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Abstract

Regenerated protein fibres manufactured from food side-streams offer signifi-

cant potential as circular and sustainable fibres, but greater knowledge of their

dyeing properties is required. In this research, coloration of casein fibres with

dyes also extracted from blackcurrant skins left over from juice pressing is

explored. Casein fibre was dyed with blackcurrant extract, rich in anthocya-

nins, from pH 2 to pH 6 and from 40 to 80�C, with and without alum. Casein

fibres could be dyed with blackcurrant extract across all conditions tested, and

under optimal conditions, dyeing is achieved with medium depths of colour

with good wash fastness. Highest sorption of anthocyanins onto casein is

observed at pH 4, where anthocyanins are a mixture of 60% neutral purple qui-

nonoidal base form and 40% flavylium cation form; under these conditions

dye–fibre interaction is optimal. At pH 2, casein fibre has a highly positively

charged surface and anthocyanin is in the flavylium cation form, leading to

some dye–fibre repulsion. At pH 6, the slightly negatively charged casein fibre

demonstrates lower sorption of the mixture of 40% purple quinonoidal base

form and 60% the anionic quinonoidal base form, again leading to some dye–
fibre repulsion. Presence of alum in the dyebath enhances sorption of anthocy-

anins onto fibre at pH 4 due to formation of Al–anthocyanin complexes. Wash

fastness of the dyeings is better as pH increases and as temperature increases.

1 | INTRODUCTION

Global annual fibre production in 2021 was over
113 million tonnes (Mt) and is expected to grow to 149 Mt
by 2030,1 with polyester (60.5 Mt) and cotton (24.7 Mt)
making up 76% of the total; regenerated cellulosics
(e.g., lyocell, viscose; 7.2 Mt), other plant fibres (e.g., linen,
hemp; 6.7 Mt), polyamides (5.9 Mt), other synthetics
including polypropylene, acrylics, and elastane (5.8 Mt),
wool (1.0 Mt), and other animal fibres (0.7 Mt) make up

the remainder. Apparel consumption set to rise to 102 Mt
by 2030 (a 63% increase from today),2 and with this
increased fibre use comes increased consumption of raw
materials, water, energy and chemicals used in their man-
ufacture, and the associated emissions to the environment.

Fibres derived from petrochemical resources receive
much media attention for their contribution to the global
problem of ‘plastics’ in the environment. Synthetic microfi-
bres (MFs) account for over a third of all plastic reaching the
open ocean3 and are pervasive in all ecosystems, but natural
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fibres also have a significant impact; recent studies show
�80% of ocean MFs are dyed/finished cellulosic fibres,4 the
impact of which are not yet understood. Wool remains the
dominant protein-based fibre for textiles, but recycled wool
only contributes 6% of the global total woolmarket.1

There is a clear need to move away from the
traditional sources of textile fibres to find options that pre-
sent more material circularity. In a circular economy, waste
and pollution can be reduced and eliminated by increased
use of renewable energy, reducing water consumption, end-
ing the use of toxic chemicals, and the design of new mate-
rials, products and systems.5 Utilisation of waste as raw
material feedstock is a core concept of circular design. The
textile industry has seen in recent years new fibres come
into themarket that comprise waste as part of the rawmate-
rials in their manufacture,6 such as Refibra7 from pre- and
post-consumer cotton waste, Orange Fibre8 from orange
peel waste and Piñayarn9 from pineapple leaves. The use of
food production waste offers a huge opportunity with bene-
fits to the environment and economy. Up to 2 billion (bn)
tonnes per annum (tpa) of all food produced in the world
ends up as waste, a carbon footprint of 3.3 bn tonnes carbon
dioxide equivalent (CO2e), which represents about 8% of
global greenhouse gas (GHG) emissions.10,11 Not all food
waste is avoidable, and unavoidable by-products from food
manufacturing offer an exploitation opportunity for fibres.

But the use of food by-products for making fibres is
not a new concept. Regenerated protein fibres (RPFs)
have been around for over 100 years, and most of these
were manufactured from food side-streams from proces-
sing of peanuts, soy, milk and other protein-rich by-prod-
ucts.6,12 Although these fibres were commercialised as
azlons, RPFs were superseded with the advent of syn-
thetic fibres, most notably nylon, due the higher tensile
properties, and lower cost.

