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Abstract — The solubility of three disperse anthraquinone dyes and two azo dyes in supercritical CO, was meas-
ured. The tested dyes are Celliton fast blue B, 1-amino-2-methylanthraquinone, 1-methylaminoanthraquinone, disperse
Red 1 and 4-[4-(phynylazo)phenylazo]-o-cresol. Solubility measurements were made at 313.15-393.15 K and 10-25
MPa in a high-temperature autoclave phase equilibrium apparatus. Pure physical properties of the dyes such as crit-
ical constants, molar volumes and vapor pressures were estimated based on semi-empirical methods. Also, the data
were quantitatively modeled by both an empirical density correlation and a quantitative equation of state recently pro-
posed by the present authors based on nonrandom lattice theory. We found that anthraquinone disperse dyes in gen-
eral show higher solubility than azo disperse dyes in supercritical CO, within the experimental ranges.

Key words: Experimental Method, Solubility of Disperse Anthraquinone and Azo Dyes, Supercritical Carbon Diox-
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INTRODUCTION

The structure of synthetic PET fibers is in general crystal-
line with homogeneous micropores. Thus, to color them, low
molecular weight disperse dyes have been used to date. Con-
ventional wet dyeing processes for coloring synthetic PET-
structured fibers with disperse dyes create several environmen-
tal problems such as utilizing excess amounts of water and
discharging toxic chemical additives.- Thus, to mitigate such
water pollution problems related to the wet dyeing process,
attention has been placed in recent years on the development
of new dyeing technologies. One noteworthy idea involves the
implementation of so-called supercritical fluid dyeing (SFD)
technology [Gerbert et al., 1994; Saus et al.,, 1993; Knittel et
al., 1993].

In SFD, a dyeing agent is dissolved into supercritical gas-
eous solvent and dyeing proceeds in a gaseous atmosphere
rather than in an aqueous liquid phase. Especially if nonpo-
lar carbon dioxide is used as a dyeing medium in the SFD,
the medium shows a favorable physical affinity with hydro-
phobic disperse dyeing agents. As a result, gas-phase SFD
can be realized even without adding chemical additives in a
dyeing process. Thus, the dyeing can be done at a supercriti-
cal state of dye in a relatively short time [Chiou et al., 1985,
Fleming and Koros, 1986; Swidersky et al., 1994].

However, necessary thermophysical property data and phase
equilibrium information of systems containing disperse dyes
in supercritical fluids have been extremely limited to date since
SFD is an emerging dyeing technology. Although limited ex-
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perimental information such as the solubility of dyes in su-
percritical fluids is available [Chang et al., 1996], no reliable
study of phase equilibrium modeling is available because of
the complex chemical structure of the dye compounds. For
example, even pure physical properties of dyes such as crit-
ical constants, molar volume and vapor pressure at the stand-
ard state are not available.

Thus, in the present study, we performed systematic ther-
modynamic modeling of the supercritical fluid phase equilib-
rium of systems containing dye species in supercritical car-
bon dioxide. In doing so, we emphasized experimental meas-
urement of solubility, empirical estimation of pure physical
properties based on literature [Lyman et al., 1990; Reid et al.,
1987, etc.], and finally the modeling solubility behavior of
dye species in supercritical carbon dioxide based on a new
empirical density correlation model [Bartle et al,, 1991, Ozcan
et al.,, 1997] and a quantitative prediction by an equation of
state (EOS).

Recent success of the NLF (Nonrandom Lattice Fluid) EOS
formulated by one of the present authors [You et al., 1994a,
b, c] encouraged us to extend the model to complex systems
such as dye compounds in supercritical fluids. We report here
the quantitative modeling results of phase equilibrium of dyes
in supercritical carbon dioxide.

