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ABSTRACT

The supercritical fluid is used extensively, especially in substance extraction. The extraction of many substances has
reached the economic-scale industrial bulk production stage. However, the research on the wastewater-free dyeing
technique replacing water as dissolvent is still at a development stage. This study introduced the development situation
of supercritical fluid dyeing technique, and described the evolution of stock dyeing, measurement of solubility of dye,
studies of dyeing kinetics and instrument application studies, in order to provide related data for relevant studies in fur-

ther development of this technique.
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1. Introduction

The application of making fluid into supercritical fluid
above critical temperature and critical pressure by heat-
ing and pressurizing it, especially supercritical carbon
dioxide (Tc = 31°C, Pc = 7.38 bar), originated from re-
placing traditional solvent extraction of caffeine from
coffee bean or nicotine from tobacco [1,2]. This tech-

nique has reached the economic scale of mass production.

Relevant studies on using supercritical carbon dioxide for
extraction and purification have thus emerged since 1980s,
including application to vegetable essential oil extraction
[3,4], abstracting lecithin beneficial to human health, ex-
tracting fS-carotene and lycopene from tomatoes or pro-
ducing powder requiring strict particle size distribution
and purity in pharmacy, extracting oligomer from poly-
mer [5-8], and application to fluorine-containing polymer
polymerization dispersion reaction and gas chromatogra-
phy technique as dissolvent [9-11]. The application do-
mains have extended continuously, so that the super-
critical fluid technique has become an important part of
chemical and chemical industry domains.

In the application to fiber and high molecular material,
the supercritical carbon dioxide is used to dissolve fluo-
thane sizing agent to size and desize T/C blend fabric [12].
The supercritical carbon dioxide is used to dissolve che-
mical substances. The chemical substances are filled in
the substrate to reinforce the physical and chemical pro-
perties of material [13]. Austrian scholar Marr [14] and
German scholar Werner [15] reviewed related literature
publication and technical conditions of using supercriti-
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cal fluid in extraction processing, and proposed that the
phase behavior of supercritical fluid dissolved solute under
different PVT (P: pressure, V: volume, T: temperature) con-
ditions is the key factor influencing the extraction effect.
They argued that the important factors, such as phase be-
havior and solubility of solute in supercritical fluid, could
be estimated by using the equation of state. Moreover,
they listed the important parameters a, b, u and w of Van
der Waals, Soave/Redlich-Kwong and Peng-Robinson
equations of state in the application of supercritical fluid.
[14] The estimated value accuracy of each equation of
state in liquid or solid solute was related to the enthalpy
and internal energy of solute and its interaction on fluid.
Since Saus and Schollmeyer [16-19] published literatures
on using supercritical carbon dioxide dissolved dispersed
dyestuff to dye polyester fiber in 1992, there have been a
number of studies using supercritical carbon dioxide to
dissolve dyed polyester, polyamide or even natural fibers,
such as cotton, wool and silk. The carbon dioxide in the
application of supercritical fluid is characterized by safety,
innocuity, no waste-water pollution, low cost, incombus-
tibility and reusability in dyeing technique. It is an envi-
ronment-friendly alternate dissolvent, and is very pro-
mising in commercial development [20]. This study at-
tempts to review the literatures on applying carbon dio-
xide to dyeing technique since 1992, and propose impor-
tant achievements in the literatures to briefly describing
the evolution of stock dyeing, solubility of dye, dyeing
kinetics and instrumental technique. Related studies can
thus obtain information to find out the technological de-
velopment situation.
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2. Evolution of Supercritical Fluid Dyeing

The supercritical carbon dioxide is the most natural and
innocuous fluid. The dyeing technique replacing the ex-
isting organic solvent by this medium is very advanta-
geous to environmental protection, wastewater treatment
and manufacturing cost. Since the supercritical carbon
dioxide fluid approximates to gas basically, there will be
no more waste discharge when it is used to replace or-
ganic liquid to dye hydrophobic fiber, the industrial wa-
ter, industrial waste, and energy consumption are reduced.
In 1982, Chou and Wessinger [21-30] studied the absor-
bency and swelling capacity of supercritical carbon di-
oxide for polystyrene, PVC, polycarbonate and PMMA,
polypropylene and polyester and polyurethane polymers.
They applied the supercritical fluid technique to mem-
brane separation gas mixture or to fill chemical sub-
stances in polymer for dyeing. The results showed that the
polycarbonate and PMMA with carbonyl (C=0) have the
maximum affinity for carbon dioxide and the most obvi-
ous plasticity. Kazarian used FTIR and ATR infrared
spectrum analysis results [31,32] to prove that the oxy-
gen atom of carbon dioxide has polar effect on polymer
carbonyl. The carbon dioxide was equivalent to the Lewis
Pair reacted electron acceptor (acid); thus, using carbon
dioxide as dissolvent is very potential in polymer dyeing.

