Influence of co-solvent on dye solubility in supercritical carbon dioxide
Hyo-Kwang Bae , Jung-Ho Jeon and Heun Lee*

School of Chemical Engineering and Technology, Yeungnam University,
214-1 Dae-dong, Kyongsan 712-749, Republic of Korea
" Department of Chemical and Biomolecular Engineering, Korea Advanced Institute
of Science and Technology, 373-1 Guseong-dong, Yuseong-gu, Daejeon,
305-701, Republic of Korea

Abstract -1t is well known that the solubility of non-volatile solid such as disperse
dye in a supercritical fluid is significantly increased by adding a small amount of
co-solvent into the fluid. The phase equilibrium calculation for the ternary system
composed of supercritical fluid, solute and co-solvent is established by using an
expanded liquid model based on the regular solution coupled with Flory-Huggins
theory. The solubility of non-volatile solid in ternary system including a co-solvent
is correlated with the liquid model for activity coefficient with good accuracy. The
model needs only the melting point and heat of fusion for the non-volatile solid that
can be measured or available in literature. But the critical properties and the vapor
pressure of the solid that are necessary to estimate the phase equilibrium by using a
cubic equation of state are not required in this model.
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1. Introduction

Since early 1990s, supercritical fluid dyeing that uses the supercritical fluid as an
aternate solvent instead of water in conventional dyeing process had been arousing
much interest in textile industry because of wastewater treatment. Conventional
dyeing process of polyester fiber discharges much wastewater that is contaminated
by various kinds of dispersing agents, surfactants and unused dye. It is very difficult
to treat the wastewater including many additives by the conventiona process. The
dyeing technique with supercritical fluid is an aternative one which has been
developed without environmental contamination. Schollmeyer and coworkers [1-4]
had established the pioneering works for the process. They reported on dyeing of
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synthetic fibers such as polyester, polypropylene, polyamide and triacetate etc. by
the various disperse dyes and extended the supercritica dyeing to natura fibers
such as cotton and wool. They investigated the effect on the polyester pretreatment
by a heat-setting process before dyeing in supercritical carbon dioxide and aso
reported the results of experiences with UHDE pilot plant by supercritical carbon
dioxide. Chang et al. [5], Bae et a. [6] and Lee et al. [7] carried out the experiment
for dyeing the polyester fibers and films by C.1. disperse red 60, orange 3, blue 3
and blue 79 disperse dyes in supercritical carbon dioxide.

The supercritical condition of high temperature and pressure is necessary, at which
the disperse dye can be much more solved and impregnated into the polymer fiber
swelled by supercritical fluid. It is experienced that polyester fiber in supercritical
carbon dioxide can be dyed over 373 K and 250 bars [5-7]. Bach et a. [8,9] had
accomplished the pilot test of polyester dyeing in supercritical carbon dioxide at
393 K and 290 bars using a pilot plant. For more advanced development of the
supercritical dyeing process, the dyeing process must be done possibly at lower
pressure. Many investigators [5, 10-14] had reported that the solubility of solid with
high-molecular weight such as disperse dye is remarkably increased by adding
small amount of co-solvent.

In this work, the solubility of solute in a ternary supercritical fluid + solute + co-
solvent mixture is estimated by using an expanded liquid model that is considered
the supercritical fluid as a liquid phase. The effect of co-solvent concentration on
the solubility of solute in supercritical carbon dioxide may be predicted by the
model.

2. Theoretical background
The solubility of solutex,in mixed solvent of carbon dioxide at high pressure and a
small amount of co-solvent is expressed as Eqg. (1) [15].
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The second to fourth term in the right hand side of Eq. (1) contribute slightly to the
result and may be neglected.

The activity coefficient of species k in the mixed solvent with i and j components
may be expressed, using the regular solution model coupled with Flory-Huggins
theory as follow [16];
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The second term of right hand side of Eqg. (2) represents Flory-Huggins mixing
entropy of solution that is composed of the quite different size of molecules.
Applying Eg. (2) to the solute in ternary supercritical carbon dioxide, solute and co-
solvent system,
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Subscripts 1, 2 and 3 stand for carbon dioxide, disperse dye and co-solvent
respectively.
If the solute is less soluble in the solvent mixed with small amount of co-solvent,
Gurdial et al. [10, 18] proposed following EQ. (4) that is the similar one suggested
by Myers and Prausnitz [19].
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Where, @ and x are effective volume fraction and mole fraction respectively
and defined as;
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The exchange energy densities A, , A;and A,; are represented as follows;

