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Biocolourants from onion crop side streams and forest mushroom for 
regenerated cellulose fibres 

Riikka Räisänen *, Anja Primetta , Peppi Toukola , Silja Fager , Joanna Ylänen 
Craft Studies, University of Helsinki, Helsinki, Finland   
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A B S T R A C T   

Biocolourants and sustainable textile materials have gained growing interest. Traditionally natural dyes have 
been used for dyeing wool and silk, but demand for cotton and regenerated cellulose fibres increases because of 
their popularity especially in clothing. This study expands the natural dye research to one of the latest in
novations among regenerated cellulosic fibres, i.e. Ioncell®. It explains for the first time the dyeability of Ion
cell–F fibres with biocolourants and compares the results with three other regenerated cellulose fibres, i.e. 
viscose, bamboo viscose and lyocell, using protein fibre wool as a reference. The colourants from the food side 
stream, the yellow onion (Allium cepa cv. Settonia) and the forest mushroom Cortinarius semisanguineus were used 
as dyes. The composition of colourants in each dye sources was analyzed in detail. Methods of exhaust dyeing 
(80 ◦C, 1 h), with alum, FeSO4 and tannin as mordants, and the high temperature high pressure dyeing (130 ◦C, 
1 h) were applied. The colour of the dyed materials was studied as CIE L*, a*, b*, C*ab, hab and the K/S (λ420/480 

nm) values. The colourfastness to washing and light was examined according to the ISO standards. The results 
showed that for regenerated cellulose fibres the strongest colour was obtained with polyphenols in acidic con
ditions, whereas with the anthraquinones the dyeing results remained light revealing hindering forces between 
the dye and the fibre. The colourfastness values were at highest for iron and aluminium mordanted samples, 
which indicate the metal ions’ ability to stabilize the organic compound’s structure and form strong coordination 
bonding between the fibre and the dye. The colourfastness varied from poor to moderate. The exhaustion levels 
between different regenerated cellulose fibres varied very little. The search for sustainable colourants, fibres and 
their applications in long lifetime artefacts is strongly supported by the sustainability goals, and colourant 
production in connection with forest and agricultural industries support this emerging field.   

1. Introduction 

In this study, two types of natural compounds, polyphenols and an
thraquinones, were applied as dyes for regenerated cellulose fibres. The 
yellow onion (Allium cepa L.) skins, abundantly available as a side 
stream from agriculture and food production, are a rich source of 
polyphenols (Sharma et al., 2016), whereas anthraquinones are one of 
the most stable compound groups among natural colorants, and 
obtainable from several sources for example in plant and fungal king
doms. The forest mushroom Cortinarius semisanguineus (Fr.) Gillet was 
selected as a source of anthraquinones, as we had previous knowledge of 
its properties in textile colouration (Räisänen et al., 2021; Räisänen, 
2019; Räisänen, 2002). Also, as ectomycorrhizal fungi Cortinarius spe
cies have growth increasing effects for their host trees, which give 
interesting perspectives for forest economy (Itoo and Reshi, 2014). 

Recently, a growing amount of research has been carried out to map 
potential side streams and sources for natural dye production, as sus
tainability drives companies to search for environmentally sound and 
ecological alternatives for current oil based derivatives in the dyeing 
industry. In addition to colouring properties, natural compounds have 
other functional characteristics, such as antimicrobial and UV radiation 
protective properties, which give them multi-functionality and added 
value as colourants. Especially flavonoids have shown remarkable 
antioxidant activity and ability to protect human skin against UV radi
ation (Pucciarini et al., 2019; Verma et al., 2021). 

In addition to colourants, also fibre materials are under increasing 
sustainability evaluation. Cotton is the second most important fibre, 
after polyester, in terms of the production volume, with ca. 26 Mt and a 
market share of 23% of the global fibre production in 2020 (Texti
leExchange, 2020; OECD, FAO, 2021). The environmental load that 
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Contents lists available at ScienceDirect 

Industrial Crops & Products 

journal homepage: www.elsevier.com/locate/indcrop 

https://doi.org/10.1016/j.indcrop.2023.116748 
Received 22 October 2022; Received in revised form 12 March 2023; Accepted 16 April 2023   

mailto:riikka.raisanen@helsinki.fi
www.sciencedirect.com/science/journal/09266690
https://www.elsevier.com/locate/indcrop
https://doi.org/10.1016/j.indcrop.2023.116748
https://doi.org/10.1016/j.indcrop.2023.116748
https://doi.org/10.1016/j.indcrop.2023.116748
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2023.116748&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Industrial Crops & Products 198 (2023) 116748

2

cotton production causes for the landscapes and soils has led to devel
opment and expansion of other cellulose based textile fibres, as cellulose 
fibre properties, such as moisture absorbency, breathability, softness 
and biodegradability, are highly favoured in textile use. The production 
share of regenerated cellulose fibres was 6% of the total fibre production 
in 2020. The production grew between 2010 and 2018 slightly over 6%, 
the estimation of its yearly growth being over 2% (TextileExchange, 
2020; The Fibre Year, 2020). In the course of time, the methods for 
viscose production have been developed towards more environmentally 
sound solvents and their recycling procedures (Räisänen et al., 2017; 
Sharma et al., 2019; Jiang et al., 2020). The development of lyocell 
process at the end of 1970′s was one of the first to recycle the solvent, i.e. 
NMMO (N–methylmorpholine N–oxide) (Jiang et al., 2020; Michud 
et al., 2016). Later, in 2015, the closed loop Ioncell–F technology was 
introduced, in which non-toxic ionic liquids are used in polymer dis
solving and fibre spinning stages (Michud et al., 2016; Parviainen et al., 
2015; Sixta et al., 2015). Ioncell technology is not yet at industrial 
production stage, but plans to start commercializing are set in 2025 
(Ioncell, 2022). Because of the new production technology, which very 
currently received a significant recognition (MWP, 2022), most studies 
on Ioncell have concentrated on fibre physical characteristics (Michud 
et al., 2016; Guizani et al., 2020; Elsayed et al., 2021; Ma et al., 2021). 
So far, only two works have been published about Ioncell colouration: 
one with natural compounds from Salix sp. (Lothander et al., 2020) and 
the other coating with silver and gold nanoparticles (Haslinger et al., 
2020). 

In this study the regenerated cellulose fibres, Ioncell, lyocell, viscose 
and bamboo viscose, were used as material into which natural poly
phenol (A. cepa) and anthraquinone (C. semisanguineus) type colourants 
were applied. Merino wool was used as a reference fibre because it is 
known to absorb natural dyes well, even though its fibre characteristics, 
being protein, differ from the cellulose. 

