the hyperspectral detectors measure wavelengths above visible light. The 
biocolorant foams were compared to reference natural materials to evaluate the 
optical camouflage performance in the forest environment. All samples showed 
an increase in reflectance beyond visible wavelengths (700-1000 nm) in the 
near-infrared ranges. A distinctive characteristic for all foams was a drop in re-
flectance at 950 nm, which was not observed in the reference materials. This 
drop in the reflectance at 950-970 nm is typically attributed to the presence of 
water.[223] The drop in the reflectance is indicated that the water content of 
foams was higher than in reference materials. The results imply that the optical 
stealth provided by the lignocellulosic foams was satisfactory in visible light 
wavelengths but unfortunately, the distinctive differences in NIR range com-
pared to natural reference materials reveal the foam from the boreal forest en-
vironment background to a hyperspectral detector. This feature could be im-
proved by increasing the air content of foams, although, based on the results 
shown here earlier, it would decrease the stability of wet foams even more.  

 

Figure 15. The reflectance spectra of A) neat pulp foam, B) pulp-lignin foam, and C) pulp-micro-
algae foam. The foams were recoded as freshly generated and after 7 days and compared to 
natural reference materials collected from the boreal forest. (Reproduced from Publication V) 

In the light of the results presented here, some compromises are needed when 
these foams are generated and applied for stealth purposes. Based on the re-
sults, the maximum volume and best stability are not achieved simultaneously 
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with the same concentrations of pulp and biocolorants. While the neat pulp 
foams showed high foaming capacity, the biocolorants acted as stabilizing 
agents and reduced the drainage from the foam phase. The biocolorant foams 
with better stability again showed increased thermal conductivity compared to 
neat pulp foam due to higher water content. The presence of stabilizing biocol-
orants was however essential for the visible range spectral properties of foams.  

5.6 Applicability and sustainability outlook of biocolorants   

Transitioning from the linear economy to the circular economy is the main driv-
ing force accelerating material research and innovations. The innovations 
should have positive environmental, social, and economic impacts to facilitate 
sustainable development.[2] Therefore, the applicability and sustainability of bi-
ocolorant functionalized cellulosic materials should be considered carefully for 
each material and application. To quantitatively address this would require 
careful life cycle and techno-economical feasibility assessments as well as anal-
ysis of the societal effects in comparison to current solutions, which was not in 
the scope of this thesis. However, this question is qualitatively discussed below. 

There are three main questions related to the sustainability of biocolorants 
that requires solving when bio-based colorants are utilized in any application. 
The first question is the source of biocolorants. Ideally, the source material 
should be a secondary material, such as a side stream or other waste material, 
to reduce the primary natural resource utilization and not to compete with the 
food supply. However, besides environmental impact also other aspects, such 
as social impact, should be taken into account as well. For instance, the cultiva-
tion of high-value dye plants, such as Isatis tinctoria for producing natural in-
digo, provides better income for the farmer than conventional food crops. 

The second question is where it is feasible to use biocolorants since the inno-
vations must have a positive economic impact in addition to the environmental 
and social impacts. Large-scale manufacturing of biocolorants is currently dif-
ficult since the yield of colorants is typically rather low. The extraction and dry-
ing of colorant, which is needed for better storage lifetime, require water and 
energy resources, which directly influence the price of biocolorants and the 
overall environmental impact.[64] Due to difficulties in large-scale manufactur-
ing and high costs, biocolorants are more feasible for high-value products in 
which also the bioactive properties besides the color are relevant. The third 
question is the toxicity and biodegradability of the dyes. Some of the biocolor-
ants might be slowly biodegradable and mordants or other applied additives im-
proving the dye fixation and color fastness can make the dyeing process efflu-
ents toxic despite the natural origin of the colorant.[18] 