Aiz = (5d1 - 5d2)2 + 552 + 5&122 _:812 (11) A13 = (5d1 - 5d3)2 + 553 + 5hzs - ﬁ13 (12)
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The dispersion, polar and hydrogen bonding components of the solubility parameter

for species i are denoted byc,, ¢, andc,, respectively. Carbon dioxide is a

pi

non-polar component and, therefore, the dipole and hydrogen bonding forces are



negligible. ¢, is the dispersion contribution of solubility parameter of carbon
dioxide which is estimated by Giddings et al.[20]. For solute and co-solvent, the
dipole-dipole forces and hydrogen bonding interactions need to be considered.
However, the polarity and hydrogen bonding contributions of the solutes such as
disperse dyes to solubility parameter are not considered in this study, because it is
known that the polarity of disperse dyes in supercritical condition is very weak.
Therefore, ¢, isequal to thetotal ¢ and evaluated by Eq. (14).
0 = (AE/v)"? (14

AE andv are estimated from the group contribution method supposed by Fedors

[21]. C43, Cpgand C;0f the co-solvents are evauated with considering the

temperature effect [10]. The specific interaction parameters £,, and £,, can be easily
obtained from each binary mixture consisting of ternary system. Conversely, there
is no simple way of obtaining the parameter £,,. Since the molecular interactions
between carbon dioxide and co-solvent are supposed weak compared to those
between the solute and the co-solvent, it is assumed by Gurdial et al. [10] that the
parameter is zero and omitted form the Eq. (12). But, in thiswork, it is regressed by
the ternary data, using the determined f,,and S,

3. Result and Discussions
3-1. Determination of 12 from binary data
Applying Eq. (2) to the solute in supercritical carbon dioxide,

RT|ny2=V2[(51—52)2—,312]#+RTEA+|HX&—%E (15)
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is obtained. The solubility parameters ¢, and ¢, are evaluated by Giddings et
al.[20] and by Eq.(14) respectively. ¢, and ¢, are volume fractions of solvent
and solute respectively. f,, are regressed from the binary systems; supercritical
carbon dioxide + C.I. disperse red 60[7], carbon dioxide + phenanthreng[22],
carbon dioxide + fluoreng[23] and carbon dioxide + acreding[23].

The obtained f,, is aimost independent of temperature, but strongly dependent of
density of carbon dioxide as shown Figs. 1 and 2. Therefore, f,, is correlated to
the carbon dioxide density. The density of carbon dioxide is estimated by the
equation of state by Huang et al. [24].

3-2. Solubility of solute in co-solvent
The second to fourth term in the right hand side of Eq. (1) contribute only slightly



to the result and may be ignored. Hence, Eq. (1) may be expressed as
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The melting point (T,,) and heat of fusion at T_(AH,) are measured by using a

differential scanning calorimeter and shown in Table 1.  The activity coefficient of
solutein co-solvent ), is predicted by Eq. (2) that is applied to the binary solute +
co-solvent system. The solubility of disperse dyes is measured in this work and the
solubility of fluorene, phenanthrene and acridine are estimated by UNIFAC method
[29]. Those are compared with the observed one in literature as shown in Table 2.
Substituting the solubility in Table 2 tox, in Eg. (16), and replacing the
obtainedy,, [, inEq. (13) can be determined by using the similar expression to
the Eq. (15). The parameter 5,, that is determined at low pressure may be used at
high pressure. £,, is nearly independent of temperature as shown in Table 2. 5,,
for the solution of C.1. disperse red 60 in co-solvent is almost constant even though
a the different temperatures of 283.2K, 305.2K and 333.3K. The similar results
[29] are reported for the solubility of naphthalene in hexane and acetone, and
anthracene in acetone, diethylether and ethanol.

3-3. Comparison of the estimated with the observed solubility

The obtained £,,, f,;, and f,, from binary and ternary data are substituted to
Egs. (11) to (13) to calculate A,, A, and A,,. Those are replaced into Eq. (4) to
predict )y, . Finally, the solubility of solute is evaluated from Eq. (16). The solubility
comparison of the calculated with the observed in literature can be shown in Table 3
and Figs. 3and 4.

AAD% in Table 3 may be enlarged, because the mole fraction of solute yg®' in
denominator is extremely small value. The results for AAD% in Table 3 may be
satisfied, considering the experimental error of solubility in supercritical fluids.

