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Abstract

Bio-based materials and new dyeing technologies have gained growing

interest, as companies actively want to enhance their products sustainability

and remove environmental and hazardous pollutants. This article describes for

the first time waterless dyeing studies using supercritical carbon dioxide (SC-

CO2) and a natural anthraquinone dye emodin for polylactide (PLA) and poly-

ester (PET) fabric colouration. The colour of the dyed materials was measured

as CIELab values, and the K/S (λmax,abs) value was reported. Colour fastness to

rubbing and light was studied according to the relevant ISO standards. The

results show that the small size and hydrophobic nature of the anthraquinone

dye resulted in a uniform dyeing on PLA and PET fabrics with SC-CO2 dyeing

medium. The excellent rubbing fastness, and microscopic evaluation revealed

that the dye had penetrated into the fiber structure completely. Also the light

fastness properties were exceptionally high for natural dyes. Increased usage of

biodegradable and recycled materials in textiles would benefit from bio-

colourants which are stable under end-use conditions, produce bright colours

and have acceptable tinctorial strength.
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1 | INTRODUCTION

Colour is an essential part of the textile and fashion
industry. At the same time, when textiles are used in
increasing amounts, the environmental concern associ-
ated with textile production has become an important
issue to tackle.1,2 Textile producing processes include
many steps that employ great amounts of fresh water
and chemicals which have wide-ranging effects on the
environment. In particular, dyeing is one of those

stages which require enormous amounts of water.
Clean water resources, climate change and environ-
mental conditions result in severe droughts, making
water scarcity critical for future activities. Under the
pressure of sustainability and material efficiency, pro-
cesses have been developed to decrease water and
energy consumption. Bio-based materials and new dye-
ing technologies have gained increasing interest, as well
as alternative methods to reduce water usage. For bio-
based and degradable materials, bio-based dyes are an
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alternative to complement the figure of sustainability
and circular economy.

In this article, we present the first results of supercrit-
ical carbon dioxide (SC-CO2) dyeing for polyester (PET)
and polylactic acid (PLA) knitted materials using a bio-
based natural colourant, emodin, as the dye. In our previ-
ous studies we have shown that natural anthraquinones
possess value as dyes for thermoplastic fibers3 in addition
to more conventional natural fibers.4,5 Natural anthraqui-
none aglycones are hydrophobic and they can be turned
into a fine nanodispersion by pH change, to be used in
high-temperature disperse dyeing without additional
chemicals. This hydrophobic nature, and excellent results
in HT-disperse dyeing experiments, encouraged us to
study the dyeability of anthraquinones in SC-CO2 media.

Supercritical fluid dyeing technology is one of the
developments toward waterless and more sustainable
dyeing technologies, and SC-CO2 is one of the most envi-
ronmentally acceptable solvents, because it is inexpen-
sive, essentially nontoxic, nonflammable, recyclable,
abundant, and chemically inert under most conditions.6,7

First steps in SC-CO2 dyeing technology have already
been taken at the end of the 1980s, and pilot plant
machines were introduced in the mid-1990s.6,7 Carbon
dioxide has excellent dissolving properties for many

hydrophobic substances under liquid and supercritical
conditions. Because of its low critical point at a pressure
of approximately 74 bar (7.4 MPa or 1073 psi) and a tem-
perature of 31�C (304 K) (Figure 1), it has found many
applications in industry such as extraction and dyeing.7,8

In textile dyeing processes, SC-CO2 gives hydrophobic
dyes a solubility advantage, and is suitable for dyeing
thermoplastic fibers such as polyethylene terephthalate
(PET). PET has a glass transition temperature (Tg) in air
between 68 and 80�C and a melting point temperature
between 252 and 265�C. Solvents such as carbon dioxide
offer a predominant advantage in applications to poly-
meric materials because CO2 can plasticize the polymer,
reducing its glass transition temperature to about
45-55�C, which provides an ideal opportunity to impreg-
nate the polymer matrix with solutes (eg, dyes).6,9

