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Even though colorants are rarely thought of as independent materials, colors of most
human-made objects are artificially altered by applying colorant additives. Biocolorants,
which are colorants from bio-based sources, offer sustainable alternatives to the currently
prevalent synthetic colorants originating from petrochemical sources. However, perhaps
due to the long history of using biocolorants in textile coloration, modern research has
primarily focused on utilizing biocolorants in textile field. Consequently, research of
biocolorants in engineering materials has received much less attention.

The objective of this thesis was to find practical and durable solutions for using
biocolorants in engineering materials. Thus, bio-based indigo from Isatis tinctoria was
utilized in coloration of wood coatings, polypropylene, and polylactic acid. In addition to
indigo, madder (Rubia tinctorum) extract, weld (Reseda luteola) extract, kraft lignin, and
biochar were used for biocoloration of polylactic acid. Furthermore, dyeing of anodized
aluminum surface was explored utilizing madder and weld extracts as biocolorants. Besides
initial color properties, durability performance of the biocolored materials was determined
by exposure to either cyclical artificial weathering or continuous Xenon light, followed by
colorimetric and spectral re-evaluation.

The results showed that weathering resistance of the wood coatings colored with bio-
based indigo pigment was comparable to the coatings utilizing a commercial mineral
pigment. Moreover, purification of the bio-based indigo pigment improved its color
strength and lightfastness even further when used for polypropylene coloration.
Nevertheless, even more promising biocoloration results for polylactic acid were achieved
using kraft lignin pigment, which produced a stable color and improved both
photodegradation resistance and mechanical performance of the polylactic acid matrix.
Finally, biocoloration of anodized aluminum with madder and weld extracts successfully
produced thin colored layers with even and intense metallic colors.

In summary, this thesis showcases promising real-world applications for biocolorant use
in coloration of engineering materials, while focusing specifically on durability and
applicability performances of the studied biocolorants.



A?

Aalto-yliopisto

TIIVISTELMA

Tekija Juha Jordan
Viitoskirjan nimi Teknisten materiaalien varjadminen biovariaineilla

Artikkeliviitoskirja

Sivumaiiri 105
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Vaikka viriaineita kasitelladn irrallaan muista materiaaleista vain harvoin, suurin osa
ihmiskunnan tuotoksista on keinotekoisesti varjatty vériaineita kiyttden. Biopohjaisista
raaka-aineista tuotetut viriaineet eli bioviriaineet tarjoavat puhtaamman vaihtoehdon
nykyaan laajalti kaytettdville synteettisille viriaineille, jotka tuotetaan fossiilisista
polttoaineista jalostamalla. Moderni bioviriainetutkimus on kuitenkin keskittynyt suurelta
osin tekstiilien biovarjayksen tutkimiseen, silld biovariaineita on Kkaytetty laajalti
kankaiden virjadmisessd jo kauan ennen synteettisten viriaineiden keksimistd. Taméan
seurauksena teknisten materiaalien varjadmista biovariaineilla on tutkittu huomattavasti
vihemman.

Taman vaitoskirjan tavoitteena oli 16ytda kaytdnnollisia ja pitkaaikaiskestavia
biovariaineita teknisten materiaalien varjaamiseen. Ensimmaiset tutkimukset keskittyivat
puupinnoitteiden, polypropeenin, sekd polylaktidin biovarjidmiseen varimorsingosta
(Isatis tinctoria) perdisin olevalla indigopigmentilla. Polylaktidin varjaamista tutkittiin
indigon lisdksi my0ds varimatarasta (Rubia tinctorum) ja variresedasta (Reseda luteola)
uutetuilla viriaineilla seki kraftligniinilla ja biohiilella. Lisaksi tutkittiin my6s anodisoidun
alumiinipinnan virjaamistd sekd matara- ettd resedauuttella. Tavanomaisten
variominaisuuksien lisdksi virjattyjen materiaalien pitkdaikaiskestavyyttd arvioitiin
altistamalla materiaaleja joko keinotekoiselle sddrasitukselle tai jatkuvalle Xenon-valolle,
minka jdlkeen altistettujen materiaalien vari- ja spektriominaisuuksia arvioitiin uudelleen.

Tulokset osoittivat, ettd puupinnoitteissa biopohjaisella indigopigmentilla saavutettiin
kaupalliseen mineraalipigmenttiin verrattavissa oleva sdankesto. Lisdksi biopohjaisen
indigopigmentin varin voimakkuutta ja valonkestoa polypropeenimuovissa kyettiin
parantamaan edelleen pigmentin happopuhdistuksella. Polylaktidin varjddmisessa
lupaavimmat tulokset saavutettiin kraftligniinilld, joka paransi valonkeston lisdksi myos
polylaktidin lujuusominaisuuksia. My0s anodisoidun alumiinin virjidminen onnistui ja
tuotti tulokseksi ohuen, voimakkaan metallivarisen oksidipinnoitteen.

Yhteenvetona, tassd viitoskirjassa esitellddn lupaavia ratkaisuja biovariaineiden
kayttoon teknisten materiaalien varjadmisessé, keskittyen eritoten virjattyjen materiaalien
pitkaaikaiskestavyyteen ja kiytettavyyteen reaalimaailman olosuhteissa.
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1. Introduction

1.1 Colorants, biocolorants, and sustainability of color

Colorants, the substances that can be used to color materials, are present
everywhere in the modern urban environment.[!] They are hidden in plain sight, for
instance, in dyed fabrics, coated surfaces, pigmented plastics, ink-printed paper,
and painted art.['] Even though colorants are often merely viewed as a source of
aesthetic pleasure, they are also vital for human communication and mental
health.[2-5] If all colorants suddenly disappeared from human-made materials, any
urban environment would become obscure and unfamiliar.l¢l The cities would turn
into giant mazes dominated by cold shades of metal and concrete accompanied by
white or translucent plastics.[”] There would be no books, printed signs, or painted
surfaces; all our clothes would be white, brownish, or perhaps even transparent.
The colorant-free urban environment would not only be miserable, but almost
inhabitable as well.

To create a functioning and healthy urban environment, over 2 million tons of
colorants was produced worldwide in 2023, creating an enormous market revenue
of 42.6 billion US dollars.[8: 91 Most of the produced colorants were inorganic solid
pigments acquired by mining, but approximately 44 % of them were organic water-
soluble dyes synthesized from petroleum base.[8! In the 215t century, however, the
continuously growing production of synthetic colorants has started to receive
criticism due to utilizing non-renewable raw materials and various environmentally
hazardous chemicals.[r0-12] Moreover, many synthetic colorants are toxic for aquatic
organisms, which is a serious issue especially in large-scale textile dyeing processes,
where the waste effluent often contains a substantial amount of water-soluble
textile dyes.['3-7] Thus, heavy research effort has been put to developing more
sustainable and environmentally friendly alternatives to the synthetic colorants. [5
18]

Biocolorants, which are organic colorants derived from bio-based sources, such
as plants, fungi, microbes, or even organic waste, are undoubtedly the most
researched alternatives to synthetic colorants.[9-231 Even though biocolorant
research has become increasingly popular in the last decades, using biocolorants is

not a novel concept, but an ancient practice that has been done for thousands of
1



years.[24-26] As synthetic colorants did not exist in the pre-industrial world, the only
options for coloration were either organic biocolorants or mineral pigments.[26, 27]
Thus, various dye plant species, such as woad (Isatis tinctoria) and weld (Reseda
luteola), which produce colorants as secondary metabolites, were frequently
cultivated in large scale.[25 28, 201 However, the dye plant cultivation stopped almost
completely in the 19th century due to discovery of colorant synthesis and rapid
development of new petroleum-based colorants.[30] Even though synthetic
colorants still present superior stability and more versatile color palette compared
to biocolorants, the modern research efforts have found numerous practical,
sustainable, and economically viable applications for biocolorants.[20. 31-36] As a
consequence, biocolorants are steadily making a comeback to provide more
environmentally friendly options for coloration.

1.2 Objectives of the thesis

The main objective of this thesis was to investigate the viability of biocolorants for
coloration of various solid engineering materials. The ultimate goal was to achieve
biocolored materials, which could be produced on an industrial scale and used in
practical applications. In such materials, the biocolorant should either provide
improved sustainability or protective properties compared to equivalent synthetic
colorant without causing a negative impact on material durability, color fastness, or
accessibility of the material. Thus, special emphasis was placed on studying color
fastness and long-term durability properties of the biocolored materials.
Furthermore, availability and fastness properties were used as initial selection
criteria for the biocolorants used in this thesis.

1.3 Thesis outline

This thesis compiles four different studies, which investigate biocolorant
applications in wood coatings, thermoplastics, and anodized aluminum. Three of
these studies are published as research articles, whilst the fourth study is original
to this thesis. The studies can be summarized as follows:

Indigo biocolorant obtained from Isatis tinctoria was used as a pigment for
commercial linseed oil-based wood coatings in Publication I. Durability of the
biocolored coatings was assessed by artificial weathering test, which emulates long-
term exposure to degrading outdoor conditions, such as rain, humidity, and
sunlight. The study showed that wood coatings pigmented with natural indigo
presented higher color stability and weathering resistance compared to
unpigmented coatings or coatings using commercial ultramarine pigment.
However, coatings employing synthetic indigo substantially outperformed the
coatings with natural indigo. Additionally, increased degradation rate of indigo



pigments was observed in the paint-based coatings due to photocatalytic effect
caused by titanium dioxide in the paint formulation.

The indigo pigment from Isatis tinctoria was used again in Publication II,
where a novel purification method for natural indigo was introduced and viability
of the purified natural indigo pigment for polypropylene (PP) coloration was
investigated. The purified pigment was mixed into PP matrix via extrusion, after
which 3D-printing was utilized to form biocolored PP specimens. Furthermore,
color stability of the biocolored specimens and DMSO solutions of purified pigment
were determined with a lightfastness test under Xenon arc light. The results showed
that purification of natural indigo successfully decreased the amount of impurities
in the pigment and improved its lightfastness properties in PP matrix. Nevertheless,
despite the improved stability and color intensity achieved by purification, the
purified natural indigo pigment remained substantially less stable compared to
synthetic indigo pigment.

Inspired by the previous work with PP, the aim of Publication III was to find
suitable biocolorants for polylactic acid (PLA) coloration. Optimally, the
biocolorants would provide good color quality, be suitable for large-scale
coloration, and protect PLA from photodegradation without negatively affecting
mechanical properties of PLA. Thus, biochar and kraft lignin biocolorants from
forest industry residues and dried biocolorant extracts from Isatis tinctoria, Rubia
tinctorum, and Reseda luteola dye plants were selected for the study. The
biocolorants were mixed with PLA via extrusion and injection molded into plastic
rods, which were subjected to tensile test and lightfastness test. As a result, good
color quality and lightfastness performance was achieved with most biocolorants.
Moreover, all biocolorants substantially improved photodegradation resistance of
PLA. The best photodegradation resistance was achieved with kraft lignin
biocolorant, which also enhanced the tensile properties of PLA and presented good
lightfastness.

To broaden the selection of engineering materials, a previously unpublished
experimental study on paint-free biocoloration of aluminum is included in this
thesis. The aim of the study was to investigate biocoloration of anodized aluminum
with Rubia tinctorum and Reseda luteola extracts. The anodization was done in an
electrolytic solution, where direct current was applied between two aluminum
specimens. The current induced an electrochemical oxidation reaction on the
surface of the anodic specimen, forming a thin and porous aluminum oxide layer.
After forming the aluminum oxide layer, the anodized specimen was submerged
and kept in biocolorant solution, allowing the biocolorant molecules to interact with
the porous oxide layer. Due to weak electrostatic forces and coordination
interactions between biocolorant molecules and the porous structure, the
biocolorant molecules diffused into the nano-sized pores. Finally, the pores were
hydration sealed by submerging the anodized specimen in boiling water. The



resulting biocolored specimens presented even and intense metallic colors but only
showed a moderate lightfastness performance.