However, the significant potential for circularity and
sustainability of these fibres has reignited interest in their
contemporaneous use. One notable example is RPF made
from casein extracted from milk waste. According to WRAP
(Waste & Resources Action Programme),13 the UK dairy
industry produces �555,000 tpa of waste from production,
which is either incinerated or spread on land; the chief by-
product of cheese-making is whey (�228,000 tpa), which
contains a significant amount of casein. Furthermore, 82%
of milk protein is casein with the remainder being com-
prised of whey; whey is already utilised in the dietary sup-
plement industry, but the uses for casein are fewer, hence
casein from food waste presents an attractive opportunity
for valorisation. Recently, the German company QMILK
has produced a RPF from casein, which the company
claims to be zero-waste and free of hazardous chemicals.14

If RPFs are to have a renaissance as textile fibres, then
their coloration is of keen interest. There is limited

published literature on the sorption of dyes on casein fibre,
but it has been demonstrated that the dyeing behaviour of
non-metallised and metal complex acid dyes onto the fibre
follows similar trends to acid dyes on wool.15,16

However, is the use of synthetic acid dyes on casein
commensurate with the circularity of the fibre? Alterna-
tively, circularity for RPFs could be partnered with circular-
ity of the colourants applied to dye the fibres. Rose et al17

demonstrated that anthocyanins extracted from blackcur-
rant fruit waste gave intense blue-coloured dyeings on
human hair. There are many sources of anthocyanins from
fruit waste from both the juice pressing and wine
manufacturing industries, so this is a potentially untapped
raw material for the production of sustainable dyes.

Anthocyanins are the largest group of polyphenolic
pigments in the plant kingdom; they are non-toxic,
water-soluble, and responsible for pink, red, purple, vio-
let, and blue coloration in fruits, vegetables, and flowers.
Their colours are determined by small differences in the
chemistry of the different anthocyanins. Anthocyanins
take part in acid–base equilibria in aqueous solutions,
and a general scheme of reactions (Figure 1) highlights
the important equilibrium forms: in aqueous solution of
pH < 3, the anthocyanin is red, and the flavan nucleus
exists mainly as the very stable flavylium cation (AH+).
Increasing pH leads to kinetic and thermodynamic com-
petition between two reactions. When pH increases,
AH+ undergoes a rapid deprotonation reaction
(pKa1 � 3.7) to form the purple quinonoidal base (A) as
the kinetic product, which leads to formation of the
anionic quinonoidal base (A�) at higher pH (pKa2 � 7)
that has a blue colour.18–21 The alternative thermody-
namically favoured colourless hemiketal (B) is relatively
slowly formed via hydration above pH 2, at position
2 (pKh 2–3). Ring opening is also slow compared to
deprotonation, but typically faster than hydration and
can lead to the formation of the yellow E-chalcone (CE),
although for many common anthocyanins this is a rela-
tively minor component of the equilibrium. Once formed,
CE isomerises to give the Z-chalcone (CZ).

22

Herein, the intention of this research was to use
anthocyanins extracted from waste blackcurrant material
in the dyeing of casein fibres to produce a potentially sus-
tainable and circular dyeing system. In addition, the opti-
mal dyeing conditions in terms of colour strength and
wash fastness was to be determined, and to ascertain if
the colour change in anthocyanins observed at different
pH values could be used advantageously to produce a
range of shades from one dye material. We also include
the utilisation of alum as a meta-mordant to determine if
its inclusion in the dyeing process has any influence on
dye sorption, resultant dyeing shade, and subsequent
fastness properties; aluminium is a well-known mordant
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for natural dyes on natural fibres, but also forms particu-
lar structural complexes with anthocyanins that influ-
ences colour, as will be discussed later.