4. Conclusions

The solubility of non-volatile substance such as disperse dye in supercritical carbon
dioxide is estimated by using an expanded liquid model to consider the supercritical
fluid as a liquid phase. The results of the evaluated solubility for the supercritical
carbon dioxide + solute + co-solvent ternary systems are summarized as follows;

(1) p,, obtained from carbon dioxide and solute binary mixture is nearly
independent of temperature, but strongly dependent of the density of carbon



dioxide.

(2) The solubility of C.I. disperse red 60 in co-solvent are measured at room
temperature and atmospheric pressure, and the parameter f,, determined from the
experimental solubility are nearly constant and almost independent of temperature.
(3) The solubility of non-volatile solutes such as C.I. disperse red 60, phenanthrene,
fluorene and acridine can not be evaluated by the gas model using an equation of
state, because the critical properties and sublimation pressure of the solutes can not
be measured. But the solubility at any temperature, pressure and concentration of
co-solvent can be satisfactory estimated by the expanded liquid model that needs
not them.
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List of symbols

A : exchange energy density [cal/cm’]

C : cohesive energy density [cal/cm?]

ACp : specific heat difference between gas and liquid [cal/mol]
AE : molar internal energy change [cal/mol]

AH': molar heat of fusion [cal/mol]

P : pressure [atm]

R : gas constant [1.987 cal/moal. K]

T : temperature [K]

v : molar volume [cm*/mol]

Av : molar volume difference between gas and liquid [cm*/mol]
x : molefraction| - ]

X : effective mole fraction| - ]

Greek Symbols

B : specific cohesive energy density [cal/cm”]
v : activity coefficient [ - ]

§ : solubility parameter [cal/cm®] Y2

¢ : solute-free volume fraction [ - ]

¢ : effective volume fraction [ - ]

Subscripts



: supercritical carbon dioxide
: solute

: cosolvent

: dispersion

: hydrogen bonding

i, ] : componentsof i and

m : melting point

mix : mixture

p : polar
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Figure Captions
Figure1l. f,, vs. density of carbon dioxide for carbon dioxide + C.I. disperse red
60 system[7].

Figure 2. [£,, vs. density of carbon dioxide for carbon dioxide + phenanthrene
system.

Figure 3. Experimental and calculated y, for carbon dioxide + C.I. disperse red
60 + acetone system at 333.2 K.

Figure4. Experimental and calculated y, for carbon dioxide + C.I. disperse red
60 + ethanol system at 333.2 K.



Table 1. Physical properties of solutes and co-solvent at 298.2 K.

Solute or T, H; AU v Solubilityparameter[cal/cm”]1/2
Co-solvent [K]  [cal/mol] [cal/mol] [em®/mol] o Oy 0, 0,

CL Disperse b) b) c) c) f)

59.2" 5392 35270  388.9 14.8 14.8 0 0

Red 60

Phenanthrene 369.5% 4455% 17970 1456 11.1" 11.1 0 0
Fluorene  388a 4678.5% 16690¢ 136.9°¢ 11.0"7 11.0 0 0
Acridine  384.2% 4707.6% 19740 137.1¢ 12.0” 120 0 0
Acetone - - - 74.0Y 977" 758" 508Y 3427
Methanol - - - 4079 14.47Y 7.38" 6.01Y 10.907
Ethanol - - - 58.73% 12.76° 6.16¢ 5479 9779

a) . fromref. (30) b): Measured in this work ¢) : Estimated from Fedors group contribution method [21]

d): fromref. (10) e): fromref. [17]

f) : Calculated by Eq. (14)
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Table. 2 Estimated and experimental solubility of solute in co—solvent.

Solubility [mole fraction]

Temp.
Solut Co-solvent -
ote oTsotven (K] Estimated by Measured B2
UNIFAC
C.1 Disperse  Acetone  305.8 - 2.357x107°% 32.3
Red 60 Ethanol 305.8 - 2.485x107"¥ 120.3
C.I Disperse  Acetone  333.3 - 5.220x10 %% 31.9
Red 60 Ethanol 333.3 - 5.159x107*¥ 111.6
Acetone  283.3 - 1.478x107°% 33.2
C. L. Disperse iy
Ethanol 283.3 - 923x107" ¥ 128.5
Red 60
Acetone 293.2 0.0971 0.115" 44.3
Acetone 323.2 0.3475 - 45.3
Phenanthrene  Methanol 293.2 0.0091 0.0064" 150.8
Methanol 323.2 0.0231 - 139.3
Acetone 293.2 0.0479 - 42.9
Fluorene
Acetone 323.2 0.1684 - 43.6
Acetone 323.2 0.1856 - 51.2
Acridine
Methanol 323.2 0.0274 - 148.4
¥ Measured in this work Y from ref. [29]
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Table. 3 Comparison of the estimated solubility of solute with the observed one.