Saus and Schollmeyer [16,33-36] used supercritical car-
bon dioxide to replace water as dissolvent, schematic dia-
gram of supercritical fluid dyeing as shown Figure 1, for
disperse dye to dye polyester fiber in 1992. The polyester
fiber was dyed successfully as the solubility of carbon
dioxide for disperse dye, and it was easier than water to
permeate in fiber. They claimed that good equalization
and fastness of dyeing could be obtained directly without
any additive. DeGiorgi [37] compared dyeing polyester
fiber by supercritical carbon dioxide with that by water,
the result showed that the K/S value of polyester fiber
dyed by supercritical carbon dioxide as dissolvent at 80°C
and 240 bar was equivalent to the effect of water dyeing
at 120°C. In addition, Germany began to implement the 5 -
10 L level quantitative test for supercritical dyeing of
polyester fiber when literatures were published in 1992,
and Bach and Schollmeyer [38,39] increased the scale to
30 L in 1998, stepping towards an economic scale. At
present, the major bottle-neck factor in the technique is
that the design of fluid circulation equipments must con-
sider reducing the color difference between the inner and
outer faces of dyed fabric.

In 1994, Gebert ef al. [19] carried out hydrophobic mo-
dification of cotton and wool fiber, and used disperse dye
for supercritical carbon dioxide dyeing, but the fastness
of dyeing was not ideal. Therefore, Lewis et al. [40,41]
used sodium benzoate and polyethylene glycol to modify
cotton fiber respectively, and obtained good dyeing ef-
fect, but it was not commercialized because the cost was
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very high and the modification reduced the tearing strength
of cotton fabric. In 2000, Liao et al. [36,42,43] used re-
active disperse dye in supercritical carbon dioxide phase
to dye polyamide fiber. The extraction of pyridine solu-
tion proved that the reactive disperse dye could react
with the amido at the end of fiber for dyeing, but the
dyeing K/S value <9, yet failing to attain darkening. Af-
terwards, Schmidt [44] used 2-brom acrylic acid and di-
chlorobenzene s-triazine to replace C.I. Disperse Yellow
23 dye end group as reactive disperse dye, the wool and
silk fiber could be dyed successfully without any prepa-
ration, and various dyeing fastnesses were above grade 4.
However, the dyeing duration at 280 bar and 160°C should
be 4 h in order to reach K/S value of 12, and the dyeing
K/S value of cotton fabric was lower than 5, which was
not ideal. Guzel and Akgerman [45] used new type of
mordant dye in supercritical carbon dioxide phase to dye
wool fiber. Sawada and Ueda [46] proposed that the
dyeing mechanism of dyeing wool and silk fibers by acid
dye conformed to the Langmuir adsorption behavior in
2004.

In 2007, Fernandez et al. [47-49] added cosolvent me-
thanol in supercritical fluid phase, as the carbon dioxide
was Lewis acid in the system, helping the methanol to
replace the chlorine atoms of s-triazine reactive disperse
dye to generate hydroxymethyl which had etherification
reaction with cotton in carbon dioxide phase for dyeing,
and the study compared the dyeing capacities of different
substituent (CI/OCH;3/NH,/F) dyes in supercritical carbon
dioxide, the dyestuff fixing rate was still higher than 75%
after solution extraction. However, the methanol has op-
tic neurotoxicity and volatility problems, further tests
should be carried out to determine a safe and innoxious
cosolvent. In 2000, Bilgehan [50] used mordanting to com-
pare the mordanting effects of different dyes chelated by
Cr(IIl), AIl{I),Cu(Il), Fe(Il) and Sn(II), and further
compared the differences among the colors of three dyes
mordanted by different metal ions. The washing fastness
was above grade 4, but the dyeing situation was not digi-
tized. In terms of heavy metal mordanting, the metal ion
should be mixed with a small amount of water to help the
mordant dye adsorb to the fiber surface. In 2004, Ueda et
al. [51,52] used reverse micelle to dissolve acid dye in a
micro amount of water, and added grade 4 ammonium
salt cosolvent in acid dye solution to make it disperse in
supercritical carbon dioxide phase stably to overcome the
insolubility of acid dye in carbon dioxide. The wool and
silk fibers could be dyed at 40°C - 55°C, and the fiber ex-
tracting solution was tested by UV spectrum. The satu-
rated amount of dyeing at 40°C was 1 x 10~ mol/g fiber
(wool) and 3 x 107> mol/g (silk) respectively, and the ap-
parent concentration K/S value was 20 - 30.