2. Background

2.1 Origin of color

Humans perceive color when electromagnetic radiation in wavelength range of 400
nm — 700 nm, commonly known as visible light, triggers up to one of the three types
of photosensitive cone cells in our retinas.[37-411 Each cone cell type responds to
slightly different wavelengths by sending a neural impulse to our brain, which
compiles the information from numerous cone cells and transforms it to a color
sensation.[42, 431 Because most objects do not emit visible light, we perceive color of
an object based on external light reflecting from its molecular structure.[44] Thus,
for any non-radiating object, color is not an intrinsic property only defined by its
molecular structure but a variable parameter which also depends on illumination
around the object.[44. 451 For instance, a flower in direct sunlight exhibits
substantially different color than the same flower under a cloudy sky or in bare
moonlight at night.l46] However, assisted by the fact that most light sources contain
all wavelengths of visible light, our brains are accustomed to varying illumination
and thus tend to perceive color as a static attribute of a material.[47-49]

To explain how all materials produce different colors under constant
illumination conditions, Witt’s color theory proposes association between non-
grayscale colors and specific molecular functional groups called chromophores and
auxochromes.[371 Chromophores, such as azo (-N=N-) group in methyl orange dye
or carbonyl (-C=0) groups in alizarin, absorb certain wavelengths of visible light
particularly well and act as main producers of color.[3”] Auxochromes, such as
sulphonate (-SO3H) group in methyl orange or hydroxyl (-OH) groups in alizarin,
complement chromophores by modifying the intensity or location of their
wavelength absorption bands.[50-521 For a molecule to produce a non-grayscale
color, it either requires several conjugated chromophores or a chromophore
accompanied by an auxochrome in its structure.[37.53, 541 Despite being a generalized
depiction of complex light absorption mechanics, almost all dyes and pigments
contain chromophoric groups as described in Witt’s theory.[37] As it stands, Witt’s
theory is still used in color science especially for developing new dyes and pigments.

In practice, colors are often determined using a reflectance spectrophotometer,
which collects light reflected from an object and measures its wavelength-specific
intensity across visible spectrum.[55-591 To convert the reflectance data to match
human interpretation of color, various mathematical models can be used to present

5



the spectral reflectance data as a single point in a coordinate system.[60-621 For
instance, the CIELab color model used in this thesis presents individual colors in a
coordinate space defined by three opposing color pairs: black-to-white parameter
L*, green-to-red parameter a* and blue-to-yellow parameter b*.[59, 60l

2.2 Color fastness

Color fastness is an umbrella term for various properties related to material’s ability
to retain its color when exposed to external stress, such as light, water or mechanical
wear.[55 63-65]1 All colored materials require different color fastness properties
depending on their intended use.[%6 671 For instance, a pigment used in house paint
must have excellent lightfastness due to direct sunlight exposure. On the other
hand, lightfastness is less relevant to a bath towel, which requires good wash
fastness instead. Regardless of application, adequate color fastness properties are
paramount to ensure sustainable life cycle of a colored object.[68] Products related
to fashion or decoration are often picked for their vibrant colors, and even the
slightest fading may lead to discarding the old product for a new one.[66, 69, 70]
Furthermore, people tend to dislike fully functional items with faded colors even
when the items are not fashion-related in the first place.[7]

Considering all forms of color fastness, lightfastness is among the most complex
and the most studied properties.[¢7] Lightfastness refers to ability of a colorant to
resist photodegradation, which is to some extent a necessary ability for all
colorants.[65 72 Moreover, colorants are by default susceptible to photodegradation
because they are designed to absorb visible wavelengths of electromagnetic
radiation.[73: 741 When colorant molecule absorbs energy from radiation, it
temporarily ascends to an excited electronic state.[s] To return to the ground
electronic state, the colorant molecule must release the absorbed energy in some
way.[75] This may initiate degradative photochemical reactions, such as oxidation or
reduction, depending on molecular structure of the colorant.[73 74, 761 Visually,
photodegradation of a colorant is observed as color fading, which means that the
color of a photodegraded object is perceived as less intense compared to a non-
degraded object.[77! The visual difference is created by the decrease in the number
of colorant molecules on the surface of the object.[73]

Not light alone, but also other external stressors, such as moisture, heat, or
mechanical stress, have their own ways to induce colorant degradation.[67] Thus, to
achieve long-lasting colors, various standardized tests have been developed to
ensure colorant stability in the most expected conditions.[¢7. 78] In such tests, the
colored objects are subjected to one or more stressors, and any differences in their
color before and after exposure are evaluated by visual observation and/or using a
reflectance spectrophotometer.[67. 791 These ageing tests are widely implemented in
colorant industry to ensure that stable enough colorants are used in colored



products, so that the perceived color of the product would remain unchanged
throughout its whole life cycle despite the external stressors.[78;79]

2.3 Biocolorants from cultivated plants

In ancient times, most organic dyes were produced by hot water extraction from
wild plants collected from the surrounding natural environment.[27] Despite the
multitude of available species, the early dyers discovered that red and blue dyes of
good quality could only be obtained from few scarcely available dye plants, such as
Rubia and Indigofera species.[26. 801 In contrast, decent yellow dyes could be
extracted from numerous species.[2¢. 811 Nevertheless, most of the yellow dyes were
prone to fading, and the species producing relatively stable yellow dyes became
highly valued.[8!] Due to limited access to high-value dyes, increasing knowledge
about the most potent dye plants eventually led to intentional cultivation of those
species over time.

As mentioned in the introduction, agricultural cultivation of biocolorants was
almost completely halted by the rapid development of synthetic colorants in the late
19th century.[271 Compared to biocolorants, the synthetic colorants showed broader
color palette, brighter shades, better color stability, more consistent quality, and
cheaper market prices.[82] However, the raw materials for synthetic dyes are derived
from petroleum and their syntheses use multiple hazardous chemicals.[9: 101 Even
though modern biocolorant cultivation still requires more arable land, water, and
manual labor than synthetic colorant production, various life cycle analysis studies
have shown that environmental footprint of a cultivated biocolorant is in many
cases smaller than footprint of a comparable synthetic colorant.[831 Moreover,
various dye plants have shown to improve soil fertility when they are included in
crop rotation. However, considering substantial land use requirements of both
biocolorant cultivation and the current food production system, it is impossible to
fully replace synthetic colorant production by agricultural means only.[84. 85
Nonetheless, agricultural cultivation of biocolorants can certainly be viewed as part
of the solution to considerably reduce environmental impacts of colorant
production.[86]

In European climate, four dye plant species, woad (Isatis tinctoria), ai
(Polygonum tinctorium), madder (Rubia tinctorum), and weld (Reseda luteola),
were extensively cultivated before the industrial revolution.[87] Blue colors were
produced with indigo from either woad or ai leaves, red colors were produced from
anthraquinone-class alizarin dye from madder roots, and yellow colors were
produced with flavonoid-class luteolin dye extracted from weld biomass.[87]1 Even
though woad, madder, and weld are still cultivated in Europe as plant-based sources
of indigo, alizarin, and luteolin dyes, the scale of cultivation is relatively small.[87-
891 Due to the growth potential in production of plant-based indigo, alizarin, and



luteolin in Europe, more detailed discussion of sources and properties of these
biocolorants is presented in the following subsections.

2.3.1 Indigo

Indigo (indigotin) is a blue dye, which has been used since ancient times.[26] The
traditional way to produce indigo is to extract it from leaves of specific plant species,
most commonly Indigofera sp in tropical climates and Isatis tinctoria or
Polygonum tinctorium in temperate climates.[90] Before industrial revolution in the
19th century, indigo was highly expensive due to its unique and durable color. After
the pathways of indigo synthesis were discovered in the late 1800s, the value of
plant-based indigo plummeted and indigo production shifted almost completely
from fields to factories.[30. 911 However, contrary to many other natural colorants,
indigo was never completely replaced by a different synthetic compound. The
synthetically produced indigo colorant, hereafter referred to as synthetic indigo, is
still commonly utilized in modern denim dyeing.[92]

In the nature, indigo is only present in the form of its precursors, water-soluble
indican and isatan B, which are indoxyl radicals attached to a sugar group.[93! The
indigo pigment can be obtained by water extraction of the precursors from indigo
plant leaves and detaching the sugar groups from the indoxyl radicals by alkali
hydrolysis.[94] This causes the detached indoxyl radicals to react with each other,
forming leuco-indigo.[91] After hydrolysis, the indigo pigment can be formed by
adding oxygen to the solution, causing an oxidation reaction of leuco-indigo to
water-insoluble indigo.[95-971 The oxidation reaction is presented in Figure 1.

Indoxyl Leuco-indigo Indigo
OH [ (¢}
H oxidation H
— —
N N reduction N
H H H
(o o

Figure 1. Oxidation of water-soluble indoxyl precursors to solid indigo pigment. Images of the
molecular structures were created using Marvin JS by Chemaxon.

Indigo pigment is almost invariably used for textile dyeing.[9°]1 However, due to its
insolubility, as specific reduction-based method known as vat dyeing must be
used.[98] In vat dyeing, the indigo pigment is first reduced back to the water-soluble
leuco-indigo form.[931 The reduction reaction is commonly done in alkaline and
mostly anaerobic water solution in presence of a sodium hydrosulfite catalyst.[99-
101] When a fibrous fabric is introduced to the leuco-indigo solution, the leuco-
indigo molecules will spread amidst the fabric fibers.[91 After the fabric is lifted
from the solution, the attached leuco-indigo molecules will come to contact with
oxygen and revert to the stable pigment form.[9¢. 971 During oxidation, some of the
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newly formed pigment particles are trapped between the fabric fibers, which gives
the dyed textile an indigo-blue color with excellent lightfastness.[02] However, due
to low affinity between the textile fibers and indigo pigment, most indigo-colored
textiles present only low-to-moderate rubbing fastness and wash fastness
performances.[91, 102]

Despite its stable molecular structure and exceptional lightfastness properties
amongst natural colorants, indigo is nowadays rarely utilized in non-textile
applications.l*o3] Historically, though, indigo pigment was frequently used in blue
paints whenever accessible due to its high resistance to fading by light exposure or
abrasion.[104-107] Thus, applications of natural indigo in pure pigment form are
investigated in the experimental part of this thesis.