SC-CO2 dyeing provides shorter dyeing periods as
well as usage of less energy and chemicals when com-
pared to conventional water dyeing processes, and there-
fore lower process costs.10 SC-CO2 dyeing can even be
carried out without any additional process chemicals, for
example dispersing agents, and CO2 medium can be
recycled in a closed loop process.11-13 An acceptable ratio
for the recycling efficiency of CO2 has been reported
ranging from 92% to 95%.11 This is a great advantage as

FIGURE 1 Pressure-temperature chart which shows the different states of CO2 media (left) (Figure: Commons/B. Finney & M. Jacobs)

and the conditions during the dyeing experiments in this study (right)
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usage of salts and aiding chemicals make the recovery of
aqueous dye liquors more complicated and requiring
more energy. Lower process costs are also achieved
because CO2 dyeing is a dry process and therefore no dry-
ing for solvent evaporation is needed. However, after SC-
CO2 dyeing, rinsing, allowing the SC-CO2 to run through
the pipes and vessel, is required especially after dark col-
ours, to remove unfixed dye and to clean the dyeing sub-
system for the next dyeing process. SC-CO2 rinsing may
take 30 minutes at 85-90�C and 20 MPa pressure.11

SC-CO2 exhibits densities and solvating powers simi-
lar to those of liquid solvents yet has extremely rapid dif-
fusion characteristics and viscosity similar to those of a
gas.6 In the supercritical stage carbon dioxide has a very
high solvent power, allowing the dye to dissolve easily
and, because of the high permeability, dyes are trans-
ported easily and deeply into fibers, creating bright col-
ours with good colour fastness properties.12 In addition to
dyeing, scouring, desizing and different finishing applica-
tions take the advantage of SC-CO2 technology.

10,12

SC-CO2 media have been applied for thermoplastic
fibers with a wide variety of disperse dye structures, but
there are also applications for natural fibers.8 However,
research in which bio-based colourants have been used
together with SC-CO2 dyeing media are rare. Beltrame
et al pretreated cotton with polyethylene glycol to plasti-
cize fibers in order to increase dye penetration in experi-
ments where a carotenoid structured natural dye (C.I.
Natural Dye 27) was used.14 In addition they dissolved
dye in fused benzamide prior to dyeing to get dye dis-
persed into SC-CO2, because many natural dyes have low
solubility in SC-CO2.

14 The results of the dye adsorption
(observed as Kubelka-Munk factor) showed lower values
for the natural dye compared to synthetic disperse dyes
which were not specially modified for cotton, but instead
the colour fastness (ie, washing and light fastness) values
were of similar scale, revealing that the tested dyeing pro-
cedure was not highly successful for cotton even though
glycol treatment enhanced dye adsorption and increased
the affinity of cotton for disperse dyes.14

In a more recent study by Liu et al curcumin natural
dye was modified as ethyl, butyl, hexyl and octyl cur-
cumin to enhance the compounds solubility and dyeing
ability in SC-CO2 media.15 Dyed fabrics were natural

fibers cotton, silk and wool. The results of Liu et al show
that the length of the alkyl chain had an effect on the sol-
ubility of the dye and the K/S value. Butyl curcumin pos-
sessed the greatest solubility, and resulted in the best
dyeing ability of modified curcumin in natural fibers.15

In addition, Abate et al used unmodified, natural cur-
cumin from turmeric (Curcuma longa) as a disperse dye
for polyester fabric in SC-CO2 dyeing without any addi-
tional chemicals or pretreatments of the fabric.16,17 Dye
concentration varied from 0.25% to 1% on the weight of the
fiber (o.w.f.). Results showed that dye concentration
increased colour depth, which was revealed by the higher
K/S values. The K/S value also showed that the maximum
colour strength was obtained with 0.75% o.w.f. dye concen-
tration indicating also the approach of saturation uptake.

2 | EXPERIMENTS

2.1 | Materials

Details of the textile materials used in dyeing experi-
ments are shown in Table 1. The natural anthraquinone
dye emodin (1) was obtained from the fungus Cortinarius
sanguineus with the procedure explained earlier by
Hynninen et al and Hynninen and Räisänen with purity
of 99%.18,19 CO2 was obtained from Airgas USA, LLC.