EXPERIMENTAL

1. Reagents

Sample dye compounds, e.g., disperse Blue 14 (commercial
name, Celliton fast blue B, 97.9 %), disperse Orange 11 (1-
amino-2-methylanthraquinone, 95 %), 1-methyl-aminoanthra-
quinone(98 %), disperse Red 1(95 %), and disperse Yellow 7(4-
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NHCH, Disperse Blue 14 ( C.161500)

Commercial name : Celliton Fast Blue B
FW:266.30

MP:220 ~ 222 °C

A max : 640(594 nm) in 50% cthanol
Formula:C 1 H 4 N 20

o NH Disperse Orange 11 ( C.160700)
By Name : | - amino - 2methylanthraquinone
FW:237.26
MP:204~206 °C
A max 486 nm

NHCH; N
1 - methylaminoanthraquinone

FW:237.26
MP:170~172 ©C

Disperse Red 1 ( C.I11110)
FW:31435

MP:160~162 ©C

A max :502nm

CH;CH;

NO;—Q——N=N—Q—}!ICHZCHZOH

Disperse Yellow 7 ( C.I 26090 )

. Name : 4 - [ 4 - (Phenylazo)phenylazo |
Q—N=N—©—N =N~Ct0ﬂ -0 - cresol
FW :316.37

MP:146~148 °C
A max : 385 nm in 50 % cthanol

Fig. 1. Chemical structures of tested disperse dyes.

[4(phenylazo)phenylazo]-o-cresol, 95 %) were purchased from
Aldrich Co.(<95 %, USA). The chemical structure of the dye
samples is shown in Fig. 1. CO, (<99.9 %) was purchased
from Seoul Gas Co.(Seoul, Korea).
2. Experimental Apparatus

An autoclave-type phase equilibrium apparatus was used
and the schematic diagram is shown in Fig. 2. The internal
volume of the cell was 60 ml made with stainless steel 316.
The cell was immersed in a heating mantle and the appara-
tus can operate safely up to 473.15 K and 40 MPa. To min-
imize pressure disturbances, a reservoir tank (1 L) was install-
ed in front of the preheater. Pressure at the cell was main-
tained by a gas booster (HASKEL 75/15, USA) and the pres-
sure was measured by a Heise pressure gauge (HEISE MM-
43776, USA). The equilibrium temperature was controlled by
a PID controller (DX9, Hanyoung Co., Korea). The tempera-

-
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CO: 7
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Fig. 2. Schematic diagram of supercritical fluid dyeing appa-
ratus.
1: Heating mantle 5: Cold trap 8: Equilibrium cell
2: Reservoir 6: Mass flow meter 9: Temperature
3: Preheater 7: Pressure indicator  indicator

4: Metering valve

ture was controlled to within +1 K range and the pressure was
controlled to within +0.5 MPa.

The flow of CO, was preheated before entering the cell.
The temperature was measured at the inlet, the outlet and in-
side the cell. The flow rate of effluent from the cell was
controlled by a metering valve in the range of 200-300 ml/
min, and the amount of equilibrated effluent from the cell
was measured by a mass flow meter (TESCOM, USA). The
equilibrated effluent was passed through the two-step acetone
trap where the dissolved sample dye was separated from CO.,.
After each experimental run, the whole line of the apparatus
was rinsed by methanol, chloroform, and acetone, respective-
ly, and dried. The residual solvents in the separated solute were
completely removed by a rotary vacuum evaporator. For each
sample solute, the experiment was repeated three times.

3. Spectroscopic Analysis

Since each sample dye has a coloring pattern and unique
maximum frequency, A, the amount of each solute was an-
alyzed by a UV-visible recording spectrophotometer (UV-240,
Shimadzu, Japan). The calibration curve for each solute was
constructed within an error range of +0.5 % and used for meas-
uring the solubility.