2 | MATERIALS AND METHODS

2.1 | Materials

“Milk Protein” (casein) fibre sliver was obtained from
George Weil, Guildford, UK. Blackcurrant (Ribes nigrum
L.) pomace was obtained from A&R House, UK; the raw
fruit grown in the UK had been pressed in production of
blackcurrant cordial (Ribena). The crude waste is referred
to as pomace, which comprises the fruit epicarp (c. 50 wt
%), seeds (c. 45 wt%) and extraneous matter (e.g., berry
stalks, c. 5 wt%). Seeds are separated from this pomace and

unwanted stalks removed; the subsequent material
received was predominantly dried blackcurrant fruit
epicarp. Dried blackcurrant extract dye powder was
extracted from the dried blackcurrant fruit epicarp using
the method described in Farooque et al23; the main
dye components in the blackcurrant powder are anthocya-
nin glycosides, which are present as delphinidin-3-O-
rutinoside (Dp3rut; 1; 22.6%), cyanidin-3-O-rutinoside
(Cy3rut; 2; 20.4%), delphinidin-3-O-glucoside (Dp3glc; 3;
7.7%), and cyanidin-3-O-glucoside (Cy3glc; 4; 4%), the
remaining components are a mixture of polymeric
anthocyanins (18%), flavonoids (17%), and hydroxycinna-
mates (9%). Woolly Wash detergent (anionic surfactants,
amphoteric surfactants, lanolin, fragrance and preservative)
was obtained from Mitchell's Wool Fat Soap, Bradford,
UK. Multifibre DW fabric was obtained from SDC. General
purpose chemicals were obtained from Sigma-Aldrich, UK.

flavylium cation (AH+)
pH < 3

anionic quinonoid base (A-)
pH < 7.5

neutral quinonoid base (A)
slightly acidic to neutral pH

+H2O -H2O

-H+

-H+

HO

HO HO

HO

OH

OH

hemiketal (B)
pH 3-6

E-chalcone (CE)
yellow

Z-chalcone (CZ)
yellow

OH OH

OH

OH

OH OH

HO O

O O

O

O

O

O O

O

OGly OGlyOGly

OGly
Gly

OGly

O

OH

OH OH

h� OH

OH

R2

R2 R2

R2

R2 R2

R1

R1 R1

R1

R1 R1

+H+

-H+

+H+

+H+

FIGURE 1 Effect of pH on anthocyanin structure and resultant colour.

OHO

OH

OH

OH

R

O O
OH

HO
HO

OH

OHO

OH

OH

OH

R

O O
OH

HO
HO

O

O
OH

OH

CH3OH

1: R = OH
2: R = H

3: R = OH
4: R = H

BLACKBURN ET AL. 395

 14784408, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cote.12718 by U

niversity O
f L

eeds T
he B

rotherton L
ibrary, W

iley O
nline L

ibrary on [19/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.2 | Dyeing process

Casein fibres were dyed in an aqueous solution with 5%
owf blackcurrant dye powder, with optional inclusion 1%
owf of potassium aluminium sulfate dodecahydrate
(alum). Based on the ratio of the anthocyanin glycosides
present in the blackcurrant powder, each gram of black-
currant powder contained 0.55 g anthocyanin, with an
average molecular weight of 595 g mol�1, equivalent to
0.92 � 10�3 mol. For every gram of blackcurrant powder,
0.2 g alum was added, equivalent to 0.42 � 10�3 mol of
aluminium ion (Al3+). This is approximately equal to a
2:1 ratio of anthocyanin glycoside to Al3+ and was inten-
tionally applied to encourage formation of such 2:1 com-
plexes in the fibre.

Dyeing was conducted at varying pH values (pH 2,
4, and 6) using formic acid and sodium hydroxide to mod-
ify pH, in an Ugolini Redkrome II dyeing machine, using
a liquor–fibre ratio of 20:1. Fibres were introduced to the
dyebath at room temperature and temperature increased
at the rate of 1�C min�1 until the dyeing temperature
(T = 40, 60, 80 and 98�C) was achieved, and samples held
at the dyeing temperature for 30 min. After dyeing, fibre
and fabric samples were rinsed in cold water and dried in
ambient conditions prior to colour measurement.

2.3 | Wash fastness testing

Samples were subjected to a modified wash fastness
test based on ISO 105-C06:2010 protocols using SDC
Multifibre DW fabric as adjacent. Briefly, 1 g samples
of dyed fibre were washed in individual pots in a James
Heal GyroWash Colour Fastness Tester. Pots were
filled with 50 cm3 of an aqueous solution containing
1 g dm�3 of Woolly Wash detergent and the fibre/fabric
sample and multifibre fabric adjacent added. Samples
were washed for 30 min at 30�C. After washing the
samples were rinsed, dried, and colour change ascer-
tained from colour measurement before and after
washing. The washed samples were also visually
assessed using grey scales according to the ISO
105-A03:2019 test protocol to determine the degree of
staining. The grey scale ranges from 5 for no stain on
the adjacent fibres down to 1 for a severe staining, with
half points in between.