In terms of polypropylene fiber, which cannot be dyed
by traditional water bath, Bach and Schollmeyer [53,54]
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Figure 1. Schematic diagram of supercritical fluid dyeing [36].

found that the Tg point temperature of polypropylene
fiber decreased obviously when the carbon dioxide pres-
sure was higher than 250 bar. Thus, the supercritical car-
bon dioxide could plastify polypropylene fiber effec-
tively, and help the disperse dye to penetrate into the
fiber to dye it. Bach et al. indicated that the heterocyclic
disperse dye had better dyeing effect on polypropylene
fiber. Liao et al. [55] studied 450 d x 500 d polypropy-
lene fabric, the microscopical analysis of optical slicing
showed the disperse dye in anthraquinone structure could
penetrate into the fiber inside yarn diffusely, whereas the
water bath dyeing could not make it. It proved the poten-
tial of supercritical carbon dioxide in dyeing polypropy-
lene fiber, but the fine denier polypropylene fiber dyeing
should be overcome.

In sum, for the tests of dye compatibility and multi-
dye color matching, as the research on dissolving dye by
supercritical fluid require a lot of research data, and the
dyeing dissipation mechanism of dye is not yet under-
stood completely, there should be more complete re-
search data.

3. Dye Solubility of Supercritical Fluid Phase

As the key in the success of supercritical fluid dyeing is
the solubility and dispersion particle size of dye in su-
percritical carbon dioxide phase, according to Gibbs phase
rule [1], the control variables of two component system
are temperature T, pressure P and mole fraction x of so-
lute to carbon dioxide. The three-dimensional three-phase
diagram is formed from dye three-phase diagram and car-
bon dioxide three-phase diagram according to the P, T and
x conditions change [56,57]. A condition is fixed parallel
to the P-x or T-x plane for cutting, so as to obtain the
phase equilibrium diagrams of different dye strengths-
pressures and different dye strengths-temperatures. There-
fore, the pressure and temperature conditions reaching
the phase of uniform dye and carbon dioxide dispersion
are selected. The dyeing tank is mounted with a high
pressure proof transparent window, and the dye solubility
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can be tested. In 1996, Akgerman and Bae ef al. [58-60]
studied the solubility of disperse dye in supercritical car-
bon dioxide at 353°K - 393°K and 30 MPa. Their result
showed that the solubility of dye could be increased by at
most 100 times when the carbon dioxide pressure in-
creased from 15 MPa to 30 MPa. In order to predict the
dye solubility, the parameter values that meet the equa-
tion result precisely must be obtained according to expe-
rimental values based on the equation of state meeting
the supercritical fluid dyeing condition. The equation of
the state designed for the solvent fluid density [61-63] is
free from the critical behavior of fluid, only considering
the temperature, pressure and fluid density. The solubi-
lity can be calculated by obtaining appropriate parameter
values from least square method regression of experi-
mental value, but the considerable error values will result
in inaccurate predicted value. In 2005, Kawi et al. [64]
gathered the data of solubility of disperse dye in super-
critical carbon dioxide phase of 1996-2004, and used the
solubility data in four density-based models to determine
a better and simpler equation to predict the solubility value
of dye. The experimental result showed that the equation
Iny, = ay+ a;lnp + a,/T proposed by Crastil is more con-
sistent with the result of measured value. However, for
most of data, there were 12% - 40% error values between
the calculated values and the actual values. In 2000, Bae
et al. [59,60] compared the measured solubility of C.I.
Disperse Blue 3 and Blue 79 dyes at 323.7°K - 413.7°K
and 100 - 305 bar with the solubility computing equation
of dilatant fluid state equation, and the obtained solubi-
lity value was very accurate as shown Table 1.