THERMODYNAMIC MODELING

1. Estimation of Physical Properties of Pure Dyes

Information of physical constants for pure substances is
essential for modeling the phase equilibrium of mixtures by
a quantitative thermodynamic model such as EOS. However,
for disperse dyes like most other molecularly complex sub-
stances, almost no information of pure physical constants was
reported in literature. Thus, the pure physical properties nec-
essary for the phase equilibrium modeling of mixtures con-
taining dye substances have to be based on a type of estima-
tion method. We employed existing group contribution meth-
ods to estimate the necessary physical properties [Lyman et
al,, 1990]. From this reference, Lyderson-Forman-Thodos's
method for boiling point (T,) and critical temperature (T,),
Miller's method for critical pressure (P.), critical volume (V,),
critical compressibility factor (Z.) and acentric factor () were
used. Also, the molar volumes and vapor pressures were es-
timated by Bhirud's method and Lee-Kestler's correlation, re-
spectively [Reid et al., 1987]. The estimated pure property
constants for dyes tested in the present study are summariz-
ed in Table 1. These properties in Table 1 are used for the
estimation of parameters in the EOS employed in a later sec-
tion.
2. Empirical Correlation of Solubility

An empirical method can be used to make a crude corre-
lation of measured solubility data. The experimental solubility
data obtained in the present study were illustratively correlat-
ed by a recent simple empirical equation [Bartle et al., 1991;
Ozcan et al., 1997]. The model equation is given in Eq. (1),

ln[f,'z‘; J=A+c<p—p,ef> 0

where y; is the mole fraction solubility, p is the pressure, A
and c are constants, p, is a standard pressure of 1 bar, p is
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Table 1. Estimated pure physical properties of disperse dyes

Solid
Tc Pc Ve volume
(K) (bar) (cm’/mol) (cm’/mol)
Disperse blue 14  949.49 2459 762  0.6702 202.29
Disperse orange 11 922.87 28.38 661  0.5811 177.86
1-Methylamino- 910.62 27.62 671 05778 177.86
anthraquinone
Disperse red 1 929.11 19.07 922  0.7918 238.92
Disperse yellow 7 930.21 20.04 926  0.6381  245.42

Table 2. Best-fit parameters of Eq. (3) for the calculation of
solubility of dye/CO, systems

Name a b/K™! c/kgm

-3

Disperse blue 14 17.368 —-8461.71 0.01085

Disperse orange 11 17.216 —7903.93 0.01202

1-Methylamino- 19.054 —8298.45 0.01025
anthraquinone

Disperse red 1 23.328 —10552.6 0.01207

Disperse yellow 7 19.892 -9073.40 0.01246

the density of the solution, and p, is a reference density for
which a value of 700 kgm ™ was used for calculations. The
reason for using p,; is to make the value of A much less
sensitive to experimental error in the data and to avoid the
large variations caused by extrapolation to zero density. A is
given by

A=a+b/T @)

where T is the absolute temperature. Combining Eqgs. (1) and
(2), the empirical model equation becomes

yoP b
ln(p—mf—)—a'*'?*”c(P—me) ©)]
From the experimental data, each isotherm was fitted using
Eq. (1) to obtain values A and c. The values c were then av-
eraged for each dye, and the values given in Table 2 were
obtained. Then, the isotherms were refitted to obtain new val-
ues of A using the averaged values of c. These values were
plotted against 1/T for each dye, and values a and b were ob-
tained from Eq. (2), which are also given in Table 2.

3. Modeling Phase Equilibria by NLF EOS

For a quick correlation of the solubility data, an empirical
thermodynamic model, i.e., Eq. (3), can be a convenient tool.
However one cannot apply the model for the purpose of ex-
trapolated application of the measured data. Thus, for SFD
process design, it is not a reliable tool and a further quan-
titative EOS must be used. Thus, we attempted to apply a
theoretical EOS for the phase equilibrium of dyes in super-
critical carbon dioxide.