2.3.2 Alizarin

Alizarin (1,2-dihydroxy anthraquinone) is an anthraquinone-class red dye, which
can be extracted from Rubiaceae plant species.[108, 1091 The most historically
relevant plant-based source of alizarin is madder (Rubia tinctorum), which
contains alizarin in its roots.[108] Before the discovery of synthetic dyes, alizarin was
a valuable and popular choice for fabric dyeing akin to indigo due to its deep red
color and better fastness properties compared to other red dyes.[26! In contrast to
indigo, however, alizarin was almost completely replaced by other synthetic dyes
during the 1900s.[82 110] Although pure alizarin is nowadays rarely synthesized for
coloring purposes, natural alizarin is still produced to some extent via large-scale
madder cultivation.[1t] The chemical composition of alizarin is presented in Figure
2,

The existing commercial production of alizarin biocolorant and its popularity in
the pre-industrial era have attracted many research projects to investigate its
potential as a sustainable biocolorant for fabric dyeing.[*2] Hitherto, the dyeing
studies have generally yielded promising results, including good lightfastness and
antimicrobial properties for the dyed fabrics.[113-115]1 Despite the success, more
critical reports have also been published, emphasizing high production costs of
alizarin and presenting concerns about its toxicity level in aquatic environment.[86.
16] Nonetheless, less attention has been paid to coloring non-fabric materials with
alizarin, even though using alizarin for coloring cosmetics, plastics, and even wood
have been studied occasionally. [111, 117, 118]

2.3.3 Luteolin

Luteolin (3',4’',5,7-tetrahydroxyflavone) is a polyphenolic, flavonoid-class dye,
which is present in numerous plant species.[8t 119-121] Such as indigo and alizarin,
luteolin is a traditional biocolorant, which was already widely used for textile dyeing
before the uprise of synthetic dyes.[26. 1221 The main historical source of luteolin was
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weld (Reseda luteola), which was used in dyebaths to obtain yellow and green
colors.[26.123] Similar to madder, mass cultivation of weld was not completely halted
after luteolin was replaced by other synthetic compounds with better color fastness
properties and more intense colors.[821 Thus, luteolin from weld origin is still
commercially available for dyeing, even though luteolin is no more used in
industrial scale coloration. The chemical composition of luteolin is shown in Figure
2,

In modern research, luteolin is widely regarded as a highly antioxidative
compound with significant potential for anti-cancer, anti-inflammatory, and even
anti-viral applications.[120,121,124,125] Thus, studies on luteolin are mostly focused on
its biomedical properties rather than biocoloration applications. Nevertheless,
biocoloration with plant-based luteolin is still studied, especially in textile dyeing
context.[119, 122] Besides the antioxidative properties mentioned earlier, luteolin has
shown to improve UV-protective characteristics of certain fabrics.lt26] Furthermore,
according to some studies, applying various mordants and altering the traditional
dyeing methods can be utilized to improve the initially lackluster lightfastness
properties of luteolin.[82. 1271281 Tn addition to textile dyeing, luteolin biocolorant has
been investigated for plastic and food coloration. [111, 129]

Alizarin Luteolin

[¢] OH
l I I OH HO. | O.
[¢] OH o

Figure 2. Chemical structures of alizarin and luteolin. Images of the molecular structures were
created using Marvin JS by Chemaxon.

OH

| OH

2.4 Biocolorants from industrial side streams

Nowadays, numerous industrial processes generate large amounts of organic waste,
which is often used for energy or landfill, even though valuable products could be
extracted from the waste stream.[84. 1301 Notably, to supplement the biocolorant
palette from intentionally cultivated plants, microbes, fungi, or algae, a variety of
biocolorants can also be acquired from certain industrial side streams.[84] Even
though utilizing industrial side streams offers less control over raw material quality
compared to intentional cultivation, it broadens the overall selection with many
biocolorants that could not be easily acquired via cultivation.l!3t] Moreover,
skipping the cultivation phase can lead to multiple sustainability advantages, such
as reduced carbon footprint, water usage, and usage of cultivable land.[86!
Furthermore, if a low-value side stream can be utilized in large scale, abundance of
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the raw material can translate to a low production cost depending on the extraction
and purification processes.[80] Even though utilizing industrial side streams for
biocolorant production is a relatively novel concept, it has already inspired many
research projects due to its innate potential to generate sustainable and
economically viable biocolorant production pathways.[132-1371 Subsequently, the
activities in biocolorant research have already created healthy business segments
for novel companies, such as Keracol or Natural Indigo Finland. Although the
number of applications investigated in both commercial and non-commercial field
is large enough to fill multiple review articles, for the sake of conciseness, only a
relatively narrow discussion is presented here.

Recently, the most suitable side streams for colorant production have originated
from either food industry or forestry. Regarding food industry, a lot of research has
been done to utilize waste streams of various fruit peels, nutshell peels, or onion
peels.[84] Onion peels, for instance, are considered a very low-value waste stream,;
however, they contain substantial amount of flavonoid-class quercetin, which has
been used as a biocolorant with promising results.[132] Besides various peels,
anthocyanin-rich extracts from pomace of various fruits and berries have also been
tried as natural colorants for large-scale production.[t30] The general problems with
pomace extracts for non-edible applications have been low lightfastness, high
amount of sugars in the extracted colorant, and competing use cases for the pomace
especially in the superfood segment.[138] Despite these obstacles, many successful
textile dyeing trials have been done with pomaces-based biocolorants, for example,
anthocyanin biocolorant extracted from chokeberry pomace.[:39] The third major
upcoming segment from the food industry are biocolorants extracted from residual
coffee and tea waste.[84] The tea waste contains high amounts of polyphenolic
colorants, especially tannins, which have been tested both as a biocolorant or as a
bio-based mordant.[135. 140, 1411 Coffee, in turn, contains melanoidin, which is a
polymeric molecule consisting of sugars and amino acids.[13¢] Consumer products
dyed with both tea and coffee-based colorants are already on their way to the
market, but academic research regarding both colorants is still frequently being
carried out.[142-146]

Forest industry biocolorants are somewhat limited in their color palette, but
their potential lies in very low value and large volume of the generated waste.[137,147]
The most common biocolorant sources among forest industry waste streams are
various tree bark extracts, lignin-based colorants, and biochar.[35 148-152] Similar to
the tea waste extracts, the most prevalent biocolorants in wood bark extracts are
different types of tannins.[153, 1541 Even though the tree barks often contain
undesirable inorganics, the available volume of tree bark waste is significantly
higher than that of tea waste, which likely equals higher scale-up potential after the
optimized extraction processes are found.[155 156

In addition to producing high amount of waste, production plant infrastructures
in forest industry segment are often built to support addition of large-scale chemical

11



operations by default, which can generate local biocolorant value chains.[86] For
instance, processing of two different pulp mill waste streams, black liquor and wood
chips, into dried kraft lignin powder and biochar powder, can already be done
locally in large scale.['57-161] Since both kraft lignin and biochar are both highly
relevant to the experimental part of this thesis, their properties, applications, and
origins are discussed separately in the following subsections.

2.4.1 Kraft lignin

Kraft lignin is a heterogenous and amorphous polymer with a branching molecular
structure, which consists of phenolic monomer groups linked by mainly ether and
C—C bonds.['62-164] The intramolecular bonds in kraft lignin are strong, which
results to a relatively stable molecular structure.[62] Furthermore, kraft lignin
contains high amounts of polar hydroxyl groups, which keeps its structure compact
due to formation of weak hydrogen bonds between the branches.[165-167]

Every year, approximately 70 million tons of kraft lignin is generated as a
byproduct in pulp and paper industry, where kraft process is utilized to separate
lignin, hemicelluloses, and other extractives from lignocellulosic biomass.[168-170]
The residual stream containing kraft lignin, commonly known as black liquor, is
almost invariably burned for energy owing to its high calorific value.[7t 172]
However, due to substantial volume of the residual lignin, possibilities to use it for
applications beyond energy production have been extensively investigated in the
past years.[170, 173, 1741 Consequently, multiple potential large-scale applications for
kraft lignin have been found, for instance, using it as a filler for thermoplastics or
as an ingredient in glues or adhesives.[168,175,176] Moreover, studies about using kraft
lignin as a biocolorant have been conducted as well, showing that kraft lignin
colorant possesses good lightfastness, rubbing fastness, and UV protective
properties, although its color palette is currently limited to a range of brownish
shades.[177-179]

2.4.2 Biochar

Biochar is a residual mixture of carbon and inorganic compounds obtained by
pyrolyzing organic matter in oxygen-free conditions at high temperature.[180, 1811 Itg
composition and structure both depend on pyrolysis temperature and contents of
the organic raw biomass.[180-182] Biochar presents a deep black and highly matte
color due to its porous structure and high carbon content.[*8:] For most applications,
biochar is ground into suitable particle size and used as a coarse or fine powder
depending on its use.[182-185]

Biochar is not directly present in any industrial side streams, however, almost
any organic matter can be turned to biochar by pyrolysis.l186] Thus, due to abundant
raw materials and unique properties of biochar, its potential applications have been
heavily investigated.[87]1 The investigations have shown, for instance, that biochar
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can be effectively used for soil and water remediation, electrochemical cells, and
catalytic materials.[186, 188-191] Furthermore, using biochar as a filler in various
engineering materials has yielded promising results.[192-196] Some trials of using
biochar as a black biocolorant have also been conducted, for example, biochar has
been used to replace black pigment in printing inks and various polymer
matrices.[148,185,197-199] The studies have shown that coloring properties of biochar
are in many cases comparable to commercial black pigments and that biochar may
also improve mechanical properties of the colored matrices when used for polymer
coloration.l'48, 197, 1981 Moreover, biochar pigment has shown reduced carbon
footprint compared to the commercial pigments in life cycle analysis.[185]

2.5 Biocolorants in engineering materials

Engineering material is a phrase commonly used to describe a large group of
human-manufactured solid materials, which are frequently used in structural
and/or mechanical applications.[200-2021 The exact boundaries between engineering
and non-engineering materials may vary slightly depending on the definition.[201]
However, it is mostly agreed that all engineering materials belong to one of these
categories: metals, polymers, ceramics, and composites, including naturally
occurring composites such as wood.[201] In contrast to textiles, cosmetics, and food,
published research rarely mentions engineering materials as a potential application
field for biocolorants.[86, 203, 2041 The emerging studies on biocoloration of
engineering materials explore applying biocolorants to wooden materials, wood
coatings, or thermoplastics.[19; 111, 205-208]

The two main methods for applying biocolorants to wooden materials are
coating and dye impregnation, of which the coating option has been investigated
much more frequently due to having many existing applications with synthetic
colorants.[208] The colored wood coatings, such as paints, varnishes, lacquers, or
stains, are widely applied on both interior and exterior wood in built
environment.[209-212] In its most basic form, a colored wood coating consists of an
organic solvent base, a binder fraction, various additives, and a fine pigment
powder as a colorant.[213] Due to the presence of binder fraction, colorants in wood
coatings are used as solid pigments that do not attach to the wooden surfaces with
chemical bonds.[213] Thus, any biocolorant that can be brought to a relatively inert
pigment form, could theoretically replace a synthetic colorant in any wood coating
formulation.[208] However, in exterior coatings, the pigments must be highly
resistant to ultraviolet light and moisture, which limits the practical biocolorant
choices.[214] Nevertheless, recent experiments with exterior wood coatings have
proved that certain biocolorants, such as tannin-rich tree bark extracts, can
improve weathering resistance of the coating matrices.[215 216]

13



Different from wood coloration, thermoplastic coloration is frequently done
using both solid pigments and soluble dyes.[2051 Moreover, instead of coating the
plastic, the colorants are often added to molten plastic and then injection molded
or extruded into colored solid objects.[205] As a result, the colorant is trapped inside
the plastic matrix and coloring it without requiring further treatment.[217] To
achieve a uniform and stable color, the main requirements for plastic colorants are
high heat stability, good lightfastness, and ability to resist certain chemicals.[28]
Additionally, if a pigment is used, the particle size should generally be below 30 um
to ensure color uniformity.[218, 2191 Even though many biocolorants fulfill the
aforementioned requirements, upscalable biocoloration processes for plastics is
rarely studied.[205] Nevertheless, a few studies have still been conducted, for
instance, PLA biocoloration with almond shells, walnut husks, various plant
extracts, and spent coffee grounds has been investigated.[*tt. 205, 220-2231 Qther
thermoplastics have been studied as well, such as PP, polyvinyl chloride (PVC), and
polymethyl methacrylate (PMMA).[224, 225] In these studies, examination of long-
term durability properties showed that although many biocolored plastics are only
suited for decorative and/or short-term applications, the indigoid- and
anthraquinone-colored plastics achieved sufficient color stability for long-term
applications when covered from direct sunlight.[224, 225]

Metallic materials are most often colored by applying a corrosion resistant
coating layer, such as paint, conversion coating, or different metallic material.[22¢]
Among these coating types, paints are the only ones to contain colorants
themselves, even though certain colorant can be applied to the conversion coatings
afterwards. Similar to wood coatings, paint coatings for metals often include the
four basic fractions: organic solvent, binder, colorant, and additives.[226] In terms of
colorant addition and requirements, similar principles can be applied in
biocoloration of both wooden and metallic surfaces.