1Mz

expl

12

Cosolvent Data Temp. Pressure AAD" Data
Ternary system Conc.

[mole %] No. [K]  Rangelbar] [%] source
COo(1)+Red 60(2)+ Acetone(3) 4172 4 333.2 142-326 2.0 [331
COz(1)+ Red 60(2)+ Acetone(3) 0.0-4.56 3 333.2 253.2 17.7  [33]
CO2(1)+ Red 60(2)+ Acetone(3) 4.12 1 333.2 253.2 2.4 [33]
CO2(1)+ Red 60(2)+ Acetone(3) 4.56 1 333.2 253.2 32.0 [33]
CO2(1)+ Red 60(2)+ Ethanol(3) 4.12 4 313.2 148-306  22.7 [33]
CO2(1)+ Red 60(2)+ Ethanol(3) 4.12 5 333.2 135-337 22.1 [33]
CO2(1)+ Red 60(2)+ Ethanol(3) 0.0-8.2 4 313.2 253.2 20.5  [33]
CO2(1)+ Red 60(2)+ Ethanol(3) 0.0-7.7 4 333.2 253.2 25.2  [33]
CO2(1)+ Red 60(2)+ Ethanol(3) 0.0 5 323.7 103-306  24.2 [7]
CO2(1)+ Red 60(2)+ Ethanol(3) 0.0 5 353.7 102-306  44.7 [7]
CO2(1)+ Red 60(2)+ Ethanol(3) 0.0 5 383.7 106-300  33.5 [7]
CO2(1)+ Red 60(2)+ Ethanol(3) 0.0 5 413.7 102-302  26.9 [7]
CO2(1)+ phenanthrene(2)+ Acetone(3) 0.0 6 323.2 105-415 16.3  [32]
CO2(1)+ phenanthrene(2)+ Acetone(3) 1.0 8 323.2 105-449  22.3 [11]
CO2(1)+ phenanthrene(2)+ Acetone(3) 2.5 6 323.2 118-346  22.8 [11]
CO2(1)+ phenanthrene(2)+ Methanol(3) 0.0 6 323.2 104-415 16.3  [14]
CO2(1)+ phenanthrene(2)+ Methanol(3) 1.0 7 323.2 104-346 5.5 [11]
CO2(1)+ phenanthrene(2)+ Methanol(3) 2.5 7 323.2 104-346 11.8  [11]
CO2(1)+ phenanthrene(2)+ Methanol(3) 3.9 9 323.2 104-346  34.8 [11]
CO2(1)+ Flurorene(2)+ Acetone(3) 0.0 9 323.2 70-415 12.7  [32]
CO2(1)+ Flurorene(2)+ Acetone(3) 1.0 7 323.2 104-346 19.7  [11]
CO2(1)+ Flurorene(2)+ Acetone(3) 2.5 6 323.2 118-346 144  [11]
CO2(1)+ Acridine(2)+ Acetone(3) 0.0 6 308.3 103-350 15.4 [14]
CO2(1)+ Acridine(2)+ Acetone(3) 1.0 8 323.2 104-346  20.5 [11]
CO2(1)+ Acridine(2)+ Acetone(3) 2.5 8 323.2 104-380 27.2 [11]
CO2(1)+ Acridine(2)+ Methanol(3) 0.0 6 308.3 102-350 154 [14]
CO2(1)+ Acridine(2)+ Methanol(3) 1.0 9 323.2 94-346 25.3  [11]
CO2(1)+ Acridine(2)+ Methanol(3) 2.5 6 323.2 104-346  27.6 [11]
CO2(1)+ Acridine(2)+ Methanol(3) 2.5 8 343.2 118-415 21.8 [11]
CO2(1)+ Acridine(2)+ Methanol(3) 3.9 6 323.2 104-346  33.4 [11]
. yexpl . cold

. AAD % = - “—| x 100
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Fig. 3. Eperimental and calculated y, for

carbon dioxide+C.I. disperse red 60+
acetone system at 333.2 K.
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Fig. 4. Experimental and calculated y, for

carbon dioxide +C.I. disperse red 60
+ethanol system at 333.2 K.
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