In 2004, Ueda et al. [65] continued the reverse micelle
experiment, and mixed pentaethylene glycol n-octyl ether
with a small amount of surfactant to cover acid dye water
solution. They measured the acid dye reverse micelle
solubility in supercritical carbon dioxide, and found that
the stability of reverse micelle phase in the carbon dio-
xide was related to the carbochain length of alcohol sur-
factant. The most stable dispersed state could be obtained
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using 1-pentanol. The dispersion stability decreased as the
temperature rose and the pressure dropped, increasing the
concentration of 1-pentanol was helpful to increasing the
dispersion stability. The increase in the carbon dioxide
pres- sure was helpless to the solubility of acid dye re-
verse micelle, which was different from the trend of dis-
perse dye solubility increasing with pressure. It is as-
cribed to that the acid dye has no affinity for carbon di-
oxide.

As the solubility of supercritical fluid dye cannot be
obtain by concentration accurately as that in water phase,
it is required to develop more refined calculation to cal-
culate the partition ratio between fiber and carbon dio-
xide phase, so as to help with the color repeatability in
the future quantification.

4. Resear ch on Supercritical Fluid Dyeing
Kinetics

In order to further develop supercritical fluid dyeing
technique for quantification, a theoretical model of dis-
tribution coefficient among the dye, fiber and supercriti-
cal carbon dioxide must be built. The diffusivity and
equilibrium dyeing amount of dye in fiber at fixed tem-
perature and pressure should be obtained. In 2002, Park
and Bae [66] placed the dye (C.I. Disperse Red 60) ex-
ceeding the carbon dioxide solubility value in the dyeing
tank directly for supercritical fluid dyeing of polyester
fiber. The supercritical carbon dioxide was set as dilatant
fluid, and the carbon dioxide phase was two-component

Table 1. Measurement of dye solubility in supercritical car-
bon dioxide [59,60].

323.7°K 353.7°K 383.7°K 413.7°K

P(bar 10°y,) P(bar 10°y,) P(bar 10°y,) P (bar 10°y,)

C.I. Disperse Blue 3

105.1  6.119 1065 0.680 106.2 0.821 106.8 0.725
157.8 10.13 1587 20.02 140.3 8930 142.1 3.005
216.1 16.08 2168 3576 181.8 19.85 1872 13.65
261.7 1578 2458 16.16 2265 2334 2272 27.64
3015 1432 2759 30.07 266.0 2820 283.7 42.84

- 318.1 4192 3181 38.19 329.8 63.57

C.I.Disperse Blue 79

1019 0344 992 0.177 999 0.008 -
148.1 1.091 1492 0494 152.7 0.007 -
1989 2.039 196.7 1.407 202.0 0.698 -
2539 4378 2539 4.639 2553 3.381 -

301.3  5.669 304.7 7.515 305.1 9.193 -
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fluid system of dye dissolved in carbon dioxide. The poly-
ester fiber was three-component system of carbon dio-
xide, dye and fiber, and used Flory-Huggins theory. The
activity coefficient of component £ is:

RTIny, =v, > % (4, —4;) D,
+RT(In®, /x, +1-D, /x,)

The distribution coefficient value of dye in polyester
fiber and carbon dioxide phase in dyeing equilibrium is:

K, =y, /x2 = 7’2PET/7’2super

Three-component system of polyester fiber, carbon
dioxide and dye:

RTIny, =v, I:(AIZ(I)IZ +A23(D§)+(A12 -4, +A23)CI)1¢)2:|
+RTIn®, /[x +1-, /x,

where 4, = (5d1 —0, )2 =B Ay = (§d1 — 0, )2 -Bs.,

Ayy =(6,, =, )2 =P

According to the above theory, Sandler cited the pa-
rameter values in literatures [67] to estimate the interac-
tion parameter values of dye, carbon dioxide and polyes-
ter fiber B5, b3 and ;. He used ultraviolet spectrograph
to measure the dye extracting solution on the fiber to
obtain the actual amount of dyeing, and compared it with
the amount of dyeing calculated by the above theory. It
was found that the amount of dyeing calculated by sub-
stituting the [y interaction parameter estimated using
three-component system theory in the aforesaid equation
matched the actual value very well. This suggests that the
distribution coefficient increased with the pressure, but
decreased as the temperature rose.