Opposed to paint coatings, conversion coatings are formed on the metallic
surface by inducing chemical reactions, such as oxidation, on surface layer of the
metallic material.[226] For instance, aluminum can be coated via anodization
process, which utilizes electrochemical oxidation to form a porous oxide layer on
the aluminum surface.[226] Due to the porous nature of the aluminum oxide layer, it
acts as a trap for certain types of dye molecules when submerged in a liquid dyebath.
Thus, applying a colorant on an anodized surface does not require any binders,
plasticizers, or mordants to attach the colorant to the oxide layer. Typically, the
colored aluminum oxide layer has thickness less than 25 um, is somewhat resistant
to abrasion, and presents a glossy, metallic color. Moreover, multiple studies have
shown that the thin oxide layer substantially improves corrosion resistance and
microhardness properties of aluminum surface.[227-230]

Dyed anodized aluminum is commonly used in household electronics, sporting
goods, and engineering components, for instance, but few studies can be found on
dyeing anodized aluminum with biocolorants. Some studies have still been
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conducted on the matter, for instance, a carotenoid-type crocin biocolorant has
been tried for electrolytic coloration of anodized aluminum in 1989.[2311 However,
no distinctive color from crocin was achieved on anodized surfaces, but a decorative
greenish layer was obtained for non-anodized aluminum instead. Despite the
discouraging conclusions with crocin, more recent studies from Indonesia have
obtained promising results with food processing residues for dyeing anodized
aluminum.[232-235] Notably, encouraging results were achieved with curcumin dye,
which presented bright, mostly even colors with improved wear resistance on the
aluminum oxide layer.[235] Moreover, bright shades have been obtained using
chlorophyll-containing extracts from Pandanus amaryllifolius leaves and
anthocyanin-containing extracts from either purple sweet potato waste or
mangosteen peels, even though further research is needed to achieve more uniform
coloration.[233,234] Finally, dyeing anodized aluminum with anthocyanin-containing
extracts from purple cabbage and dragon fruit peel have been tried, although red
and purple food colorants were used as assisting dyes.[232] Even though deep shades
ranging from purple to orange were obtained, poor color uniformity and
requirement for an auxiliary colorant make the results less promising compared to
the studies where only natural dyes were applied.[232-235]
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3. Experimental

The materials and methods used for biocoloration of engineering materials are
described in this chapter. Moreover, methods for testing and evaluating color
fastness, colorant degradation, and mechanical properties of the biocolored
samples are briefly described. For the sake of clarity, only essential information is
presented; exact details of the materials and methods used in the experiments can
be found in the corresponding Publications I-III.

3.1 Materials

3.1.1 Engineering materials

Planed pine wood panels were purchased from a local hardware store and used as a
base material for wood coatings in Publication I. Prior to applying any coatings,
the panels were cut to a size of 15 x 70 x 320 mm and carefully hand sanded with
mesh 150 sanding paper according to the SFS-EN 927-6:2018 accelerated
weathering standard. Virgin PP powder with maximum particle size of 90 uym and
melting temperature of 159—171 °C was purchased from Goonvean Fibres Ltd and
used in the Publication II. Prior to any experiments, the powder was stored at
room temperature in closed storage with desiccant crystals. Virgin PLA granules of
injection molding grade with molecular weight of 116000 g/mol and melting
temperature of 145—160 °C were purchased from NatureWorks LLC and used in
Publication ITI. Aluminum bars of 6082 grade used in the experiments presented
in Chapter 4.5 were purchased from a local machinery shop. Prior to any
experiments, the aluminum bars were scrubbed with a damp cloth, thoroughly
rinsed with ion-exchanged water, dried, and carefully wiped using a cloth soaked
with ethanol to remove any possible contaminants on the aluminum surface.

3.1.2 Biocolorants

The bio-based indigo, also referred to as natural indigo in this thesis, was obtained

as a dried pigment from Natural Indigo Finland Ltd and used to produce blue colors

in Publications I, IT, and III. The original production pathway for the obtained

pigment involved large-scale agricultural cultivation of woad (Isatis Tinctoria),

water extraction of indigo precursors from the harvested Isatis leaves, and
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conversion of the extracted indigo precursors to the pigment form via oxidation.
Dried water-ethanol extracts of madder (Rubia tinctorum) and weld (Reseda
luteola) used in Publication IITI and in the experiments presented in Chapter 4.5
to produce red and yellow hues were obtained from Greening Ltd. Kraft lignin
(BioPiva™) used as a brown pigment in Publication IIT was purchased from
UPM-Kymmene Ltd. Finally, biochar used in Publication III as a black pigment
was obtained from Hame University of Applied Sciences. The biochar pigment was
produced from 1:1 mixture of Alnus incana and Betula pendula wood chips via
pyrolysis. The wood chips were pyrolyzed in oxygen-limited atmosphere at 600 °C
temperature for 20 minutes, after which the obtained biochar was ground to coarse
powder and dried overnight in 55 °C temperature.

3.1.3 Other materials

To determine accelerated weathering performance of natural indigo pigment in
authentic wood coating matrices in Publication I, linseed oil-based thinner,
primer, varnish and paint were obtained. Uula Universal Thinner (UT), Uula
Exterior Primer (EP), Uula Boat Varnish (BV), and Uula Linseed Oil Paint (LOP)
were all purchased from Uula Color Ltd. UT was dearomatized and hydrotreated
heavy naphtha, which contained 35 w-% of boiled linseed oil and 65 w-% other
dearomatized hydrocarbons. The resulting UT composition was a mixture of C10-
C13 hydrocarbon isomers (n-alkanes, isoalkanes, and cyclics) with less than 2 %
aromatic compounds. Main constituents of both EP and LOP were boiled linseed
oil, UT, and TiO- pigment. BV consisted of boiled linseed oil, UT, and bio-based
resins. Previous literature reports have shown that the boiled linseed oil, which was
the main component of EP, BV, and LOP, contains approximately 45—65 % linolenic
acid, 13—25 % oleic acid, 10—20 % linoleic acid, 3—10 % palmitic acid, and 1-6 %
stearic acid.[236-238]

Synthetic indigo pigment powder of MQ200 grade was obtained from Sigma-
Aldrich Ltd and used as a reference colorant in Publications I and II. Another
colorant used as a reference in Publication I, Pigment Blue 29, was purchased in
powder form from Uula Color Ltd. Dimethyl sulfoxide (DMSO) used as a solvent for
indigo pigments in Publication II was purchased from Aquarius Pro Life Ltd.
Hydrochloric acid solution (37 w-%) from Sigma-Aldrich Ltd diluted to 2M
concentration was used for purifying bio-based indigo pigment in Publications IT
and III. In the experiments presented in Chapter 4.5, sulfuric acid solution (96
w-%) from Sigma-Aldrich Ltd diluted to 2M concentration was utilized as a medium
liquid for electrochemical anodization process. Finally, sodium hydroxide pellets
(=98 % purity) dissolved to distilled water in 1M concentration and laboratory
grade ethanol (95 w-%), both from Sigma-Aldrich Ltd, were used to prepare
aluminum bars for anodization experiments presented in Chapter 4.5.

17



3.2 Methods

3.2.1 Colorant preparation

Natural indigo pigment used in Publications I, IT and IIT and synthetic indigo
pigment used in Publications I and IT were prepared by grinding them in a
planetary ball mill (Fritsch Pulverisette 6 with ZrO- shell and balls). The grinding
process was done in 60-second periods at rotational speed of 550 rpm and repeated
10 times in total. The HCl-purified natural indigo pigment for Publications II and
III was prepared from the ball-milled natural indigo powder by soaking 10.00 g of
the pigment in 2M hydrochloric acid for 24 hours in room temperature. After
soaking, the solid pigment phase was separated from the liquid HCI phase by
centrifuging. The purified pigment was then washed 4 times by mixing it with
distilled water and separating the solid and liquid phases with a centrifuge. Post-
washing, the pigment was dried in 50 °C for 24 hours and ground into fine powder
with IKA A 10 basic batch mill, resulting in 5.12 g of dry pigment. Biochar and kraft
lignin used in Publication IIT and pre-dried madder and weld extracts used in
Publication III and in the experiments presented in Chapter 4.5 were prepared
by drying and grinding akin to the HCl-purified natural indigo after its purification
process.

3.2.2 Preparation of color-coated wooden panels

To create biocolored versions of existing paint and varnish coating products in
Publication I, natural indigo pigment was manually mixed with linseed oil-based
BV and LOP. Furthermore, reference coatings colored with synthetic indigo and
Pigment Blue 29 were mixed in the same manner. Notably, 5 w-% of UT was added
to all colored coatings to neutralize the increase in viscosity caused by colorant
addition. The resulting BV-based coating formulations contained 5 w-% of colorant,
5 w-% of UT and 90 w-% of BV. For LOP-based formulations, different amount of
each colorant was used to obtain coatings with matching color intensity. Thus, the
resulting LOP-based coatings contained 5—20 w-% of colorant, 5 w-% of thinner
and 75—-90 w-% of LOP.

Four coating layers in total were manually applied on each wooden specimen.
First the specimens were primed with two layers of EP to ensure good adhesion of
the exterior coating. Then, two layers of either BV-based or LOP-based coating were
applied on top of the previous layers. After applying each coating layer, the
specimens were dried in room temperature for 48 hours. As a result, four different
specimens of both BV-based and LOP-based coatings were obtained: one specimen
for each colorant and one uncolored specimen.
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3.2.3 Preparation of indigo-colored polypropylene rods

The PP specimen rods in Publication II were made from pre-dried mixtures of PP
powder and indigo pigments. Four different PP-indigo mixtures were prepared: two
with 0.25 w-% and 0.50 w-% of unpurified natural indigo, one with 0.25 w-% of
HCl-purified natural indigo, and one with 0.25 w-% of synthetic indigo. The
mixtures were blended and extruded into monofilaments with a twin-screw
extruder at 200 °C temperature and cooled on a belt conveyor. In addition to the
colored filaments, an uncolored filament with pure PP was extruded in the same
manner. The filaments were then 3D-printed to 50 x 10 x 2 mm specimen rods using
a custom PP printing base to minimize undesired warping or dislocation effects.

3.2.4 Preparation of biocolored polylactic acid rods

The PLA specimen rods in Publication IIT were prepared by mixing virgin PLA
granules with 0.1 w-% of five different biocolorant powders: HCl-purified natural
indigo, madder extract, weld extract, biochar, and kraft lignin. The mixtures were
blended together inside an injection screw at 145-165 °C barrel temperature and
injection molded to 165.0 mm long, 12.8—19.0 mm wide and 3.0 mm thick dogbone-
shaped specimen rods. Exact dimensions of the specimens are described in ASTM
D638 tensile test standard under Type I specimen category.

3.2.5 Preparation of biocolored anodized aluminum

Dyebath preparation

In the experiments presented in Chapter 4.5, six separate dyebaths for dyeing
anodized aluminum were prepared from 1.0 w-% water solutions of madder extract
and weld extract. Both colorants were used to make three dyebaths with pH-values
of 5.0, 6.5, and 8.5. The target pH-value for each dyebath was achieved by addition
of either 1M hydrochloric acid or 1M sodium chloride solution.