2.4 | Colour measurement

Dyed fibre and fabric samples were measured using a
Datacolor 500 colour spectrophotometer connected to
a personal computer using Datacolor software. From

reflectance (R) values at a specified wavelength (λ) of the
dyeings, the colour strength (K/S) of the sample was cal-
culated using the Kubelka–Munk equation (Equation 1).

K
S
¼ 1�Rð Þ2

2R
ð1Þ

Tone of the colour of the dyeings was quantified in
terms of L*, a* and b* values within the CIELab system.
Colour difference (ΔE) between samples before (L*1, a*1,
b*1) and after (L*2, a*2, b*2) washing was quantified by
Equation (2):

ΔE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L�2�L�1
� �2þ a�2�a�1ð Þ2þ b�2�b�1

� �2
q

ð2Þ

The human eye can perceive difference in colour
when the ΔE value between two samples is greater than
2 units. Change in lightness values (ΔL) between samples
before (L*1) and after (L*2) washing was quantified by
Equation (3):

ΔL¼ L�2�L�1 ð3Þ

3 | RESULTS AND DISCUSSION

Quantitative work was carried out with dyeings using
anthocyanin-rich blackcurrant extract across different pH
and temperature, with and without alum. From the dye-
ing results (Figure 2), it is observed that greater colour
strength is achieved as temperature increases, which is to
be expected as the higher energy affords greater solubility
of the dye, greater fibre swelling, and lower viscosity of
water, in alignment with general theory of dyeing, which
will promote greater sorption and diffusion of the dye
within the fibre substrate. In the limited research into
dyeing casein fibres, there is evidence that the sorption of
non-metallised and metal complex acid dyes onto the
fibre follows similar trends to acid dyes on wool, insofar
as sorption of acid dyes increases with decreasing pH
from pH 7 to pH 2, with a significant increase in sorption
from pH 4 to pH 2 in particular.16 Skinner and Vicker-
staff concluded that sorption isotherms of three non-
metallised acid dyes on wool and casein fibre at pH < 2
were almost identical.15 Sorption of anthocyanins onto
casein fibre do not follow these trends for acid dyes on
casein; highest sorption of anthocyanins is observed at
pH 4, which is even higher in the presence of alum.

Protein fibres are amphoteric, meaning that under
different conditions they can adsorb acids and bases with
equal efficiency. The charge a protein carries at a
given pH is relative to the number of side chains that
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contain –NH2 and –COOH and the pKa values of those
side chains. This can be illustrated using the model of a
theoretical water-soluble protein, as described by
Sumner,24 in which the protein contains 100 aspartic acid
residues (pKa of –COOH groups = 3.86), 30 lysine residues
(pKa of –NH2 groups = 8.95) and 50 arginine residues
(pKa of –NH2 groups = 13.2). Using this model, the net
charge of the protein is +79 at pH 2, +22 at pH 4,
and �18 at pH 6. In casein protein, positively charged side
chains are arginine (209 μmol g�1), histidine
(179 μmol g�1), and lysine (592 μmol g�1); negatively
charged side chains are aspartic acid (606 μmol g�1) and
glutamic acid (1651 μmol g�1).25 By comparison, in virgin
merino wool, positively charged side chains are arginine
(600 μmol g�1), histidine (82 μmol g�1), and lysine
(269 μmol g�1); negatively charged side chains are
aspartic acid (560 μmol g�1) and glutamic acid
(1049 μmol g�1).26 As the isoelectric point of casein pro-
tein is pH 4.6,27 this is very close to the Sumner model,
so when dyeing at pH 4, where greatest anthocyanin
sorption was observed, the casein fibre will have a
slightly positive ζ-potential.

The form of the anthocyanin is also critical to dye
sorption onto any charged substrate. Work by Nave
et al.28 on the closely related anthocyanin malvidin-
3-glucoside (Mv-3-glc) demonstrated that the mole frac-
tions of flavylium cation (AH+) form, quinonoidal base
(A) form and anionic quinonoidal base (A�) form vary
with pH (Figure 3). It would be expected that at pH 4 the
anthocyanins present would be a mixture of c. 60% neu-
tral purple quinonoidal base (A) form with and 40% fla-
vylium cation (AH+) form (Table 1); under these
conditions dye–fibre interaction between anthocyanins
and casein protein is optimal, as observed through high-
est dye uptake.