2.2 | Methods

The schematic picture of the self-developed SC-CO2 dyeing
equipment used in these experiments is shown in
Figure 2. A 2 g sample of PET or PLA knitted fabric was
dyed with 1% o.w.f. emodin. The textile material was
attached to the sample holder together with the dye which
was placed on a stainless-steel mesh at the bottom of the
holder. The sample holder was placed in the vessel and
the vessel was closed tightly. The jacket of the vessel pro-
vided heating and CO2 was run to the dyeing vessel
through a pipe. A stirrer in the dyeing vessel started
30 minutes after the beginning of the dyeing. The total
dyeing time was 70 minutes, at 207 bar (3000 psi) and
90�C. To study the dyeing behavior of PET with different

TABLE 1 Textile materials used in dyeings

Fiber Source Fabric type Fabric density (g/m2) Dyeing medium

PLA Nature works Single knit 114 SC-CO2

PET NC State University Interloc knit 133 SC-CO2

PETa Finlayson 2/1 twill 157 H2O

aRäisänen et al.
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dye levels and increased pressure, the SC-CO2 dyeing pro-
cedure was repeated with amounts of 0.25%, 0.5%, 0.75%,
and 1.0% o.w.f. emodin, at 345 bar (5000 psi) and 90�C.

The CIE L*a*b* and K/S values were measured with a
Datacolour SF600 spectrophotometer. Calculations were
made using CIE standard illuminant D65 and the CIE
10� observer. The K/S value was calculated by the
Kubelka-Munk equation (1):

K=S= 1−Rð Þ2=2R ð1Þ

where K is the absorption coefficient of the fabric to be
tested, S is the scattering coefficient of the fabric to be
tested, and R is the % reflectance at the maximum absorp-
tion wavelengths.

Colour fastness to rubbing was performed
according to the ISO 105-X12-2001.20 The numerical
rating for dry and wet staining was given by the num-
bers 1-5, where 5 is the best value. Colour fastness to
light was determined according to the ISO
105-B02-2014 standard (method 2) using James Heal
Trufade equipment.21 The numerical rating for colour
fastness was made according to the eight-step blue
scale, where 8 is the best value.

The high temperature high pressure disperse dyeing
of PET with emodin in aqueous medium, used as a refer-
ence for the SC-CO2 dyeing results, was carried out ear-
lier and is described in Räisänen et al.3

3 | RESULTS AND DISCUSSION

The results of the SC-CO2 dyeing studies are given in
Table 2 and show that the dyeing outcomes are depen-
dent both on the fiber type and the dyeing medium.
The final colour differences are reflected in the light-
ness, L*, values, where it can be seen that the order of
increasing shade depth was PET HT-H2O < PET SC-
CO2 < PLA SC-CO2, indicating that the darkest shade
was obtained on PLA. The glass transition temperature
(Tg) for the used PLA was ca. 60�C in air, which is very
close to that of PET's (68-80�C), and therefore it acted
in a similar manner to PET receiving an even and
strong colour. The adsorption of dye molecules onto the
PET fibers was high due to π-π interactions between the
fiber and the flat anthraquinone dye. For the PLA fiber
the K/S value was even higher showing that the fiber
structure also has an effect on the final colour and
strength.

All dyed fabrics produced excellent rubbing fastness
properties showing that the dye had penetrated fibers
thoroughly. Also, microscopic evaluation revealedFIGURE 2 SC-CO2 dyeing equipment

TABLE 2 The CIE L*a*b* and K/Sλmax values of the 1% o.w.f. emodin dyed samples as well as their rubbing and light fastness results

(r = redder)

Rubbing fastness

Sample L* a* b* K/Sλmax Dry Wet Light fastness

PLA SC-CO2 64.45 −11.14 53.50 9.2 (435 nm) 4 4/5 7, r

PET SC-CO2 76.51 −8.65 73.86 8.2 (450 nm) 4/5 4/5 7, r

PET HT-H2O
a 82.72 −2.53 87.99 10.4 (450 nm) 4/5 5 7, r

aRäisänen et al.3,4
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uniform dyeing throughout the fiber both in SC-CO2

and aqueous media (Figure 3A and B, respectively).
The light fastness values received the value 7 in all
cases. These are very high for natural colourants,
revealing the good stability of the anthraquinone struc-
ture. The SC-CO2 dyeing technique allows the dye to
interact closely with the fiber aromatic structures which
results in strong forces between the fiber and the dye
and enhances colour fastness properties. After the light
fastness test the colour of the emodin dyed fabric sam-
ple had turned reddish, but did not appear to have
noticeably faded. The colour change toward red after
light exposure was visible in both SC-CO2 and H2O
dyed samples and in PET and PLA samples alike. The
colour change toward red is due to a bathochromic shift
in absorption spectrum of the dye molecule and fiber
polymer caused by the radiation (cf. Harmon et al.
1993).22