Anodizing process

In the experiments presented in Chapter 4.5, aluminum specimens were anodized
electrochemically and biocolored with madder extract and weld extract. A pre-
cleaned aluminum specimen was etched by soaking it in 1M sodium chloride for 60
seconds and thoroughly rinsed with ion-exchanged water immediately after
etching. After rinsing, the specimen was partially immersed in 2M sulfuric acid bath
together with a sheet of pre-cleaned aluminum foil. The specimen and the foil were
carefully separated from each other and connected to the same power supply; the
specimen to the positive terminal to act as an anode and the foil to the negative
terminal to act as a cathode. Then, the power supply was switched on, which
induced an electrochemical oxidation reaction on the surface of the anode forming
a porous aluminum oxide layer. Current and voltage between the anode and the
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cathode were kept at 0.13 A and 10.0 V, respectively. After 20 minutes of anodizing,
the specimen was detached from the power supply, rinsed with ion-exchanged
water, and partially immersed in a dyebath. The dyebath was kept at 60—65 °C
temperature and stirred continuously. After 15 minutes, the specimen was removed
from the dyebath and submerged in boiling deionized water for 5 minutes.

3.2.6 Aging of the biocolored specimens

Accelerated weathering test

Accelerated weathering according to ISO EN 927-6:2018 was used to simulate
outdoor conditions to determine color stability of wood coatings in Publication I.
The accelerated weathering was done inside a QUV Accelerated Weathering Tester
(Q-Lab Corporation Ltd). A single exposure cycle consisted of 24 hours of water
condensation in 45 °C temperature, followed by 144 hours of alternating periods of
UVA light radiation (0.89 W/m2nm at 340 nm, 60 °C) for 2.5 hours and deionized
water spray (6 L/min) for 0.5 hours. The full exposure cycle was continued for 40
days, resulting in 5.7 exposure cycles in total.

Xenon arc light exposure

In Publications II and III, color fastness of thermoplastic specimens against
prolonged exposure to indoor lighting conditions was simulated according to
exposure cycle A1 presented in ISO 105-B02:2014 lightfastness test standard. The
lightfastness tests were done in Heraeus Suntest CPS+ weathering chamber under
a Xenon arc lamp in 50 °C temperature for 168 hours in total. Importantly, a
standard set of eight different blue wool fabrics with known lightfastness were
exposed alongside the specimens and used as references for visual lightfastness
evaluation. In the experiments presented in Chapter 4.5, identical conditions but
a shorter test time of 24 hours was used for lightfastness testing of biocolored
anodized aluminum specimens. Additionally, in Publication II, indigo-DMSO
solutions with 1:200000 mixing ratio were exposed to the same conditions for 5,
15, and 30 minutes to determine their color stability against Xenon light exposure.

3.2.7 Visual and microscopic characterization

Visual lightfastness evaluation

In Publications II and III, lightfastness performance of the light-exposed plastic
specimens was visually evaluated according to ISO 105-B02:2014 standard. The
color difference between exposed and unexposed specimens was visually compared
to color differences of eight partially exposed blue wool fabrics with predetermined
lightfastness. Based on the visual evaluation of similarity in color difference, each
specimen was matched with one of the eight blue wool specimens given a
corresponding lightfastness rating between 1 and 8.
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Microscopic characterization

In Publication III and in the experiments presented in Chapter 4.5, the samples
were photographed using an optical microscope. In Publication III, the
microscopic images were processed with ImageJ software to approximate particle
size distribution of the biocolorant inside PLA matrix. Furthermore, in
Publication III and in the experiments presented in Chapter 4.5, scanning
electron microscopy (SEM) images were taken to acquire information about surface
properties of the specimens.

3.2.8 Spectral characterization

Reflectance spectroscopy

In Publications I, II, III, and in the experiments presented in Chapter 4.5,
spectral reflectance of the wooden, plastic, and aluminum specimens in 360—700
nm wavelength range was measured with a Datacolor 600 reflectance
spectrophotometer. Furthermore, the spectrophotometer was used to convert the
spectral reflectance values into CIELab colorimetric lightness parameter L*, green-
red parameter a*, and blue-yellow parameter b* to represent of visual color of the
measured specimen. Moreover, in Publication II, K/S values representing color
intensity of specimens were calculated from the spectral reflectance data.

Hyperspectral imaging

In Publications I, II, and III, hyperspectral imaging (HSI) of the solid specimens
in 700—-1000 nm wavelength range was performed with a Specim IQ portable
hyperspectral camera. First, the specimen was cleaned and placed on a flat surface
next to a white reference tile. The camera was then placed above the specimen
perpendicular to its surface. Moreover, two halogen light sources were placed on
opposite sides of the specimen and directed at the specimen surface in a 45-degree
angle to avoid specular reflection. After imaging, the spectral data was corrected
against the white reference and the average spectrum was calculated from a selected
area of 100 x 100 pixels.

UV-Vis spectroscopy

In Publication II, UV-vis absorption spectroscopy was used to assess light-
induced colorant degradation in the indigo-DMSO solutions. The absorbance
spectra of the colored solutions after o, 5, 15, and 30 minutes of Xenon arc light
exposure were measured with a Shimadzu UV-1800 spectrophotometer. Pure
DMSO was used as a baseline for all measurements.

ATR-FTIR spectroscopy

In Publication I, attenuated total reflection Fourier-transform infrared (ATR-

FTIR) spectra of the coatings before and after accelerated weathering was measured

using a Bruker Alpha FTIR spectrometer with Eco-ATR sampling module. In
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Publications II and III, equivalent measurements were performed using a
Shimadzu IRSpirit FTIR spectrometer with QATR-S sampling module.

3.2.9 Other methods

In Publications IT and III, thermogravimetric analysis (TGA) of the colorant
powders was carried out using Pyris 1 thermogravimetric analyzer. In Publication
ITI, tensile properties of PLA specimens were measured with a ZwickRoell tensile
testing apparatus according to ASTM D638 standard.
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4. Results and Discussion

This chapter summarizes the main findings in Publications I, II, and III.
Furthermore, preliminary results of a novel biocolorant study conducted by the
author are presented and discussed.

4.1 Biocolorants

The experimental studies in this thesis utilized five different biocolorants: indigo
pigment from Isatis tinctoria extract, dried madder extract from Rubia tinctorum,
dried weld extract from Reseda luteola, biochar from pyrolyzed mixture of Alnus
incana and Betula pendula biomass, and residual kraft lignin from industrial
pulping process. The indigo biocolorant was applied in two forms; an untreated
commercial pigment was used in Publications I and II, whereas a HCl-purified
version of the commercial pigment was utilized in Publications II and ITI. When
dissolved in DMSO in equal concentration, both indigo pigments had comparable
absorption spectra with peak maxima at 290 nm and 620 nm as shown in Figure 3.
However, compared to the unpurified pigment, peak intensity of the HCl-purified
pigment was 3.0 times higher at 290 nm and 2.8 times higher at 620 nm, indicating
more intense color and higher pigment purity.

Furthermore, photostability of the dissolved pigments was determined from
decreasing intensity of the absorbance peaks during Xenon light exposure. The
spectral changes during Xenon light exposure presented in Figure 3 illustrate that
both natural indigo pigments had relatively lower absorbance retention (10 — 11 %)
than the synthetic indigo pigment (26 %). Notably, despite the higher initial
absorbance in HCl-purified indigo, both natural pigments presented similar rate of
photodegradation. Thus, the HCl-purification only increased spectral intensity of
the pigment but did not affect its photostability.
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Figure 3. A) Absorbance spectra of indigo pigment solutions before and after 30 minutes of Xenon
light exposure. B) Absorbance retention at 620 nm over exposure time. C) ATR-FTIR spectra of
the indigo pigment powders. Color coding of the powders: light blue = unpurified natural indigo,
black = HCl-purified natural indigo, and red = synthetic indigo. Reproduced from Publication II
with permission from Emerald Publishing Group.

The difference in pigment purity was further investigated with TGA. Due to full
decomposition of the indigo pigments at the final temperature of 700 °C, the weight
percentage of inorganic impurities in the pigments was determined based on the
residual mass remaining after heating. The TGA showed approximately 21 w-%
impurity content for the HCl-purified pigment and 32 w-% impurity content for the
unpurified pigment. Nevertheless, compared to the HCl-purified pigment, the
commercial synthetic indigo used as a reference pigment showed approximately 3.2
times higher absorption maximum at 620 nm and presented only 2 w-% impurity
content according to the TGA measurement. Supporting evidence for the decreased
impurity content was achieved from the ATR-FTIR analysis of the indigo pigments.
As presented in Table 1, identical locations for the main IR peaks were detected in
the natural indigo pigments. Both pigment powders presented characteristic C=0
bands for indigo around 1600 cm-, C-C stretching vibrational band at 1460 cm
and the pentagonal ring structure stretching bands at 878 cm-, 1068 cm, and 1171
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cm-.[239, 240] In comparison, minor differences in peak locations were observed in
the synthetic indigo pigment, which presented its ring structure peaks at 876 cm,
1061 cm, and 1167 cm.

Table 1. Main IR peak locations of the natural indigo pigments.

Functional group Wavenumber (cm™)
Cc=0 1609

C-H 1460

pentagonal ring structure 878, 1068, 1171

As seen in a previous study, the impurities in woad-based natural indigo can be
observed by shrinkage of the band at 1460 cm relative to the broad band at 1609
cm.[239] As expected, the most intense IR peaks at 1460 cm relative to the band at
1609 cm were observed in the synthetic indigo pigment followed by the HCI-
purified indigo. The lower peak intensity in the natural indigo pigments is likely
caused by the metallic impurities, which can exhibit broad interfering absorbance
bands in the 1000—1800 cm* wavenumber range.[239] In summary, the observations
about identical peak locations and increased peak intensity after HCl-purification
supports the conclusion, which states that the purification process substantially
lowered the impurity content of natural indigo pigment without altering or
degrading its chemical structure. The ATR-FTIR data of the pigment powders are
presented in Figure 3.

In Publications I, I1, and III, all biocolorants were applied as dried powders.
An image processing software was used to approximate median particle size of the
colorant powders based on high-resolution images acquired from an optical
microscope. Based on the image processing analysis, all colorant powders presented
median particle diameters ranging from 3 um to 8 pum. Visually, both indigo
pigments had a deep blue color, the madder extract was dark red, and the weld
extract showed an intense yellow color with brownish tint. In contrast to the high-
chroma colorants obtained from the dried plant extracts, the colors of the black
biochar colorant and the brown kraft lignin colorant were substantially more
desaturated, low-chroma tones.

4.2 Wood coatings

In Publication I, linseed-oil based paint and varnish bases for wood coating
applications were pigmented using an unpurified natural indigo pigment extracted
from Isatis tinctoria leaves. Furthermore, color stability of the biocolored coatings
was determined using an accelerated weathering test. Finally, the stability
properties of the biocolored coatings were compared to uncolored coatings and
reference coatings colored with synthetic indigo pigment and a commercial
ultramarine pigment. Figure 4 shows the visual appearance of wooden panels

25



coated with different coating formulations before and after 40 days of artificial
weathering.

Figure 4. Photographs of the painted (1 — 4) and varnished (5 — 8) specimens before and after the
40 days exposure testing. Pigments of specimen pairs from left to right: unpigmented (1 and 5),
natural indigo (2 and 6), synthetic indigo (3 and 7) and ultramarine pigment (4 and 8). The
unexposed specimens are labeled with “a” and exposed specimens with “b”. Reproduced from
Publication I with permission from Wiley-Blackwell.