1.1. Allium cepa 

The common onion, Allium cepa L., has been farmed for 4700 years. It is 
the economically most important member of the genus Allium and culti
vated around the world. There is a huge variety of cultivars and landraces 
within the species, which differ in their adaptation to photoperiod and 
temperature, bulb storage life, dry matter content, flavour and skin colour 

(Gurushidze et al., 2007; Slimestad et al., 2007; Brewster, 2008). The 
onions are classified in different day type varieties, and in northern Europe 
long–day cultivars are grown (Brewster, 2008; Morgen, 2006). The left
over side streams of skins are considered as valuable raw material, as it has 
been shown that especially onions grown in the Nordic hemisphere 
contain high levels of flavonoids (Okamoto et al., 2006; Rodrigues et al., 
2017). World onion production (including all forms of edible Allium spe
cies) was nearly 125 million tonnes in 2020, making it one of the most 
important horticultural crops in the world (FAOStat, 2020). 

The dry outer skins of onions are rich in antioxidant compounds 
(Morgen, 2006; Suh et al., 1999; Lee et al., 2008), such as phenolics (Lee 
et al., 2008), of which the content is affected by various factors such as 
light and temperature (Dixon and Paiva, 1995). For a polyphenol to be 
defined as an antioxidant, there are two basic conditions. Firstly, when it 
is present in low concentration relative to the substrate to be oxidized, it 
is capable of delaying, retarding, or preventing the autoxidation or free 
radical–mediated oxidation. Secondly, the resulting radical formed after 
scavenging must be stable through intramolecular hydrogen bonding on 
further oxidation (Rice-Evans et al., 1996). 

The major polyphenolic compounds in yellow onions (Allium spp.) 
include phenolic acids and flavonoids, such as flavonols (Slimestad 
et al., 2007). Flavonols (I) contain a 3–hydroxyflavone backbone and 
their diversity arises from the various positions of the phenolic 
OH–groups. The antioxidant activity of flavonol compounds is con
nected to their phenolic OH–group via donation of hydrogen atoms to 
free radicals. In general, flavonol glycosides have remarkably lower 
antioxidant capacity than their respective aglycones. The OH–groups in 
B–ring (4′–position) and C–ring (3–position) have higher hydrogen 
donation ability than the A–ring OH–groups (Heim et al., 2002), and for 
example dihydroxy B–ring–substituted flavonoids have great potential 
to perform antioxidant functions (Agati et al., 2012). In colourants, a 
high antioxidant capacity is connected to a photostability as it prevents 
the compound from degradation (Nuutila et al., 2003). The high anti
oxidant capacity improves material’s colourfastness towards light, a 
property that is crucial for long lifetime artefacts. 

The major flavonols in the outer skins of yellow onion (A. cepa) 
include quercetin 4′–glucoside and quercetin (II), the minor ones being 
quercetin 7,4′–diglucoside, quercetin 3,4′–diglucoside, quercetin 
3–glucoside, isorhamnetin 4′–glucoside and isorhamnetin (III) (Puc
ciarini et al., 2019). 

Flavonol (I) Quercetin (II) Isorhamnetin (III)   

Hydroxycinnamic acid (IV) Protocatechuic acid (V) Vanillic acid (VI)   

R. Räisänen et al.                                                                                                                                                                                                                               



Industrial Crops & Products 198 (2023) 116748

3

Of the phenolic acids, particularly hydroxycinnamic acid (IV) de
rivatives contribute to the cell wall formation through esterification 
with complex carbohydrates (Agati et al., 2012). The main phenolic 
acids in yellow onion (A. cepa) skins have been found to be proto
catechuic acid glucoside, protocatechuic acid (V) and vanillic acid (VI) 
(Nuutila et al., 2003). 

1.2. Cortinarius semisanguineus 

Anthraquinones are among the most stable natural secondary me
tabolites and natural dye structures, and they produce bright colours. 
Important is that for natural dyes their tinctorial strength is high. In 
disperse dyeing experiments the K/S value for emodin (VII) was 
observed to be comparable to its synthetic equivalents, i.e. synthetic 
anthraquinone dyes with related structures, in similar concentrations 
(Räisänen et al., 2021). The number and quality of donor groups and 
their positions in the anthraquinone ring system (VIII) affect the wide 
variety of achieved colours. In natural compounds, tetra–substituted (1, 
4,5,8− ) anthraquinones are more bathochromic, e.g. dermocybin (IX), 
than di– (1,4− ) or trisubstituted (1,2,4− ), as with the greater number of 
substituents the circuit of electrons expands causing bathochromic shift 
in absorption towards longer wavelengths (Hunger, 2003). 

In nature, anthraquinones can be found in plants, insects, fungi, 
lichen and bacteria. In the forest mushroom Cortinarius species, sub
group Dermocybe, the amount of anthraquinones can be as high as 6% (in 
dry weight, dw) whereas for plant sources, e.g. madder root (Rubia sp.), 
the amounts of colourants are typically 1.5–4% (dw) and require 2–3 
years of growth period (Räisänen, 2019; Mussak and Bechtold, 2009). 
Colourants can be obtained from mushrooms yearly when in nature, and 
some fungi can also be cultivated in bioreactors (Suthar et al., 2021). 
Previously, we have studied anthraquinones from forest mushrooms 
especially Cortinarius species, and found them potential biocolourant 
sources even for long lifetime commodities (Räisänen et al., 2021; 
Räisänen, 2019; Räisänen, 2002). Also, Cortinarius species have been 
found beneficial for the growth of their host trees, and thus interesting 
from the forest economy point of view (Itoo and Reshi, 2014). Therefore, 
they were selected as one type of dye source for this study. 

C. semisanguineus is a forest mushroom, which grows abundantly in 
the Northern hemisphere, and has been largely used for dyeing purposes 
by craft enthusiasts. The fruiting bodies are not especially big, being less 
than 10 cm tall and the diameters of the caps varying from 3 to 9 cm, but 
mycorrhiza produces numerous mushrooms which are dry and easy to 
pick. Cortinarius spp. are mycorrhizal fungi and form fungus roots 
mainly with coniferous trees (Liimatainen, 2013; Räisänen et al., 2016). 
Ectomycorrhizal fungi have gained increasing interest, as it has been 
recognized that they have the ability to promote the growth of their host 
symbionts. This opens up new prospects to develop techniques to culture 
such beneficial fungi, and benefit from their plant growth increasing 
properties in forest industry (Itoo and Reshi, 2014). In this picture, 
various Cortinarius species have been under investigation (Itoo and 

Reshi, 2014), and this brings up interesting foresight for combining 
beneficial forest economy with biocolorant production. 