As the overwhelming majority of dyes applied to pro-
tein fibres (mainly wool) are anionic, there is little
knowledge around the sorption of neutral species onto
the substrate. The exception is 1:1 metal complex acid
dyes, many of which have an overall net neutral charge.
Lemin and Rattee29 observed when applying C.I. Acid
Orange 74 and C.I. Acid Orange 76 (neutral 1:1 chro-
mium complexes) to wool, exhaustion increases signifi-
cantly as dyebath pH decreased from pH 7 to a
maximum around pH 4, which is maintained with fur-
ther pH reduction to pH 3; however, reduction of dye-
bath pH to pH 2 caused a decrease in exhaustion. They
remarked that the “decrease in exhaustion from the
maximum value on further lowering of the dyebath pH
is a phenomenon not observed with any other range of
dyes used in wool dyeing.” Burkinshaw states that the
nature of interactions between 1:1 metal complex dyes
and wool remains a matter of debate,30 and no author
offers a satisfactory explanation for why sorption of neu-
tral 1:1 metal complex acid dyes is observed to be opti-
mal at pH 4.

It may be that at pH 4 when the ζ-potential of casein
is only slightly positive that other non-electrostatic sorp-
tion interactions of neutral dyes with the substrate, such
as hydrophobic interactions and hydrogen-bonding inter-
actions, are more important to sorption than at other pH
values where electrostatic interactions dominate. Hence,
at pH 4 where the neutral quinonoidal base (A) form of
anthocyanins is highest, greatest sorption onto a similarly
neutral/slightly positive surface is observed. It is noted
that the A form of Mv-3-glc is highest at around pH 4.8,28

which is also close to the casein isoelectric point (pH 4.6).
Although the anthocyanins found in blackcurrant are
slightly different to Mv-3-glc, it may that with further
research an even more optimal pH for sorption of
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blackcurrant anthocyanins onto casein may be found
closer to pH 4.8.

Figure 2 also shows the observed maximum wave-
length (λmax) of the dyeings obtained at different pH
values. At pH 2, anthocyanins in blackcurrant have λmax

of approximately 520 nm, then along the deprotonation
sequence, λmax typically shifts by 20–30 nm to 540–
550 nm (AH+ ! A), then by 50–60 nm to around
600 nm (A ! A�).28 However, the observed λmax of the
dyeings achieved at pH 4 was 580 nm; if at this pH
the primary species adsorbed is the neutral purple quino-
noidal base (A) form with λmax of 550 nm, why was the
colour on substrate observed at a λmax 30 nm higher?

When dyeing human hair with the same anthocya-
nin extract at pH 5, Rose et al17 also observed λmax at
580 nm; they attributed this to sorption of the purple
quinonoidal base (A) form of the dye, but that the hair
provided an environment that enabled the anthocyanins
to convert to A� on adsorption, being stabilised by

electrostatic interaction with protonated primary amino
functions (�NH3

+) in arginine (499 μmol g�1), histidine
(64 μmol g�1), and lysine (218 μmol g�1) residues all
present in human hair.31 It may be that the same stabili-
sation effects were observed herein for casein, despite
the levels of those three positively charged side chains
being slightly different.

Observations of sorption effects at pH 4 can be com-
pared with dyeings at pH 2, where the casein fibre would
have an even higher positive ζ-potential and the anthocy-
anin would be around 100% the flavylium cation (AH+)
form, which may lead to some dye–fibre repulsion, limit-
ing uptake. It is clear that sorption of dye still occurs, and
it is noted that λmax of the dyeings at pH 2 was 540–
560 nm, which would be expected from sorption of a mix-
ture of the flavylium cation (AH+) form and the quino-
noidal base (A) form of the anthocyanins, which have
λmax of c. 520 nm and 550 nm, respectively.