To improve the efficiency of biocolorant production processes and to reach or 
even undercut the environmental impacts of the synthesized colorants, long-
term research needs to be carried out. In addition to the smaller environmental 
impacts, improved production efficiency would enable lowering the price of bi-
ocolorants, making the applying of biocolorants feasible to a wider range of 
products. Nevertheless, the colorants and pigments industry among many other 
industries needs to find more sustainable alternatives to current materials and 
technologies to reduce the environmental effects and prevent the depletion of 
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non-renewable resources, and biocolorants appear to be one promising alterna-
tive to fossil-based state-of-the-art colorants.   
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6. Conclusions 

 

In this thesis, the renewable cellulose materials with dimensions from nano to 
macroscopic range were combined with biocolorants from renewable sources to 
create functional materials. Biocolorants were demonstrated to be applicable 
not only for textile fibers as a sustainable colorant, but also suitable for bioactive 
films as alternatives for fossil-based plastic films used for instance in packaging, 
to lightweight foams that are useful to stealth applications, and in developing 
the dyeing towards more facile processes.  

The characteristic feature of biocolorants is their complex composition. In the 
natural biomasses, the millions of years of evolution and nature’s engineering 
have resulted in structures composed of multiple chemical components, each 
with their specific purpose. When they are subjected to simple and non-toxic 
water extraction, all polar and water-soluble compounds are transferred to the 
extract. With the current perspective in the world dominated by synthetic col-
orants with one-component composition, the multicomponent composition of 
biocolorants has been seen as an obstacle. The results shown in Publications 
I and II, however, indicate that the combination of multiple compounds can be 
harnessed to bring the bioactive properties of biocolorant to cellulose materials. 
The antioxidant and UV shielding properties of willow bark extract-nanocellu-
lose films were shown to be tunable with different applied crosslinking methods. 
The mechanical strength of bioactive films was reduced due to polymeric willow 
bark extract particles disturbing the inter-and intramolecular hydrogen bond-
ing network of nanocellulose, while the oxygen transmission rates remained 
good.   

However, it should be noted that the complex composition of biocolorants and 
its relationship to the adsorption to the cellulosic fibers and overall coloration 
requires careful consideration. The biocolorant from willow bark extract con-
tains colorless and colored compounds, which all contribute to the dyeing result. 
The observations performed in Publication III and I indicated that the com-
ponents of the extract can undergo structural changes during dyeing as the heat, 
light, and oxygen can lead to the oxidation and polymerization of compounds. 
That in turn can increase the polymeric size of biocolorant particles and change 
their chemical properties including the color. Therefore, when evaluating the 
coloring properties of biocolorants, the contribution of all components should 
be considered.  

Additionally, some biocolorants, such as phenolics in willow bark extract, are 
sensitive to light, heat, and air as shown in Publication I,  
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In addition to color and potential bioactive properties, the biocolorants were 
found to successfully stabilize wet foam systems along with cellulosic compo-
nents in Publications IV and V. Kraft lignin and microalgae Chlorella vul-
garis stabilized foam system and hindered the drainage-driven aging process of 
wet foams. Although the bulk thermal conductivity was found to increase along 
with stability, the lignocellulosic foams showed good thermal insulation prop-
erties and it was applied successfully as a thermal camouflage material. The wet 
biocolored foams showed similar spectral characteristics at visible wavelengths 
as natural reference materials from a forest environment but owing to the higher 
water content of foams, the near-infrared spectral region did not match, mean-
ing that the optical stealth properties against widely applied hyperspectral im-
aging were incomplete.  

This thesis showed the untapped potential of biocolorants to create added-
value functional cellulosic materials by utilizing undervalued crops and indus-
trial residues. However, the large-scale manufacturing and use of biocolorants 
exhibit yet some barriers. The extracts have in general relatively low colorant 
content and energy-efficient methods should be used to dry the colorant for 
storage and transportation to preserve the environmentally friendly nature. For 
instance, lyophilization that was applied in this thesis is not a feasible technol-
ogy for large-scale drying, but it was applied here since it causes minimum 
changes to the heat-sensitive structures of biocolorants. Furthermore, the life 
cycle assessment of processing of various biocolorants, including extraction, 
dyeing, and recycling, would be necessary to gain an understanding of the over-
all sustainability of biocolorants compared to synthetic counterparts.  
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