Currently, natural anthraquinones produced by fungi are not 
commercially available as biocolourants. There is discussion about an
thraquinones characteristics, for example that some of the structures, if 
occurring in high concentrations, may have harmful effects such as 
mutagenicity and carcinogenicity (Suthar et al., 2021; Dufossé, 2014). 
This sets requirements for further research about the characteristics of 
these compounds, their safe dosage and applications (Herrala et al., 
2022). 

2. Materials and methods 

2.1. Chemicals 

Commercial standards of quercetin–3–O–glucopyranoside, quercetin 
dihydrate (aglycone) and cyanidin-3-O-glucoside chloride (kuromanin 
chloride) were purchased from Extrasynthese (Genay, France). HPLC 
grade MeOH and MeCN were obtained from Honeywell Riedel–de Haën 
(Charlotte, NC, USA) and formic acid (≥ 99%) from VWR international 
(Radnor, PA, USA). Filtered deionized Milli–Q water (Merck KGaA, 
Darmstadt, Germany) was used for chemical analysis. 

For the dyeing experiments, technical grade KAl(SO4)2 * 12 H2O (J. 
T. Baker, Deventer, the Netherlands), FeSO4 * 7 H2O and tannin (tannic 
acid, C14H10O9) (Tetri Design, Helsinki, Finland) were used as mordants. 
Water was regular tap water (pH~7.8, Helsinki Region Environmental 
Services Authority HSY, Helsinki, Finland). HCl and NaOH of analytical 
grade (VWR Chemicals, Czech Republic) were used in concentrations of 
10 mass-% aqueous solutions to adjust the pH of the dye liquor to pH 4 
and 8, respectively. 

Commercial detergent, without optical brightener, Serto Silkkivilla 
(Kiilto, Turku, Finland) contained anionic 5–15%, nonionic 5–15% and 
amphoteric < 5% surface active substances, and was used to wash im
purities from textile samples before dyeing. 

Table 1 
The HPLC protocol used in the analysis of Allium cepa (cv. Settonia).  

Time / min Eluent / % B (1% HCOOH aq) Flow rate / mL/min 

0–8 88–87 0.7 
8–15 87–69 0.7–0.6 
15–22 69–67 0.6 
22–28 67–64 0.6 
28–36 64–60 0.6 
36–42 60–58 0.6 
42–50 58–54 0.6 
50–57 54–48 0.6–0.7 
57–60 48–20 0.7 
60–62 20 0.7 
62–65 20–88 0.7 
65–70 88 0.7  

Emodin (VII) Anthraquinone (VIII) Dermocybin (IX)   
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2.2. Plant and fungal material 

The dry skins of yellow onion [A. cepa, cultivar (cv.) Settonia], 
cultivated in Siilinjärvi, Finland, were obtained from Kesko (Helsinki, 
Finland). The forest mushrooms (C. semisanguineus), collected from the 
southwestern Finland near Turku, were dried at 60 ◦C for 6 h and then 
stored in a dry, dark place at room temperature (RT). 

2.3. Sample preparation for characterisation of plant and fungal 
colourants 

The onion skins were ground using a blender (Bodum, Switzerland). 
The sample was extracted with a modified method from Primetta and 
coworkers (Lätti et al., 2008). The sample (1.67 g) and 10 mL of 
extraction solution (10% MeCN:MeOH, 85:15, v/v + 90% aqueous 
HCOOH 8.5%, v/v) was vortexed 2 min, ultrasonicated 20 min at 50 ◦C, 
vortexed again and centrifuged at 3000 rpm for 5 min at ambient tem
perature (without temperature control). The extraction was repeated 
twice with 5 mL. The supernatants were combined and the volume 
adjusted to 20 mL. Before HPLC analysis the extract was filtered using 
Chromafil® GF/RC–45/25 0.45 µm glass fibre/regenerated cellulose 
syringe filter (Magherey–Nagel GmbH & CO, Germany). 

The main colourants in the forest mushroom C. semisanguineus were 
identified previously by Räisänen and coworkers (Räisänen, 2019; 
Räisänen et al., 2020) using the 2D–TLC and HPLC–UV/Vis–MS 
protocols. 

2.4. HPLC–DAD–ESI–MS/MS 

HPLC-analyses of the yellow onion samples were performed with HP 
Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA) 
equipped with degasser, binary pump, autosampler and DAD detector. 
The column was Gemini C18 15 mm × 4.6 mm, 3 µm (Phenomenex, 
Torrance, CA, USA) fitted with SecurityGuard C18 precolumn. Data 
acquisition and analysis for HPLC–DAD were done with Chemstation for 
LC 3D software (rev A 10.02). The ESI–MS detector was Bruker Esquire 
3000 plus (Bruker, Billerica, MA, USA) quadrupole ion trap mass spec
trometer. The HPLC program was modified from Primetta and co
workers (Lätti et al., 2008, 2010, 2011) (Table 1). Eluent A was MeCN: 
MeOH 85:15 (v/v) and eluent B 1% HCOOH in water (v/v). 

The wavelengths of 280, 360 and 520 nm were monitored, and the 
positive and negative modes in ESI-MS/MS employed. The ESI condi
tions for the positive ionisation included capillary voltage 4.2 kV and 
temperature 300 ◦C, and for the negative ionisation 3.7 kV and 340 ◦C, 
respectively. Nitrogen was the nebulizer and drying gas. Full scan mass 
spectra were measured over the range 100–1000 m/z. Data acquisition 
and analysis was conducted with Bruker Daltonics Esquire 5.3 software 
(Bruker, Billerica, MA, USA). 

2.5. Textile materials 

The aim was to study the dyeability of regenerated cellulose fibres, 
and wool was used as a reference material for its known good dyeability 
with natural dyes. Ioncell–F was obtained from Aalto University (Espoo, 
Finland) as fibres and knitted fabric. Viscose, bamboo viscose and lyocell 
were knitted fabrics from Orneule (Orivesi, Finland). Merino wool fibres 
were from Hoppy Point (Helsinki, Finland) and knitted fabric from 
Orneule (Orivesi, Finland). The detailed information of the materials is 
in Table 2. 