At pH 6, the casein fibre would have a negative
ζ-potential and the anthocyanin would be a mixture of c.
40% the purple quinonoidal base (A) form and 60% the
anionic quinonoidal base (A�) form, which again may
lead to some dye–fibre repulsion, limiting uptake. Sorp-
tion of dye still occurs, and it is noted that λmax of the
dyeings at pH 6 was 580–600 nm, which would be
expected from sorption of a mixture of a minority of neu-
tral quinonoidal base (A) form and majority of anionic
quinonoidal base (A�) form the anthocyanins, which
have λmax of c. 550 nm and 600 nm, respectively.

TABLE 1 Summary of charge of model protein and form of

anthocyanin with varying pH values.

pH
Charge on
model protein

Mole fraction of anthocyanin

AH+ A A�

2 +79 1.00 0.00 0.00

4 +22 0.39 0.61 0.00

6 �18 0.00 0.42 0.58
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Whilst the addition of a meta mordant of alum did
not make a significant difference to sorption of the dye at
pH 2 and pH 6, the presence of alum in the dyebath
enhanced the sorption of the anthocyanin onto the fibre
at pH 4. Understanding this observation is aided by
research into Al–anthocyanin complexes in nature. Petals
of Hydrangea macrophylla (Thunb.) Ser. change from red
through purple to blue, depending on cultivation condi-
tions; in acidic soils (pH < 5.0), the level of water-soluble
Al3+ in soil is increased and absorbed by the roots, and
Al3+ forms complexes with anthocyanins resulting in blue
petal colour. This colour originates from one single antho-
cyanin, Dp3glc (3) in a 1:1:1 ratio with Al3+ and a co-
pigment, either 5-O-caffeoylquinic acid (6) or 5-O-p-
coumaroylquinic acid (7). The identified complex was
named “hydrangea blue-complex” (Figure 4).32,33 Other
researchers working with Al–anthocyanin complexes have
found that in very acidic aqueous conditions the flavylium
cation (AH+) dominates and no complexation with Al3+

takes place. As pH increases, a new species is formed, with
a different colour from the quinonoidal base (A), and con-
sistent with formation of an Al–anthocyanin complex,

which is stable from 3 < pH < 6. In the pH range 6 to 8.5,
the anionic quinonoidal base (A�) forms, but at this pH
the aluminium salt is insoluble and precipitation occurs.
For more basic pH values the system is not stable.34

Hence, it is understandable for dyeings herein, where
a combination of anthocyanins and alum were applied
simultaneously onto casein fibre, that the dyeings at pH 4
with alum are most likely to form Al–anthocyanin com-
plexes, and less likely to form when the same combina-
tion was applied at pH 2 and pH 6. Formation of a blue
complex with aluminium observed herein is made more
likely by the application of a blackcurrant extract that
contained other polyphenols in addition to anthocyanins,
most notably caffeic acid (3%) and p-coumaric acid
(5%),23 which could assist with blue complex formation,
as observed for the hydrangea blue-complex. The
observed increase in colour strength of the dyeings at
pH 4 with alum could be as a result of the ability of the
formed Al–anthocyanin complex to have more extensive
hydrophobic interactions with the casein substrate due to
the overall size of the complex, compared to the single
anthocyanins, hence promoting greater dye uptake.

Observations on the wash fastness of the casein dye-
ings with anthocyanins are summarised in Table 2 for
shade change (ΔE) and change in lightness value (ΔL)
during washing, and Table 3 for staining to cotton
(in general only staining of the cotton component of the
adjacent Multifibre DW fabric was observed). It can be
seen from Table 2 that wash fastness is better as pH
increases and as temperature increases. Overall dyeings
at pH 4 and pH 6 at 60 and 80�C all provide very good
wash fastness performance. No significant difference in
wash fastness performance was observed when alum
was used. The higher ΔE values for dyeings at pH 2 are
not due to colour loss, as evidenced by the very small
ΔL values, but primarily associated with colour change
from a purple colour to a blue colour. As shown in Fig-
ure 5 for dyeings at pH 2 at 40�C, dyeings before wash-
ing have λmax of c. 550 nm (associated with the
quinonoidal base (A) form of the anthocyanins) and
dyeings after washing have a λmax of c. 580 nm, which is
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FIGURE 4 Proposed structure of hydrangea blue-complex.