Since the NLF-EOS, which was recently proposed by one
of the present authors [You et al., 1994a, b, c], may not be fam-
iliar to some readers, we briefly present here the essential ex-
pressions of the model. Omitting details, the pressure-explicit
NLF-EOS for a general mixture is given by
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1 z A _ _ (z En_
P= A Em{n(ﬁ 1JP] In(1 - p) (ZJGZ[VHJ

C)
where g, is defined as,
=Llsvaoe +[L 53530066
eM_E i 0 &j 2 | 10 O 01 &5
(6 + 38 - 2ejk)} ©)

Summations are over all molecular species unless otherwise
specified. In Egs. (4) and (5), f=1/KkT, 6=Ngq:/N,, Q=2X4:, In
=¥xi1, p=N1;/N,, p=yp; and x; is the mole fraction of species
i. & is the absolute value of the interaction energy between
a segment of species i and that of species j, which is assum-
ed to be,

&; = (&€j; - APT+2AD) (6)

where A; (T) is the temperature-dependent binary interaction
parameter, and the cross interaction energy &; between holes
and molecular species is assumed to be zero. The coefficients
22 and A{J were fitted by the experimental solubility data ob-
tained in the present study.

Other expressions such as the chemical potential essential
for phase equilibrium calculations will be omitted here [You
et al., 1994a, b, c].

If in Egs. (4) and (5), the subscripts i and j are simply let
go to 1, the EOS reduced to EOS for a pure system. It is

s
- (ﬂo[i—f{) @

where
p=nN;/N, (8)
Vi=nN,Vy )
= | 1- (ﬁ; ]00(201—90) (10)

In the derivation of Eqs. (4)(10), the general relation zq,=zr,—
2r;,+2 is employed. Therefore the characteristic volume given
by Eq. (9) gives sufficient information for determining r; and
q:. The other molecular parameter is &;. As in previous work
[You et al, 1994a], we set z=10 and V;=9.75 cm’mol . Thus
for real pure fluids we only need to determine two independ-
ent molecular parameters, r; (or V;) and &, from two inde-
pendent property data at a system temperature. These two pa-
rameters determined by a regression analysis of pure physical
properties (e.g., molar density and vapor pressure, etc.) at each
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Table 3. Estimated values of coefficients in NLF EOS parameters defined by Eqs. (11) and (12)

E, E, E V. Vi V.
Disperse blue 14 65.6948 0.2360 0.1106 97.8674 - 0.0666 ~0.4886
Disperse orange 11 70.9300 0.2577 0.2000 76.1657 —0.0485 -0.5135
1-Methylamino-anthraquinone 70.6337 0.2547 0.2090 77.2306 ~0.0486 —0.5802
Disperse red 1 63.5591 0.2281 0.1110 110.8961 -0.0779 —0.5988
Disperse yellow 7 63.2136 0.2223 0.0937 113.3635 - 0.0560 —-0.5240

isotherm were fitted to the following empirical correlations as
a function of temperature for convenient use in engineering
practice.

&7k =E, +E,,(T—T0)+E0(T1n% +T—T0] 11)

Vi=V, +V,(T-Ty)+ V. [Tln% +T—T0] 12)

where the reference temperature T, is set by 298.15 K. Values
of the coefficients in Egs. (11) and (12) for pure dyes and
carbon dioxide used in the present study were determined
from pure property data given by Table 1 and other data re-
ported in the literature [Timmermans, 1950]. They are sum-
marized in Table 3.

RESULTS AND DISCUSSION

1. Experimental Solubility Data

The measured solubility in mole fraction (y,) of each sam-
ple dye in supercritical CO, at 313.15, 353.15 and 393.15
K and 10, 15, 20, and 25 MPa, respectively, is summarized

Table 4. Measured mole fraction solubility, y,, of disperse dyes
in supercritical carbon dioxide