2.6. Dyeing experiments 

The dyeing experiments were performed using Original Hanau 
Linitest equipment (Hanau, Germany) following two types of exhaust 
dyeing procedures: A) mordant dyeing at 80 ◦C for 1 h, and B) high 
temperature high pressure (HTHP) dyeing at 130 ◦C for 1 h. 

Before dyeing knitted fabrics and fibres were washed at 40 ◦C for 
10 min to remove potential impurities. Commercial detergent Serto 
Silkkivilla was used in concentration 5 mL/L. After washing samples 
were rinsed twice with water and dried at RT. 

To prepare the dye liquor, the amount of dry onion skins [33% on 
weight of fibre (owf)] or mushrooms [100% (owf)] was weighed, 
chopped or crushed, and treated in water with liquor ratio 1:20 in 80 ◦C 
for 1 h, where after the extract was drained through 60 mesh polyester 
filter. Organic material was discarded and the filtrate used in dyeing, 
where the fabric to liquor ratio was 1:20 or 1:50. If needed water was 
added to obtain the required liquor ratio. Table 3 summarizes the dyeing 
conditions in procedures A and B. Method A applied meta mordanting, 
which means that the mordant and the dye were at the same time in the 
dye liquor. This procedure saves water and energy because the mor
danting and dyeing step are combined. 10% alum, 3% ferrous sulphate 
and 5% tannin (owf) were used as mordants, one at a time (Method A). 
Also, a sample without any mordant was dyed. HCl and NaOH were used 
to adjust the pH of the dye liquor to pH 4 and 8, respectively. 

2.7. Dye content determination in the dye liquor 

The dye (solid) content in dye liquor was determined by extracting 
the amount of 10 g of finely powdered yellow onion skins in 1:10 liquor 
ratio H2O at 80 ◦C for 1 h, where after the dye liquor was filtered twice 
through a 140 mesh filter. A sample size of 20.0 g of dye liquor was 
evaporated to dryness at 50 ◦C for 36 h and dry content in the sample 
was calculated (m (solid dye): m (dye liquor) x 100%). Further, the dye 
content in onion skins was calculated according to the onion skin 
amount that was used to prepare the dye liquor. To proof the concept, 
extraction was repeated twice with 4 parallel samples (20.0 g) evapo
rated to dryness of each extraction. For the yellow onion the dye (solid) 
content was 1.25% of dw of the skins. The amount of the yellow onion 
dye in the dye liquor was 0.4% owf. According to Räisänen (2019) the 
anthraquinone content in C. semisanguineus is 4% of dw, which makes 
the dye amount in the dye liquor 4% owf. 

2.8. Determining characteristics of the coloured fabrics 

The colour of the dyed samples was measured as CIE L* , a* and 
b* and reflectance values (Smith, 1997) using a Konica Minolta (Tokyo, 
Japan) CM–2600d spectrophotometer (illuminant D65, CIE 10◦

observer). SCI (Specular Component Included) values were recorded, as 
this type of colour evaluation measures the total appearance indepen
dent of the surface conditions. The K/S value was calculated by the 
Kubelka–Munk equation [1]:  

K / S = (1− R)2 / 2 R                                                                      (1) 

where K is the absorption coefficient and S the scattering coefficient of 

Table 2 
Properties of the fabrics used in the dyeing experiments.  

Material Square 
weight [g/ 
m2] 

Knit type Composition Crystallinity (ref) 

Viscose 158 1 × 1 ribbing 100% 50–58% (Rocky, 
Thompson, 2021) 

Bamboo 
viscose 

220 2 yarn 
reinforced 
single 

100% 35–40% (Rocky, 
Thompson, 2021) 

Lyocell 215 single 98% CLY, 
2% EA 

54–56% (Singh 
and Murthy, 2017) 

Ioncell–F 160 interlock 100% 46–52% ( 
Lothander et al., 
2020) 

Merino 
wool 

220 interlock 100% 46% (Yu et al., 
2021) 

CLY: lyocell, EA: elastane 
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the fabric to be tested, and R is the reflectance at the maximum ab
sorption wavelengths. The wavelengths of 420 nm (A. cepa) and 460 nm 
(C. semisanguineus) were used for the R values. 

The measured CIE L* , a* , b* values were converted to RGB values 
with Corel PaintShop Pro 2023 25.1.0.32 × 64 software. The corre
sponding RGB values were used to colour cells in Tables 5 and 6. 

The colourfastness for domestic and commercial laundering was 
tested according to the (ISO 105–C06:2010) standard using AATCC 
detergent (WOB), A1S method and DW multi–fibre test fabric. The 
colour change after the washing fastness test was measured with the CIE 
Lab spectrophotometer and converted into the grey scale rating 1–5 
according to the (ISO 105–A05:1996) standard. The values for staining 
were measured as CIELab values, and converted to the 1–5 scale ac
cording to the (ISO 105–A04:2000) standard. The (ISO 105–B02:2014) 
standard, Method 2, was followed to test the light fastness using James 
Heal TruFade 200 equipment (James Heal, Halifax, UK) with a xenon arc 
lamp. 

3. Results 

3.1. Colourants in yellow onion (A. cepa cv. Settonia) 

The main colourants from the yellow onion skins were tentatively 
identified, and the results can be seen in the HPLC-DAD chromatogram 
(Fig. 1) and Table 4. The results are in accordance with the previously 
published works (Pucciarini et al., 2019; Ly et al., 2005). Most flavonols 
(I) exhibit two major characteristic absorption bands in the UV/Vis re
gion: Band II (A ring) absorption occurs at 250–285 nm, and the Band I 
(B ring) at 320–385 nm (Markham, 1989). 

The tentative identification of flavonoids from the MS data revealed 
the presence of quercetin (II) and its derivatives. The most prominent 
peaks were identified as quercetin hexoside (3) and quercetin aglycone 
(4). 

The first eluted peak was the most polar compound of the separated 
quercetin derivatives, quercetin dihexoside (1), which is typical when 
using RP-column, and finding is consistent with the literature (Lee et al., 
2008; Lee et al., 2011). The fragmentation of the compound is in 
accordance with (Lee et al., 2011) (Table 4). 

Second peak was tentatively identified as benzofuranone derivative 
(2). A benzofuranone derivative 2–(3,4–dihydroxybenzoyl)– 
2,4,6–trihydroxybenzofuran–3(2 H)–one has previously been identified 
in A. cepa skins by Ly et al. (2005) and has been identified as an 
oxidation product of quercetin (Gülşen et al., 2007). 

The third peak was tentatively identified as quercetin hexoside (3), 
and is most probably quercetin glucoside (e.g. Lee and Mitchell, 2011). 