TABLE 2 Colour change values for casein fibre dyed with blackcurrant extract powder (with varying, pH, temperature and inclusion of

alum) following wash fastness testing.

pH

40�C 60�C 80�C

No alum 1% owf alum No alum 1% owf alum No alum 1% owf alum

ΔE ΔL* ΔE ΔL* ΔE ΔL* ΔE ΔL* ΔE ΔL* ΔE ΔL*

2 7.9 1.8 8.5 3.6 6.8 1.0 7.5 0.7 6.9 1.2 8.4 �1.7

4 9.5 7.1 6.4 3.8 3.1 0.9 3.4 0.3 4.2 3.4 7.9 7.2

6 4.9 1.5 5.3 3.1 2.1 2.0 5.5 1.2 2.0 1.2 2.0 1.6
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most probably a result of a significant proportion of the
adsorbed anthocyanins changing in situ to the anionic
quinonoidal base (A�) form the anthocyanins (λmax c.
600 nm). Change in λmax of the dyeings at pH 4 and
pH 6 was less significant. The pH of the wash fastness
test solution was pH 7, so it is clear from these results
that the dyeings at pH 2 were unstable to washing in
this environment at a higher pH than their application
pH value, causing hue change. However, dyeings at
pH 4 are more stable to changes in hue on washing,
despite the washing pH still being higher than those of
their application conditions; it is possible that the stron-
ger association between dye and fibre at this pH, as dis-
cussed earlier, could stabilise the dye in situ and provide
some protective effect to change in the form of the
adsorbed anthocyanin.

From grey scale staining ratings for transfer of dye to
the cotton portion of the Multifibre DW fabric following
wash fastness testing, it can be seen that, in general
there was minimal staining of the fibre at higher appli-
cation temperatures. Some staining of the cotton fibre
was noted for dyeings at 40�C, and it is suspected that
the lower application temperature is associated with
lower diffusion of the dye within the fibre structure,

hence, the dye is easier to remove from the periphery of
the fibre. This is typical of many dye–fibre systems and
is unsurprising.

4 | CONCLUSIONS

Casein fibre dyeing using sustainably sourced anthocya-
nin colourants from food by-products is demonstrated.
By optimising dyeing conditions, dyeing is achieved with
medium depths of colour with good wash fastness. High-
est sorption of anthocyanins is observed at pH 4. At
pH 4, anthocyanins in the colourant extract are a mixture
of 60% neutral purple quinonoidal base (A) form and 40%
flavylium cation (AH+) form, and under these conditions
dye–fibre interaction between anthocyanins and casein
protein is optimal, due to sorption of the neutral form of
the dye onto a slightly positively charged surface. At
pH 2, casein fibre has a highly positively charged surface
and anthocyanin is in the flavylium cation (AH+) form,
leading to some dye–fibre repulsion, limiting uptake. At
pH 6, the slightly negatively charged casein fibre demon-
strates lower sorption of the mixture of 40% purple quino-
noidal base (A) form and 60% the anionic quinonoidal
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K
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FIGURE 5 Colour strength (K/S)

spectra of casein fibres dyed with 5% owf

blackcurrant extract at pH 2 at 40�C,
with and without alum, before and after

wash fastness testing.

TABLE 3 Grey scale staining ratings for transfer to cotton portion of Multifibre DW fabric from casein fibre dyed with blackcurrant

extract powder (with varying, pH, temperature and inclusion of alum) following wash fastness testing.

pH

40�C 60�C 80�C

No alum 1% owf alum No alum 1% owf alum No alum 1% owf alum

2 4/5 4/5 4/5 4/5 4/5 4/5

4 3/4 3 4/5 4 5 4/5

6 4/5 3 4/5 5 5 4/5
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base (A�) form, again leading to some dye–fibre repul-
sion, limiting uptake.

Presence of alum in the dyebath in an approximate
2:1 ratio of Al–anthocyanin enhances sorption of antho-
cyanins onto fibre at pH 4; these conditions provide the
most likely environment to form Al–anthocyanin com-
plexes, leading to more extensive hydrophobic interac-
tions with the casein substrate, promoting greater dye
uptake.

Wash fastness of the dyeings is better as pH increases
and as temperature increases. Overall, dyeings at pH 4
and pH 6 at 60�C and 80�C all provide good wash fast-
ness performance. No significant difference in wash fast-
ness performance was observed when alum was used. In
general, minimal staining of adjacent fibres was observed
at higher application temperatures.
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