In 2004, Ferri [68,69] substituted the measured dye
solubility value in the equation of state proposed by Fu-
nazukuri et al. [70] and the semiempirical equation of
state simulating Langmuir absorption, in order to obtain
the distribution coefficient between polyester fiber and
supercritical carbon dioxide of C.I. Disperse Orange 3,
C.I. Disperse Blue 79 and Solvent Brown 1 dyes [71].
The distribution coefficient was defined as K:(D,-‘"/cof,
where @ is the mass fraction of dye in fiber phase and
o/ is the mass fraction of dye in fluid phase. The ob-
tained distribution coefficient varied with the dye struc-
ture. Generally, the distribution coefficient of 373.2°K -
393.2°K and 160 bar - 180 bar is higher than 1500, which
is different from that of Bae er al. Moreover, the coeffi-
cient also decreased as the pressure increased, which was
contradictory to the Bae trend. Ferri et al. suggested that
increasing the density (pressure) of carbon dioxide could
enhance the plasticity of fluid on fiber, so that the dye on
the polyester fiber would return to the carbon dioxide
phase and the distribution coefficient decreased. This
study found that the dye on the polyester fiber may return
to the carbon dioxide phase when different dye mole-
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cules are in different pressure ranges (above 220 bar) due
to the difference in molecular size and the steric hind-
rance effect of chemical structure. The result of compa-
rison between measured distribution coefficient and esti-
mated distribution coefficient using empirical equation
showed that the mean error value calculated by five-pa-
rameter semiempirical equation is lower than 6.6%.

The above studies are fundamental research on dyeing.
As limited to equipment measurement technique, there
are few literatures on the calculation of diffusion behavior
and diffusivity of supercritical fluid dye in fiber, thus de-
serving further study.

5. Application of Instrumental Technique

In 1996, Kazarian et al. used infrared spectrometer FTIR
and AT R and supercritical dyeing equipment with win-
dow to observe the plasticity of supercritical carbon di-
oxide on different polymer membranes [31,32], thus ini-
tiating the direct application of instrumental analysis. In
2005, Kazarian [72] used Raman infrared spectrometer to
observe the diffusion behavior of C.I. Disperse Yellow
23 dye in PET fiber. The aberrations resulted from object
lens entry refractive index and the optical refraction in the
oil bath similar to object lens was eliminated. Different
Raman spectra absorption peak intensity values between
surface and center point in the fiber diameter could be
obtained. The variation in intensity of Raman spectra ab-
sorption peak was observed at different times (absorption
peak intensity was directly proportional to dye strength).
The relationship between Raman spectra absorption peak
intensity and time square root could thus be obtained.
The straight slope value was converted into the diffusi-
vity 3.5 x 10°"* m%/s of Disperse Yellow 23 dye in the su-
percritical carbon dioxide, and compared with the 1.5 X
10" m?s calculated by Sicardi et al. [73] The results
were very close. Therefore, a method was provided for
using instrument to measure the diffusivity of supercriti-
cal fluid dye.

6. Conclusion

Supercritical fluid means that the operating temperature
and pressure have exceeded the critical temperature and
critical pressure of medium and the fluid has a lot of
unique physic-chemical properties in supercritical state,
such as low viscosity as gas, high density as liquid, high
diffusivity, low surface tension and solubility. Operation
of supercritical fluid carbon dioxide can be changed by
controlling the temperature and pressure, even co-solvent.
However, the research on the supercritical fluid carbon
dioxide replacing water as dissolvent is still at a deve-
lopment stage. This paper has reviewed literatures on the
development of supercritical carbon dioxide dyeing tech-
nique. It did not fully probe into all literatures on super-
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critical fluid dyeing, because the supercritical fluid dye-
ing uses the data from literatures of chemical phase equi-
librium and chemical materials, fiber and dyeing kinetics,
which could only be briefly mentioned in a summary pa-
per. Furthermore, the evaluation of absorption isotherm
should be studied on the future development of super-
critical fluid carbon dioxide. The brief introduction on
the existing circumstances of development can provide
an understanding of the development of supercritical fluid
dyeing technique for further studies.
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