Compound 4 was tentatively identified as quercetin aglycone (4) pre
senting UV/Vis and MS characteristics typical for quercetin (Ma et al., 
1997; Fabre et al., 2001; Bonaccorsi et al., 2005). Compounds 5, 6 and 7 
were all tentatively identified as quercetin dimer hexosides (Ly et al., 
2005; Campone et al., 2018). Compounds 5 and 6 eluted close together 
at 35.0 and 35.3 min and presented very similar MS characteristics. 
Compound 7 detected at 40.8 min and tentatively identified as quercetin 
dimer hexoside presented a slightly different fragmentation pattern to 
the previous two compounds. The differences in the MS fragmentation 
patterns as well as UV/Vis spectral characteristics suggest a difference in 
molecular structures for compounds 5 and 6 versus 7, as reported also 
earlier by Ly and coworkers (2005). More detailed analysis based on the 
MS-MS fragmentation of the compounds is presented in the supple
mentary material, S1. 

3.2. Colourants in the forest mushroom C. semisanguineus 

The main anthraquinones in the C. semisanguineus were previously 
identified and reported by Räisänen and coworkers (Räisänen, 2019; 
Räisänen et al., 2020) as dermolutein, physcion, dermocybin glycoside, 
dermorubin, 5–chlorodermolutein, emodin glycoside and 
5–chloroemodin (Table 5 S in supplementary material). In fresh mush
rooms the majority of emodin and dermocybin are as glucosides, i.e. 
1–β–D–glucopyranosides, which can turn into aglycones by enzymatic 
hydrolysis occurring endogenously in the fungus by the β–glucosidase 
enzyme. Endogenous hydrolysis is possible in old mushrooms, and 
during drying, when the cell walls are disrupted enabling reactions. 

3.3. Colour and colour fastness of the dyed materials 

The CIELab colour codes of the dyed samples are shown in Table 5 
(A. cepa) and 7 (C. semisanguineus). The polyphenolic compounds create 
yellowish colours indicated from the high positive values of b* . The 
aluminium mordant produce with the polyphenolic dyes metal com
plexes creating a clearly yellow colour, while the result without a 
mordant or with tannin is light brown. Iron’s metal complex with the 
polyphenolic dyes create green, indicated from a low positive value of 
a* (near 0) and relatively low positive value of b* (ca. 10). The K/S 
values (Table 5, Fig. 2) show that the highest colour uptake is obtained 
with polyphenolic dyes in acidic, pH 4, environment, and there is a 
surprisingly big difference compared to the result with the basic envi
ronment, pH 8. Normally, cellulose fibres are dyed in basic environment 
because the fibres are then at the most reactive stage as cellulose’s hy
droxyl groups are ionized, and this opens up the fibre structure (Bur
kinshaw and Filarowski, 2016). However, as our results show with 

Table 3 
Conditions and parameters in the dyeing experiments.  

Procedure Dye (owf) Temp [oC] LR pH Mordants (owf) Sample 

Method A: Mordant dyeing 0.4% 
A. cepa 

80 1:50 4 
or 
8 

0, 
KAl(SO4)2 10%, FeSO4 3%, 
tannin 5% 

á 3 g fibres: 
Ioncell–F, 
merino wool  

4% 
C. semisanguineus 

80 1:50 4 
or 
8 

0, 
KAl(SO4)2 10%, FeSO4 3%, 
tannin 5% 

á 3 g fibres: 
Ioncell–F, 
merino wool 

Method B: HTHP dyeing 0.4% 
A. cepa 

130 1:50 8 0, 
tannin 5%  

á 10 g knitted fabric: 
viscose, 
bamboo viscose, lyocell, 
Ioncell–F  

“ “ “ 4 “ á 10 g knitted fabric: 
merino wool  

4% 
C. semisanguineus 

130 1:20 8 0, 
tannin 5% 

á 10 g knitted fabric: 
viscose, 
bamboo viscose, lyocell, 
Ioncell–F  

“ “ “ 4 “ á 10 g knitted fabric: 
merino wool 

owf: on weight of fibre, LR: liquor ratio, HTHP: high temperature high pressure. 
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natural dyes this is not the optimal condition: the cellulose fibre creates 
a negative charge, and repelling forces push likely charged dyes away 
from the fibre surface. 

The HTHP dyeing (Method B, Table 5) increase the dye uptake of 
wool greatly, compared to the conventional dyeing, indicated by the 
remarkably higher K/S values, but for cellulose fibres the dye uptake 
remain at the same level as in the conventional dyeing revealed by the 
faint colour and the low K/S values. Moreover, the conventional dyeing 
in pH 4 results the highest K/S values for the regenerated cellulose fi
bres, and thus shows the most favourable dyeing environment for the 
polyphenolic yellow onion dyes. At pH 4 conditions hydrogen bonding 
between cellulose OH-groups and colourants is possible, and this creates 
more favourable environment for dye uptake. When comparing the 
different regenerated cellulose fibres it can be observed, that the dyeing 

result is nearly the same under the identical conditions. 
Dyeing experiments with the yellow onion dye show that if the clear 

yellow colour is desired, aluminium is needed as the mordant, because 
the natural mordants (being phenols) themselves give a beige (light 
brown) background tone. Tannins are complex polyphenols and there
fore, it is logic that the colour with tannin mordant is nearly the same 
than that without any mordant. In this research we wanted to use as 
environmentally sound mordants as possible, and according to the 
current knowledge aluminium and iron are the most appropriate from 
the metal salts. Important is to use mordants in small amounts where the 
majority attaches to the fibres. 

The anthraquinone structure is flat and it has delocalized π electrons, 
which create a negative electron cloud around the molecule. Electro 
negativity is even stronger when the attached hydroxyl groups are 

Table 4 
The results of the HPLC–DAD–MS/MS data of yellow onion (A. cepa cv. Settonia). The numbers refer to the peaks in Fig. 1.     