Colorimetric inspection of the coatings during the weathering period showed that
the slightly greenish yellow colors of the unpigmented paint and varnish coatings
substantially shifted towards redder hues. This hue change was especially
prominent in the unpigmented varnish, which also presented a drastic increase in
chromaticity over time. Moreover, lightness values of both unpigmented coatings
substantially decreased during weathering. In contrast, the pigmented coatings
presented only minor changes in lightness during weathering. However, due to the
yellow initial color of the unpigmented coatings, the coatings containing either
natural or synthetic indigo presented greenish initial colors instead of the deep blue
appearance characteristic to indigo pigments. Furthermore, the initial pure green
hues of indigo-pigmented coatings gradually changed towards more yellow and
even slightly red shades during the weathering exposure. On the other hand, both
coatings with commercial ultramarine pigment presented an intense blue initial
color, which exhibited a substantial shift towards green hues during the weathering
period. Colorimetric values of all coated specimens are shown in Figure 5.
Notably, the coatings pigmented with indigo pigments presented substantially
lower total color changes compared to the unpigmented and commercially
pigmented coatings. As indigo pigments are known to possess a high absorbance
and stability towards UV light, it is likely that the indigo pigments slowed down the
color changes caused by coating degradation during weathering.[103, 241l
Nevertheless, both coatings pigmented with synthetic indigo showed less changes
in colorimetric values over time compared to the coatings colored with natural

26



indigo pigment. The superior stability performance achieved with the synthetic
pigment was likely due to its higher purity, as explained in the previous subchapter.
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Figure 5. Development of A) CIE L* and B) CIE a* and b* colorimetric values during the exposure
period. The solid lines represent painted specimens, and dotted lines represent varnished
specimens. Color coding of the pigments: black = natural indigo, red = synthetic indigo, blue =
ultramarine pigment and gray = uncolored coating. Reproduced from Publication I with
permission from Wiley-Blackwell.

In addition to colorimetric analysis, stability of the pigments and coating matrices
were investigated by also analyzing reflectance spectra of the coated specimens. As
presented in Figure 6, reflectance spectra of the colored coatings in the visible 360—
700 nm wavelength range showed initial peak maxima in the 430—470 nm region,
which is characteristic to blue pigments. During the weathering period, changes in
maximum reflectance peak location were observed especially in the varnished
specimens, which all experienced gradual shift of the maximum reflectance peak
towards higher wavelengths. Thus, the peak shift from blue 430-470 nm
wavelength region towards green and yellow regions was likely due to ageing
behavior of the unpigmented varnish, which led to visible yellowing of all varnished
specimens. Even though the peak shifting phenomenon was more pronounced in
the indigo-pigmented varnishes, the unpigmented and ultramarine-pigmented
varnishes showed substantially larger decrease in relative reflectance at 430 nm
over exposure time. Thus, due to different patterns of spectral development
observed in each varnish, little conclusions could be made about pigment
degradation inside the varnish matrices based on the spectral ageing alone.

For the paint coatings, on the other hand, a substantial peak shift was only
detected for the indigo-colored coatings, but not for the uncolored and ultramarine-
colored paints. The peak shift in indigo-colored paints may suggest photo-oxidative
degradation of indigo pigments during weathering, potentially catalyzed by the
presence of titanium dioxide pigment in the base paint. Although titanium dioxide
is effective in formulating fully opaque paint coatings, a previous study has shown
that it may substantially accelerate photodegradation of solid indigo pigment.[242]
Notably, the light source in the weathering equipment radiated in UV-A wavelength
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region, which overlaps with absorption bands of both indigo and titanium dioxide
pigments. However, no traces of photoreaction products of indigo could be detected
in the ATR-FTIR analysis due to complex chemical compositions of the coating
matrices. Spectral evolution of the coatings during the exposure period is presented
in Figure 6.
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Figure 6. Development of visible reflectance spectrum of the samples during the exposure period
(subfigures A — H) and reflectance and reflectance loss at 430 nm over exposure time (subfigure I).
In subfigures A — H, spectra were measured before exposure (solid line) and after 1 day (long dashed
line), 3 days (dashed line), 9 days (dotted line) and 40 days (small, dotted line) of exposure.
Reproduced from Publication I with permission from Wiley-Blackwell.

Degradation of the coating matrices was investigated by measuring reflectance peak
intensity, hyperspectral reflectance, and ATR-FTIR spectra of the coated specimens
before and after the accelerated weathering. Hyperspectral reflectance of the paint
coatings in 700-1000 nm wavelength range presented a drastic decrease in
intensity after the weathering period. In contrast, substantially lesser decreases in
reflectance were observed in the varnish matrices, even though both coating types
initially presented similar reflectance properties in the hyperspectral region. The
difference in reflective properties between paint and varnish matrices indicates that
the paints were highly sensitive to the degradative effects of weathering, whereas
the varnishes showed substantially higher degradation resistance. Regarding the
degradation of the varnish matrices, the varnishes colored with indigo pigments
showed more minor changes in hyperspectral reflectance compared to the
unpigmented and commercially pigmented varnishes. This indicates higher
degradation resistance in the varnishes pigmented with the indigo pigments, which
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is further supported by the substantially lower relative reflectance losses observed
in the visual wavelength region. Hyperspectral reflectance of the coatings before
and after 40 days of artificial weathering is presented in Figure 7.
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Figure 7. Hyperspectral reflectance of the coated specimens before and after the 40 days of artificial
weathering. Painted specimens are presented in subfigures A) and B), and varnished specimens are
presented on subfigures C) and D). Unexposed specimens are presented with solid lines and
exposed specimens with dotted lines. Color coding of the pigments: black = natural indigo, red =
synthetic indigo, blue = commercial pigment and gray = no pigment. Reproduced from Publication
I with permission from Wiley-Blackwell.

As seen from the ATR-FTIR spectra in Figure 8, all unexposed coatings presented
a—C—C peak at 2923 cm, a —C=C peak at 2853 cm, and a strong —C=0 ester peak
at 1740 cm1, which are all typical to linseed oil-based coatings.[2431 Furthermore, all
specimens showed a peak at 1166 cm, which corresponds to ester linkages in the
linseed oil structure.(244] The characteristic peaks for different pigments were
relatively minor in the unexposed coatings, although distinctive bands at 1615 cm
for the indigo-colored coatings and at 980 cm* for the ultramarine-colored coatings
could be detected. Additionally, all paint coatings presented heightened absorption
in the 550—750 cm area, presumably representing the Ti—O-Ti and Ti—O bonds
in the titanium dioxide base pigment.[245] Thus, in the aged specimens, substantial
spectral overlap between pigments and the binder was present in the wavenumbers
lower than 1650 cm-. The main IR peaks of unexposed varnish coating are listed in
Table 2.
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Figure 8. ATR-FTIR spectra of the coated wooden specimens. A) varnished specimens before
weathering, B) varnished specimens after weathering, C) painted specimens before weathering, and
D) painted specimens after weathering. Reproduced from Publication I with permission from
Wiley-Blackwell.

Despite the potential spectral interference between pigments and linseed oil
binders in the lower wavenumbers, binder degradation in the aged specimens was
clearly indicated by substantial changes in the —C=0 stretching peak. After the
weathering period, location of the —C=0 stretching peak had shifted from 1737 cm-
1to0 1719 cm in the varnish coatings and from 1740 cm- to 1732 cm in the paint
coatings. The —C=0 peak shift towards lower wavelengths indicates decreased
concentration of the ester bonds and simultaneous increase in carboxylic acids,
which in turn suggests breaking of the ester linkages into —COOH and —OH end
groups.[244. 2461 Furthermore, broadening of the —C=0 stretching peak and a
shoulder formation in the 1760-1800 cm range indicate degradation of a linseed
oil binder into fatty acids by simultaneous hydrolysis and photolysis reactions.[247]
Only minor differences in IR spectra between the different pigments were observed
in both coating types, for instance, the pigments had seemingly no effect on
magnitude of the carbonyl peak shift and peak proportions of the aged coatings.
Although the differences were small, in the paint coatings, the emergence of a peak
shoulder at 1770 cm was most prominent in the ultramarine coating, and most
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notable shoulder at 1710 cm* was observed in the natural indigo and ultramarine
coatings. Regarding the varnishes, the largest increase of intensity at 1770 cm™
appeared in the unpigmented coatings and at 1710 cm in the natural indigo
coating.

Table 2. Main IR peak locations of the linseed-oil based varnish coatings pigmented with natural
indigo.

Functional group Wavenumber (cm™)
C 2923
C 2853
O (esters in the linseed oil) | 1740
o
H
0

(ketones in the indigo) 1615
1467
(esters in the linseed oil) | 1166

In conclusion, even though only minor differences between pigments were
observed, the most stable behavior was achieved with the synthetic indigo pigment
in both coating matrices. Furthermore, the natural indigo pigment did not
conclusively improve chemical stability of the linseed oil binders during weathering
despite offering protection against reflectance changes in the varnish coatings.
Nevertheless, both indigo pigments retained their most characteristic IR band at
1615 cm™ in both coating matrices during weathering, which indicates at least some
degree of pigment stability even in the paint coatings with titanium dioxide.

4.3 Polypropylene for additive manufacturing

In Publication II, a mixture of virgin PP powder and HCl-purified natural indigo
pigment was used to manufacture biocolored specimen rods via filament extrusion
and additive manufacturing. Notably, biocolored specimens containing unpurified
natural indigo pigment and synthetic indigo pigment were manufactured in the
same manner. None of the indigo colorants, up to the studied additive
concentration of 0.5 w-%, substantially affected the filament extrusion or additive
manufacturing processes compared to uncolored PP; on the contrary, all plastics
exhibited identical behavior during thermal processing. Moreover, visual
inspection after additive manufacturing of the indigo-colored specimen rods
showed that all samples had an even color with no visually distinguishable colorant
particles. Thus, the preliminary conclusion was that the indigo colorants in this
study could have potential to be utilized as coloring agents for thermally treated PP
matrices. Photographs of the specimen rods are presented in Figure 9.
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PP nat25 nat50 HCI synt

Figure 9. Pieces of the 3D-printed polypropylene specimens before and after Xenon light exposure.
The unexposed specimens are on the left side and their exposed counterparts are on the right side.
Specimen coding: PP = no pigment, nat25 = 0.25 w-% natural indigo, nat50 = 0.50 w-% natural
indigo, HCI = 0.25 w-% purified natural indigo, and synt = 0.25 w-% synthetic indigo. Reproduced
from Publication II with permission from Emerald Publishing Group.