The K/S value indicates the depth of the colour of the
dyed fabric surface that is the result of the uptake level of
the dye on the fiber. PLA has a slightly higher K/S value
than PET in SC-CO2 dyeing which is due to its lower Tg

and crystallinity level, allowing dye molecules to have
more space in the fibers. The K/S values of emodin in

SC-CO2 dyed PET are typical,9,23 and even high for dis-
perse dyed polyester at the dye concentration of 1% o.w.
f.11 This is in accordance with the previous research
results which suggest that the dye concentration required
for a specific shade is expected to be smaller in SC-CO2

compared with conventional water dyeing.8

In a separate set of experiments, PET fabric was dyed
with emodin at 345 bar and 90�C, to determine the effects
of increased pressure on dye uptake. The CIE L*, a* and b*
values of the PET dyed with 0.25%, 0.50%, 0.75%, and 1.0%
o.w.f. emodin in SC-CO2 (Table 3), and the plot of shade
depth vs L* value, Figure 4, show that the depth of the col-
our deepens with the higher dye concentration. Further, in
lower concentrations the shade depth value changes
slightly more than in the higher concentrations showing
that at the 0.75% o.w.f. dye concentration the fiber is head-
ing toward saturation uptake which seems to follow the
observations of Abate et al.17 On the other hand, the rela-
tionship between fabric shade depth and L* value is very
close to linear (R2 0.9254), with more research needed to
establish the saturation uptake level.

All of the results from the SC-CO2 dyeing experiments
with emodin show that bio-based anthraquinone dyes
have great potential in textile colouration.

FIGURE 3 A, PLA dyed with emodin in SC-CO2 environment

(above) and B, PET dyed with emodin using HT-disperse dyeing

conditions in aqueous environment (bottom)

TABLE 3 The CIE L*, a*, and b*

values of the PET dyed with different

concentrations of emodin in SC-CO2,

and the buildup of emodin dye

Dye and its amount in dyeing (o.w.f.) Buildup L* a* b*

Emodin (0.25%) 80.17 17.14 42.30

Emodin (0.50%) 71.27 28.05 60.99

Emodin (0.75%) 67.49 28.38 58.93

Emodin (1.0%) 64.69 34.10 63.34

FIGURE 4 Colouration and shade depth of PET dyed with

emodin at concentrations of 0.25%, 0.50%, 0.75%, and 1.0% o.w.f. in

SC-CO2
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4 | CONCLUSION

It has been shown that SC-CO2 can be used as a waterless
medium for applying the biocolourant emodin to PET
and PLA fibers. The shade depths and fastness properties
obtained were comparable with those produced from
aqueous media, and a linear buildup of dye on a hydro-
phobic substrate can be achieved. These results suggest
that a resurgence in CO2 dyeing of textiles, and the use of
natural colourants as synthetic dye alternatives, is appro-
priate. Further, the use of dyes such as emodin provides
an opportunity for natural-on-natural products without
using even a drop of water.

Even though the commercial potential for SC-CO2

dyeing has existed for at least two decades, this technol-
ogy is still rarely used. A possible explanation for the lim-
ited usage lies in the high price of the final product, due
to expensive machinery needed for the process, which
does not accommodate consumer expectations regarding
inexpensive clothing. This has probably prevented wider
support of fashion brands for SC-CO2 and other waterless
techniques.12 However, the greater need of sustainability
in textile producing processes will increase the pressure
to adopt alternatives for water in textile operations. And
when the techniques spread and become mainstream,
the prices will also undoubtedly go down. Finally, there
is also a growing number of consumers who are seeking
for sustainably produced garments and accessories,
which will aid the attraction for this technology.
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