Positive ions  Negative 
ions     

Peak RT 
(min) 

UV/Vis 
(nm) 

MS (m/z) MS–MS (m/z) (precursor 
in bold) 

MS (m/z) MS–MS (m/z) (precursor 
in bold) 

Tentative 
identification 

Molecular 
formula 
(mass) 

Literature 

1 16.3 NA 627 [M+H]+ 627: 465 [M+H–Hx]+, 303 
[Aglc+H]+ (100), 257 
[Aglc+H–H2O–CO]+, 247 
[Aglc+H–2CO]+, 229 
[Aglc+H–H2O–2CO]+

625 
[M–H]– 

625: 463 [M–H–Hx]– (100), 
301 [Aglc–H]–, 343 
[M–H–Hx–150 (hx 
cleavage)]– 

Quercetin 
dihexoside 

C27H30O17 

(626.1483) 
(Lee and 
Mitchell, 
2011) 

2 16.7 234, 294, 
320sh 

341 
[M+H+Na]+, 
319 [M+H]+, 
301 
[M+H–H2O]+

(100)  

NA 
635 
[2 M–H]– 

(100), 317 
[M–H]– 

317: 299 [M–H–H2O]–, 273 
[M–H–CO2]–, 271 
[M–H–H2O–CO]–, 208 
[M–H–B–ring]–, 207 
[M–H–B–ring –H]–, 255 
[M–H–H2O–CO2]–, 191 
[M–H–B–ring–OH]– (100), 
163 
[M–H–B–ring–OH–CO]– 

635: 317 [M–H]– 

Benzofuranone 
derivative  

(Ly et al., 
2005; Gülşen 
et al., 2007; 
Jungbluth 
and Ternes, 
2000; 
Jørgensen 
et al., 1998) 

3 21.5 254, 
265sh, 
~310sh, 
366 

465 [M+H]+ 465: 303 [Aglc+H]+ (100), 
285 [Aglc–H2O]+, 257 
[Aglc–H2O–CO]+, 229 
[Aglc–H2O–2CO]+, 165 
(0,2A+ aglc fragment), 155, 
145 

463 
[M–H]– 

436: 301 [Aglc–H]–, 179 
[1,2A–H (aglc fragment)]– 

(100), 151 [1,2A–H–CO]– 

Quercetin 
hexoside 

C21H20O12 

(464.0955) 
(Lee et al., 
2008; Lätti 
et al., 2010; 
Lee et al., 
2011; 
Bonaccorsi 
et al., 2005) 

4 30.0 256, 298, 
372 

303 [M+H]+ 303: 283 
[M+H–H2O–2 H]+, 276, 
275 [M+H–CO]+, 273 
[M+H–CH2O]+, 257 
[M+H–H2O–CO]+ (100), 
229 [M+H–H2O–2CO]+, 
201 [M+H–H2O–3CO]+, 
121 

617 (100), 
301 
[M–H]– 

301: 273 [M–H–CO]–, 272, 
271 [M–H–CH2O]–, 257 
[M–H–CO2]–, 229 
[M–H–CO2–CO]–, 193 
[M–H–B–ring]–, 179 
[1,2A–H]– (100), 151 
[1,2A–H–CO]–, 107 
[1,2A–H–CO–CO2]– 

Quercetin 
aglycone 

C15H10O7 

(302.2380) 
(Lee et al., 
2008; 
Bonaccorsi 
et al., 2005) 

5 35.0 256, 273, 
304, 370 

765 [M+H]+ 765: 613 [M+H–152]+, 
603 [M+H–Hx]+ (100), 
585 [M+H–Hx–H2O]+, 543 
[M+H–Hx–C2H2O]+, 467, 
451 [M+H–Hx–152 (C–ring 
cleavage)]+, 423, 341, 303 
[Monom+H]+

763 
[M–H]– 

763: 611 [M–H–152]– 

(100), 599, 593, 583 
[M–H–Hx–H2O]–, 449 
[M–H–Hx–152 (C–ring 
cleavage)]–, 421, 299 
[Monom–3 H]– 

Quercetin 
dimer hexoside 

C36H28O19 

(764.1225) 
(Ly et al., 
2005; 
Campone 
et al., 2018) 

6 35.3 256, 274, 
303, 
~368 

765 [M+H]+ 765: 603 [M+H–Hx]+

(100), 585 
[M+H–Hx–H2O]+, 559, 
493, 467, 451 
[M+H–Hx–152 (C–ring 
cleavage]+, 433, 423, 341, 
303 [Monom+H]+

763 
[M–H]– 

763: 611 [M–H–152]– 

(100), 583 
[M–H–Hx–H2O]–, 449 
[M–H–Hx–152 (C–ring 
cleavage)]–, 431 

Quercetin 
dimer hexoside 

C36H28O19 

(764.1225) 
(Ly et al., 
2005; 
Campone 
et al., 2018) 

7 40.8 250, 272, 
304, 364 

765 [M+H]+ 765: 603 [M+H–Hx]+

(100), 585 
[M+H–Hx–H2O]+, 567 
[M+H–Hx–2 H2O]+ (4), 
557 [M+H–Hx–H2O–CO]+, 
405, 313, 303 
[Monom+H]+, 273 
[Monom–2 H–CO]+

763 
[M–H]– 

763: 601 [M–H–Hx]–, 571, 
300, 299 [Monom–3 H]– 

(100), 271 
[Monom–3 H–CO]–, 227, 
215 

Quercetin 
dimer hexoside 

C36H28O19 

(764.1225) 
(Ly et al., 
2005; 
Campone 
et al., 2018) 

sh: shoulder, Aglc: aglycone, Hx: hexoside, Monom: monomer. 
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ionized. As the cellulose fibres are equally negatively charged in 
aqueous environment (Reischl et al., 2006), repulsive electrochemical 
forces appear, and dyeing result remains light. Even the aluminium and 
iron mordants are not able to improve the situation, as indicated from 
the alike low K/S values. 

The lightfastness results for all regenerated cellulose fibres are about 
the same, varying from poor to moderate (Tables 7 and 8). For phenolic 
compounds the lightfastness values are slightly better for samples that 
were dyed in the acidic environment. Even that anthraquinones gener
ally are more lightfast than phenolic compounds, were the colourfast
ness results for C. semisanguineus dyed cellulose samples very low, 
attributed to the low amount of dye attached to the fibres (low K/S 
value), and it fading away (Table 8). The morphological structures and 
the degree of crystallinity (Table 2) of fibres may have an effect to the 
dyeing result, as dye particles penetrate the amorphous areas, and thus 
the lower the crystallinity the more room for dyes in fibres (Räisänen 
et al., 2017; Guizani et al., 2020). Table 2 shows that differences in 
crystallinity between the different regenerated fibres is small. Bamboo 
viscose and Ioncell have slightly lower rate of crystallinity, but it does 
not result significant differences in dyeing rate, i.e. the K/S values 
(Table 6, Fig. 2) compared to viscose and lyocell. 