107 y2
Name P/MPa
T/K=313.15 353.15 393.15
Disperse blue 14 10 2.599 2.439 4.006
15 12.868 10.067 12.850
20 10.649 24.419 39.644
25 14.493 40.240 93.490
Disperse orange 11 10 7.491 4.258 7.712
15 38.451 24.571 51.403
20 71.769 127.655 141.446
25 74.938 182.143  270.687
1-Methylamino- 10 11.575 20.487 89.637
anthraquinone 15 56.100 59.539  144.702
20 106.596 295934  501.252
25 129.281 382.138  707.403
Disperse red 1 10 0.651 0.811 2111
15 4.288 3.226 8.667
20 8.178 16.345 42.745
25 9.869 49.981 147.232
Disperse yellow 7 10 3.275 2.681 3.795

15 18.998 14.355 16.766
20 28.191 55.315 78.385
25 31.342 86.943 184.756

in Table 4. According to the data, the solubility in general
was increasing with increasing temperature and pressure of
CO,. Also, the low molecular weight anthraquinone dyes (i.e.,
disperse orange, blue and 1-methylaminoanthraquinone) show
higher solubility than the azo dyes (i.e., disperse red and yel-
low) at any fixed condition. Among anthraquinone dyes, the
low molecular weight dyes (i.e., disperse orange and 1-meth-

- ylaminoanthraquinone) were more soluble than the disperse

blue. Since we could not find similar data so far in literature,
we did not compare the data obtained in this work with oth-
er data sources. Instead, we performed measurements at least
three times for each temperature and pressure to support the
reliability of the data.
2. Empirical Solubility Correlation

Using the best-fitted parameters in Egs. (1) and (3), Figs.
3 and 4 show the correlated solubility of disperse blue 14
and disperse red 1 in supercritical carbon dioxide. In these fig-
ures, experimental data were compared together. Agreement
between the correlated and experimental values for both dyes
is good. Therefore, the model can be used to calculate the
solubility of dyes in supercritical fluid at any equilibrium
condition [Bartle et al., 1991; Ozcan et al., 1997]. This type
of empirical correlation may not be used for reliable extrapo-
lation outside the experimental conditions. However, it is sim-
ple and useful for evaluating the effect of equilibrium con-
ditions on the solubility. We omit further graphical illustra-
tions for other cases.

140.0

1200 Exp. conditions[K]
C ® 313.15

®  353.15

A 39315
— calc'd by
Eq. (3)

100.0

80.0 |-

I~>::‘ .
2 L
60.0 |-
C
40.0 |
200 |
r [J
ool S
0 200 400 600 800 1000

p/kgm>

Fig. 3. Empirical solubility correlation by Eq. (3) for disperse
blue 14 in supercritical CO,.
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200.0
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1500 - & 353.15
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Fig. 4. Empirical solubility correlation by Eq. (3) for disperse
red 1 in supercritical CO,.

3. Modeling Solubility by NLF-EOS

In Table 5, the best-fitted temperature-dependent binary ad-
justable parameters of the NLF-EOS obtained from the ex-
perimental solubility data are summarized. Calculated solubili-

Table 5. Best-fit values of coefficients of binary interaction

energy parameter, 4,,(T) given by Eq. (6) for disperse
dye/CO, systems

Mixtures 10°A) AP
Disperse blue 14/CO, 2.836 —1.382
Disperse orange 11/CO, 3.524 -1.638
1-Methylamino-anthraquinone/CO, 2.836 -1.433
Disperse red 1/CO, 2.205 -1.157
Disperse yellow 7/CO, 2.745 -1.254
5
10 . 'Y
r e
1 /
L y /. o -
[ ~
[ / //
— /o7
o r / -
R // _
c e~
S 14 -
S 10%h /s o
© r —
P X A-" -
g r S % Exp. conditions [K]
Z7a | ® 313.15
| o 353.15
s ! A 39315
' ——- Calc'd by
| NLF EOS
10-7|l|IllJIIIIIILIJIIIJLAJIIIII

5 10 15 20 25 30 35
Pressure [MPa]
Fig. 5. Calculated solubility by the NLF-EOS for disperse blue
14 in supercritical CO,.
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——- Calc'd by
NLF EOS