Color-wise, in both visual and colorimetric inspection, all indigo-colored specimens
exhibited a distinctive and deep indigo-blue color. Notably, the specimen rods
containing 0.25 % of HCl-purified pigment exhibited stronger color compared to
the specimens colored with 0.25 % of unpurified pigment. However, an equally
strong color was achieved by increasing concentration of the unpurified pigment to
0.50 %. Nonetheless, the strongest color was achieved with the synthetic indigo
pigment, which also presented a slightly reddish hue according to the colorimetric
values. In contrast, a minor green tint was detected in the natural indigo specimens.
However, despite being significant in colorimetric presentation, the hue differences
were indistinguishable by visual inspection. Finally, the unpigmented specimen was
highly transparent and almost colorless, which is typical for PP.[248]

Lightfastness of the pigmented specimens was determined under continuous
Xenon light exposure, which decreased the K/S color intensity of all pigmented
specimens. As expected, no colorimetric changes were observed in the unpigmented
specimen, which highlights the remarkably high photostability properties of virgin
PP. The most substantial changes were observed in the specimens with 0.25 % of
unpurified natural indigo, which showed the highest relative loss in K/S value
among the colored specimens. Furthermore, the specimens with 0.25 % of
unpurified pigment showed the highest average differences in lightness,
reflectance, and total color. Unsurprisingly, the most stable color was observed in
the synthetic indigo specimens, which only showed a minor drop in color intensity
after 168 hours of exposure. Interestingly, the specimens containing 0.25 % of HCI-
purified indigo and the specimens with 0.50 % of unpurified natural indigo
exhibited almost identical development in K/S values, lightness and total color
during the exposure. Both specimen types went through significantly less changes
in color intensity compared to the specimen with 0.25 % of unpurified pigment but
changed substantially more than the synthetic indigo specimen.
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Figure 10. Colorimetric values of the 3D-printed polypropylene specimens before and after 24, 72,
and 168 hours of Xenon light exposure. Color parameters in the subfigures: A) Lightness L*, B)
Total color change AE,,, C) Green-red value a*, D) Blue-yellow value b*, E) Reflectance, F) Color
intensity K/S. Exposure times by bar color: black = 0 h, gray = 24 h, light gray = 72 h, and white =
168 h. Specimen coding: PP = no pigment, nat25 = 0.25 w-% natural indigo, nat50 = 0.50 w-%
natural indigo, HCI = 0.25 w-% purified natural indigo, and synt = 0.25 w-% synthetic indigo.
Reproduced from Publication IT with permission from Emerald Publishing Group.

Regarding color characteristics, the specimens with 0.25 % of unpurified pigment
showed a statistically significant decrease of blue color parameter after 168 hours
of exposure. The loss of blue color was not observed in the other specimens; in
contrast, all other pigmented specimen types experienced minor shift towards even
more intense blue color. Moreover, the specimen with 0.25 % of unpurified pigment
exhibited a substantial green-to-red color shift, which was not observed in any other
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specimen type. Again, the other natural indigo pigmented specimens presented
almost identical colorimetric changes, which were minor compared to the
specimens with 0.25 % of unpurified pigment but more substantial than those
observed with the specimens pigmented with synthetic indigo. Thus, the HCI-
purification substantially increased lightfastness and color stability provided by the
natural indigo pigment, when both pigments are used in equal concentrations.
Colorimetric evaluation of all specimens before and after the Xenon light exposure
is presented in Figure 10.

ATR-FTIR analysis of all PP specimens showed the characteristic CH; bands at
1376 cm, 1458 cm, and at 2840—2960 cm wavenumber range.[2491 In ATR-FTIR
analysis, formation of carbonyl groups during oxidative degradation of PP can
regularly be detected as peak growth in the 1580-1830 cm wavenumber range.[250]
Furthermore, photo-oxidative degradation would also cause emergence of broad
band around 2840—2960 cm- due to hydroxyl groups in the oxidation products.[251]
However, emergence of neither carbonyl nor hydroxyl peaks could be observed in
the IR spectra after Xenon light exposure, which suggests high photostability for all
specimens. In conclusion, based on the colorimetric and spectral observations, the
light exposure affected the pigments inside PP matrix but not the plastic matrix
itself. As it stands, none of the indigo pigments supplemented the plastic with
photo-protective properties but did not accelerate its photodegradation either.
Even though the best color fastness was achieved with the synthetic indigo pigment,
the HCl-purified natural indigo pigment presented a substantial improvement over
the unpurified pigment. However, increasing the amount of unpurified pigment
inside the PP matrix from 0.25 w-% to 0.50 w-% improved its lightfastness
performance to similar levels with the matrix colored using HCl-purified pigment.
Thus, it remains uncertain whether the photostability differences between the PP
specimens originated from the different impurity content, pigment content, or both
characteristics of the pigment powders simultaneously.

4.4 Polylactic acid for injection molding

In Publication III, biocolored specimen rods suited for tensile testing were injection
molded from an extruded mixture of virgin PLA granules and biocolorant powders.
Visual inspection of the biocolored specimens showed that lignin, dried weld
extract, and dried madder extract all produced evenly colored PLA specimens with
no visible colorant particles. In contrast, the biochar and indigo-colored specimens
both contained visible colorant particles inside the plastic matrix. However, the
colorant particles in biochar-colored specimens were evenly distributed and barely
distinguishable, giving an illusion of an even and opaque black color for a human
observer in regular illumination. Thus, clear agglomeration of pigment particles
was only observed in the indigo-colored specimens. Despite the formation of
pigment agglomerates during thermal processing, the indigo-colored PLA
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specimens presented a highly distinctive blue color. In addition to visual inspection,
image processing analysis of photos acquired using optical microscope showed that
all colored specimens had approximate median particle sizes of 3-8 um.
Furthermore, SEM images of the specimens showed no signs of surface
deformations or substantial differences between different specimens. Visual
photographs and SEM images of the specimens are presented in Figure 11.

500 pm

Figure 11. Images of the injection molded PLA rods. Top row (a): SEM images with 100x
magnification. Bottom row: Photographs before (b) and after 168h (c) of Xenon light exposure.
Colorants: 1) madder extract, 2) biochar, 3) indigo, 4) lignin, 5) weld extract and 6) no colorant.
Reproduced from Publication ITI with permission from Wiley-Blackwell.

Lightfastness performance of the biocolored PLA specimens were determined by
exposing the specimens to continuous radiation from a Xenon arc light source. As
presented in Figure 12D, visual lightfastness evaluation of the specimens before and
after the 168-hour exposure period showed that biochar-colored and lignin-colored
specimens both had good lightfastness ratings comparable to the uncolored
reference specimen. The specimens colored with dried madder and weld extracts
presented substantially lower, but nevertheless intermediate lightfastness ratings,
whereas the indigo-colored specimen achieved a slightly weaker rating compared
to the two plant extracts. Even though none of the specimens presented a poor
lightfastness rating, the medium-to-low lightfastness performance of natural indigo
was particularly unexpected due to generally high stability of indigo pigments.
Likely, the low lightfastness of indigo pigment is partially explained by the pigment
agglomeration phenomenon, which decreased the concentration of evenly
distributed pigment outside the agglomerates. Although a certain degree of pigment
agglomeration generally leads to improved lightfastness, in this case the
agglomerates were too large to contribute to the overall color impression of the
polymer. Hence, the pigment agglomeration merely decreased the concentration of
evenly distributed pigment outside the agglomerates, leading to lowered
lightfastness in evenly colored parts of the polymer.[73]

Reinforcing the observations from visual inspection, colorimetric analysis of the
biocolored PLA specimens shown in Figures 12A-C presented only minimal color
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changes in the biochar-colored specimen after the exposure period. Furthermore,
similar to the visual inspection, the colorimetric evaluation showed largest color
changes in the indigo-colored specimens, which experienced substantial increase in
CIE parameters L* and b¥ indicating increased lightness and yellowness.
Additionally, substantial decreases in contrast ratio (CR) and CIE color parameter
a* were observed in the indigo-colored PLA, showing increased transparency and
greenness during ageing.
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Figure 12. A) Colorimetric CIE L* values, B) colorimetric CIE a* and b* values, and C) contrast
ratios of the biocolored PLA rods before and after the exposure period. D) Lightfastness ratings of
the biocolored PLA rods. In subfigures A and C, black bars represent unexposed specimens, and gray
bars represent exposed specimens. Reproduced from Publication III with permission from Wiley-
Blackwell.

In contrast to biochar and indigo, colorimetric evaluation of the lignin- and
madder-colored specimens did not completely support the observations from visual
lightfastness evaluation. Although a clear distinction on lightfastness performance
between the lignin- and the madder-colored specimens was seen in visual
observation, both specimens showed similar levels of increase in colorimetric L*
value and decreases in CR, and a* values. These color changes were not observed in
the uncolored PLA, which suggests photodegradation of the lignin and madder
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extract colorants. This type of light-induced degradation is characteristic to
polyphenolic compounds, such as kraft lignin and madder extract, due to their high
light absorbance in ultraviolet wavelengths.[112. 252, 2531 Nevertheless, controlled
photodegradation of a polyphenolic additive may reduce degradation in the
polymer matrix.[254. 255] However, despite the polyphenolic nature of weld extract
colorant, stable colorimetric behavior was observed in the weld-colored specimen,
which only experienced a minimal loss in yellowness during the exposure.
Nonetheless, due to the minimal differences in initial color between the weld-
colored and uncolored specimens, major color changes would have been highly
unexpected due to high color stability of the uncolored PLA.

Even though visual and colorimetric inspection showed substantial differences
in lightfastness performance between different colorants, none of the specimens
presented major changes in their reflective properties. Investigation of reflectance
spectra of the PLA specimens in 400—700 nm and 800—1000 nm wavelength
regions showed no significant changes in either peak location or peak intensity
during the exposure period. Thus, despite the distinguishable differences in
lightfastness performance between the biocolorant additives, all specimens proved
to be relatively resistant to photodegradation.

Possible chemical alterations in the polymer matrix during the Xenon light
exposure were investigated with ATR-FTIR analysis. As presented in Figure 13A,
the IR spectra in 4000-400 cm? wavenumber range showed an identical
composition of absorbance peaks for all PLA specimens irrespective of biocolorant
additive or degree of Xenon light exposure. The presence of —C—O bonds
characteristic to the ester groups in virgin PLA was indicated by the vibrating
stretch peaks at 1081, 1130, and 1181 cm, and the corresponding —C=0 carbonyl
end groups were indicated by a strong stretch peak at 1747 cm-1. Moreover, presence
of the stable —CHj3 groups could be observed as a bending peak at 1453 cm™ and the
—CH- groups as a pair of bending peaks located at 1362 cm and 1382 cm. In
addition, mostly amorphous structure of the polymer matrix was indicated by the
957 cm ! peak and the absence of a peak at 921 ecm1, which would indicate presence
of crystalline PLA structures.[256-258]

Even though emergence of new shoulder bands related to the existing IR peaks
was not detected after Xenon light excitation, proportional intensity of the peaks
changed substantially during the exposure period. Relative to the photo-stable —
CHj; peak at 1453 cmt, the carbonyl peak at 1747 cm-t showed a substantial increase
in intensity for most specimens after the exposure period. Previous studies have
shown that increased concentrations of —C=0 groups during intense light exposure
may indicate photodegradation by Norrish Type II reaction, which breaks the ester
bonds of PLA into —COOH and —OH end groups.[259-2611 However, the substantial
carbonyl peak growth may also result from different photodegradation mechanism,
where diketone end groups are formed instead.[262. 2631 Nevertheless, appearance of
neither anhydride band at 1845 ¢cm nor carboxylic acid band at 1720 cm was
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observed in the IR spectra of exposed specimens, which would be characteristic for
both photodegradation reactions.

Due to absence of both anhydride and carboxylic acid bands in the exposed
specimens, numerical changes in carbonyl index values presented in Figure 13B
were calculated to quantify the degree of polymer degradation in each specimen.
Carbonyl index is a numerical value calculated by dividing carbonyl peak intensity
by the stable —CHj; peak intensity, and the change of carbonyl index during
exposure has been utilized in multiple previous studies to estimate degree of PLA
photodegradation.[264-266] Expectedly, the highest change in carbonyl index was
determined for the uncolored specimen due to absence of protective pigment
additives. Compared to the unpigmented specimen, substantially lower changes in
carbonyl index were observed in the colored specimens. The significantly higher
change in carbonyl index value suggests that all pigments in this study offered
substantial photoprotection for the polymer matrix. Notably, the change in
carbonyl index value was close to zero in the lignin-colored specimen, which
indicates that the lignin biocolorant offered almost complete photoprotection for
the polymer matrix under Xenon light exposure. The substantial photoprotective
ability of kraft lignin was presumably caused by large amount of UV-absorptive
functional groups in the lignin structure. The UV-absorptive groups probably
absorbed most of the damaging short-wavelength fraction of the Xenon light, which
substantially decreased the photo-oxidative radiation load directed on the polymer
matrix.
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Figure 13. A) ATR-FTIR spectra of biocolored PLA specimens before (solid line) and after 168 h
(dashed line) of Xenon light exposure. B) Increase in carbonyl indices of the biocolored PLA
specimens after 168 h of Xenon light exposure. Reproduced from Publication III with permission
from Wiley-Blackwell.