Washing fastness results for staining vary for all samples between 
moderate to good (Tables 7 and 8), whereas colour change receives 
partly low values. This shows one of the challenges of natural colourants 
– the washing. From delicate colours like yellow, the change in hue is 
easily observable: the basic environment of detergent liquor often in
duces colour change in natural dyed textile, attributed to the ionization 

of dye molecules and thus bathochromic shift in light absorption. 
Washing with neutral or slightly acidic environment is highly recom
mended to decrease the phenomenon. 

Phan and coworkers (2021) reviewed several agricultural side- 
streams, and propose that agricultural and food processing waste 
streams are adequate sources for natural dye production, especially 
when applied in niche scale. Through the life cycle analysis they showed 
that there is environmental competitiveness of certain natural dyes 
compared with synthetic dyes, when applied as crude liquid form ex
tracts (Phan et al., 2021), obviously because the evaporation of the 
solvent requires energy. The comparisons also showed that the dye 
extraction phase (solvent and energy use) and the dyeing phase (liquor 
ratio) have the largest environmental impact on the entire process when 
estimating the processes sustainability (Phan et al., 2021). When 
designing valorisation routes for natural dyes it is good to keep in mind 
that by–products may contain other added–value substances. To remain 
competitive in processing costs, the EU RESFOOD (2016) project advises 
the co–production of multiple compounds. This means that by–products 
should be valorised toward a major bulk compound (e.g., protein, fat, 
carbohydrate, or fibre), while the minor compounds can be separated 
from the crude extract afterwards (RESFOOD, 2016). Even though 
dyeing with the crude liquid extract is in all cases the most competitive 
and environmentally sound approach, this is recommended only when 
the extract is depleted of the main valuable substances or their extrac
tion is not economically viable. Otherwise, purification is justified; the 
purified dye extract can be processed into a concentrate, even a powder, 
via vacuum evaporation or spray drying (Phan et al., 2021). 

Table 5 
The CIELab values of the samples dyed with A. cepa. (printing with colour).  

Ac: A. cepa, f: fibre, Bviscose: bamboo viscose, Tann: tannin, Al: alum. 

R. Räisänen et al.                                                                                                                                                                                                                               



Industrial Crops & Products 198 (2023) 116748

8

We showed that agricultural streams and ectomychorrizal fungi, like 
Cortinarius species, possess potential as biocolourants: very well for 
protein fibres like wool, and also for regenerated cellulose materials in 
certain conditions. Ectomychorrizal fungi are important for growth of 
trees and they should be examined from the point of view of beneficial 
forest economy (Itoo and Reshi, 2014), which could be combed with 

biocolourant production. Further research is needed of these less known 
mushroom species and their symbiotic relationships in forest ecosys
tems. As well as the dyeability of cellulose regenerated fibres with 
different types of biocolourants. 

Table 6 
The CIELab values of the samples dyed with C. semisanguineus. (printing with colour).  

Cs: C. semisanguineus, f: fibre, Bviscose: bamboo viscose, Tann: tannin, Al: alum. 

Fig. 1. The HPLC–DAD profile of the A. cepa (cv. Settonia) sample monitored at 360 nm. The numbered peaks of the tentatively identified compounds are presented 
in Table 4. 

R. Räisänen et al.                                                                                                                                                                                                                               



Industrial Crops & Products 198 (2023) 116748

9

Fig. 2. The K/S values of the samples dyed with A. cepa (at λ 420 nm, blue) and C. semisanguineus (at λ 480 nm, orange). Method A refers to the mordant dyeing and 
Method B to the HTHP dyeing. (printing with colour). 

Table 7 
Colourfastness of the textile materials dyed with A. cepa in pH 4 and 8.  

Sample# Dyeing  WF WF, staining 

Method A pH LF CC CA CO PA PES PAN WO 

Ac-0-WO-f 4 3 4 4–5 3 4 3–4 5 5 
Ac-Al-WO-f 4 3 2 5 5 5 5 5 5 
Ac-Tann-WO-f 4 3 3–4 5 4–5 4–5 5 5 4–5 
Ac-Fe-WO-f 4 4 1 4–5 4–5 4 5 5 5 
Ac-0-Ioncell-f 4 2 1 5 4–5 5 5 5 4–5  

8 2 2 5 4–5 5 5 4–5 4–5 
Ac-Al-Ioncell-f 4 4 1 5 4–5 5 5 5 4–5  

8 1 1 5 5 5 5 5 4–5 
Ac-Tann-Ioncell-f 4 2 2 4–5 4–5 5 5 5 4–5  

8 3 1 5 4–5 5 5 5 4–5 
Ac-Fe-Ioncell-f 4 4 1 4–5 4–5 5 5 5 5  

8 2 1–2 5 5 5 5 4–5 4–5 
Ac-Tann-WO 4 4 1 3 2–3 4–5 4–5 5 5 
Ac-Tann-Viscose 8 2 1–2 5 4 5 5 5 5 
Ac-Tann-Bviscose 8 2 2–3 4 4 5 5 5 5 
Ac-Tann-Lyocell 8 2 3 4–5 3–4 5 5 5 5 
Method B          
Ac-0-WO 4 4 2 3–4 3 4–5 5 5 5 
Ac-Tann-WO 4 4 1 3–4 3 4–5 5 5 5 
Ac-0-Viscose 4 3 2 4–5 3–4 3–4 1 5 5  

8 2 1–2 4–5 3 5 5 5 5 
Ac-Tann-Viscose 8 2 1–2 5 4 5 5 5 5 
Ac-0-Bviscose 4 4 2 5 3–4 5 4 5 4  

8 2 1–2 3–4 2–3 5 5 5 5 
Ac-Tann-Bviscose 8 2 3 4–5 4 5 5 5 5 
Ac-0-Lyocell 4 3 3 4 3 5 5 5 5  

8 2 1 3–4 2–3 5 5 5 5 
Ac-Tann-Lyocell 8 2 1–2 3–4 3–4 5 5 5 5 
Ac-0-Ioncell 8 2 2 4 4 5 5 5 5 
Ac-Tann-Ioncell 8 2 3–4 4 3–4 5 5 5 5 

Ac: A. cepa, f: fibre, Bviscose: bamboo viscose, Tann: tannin, Al: alum, LF: light fastness, WF: washing fastness, CC: colour change, CA: cellulose acetate, CO: cotton PA: 
polyamide, PES: polyester, PAN: polyacrylonitrile, WO: wool. 