,,./..A'I|x.‘lH..|..-.I..J
5 10 15 20 25 30 35

Pressure [MPa]

Fig. 6. Calculated solubility by the NLF EOS for disperse o-
range 11 in supercritical CO,.

ty of disperse blue 14 in supercritical carbon dioxide at 313.15,
353.15 and 393.15 K is compared with experiment in Fig. 5.
Except for the region in the vicinity of the critical point of
carbon dioxide, the NLF-EOS correctly calculates the meas-
ured data well. The EOS also correctly predicts the cross-
over phenomenon of solubility around 15 MPa. In Fig. 6,
the calculated solubility of disperse orange 11 in supercriti-
cal carbon dioxide by the EOS is shown. Except for the sev-
ere sensitivity of the model near the critical point of carbon
dioxide, the EOS correctly fits the effect of supercritical pres-
sure on the solubility of disperse orange 11. Similar corre-
lation capability of the EOS is demonstrated in Fig. 7 on the
solubility of disperse 1-methylaminoanthraquinone.

In Figs. 8 and 9, comparisons between the calculated and
experimental solubility of disperse red 1 and disperse yellow

104 . //
- 4
r A /
/ -
F D//
-
= /// -
5 A/ _e
S 108 L / / [ P
E T p M L
% /,// ¢ Exp. conditions[K]}
= el o 31315
-~ a 353.15
- | A 393.15
a I ——- Calc'd by
: NLF EOS
10'6 llll'l,llJlALLLJIIIIIIIIIIILJJ
5 10 15 20 25 30 35

Pressure [MPa]

Fig. 7. Calculated solubility by the NLF EOS for disperse 1-
methylamino-anthraquinone in supercritical CO,.
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A
10‘55‘ -

108 - ‘/// e

Exp. conditions{K]}
I e 313.15
107 | ,‘ o 353.15

Mole fraction [y, ]
N\
\
\

A 393.15
/ ——- Calc'd by
/ NLF EOS

108 R4 S PN BTV IR
5 10 15 20 25 30 35

Pressure [MPa]

Fig. 8. Calculated solubility by the NLF EOS for disperse red
1 in supercritical CO,.

10 3 / 9—//

Za
7/

-

e
g 2

//

108 .~ // e Exp. conditions[K]
EF | ® 31315

- | o 353.15

- / A 39315

s / ——- Calc'd by

a NLF EOS

Mole fraction [ Y,1

10.7 .-.JL...I....I,..,J....l....
5 10 15 20 25 30 35

Pressure [MPa]

Fig.9. Calculated solubility by the NLF EOS for disperse
yellow 7 in supercritical CO,.

7 in supercritical carbon dioxide are shown. The model fits
the data reasonably well except in the near critical region of
carbon dioxide. These inaccuracies of the fitting capability of
the EOS in the critical region of carbon dioxide arise from
the possible inaccurate estimation of the physical property
constants of the dye substances and, thus, the possible uncer-
tainty of the estimated pure EOS parameters given in Table
3. As long as further reliable pure properties of the dyes are
available, the reliability of the EOS calculation can be enhanc-
ed.

CONCLUSION

The solubility of five disperse dyes (Celliton fast blue B,
1-amino-2-methylanthraquinone, 1-methylaminoanthraquinone,

disperse Red 1 and 4-[4-(phynylazo) phenylazo]-o-cresol) in
supercritical carbon dioxide was measured in the ranges of
temperatures from 313.15 to 393.15 K and pressures from
10 to 25 MPa. We found that the solubility in general was
increasing with increasing temperature and pressure of CO,.

To provide thermodynamic modeling information for SFD
process design, an attempt was made to estimate the pure prop-
erty constants of dyes. Also, an empirical model and the NLF-
EOS are applied for the calculation of solubility of dyes in
supercritical carbon dioxide. We concluded that both models
calculated the solubility of dyes reasonably well.
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