Mechanical performance of all unexposed specimens was determined by tensile test
to detect possible negative effects of the biocolorant additives to strength of PLA.
The tensile test data for each specimen showed no significant differences in
elongation properties. However, as presented in Figure 14, statistically significant
differences between specimen types were observed in both ultimate tensile strength
values and Young’s moduli. Surprisingly, compared to uncolored PLA, the lignin-
colored polymer presented significant improvement in both ultimate tensile
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strength and Young’s modulus. Due to the relatively low biocolorant concentration
in the specimens, positive effects to mechanical properties were rather unexpected.
Nonetheless, the improved strength properties probably resulted from interfacial
interaction between PLA and lignin, where the kraft lignin particles reinforce the
polymer matrix by evenly distributing the mechanical loads. Thus, a higher external
force is required to create high enough local loads to induce local void formation,
which would eventually lead to polymer crazing followed by crack formation and
mechanical failure under continuous tensile stress.[267]
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Figure 14. A) Tensile strength and B) Young’s modulus of the biocolored PLA specimens. The error
bars represent 95 % statistical confidence interval based on eight parallel tensile tests. Reproduced
from Publication III with permission from Wiley-Blackwell.

Although the interfacial behavior of PLA-lignin composites is by no means a novelty
in scientific literature, most studies have been conducted with substantially higher
lignin concentrations.[268] As presented in this thesis, similar effects can be achieved
with colorant-level concentrations as well. Besides lignin, lesser but statistically
significant improvements in tensile strength were also achieved with madder
extract and biochar pigments. On the other hand, a significant negative effect for
tensile properties was observed in the indigo-colored polymer. Although no
difference in Young’s modulus was observed, the indigo-colored polymer presented
substantially lower ultimate tensile strength compared to uncolored PLA,
presumably due to the presence of pigment agglomerates inside the polymer
matrix.

4.5 Anodized aluminum

A series of unpublished trials were conducted to investigate potential of madder
extract and weld extract biocolorants for dyeing of anodized aluminum surface.
Visual and microscopic examinations showed that the combination of anodization,
dyeing, and sealing processes produced a hard colored aluminum oxide layer on the
surfaces of the aluminum specimens. SEM images of the anodized and dyed porous
aluminum oxide layers shown in Figure 15 present approximately equal pore
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distribution and pore size in the aluminum oxide layers irrespective of colorants
used. Notably, agglomerations or deformations of neither dye could be detected
from the images, which indicates that the dye molecules were evenly trapped inside
the sealed pores.

As presented by the visual photographs in Figure 15, an evenly colored
aluminum oxide layer with strong, metallic color was achieved with both
biocolorants in acidic dyeing conditions. In addition to visual inspection, the high
level of integrity of the colored layer was verified by examination with optical
microscope, which showed no defects or colorless areas on the aluminum oxide
surface. In colorimetric inspection, the specimens dyed with weld extract in pH 5.0
dyebath presented intense yellow colors with moderate greenish hue. Moreover, a
comparable but slightly less intense color was achieved with the weld extract in pH
6.5 dyebath as well, however, increasing the dyebath pH to 8.5 resulted in
significantly weaker color compared to the other two specimens. Similar pH-
dependency in color was observed on surfaces dyed with madder extract. The
specimen dyed with madder extract in pH 5.0 dyebath had an even more intense
color than the corresponding weld-colored specimen, and it presented a red shade
characteristic to madder-based dyes. However, as observed in the weld-colored
specimens, increasing the pH to 6.5 resulted to slight decrease in color strength and
only a weak color was achieved when the dyeing was conducted in pH 8.5 dyebath.

Figure 15. Images of biocolored anodized aluminum. Top row (a): SEM images with 10000x
magnification. Bottom row: Photographs before (b) and after 24 h (¢) of Xenon light exposure.
Colorants: 1) weld extract, and 2) madder extract.

Lightfastness of the dyed surfaces was determined by exposing the colored

specimens to controlled radiation from a Xenon light source. After the exposure

period, substantial decrease in color intensity and almost total loss of color was

observed in all weld-colored specimens. Despite being slightly less susceptible

towards color changes, the specimens dyed with madder extract exhibited
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substantial loss in color and intensity as well. Furthermore, even though the initial
color intensity was higher in the specimens dyed in pH 5.0 for both colorant types,
higher acidity of the dyebath did not substantially increase photodegradation
resistance of the dyes in the anodized surface. As discussed previously in
conjunction with PLA specimens, some degree of photodegradation is typical for
polyphenolic colorant substances, such as alizarin in madder extract and luteolin in
weld extract. Nevertheless, low photostability of madder and weld biocolorants was
expected, given that most organic dyes exhibit low photostability in anodized
coatings due to low dye concentration and high specific surface area of the porous
oxide layer.[269.270] Only few studies concerning lightfastness of organic pigments in
anodized coatings have been conducted, and most of them suggest application of
various pore sealing techniques to improve lightfastness of organic anodizing
dyes.l2711 However, the mechanisms contributing to rapid photodegradation of
organic dyes inside the porous layer remain quite unexplored.
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5. Conclusions

This thesis investigated multiple potential applications for biocolorants in
engineering materials. The results showed that even and intense coloration can be
readily achieved with biocolorants, whether applied to wood coatings,
thermoplastic polymers, or anodized surfaces. The general ease of substituting a
commonly used colorant with a bio-based one was particularly well illustrated in
Publication I, in which no additional preparation was required to tint varnish
coatings with natural indigo pigment instead of a conventional ultramarine
pigment. Moreover, compared to ultramarine-pigmented coatings, higher relative
color stability was seen in the varnishes pigmented with natural indigo. Even
though the observed stability differences between natural indigo and commercial
ultramarine pigment were not large, the experiments with wood coatings neatly
showcased how a dried biocolorant powder can occasionally outperform even
regularly used commercial pigments despite containing some impurities.

In addition to merely offering a bio-based substitute to inorganic or synthetic
colorants, biocolorants can provide additional value by improving
photodegradation resistance or even strength properties of the colored matrix,
which was especially highlighted by the results in Publication III. Despite the
relatively low colorant concentration, significant improvements to durability
properties of PLA were achieved with multiple biocolorants. Very promising results
were achieved with kraft lignin, in particular, which offered the PLA matrix almost
full photodegradation resistance and significantly higher tensile strength compared
to other studied colorants. Going forward, the added functional value from
biocolorants offers a particularly strong motivation to continue exploring bio-based
coloring solutions not only for textiles, but for engineering materials as well.

Even though biocolorants may improve functionality and sustainability of
engineering materials in many cases, this thesis has also shown that for certain
biocolorants, low lightfastness and variance in purity may pose technical
challenges. The case of low lightfastness was especially highlighted in Chapter 4.5
of this thesis, which showed how even relatively short period of Xenon light
exposure may lead to substantial dye degradation in biocolored aluminum oxide
layers. Although less drastic biocolorant photodegradation was observed with
natural indigo pigment in Publications I and II, both publications showed that
systematically higher lightfastness properties could be achieved with synthetic
indigo pigment irrespective of application. To a certain extent, these lightfastness
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challenges observed with bio-based indigo were explained by its substantial
impurity content as characterized in Publication II. Nevertheless, as also seen in
Publication II, substantial improvements on coloration properties and
lightfastness stability of the natural pigment can be achieved even with a
rudimentary HCl-purification process. However, even after purification, the natural
pigment was still inferior to its synthetic counterpart in terms of purity, color
intensity, and lightfastness. In addition to potential impurities, such as metallic
oxides, the presence of photocatalytic compounds in the biocolored matrices may
accelerate photodegradation of an organic biocolorant. An instructive example of
accelerated photodegradation was seen in Publication I, where degradation of
natural indigo pigment in a paint coating was accelerated by titanium dioxide base
pigment.

As an important note, analyzing ecological impact, toxicology, and financial
viability of biocolored materials is mostly beyond the scope of this thesis.
Nevertheless, careful study of these aspects is absolutely essential to materialize the
perceived sustainability status of biocolorants and to ultimately transform
academic research into practical applications. As discussed briefly in both Chapter
2.4 and Publication III, certain low-value industrial side streams could create
optimal feedstocks for biocolorant production to maximize raw material
availability, cost effectiveness, and ultimately the sustainability impact of
biocolorant use. Such waste-to-valuable biocolorants may include, for instance,
onion peel extracts, bark extracts, and the kraft lignin familiar from this thesis.
Nevertheless, neither agricultural nor microbial pathways for biocolorant
production should be disregarded, as they present opportunities to produce a
broader variety of colorants especially suited for specific eco-luxury applications.
Even though many of the high-value biocolorants would only be used in small scale,
every step towards more sustainable world is a step towards right direction.

In summary, based on technical performance alone, developing practical
biocolorant solutions for engineering materials is entirely possible. Even though all
biocolorants are not suited for every application, biocoloration can provide
engineering materials with good color quality, adequate lightfastness and even
functional advantages. Importantly, when developing biocolored engineering
materials, special attention must be given to preliminary testing during material
selection to avoid unexpected phenomena, such as pigment agglomeration of
accelerated photodegradation. Therefore, to obtain more practical knowledge on
this promising but still rather unexplored field, conducting further experiments on
molecular level and exploring new applications are highly encouraged for
adventurous researchers and entrepreneurs. As it stands, the continuously growing
demand for sustainable engineering is unlikely to seize in the near future. Thus,
developing particularly innovative, sustainable, and practical biocolorant solutions
may very well result in meaningful to ecological, societal and perhaps even
individual benefits.
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Appendix 1: Key terms of the research

English:

Key term: biocolorant

Definition: organic dye or pigment extracted from natural origin
Explanation: Biocolorants are organic dyes or pigments extracted from natural
origins, such as plants, fungi, or algae.

Key term: engineering material

Definition: human-manufactured solid material, which is frequently used in
structural and/or mechanical applications

Explanation: Engineering material is a phrase commonly used to describe a
large group of human-manufactured solid materials, which are frequently used in
structural and/or mechanical applications. Engineering materials include, for
instance, metals, plastics, ceramics, and composites.

Finnish:

Keskeinen termi: luonnonviri

Maairitelma: orgaaninen luonnosta periisin oleva variaine

Selite: Luonnonvérit ovat orgaanisia variaineita, jotka ovat peraisin luonnosta.
Luonnonvareja ovat esimerkiksi, kasvien, sienten, tai levien aineenvaihdunnan
tuotoksena syntyvit viriaineet.

Keskeinen termi: tekninen materiaali

Maiédritelma: ihmisen valmistama tai olennaisesti muokkaama kiintea
materiaali, jota kiytetddn yleisesti rakenteellisissa tai mekaanisissa
sovelluskohteissa

Selite: Tekninen materiaali on kattokasite suurelle joukolle ihmisen valmistamia
kiinteitd materiaaleja, joita kiytetdan rakenteellisissa tai mekaanisissa
sovellutuksissa. Teknisid materiaaleja ovat muun muassa metallit, muovit,
keraamit seka komposiitit.
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