R. Räisänen et al.                                                                                                                                                                                                                               



Industrial Crops & Products 198 (2023) 116748

10

4. Conclusions 

The main phenolic colourants of yellow onion (A. cepa) were suc
cessfully analysed and characterized as quercetin aglycone and quer
cetin glycosides. The antraquinones from the forest mushroom 
(C. semisanguineus) were previously analysed and characterized 
(Räisänen, 2019; Räisänen et al., 2020; Räisänen et al., 2000). Extracted 
crude mixtures of onion and mushroom were applied as dyes for re
generated cellulose fibres. Different regenerated fibre types did not show 
significant differences between the dye uptake, but the phenolic com
pounds received higher uptake (K/S 0.7–14.9) than the anthraquinones 
(K/S 0.3–1.2). HTHP dyeing didn’t enhance dye uptake for cellulose 
fibres compared to conventional dyeing nor were the colour fastness 
values increased. The HTHP dyeing was applied because we knew from 
our previous experience that cellulose is a difficult material to dye with 
natural dyes, and temperature is one of the focal parameters in dyeing. 
Water in gas phase (130 ◦C) has more energy to open the fibres and carry 
the dissolved dye molecules. From the results (Fig. 2) we see that the 
higher temperature gave considerable advantage and increase in dye 
uptake for wool, but not for regenerated cellulose fibres. 

Colourfastness properties for dyed regenerated cellulose materials 
were low (1–4, 8 being maximum) for long lifespan consumables, which 
sets questions for further research on colouration practises. Iron 
mordant resulted the best light fastness values revealing strong stabili
zation ability for the dye. Free phenolic compounds, such as quercetin, 
have high antioxidant capacity and activity (Nuutila et al., 2003), and 
this may lead to higher photostability of the colourant increasing the 
colourfastness of the dyed textile. Related to this, Willemen and co
workers have noticed that colour change after UV exposure was less for 
crude extracts compared to purified flavonoids. However, when they 
compared colour change, ΔE, values of flavonoid aglycones to mono- 
and di-glycosides, they noticed that aglycones had slightly lower values 
indicating better colour fastness (Willemen et al., 2019). On the other 
hand, Ford and coworkers noticed when studying anthraquinones from 
madder that anthraquinone glycosides were absorbed to a greater 
extend by the fibre compared to aglycones (Ford et al., 2018). Both 

Willemen’s and Ford’s groups dyed wool. In plants, as revealed by our 
analysis of yellow onion, flavonoids are often connected to glucosides, 
having lower antioxidant capacity than aglycones (Nuutila et al., 2003). 
Therefore, our next step is to develop natural dyes as aglycones through 
enzymatic hydrolysis, and study the properties of obtained compounds 
to find out whether improvement in the dyed textile’s colourfastness can 
be received especially for cellulose fibres. For Ioncell at pH 4 the fla
vonoids dye uptake and colourfastness values were tiny bit higher than 
those of the other studied cellulose fibres, and would need further 
research for confirmation. 
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Table 8 
Colourfastness of the textile materials dyed with C. semisanguineus in pH 4 and 8.  

Sample# Dyeing  WF WF, staining 

Method A pH LF CC CA CO PA PES PAN WO 

Cs-0-WO-f 4 3 1 4–5 2 4–5 4–5 5 5 
Cs-Al-WO-f 4 3 1 4–5 3 3 3–4 4–5 4–5 
Cs-Tann-WO-f 4 3 1 3–4 2 4–5 4–5 5 3 
Cs-Fe-WO-f 4 3 1 4–5 2 3 3–4 4–5 4–5 
Cs-0-Ioncell-f 4 1 1–2 5 5 4 5 4–5 4–5  

8 3 1 4–5 4–5 4 4–5 5 4–5 
Cs-Al-Ioncell-f 4 1 1–2 4–5 4–5 5 4 4–5 4–5  

8 1 2 5 5 4–5 5 5 5 
Cs-Tann-Ioncell-f 4 2 1 4–5 4–5 4 4–5 5 5  

8 3 1–2 4 4–5 4–5 4–5 5 4–5 
Cs-Fe-Ioncell-f 4 3 1–2 5 4–5 5 5 5 4–5  

8 2 2 5 5 4–5 5 5 5 
Cs-Tann-WO 4 3 1 2–3 3 4 5 5 4–5 
Cs-Tann-Viscose 8 1 1–2 4–5 4–5 5 5 5 5 
Cs-Tann-B. viscose 8 2 1 4 4–5 4–5 5 5 5 
Cs-Tann-Lyocell 8 2 2–3 4 4–5 4–5 5 5 5 
Method B          
Cs-0-WO 4 4 1–2 3 2–3 2–3 4 4–5 3–4 
Cs-Tann-WO 4 6 1–2 2–3 3 2–3 4–5 4–5 3 
Cs-0-Viscose 8 1 1–2 4–5 4–5 4–5 5 5 5 
Cs-Tann-Viscose 8 1 1–2 4–5 4–5 5 5 5 5 
Cs-0-B. viscose 8 2 1–2 4 4 4 5 5 5 
Cs-Tann-B. viscose 8 2 3 4 4–5 4–5 5 5 5 
Cs-0-Lyocell 8 1 1 4 4 4 5 5 5 
Cs-Tann-Lyocell 8 2 1–2 4–5 4 4–5 5 5 5 
Cs-0-Ioncell 8 1 1–2 4–5 5 5 5 5 5 
Cs-Tann-Ioncell 8 2 1–2 4–5 4–5 4–5 5 5 5 

Cs: C. semisanguineus, for other abbreviations see Table 7. 
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Räisänen, R., Rissanen, M., Parviainen, E., Suonsilta, H., 2017, Tekstiilien materiaalit 
[Textile materials]. Finn Lectura, Helsinki. 
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Hummel, M., 2015. Ioncell–F: A high–strength regenerated cellulose fibre. Nord. 
Pulp Pap. Res. J. 30 (1), 43–57. https://doi.org/10.3183/ 
npprj–2015–30–01–p043–057. 

Slimestad, R., Fossen, T., Vågen, I.M., 2007. Onions: a source of unique dietary 
flavonoids. A Rev. J. Agric. Food Chem. 55, 10067–10080. https://doi.org/10.1021/ 
jf0712503. 

Smith, K.J., 1997. Colour–order systems, colour spaces, colour difference and colour 
scales. In: McDonald, R. (Ed.), Colour Physics for Industry, 2nd ed.,. Society of Dyers 
and Colourists, Bradford.  

Suh, H.J., Lee, J.M., Cho, J.S., Kim, Y.S., Chung, S.H., 1999. Radical scavenging 
compounds in onion skin. Food Res. Int. 32,, 659–664. 
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