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Measurement and Correlation of Solubilities of Some Disperse Azo Dyes in

Supercritical Carbon Dioxide
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The solubilities of three novel disperse azo dyes, ethyl 2-[6-{(E)-2-[4-(diethylamino)-2-methylphenyl]-1-
diazenyl}-1,3-dioxo-1H-benzo[delisoquinolin-2(3H)-yl] acetate (Dye 1), ethyl 2-[6-{(E)-2-3-hydroxy-2-
naphthyl-1-diazenyl}-1,3-dioxo-1H-benzo[delisoquinolin-2(3H)-yl] acetate (Dye 2), and 6-{(E)-2-[4-
(diethylamino)phenyl]-1-diazenyl }-2-propyl- 1 H-benzo[de]isoquinoline-1,3(2H)-dione (Dye 3), in supercritical
carbon dioxide were measured at 7 = (308, 318, 328, 338, and 348) K and various pressures in the range
of (122 to 355) bar. The measurements were performed using a simple static method. On the basis of the
obtained experimental results, the solubilities increased by increasing the density of supercritical CO,. Also,
the solubilities of the dyes in supercritical CO, at high pressure were decreased in the order of Dye 3 >
Dye 1 > Dye 2, which parallels the order of their relative melting points. The higher the melting point, the
lower the solubility. The mole fraction solubilities, y,, and solubilities, s, of the disperse dyes ranged from
[(0.01 t0 20.7)+ 10 ° and (0.01 to 15.8)+107 ] gL ™", respectively. The solubility data were correlated using
a semiempirical density-based Chrastil model with an overall average absolute relative deviation of 18.6 %.
Using the correlation results, the enthalpy of CO,-dye solvation approximated in the range of (29 to 225)
kJ-mol ! for different dyes. The calculated results show satisfactory agreement with the experimental data.

Introduction

Supercritical fluid dyeing (SFD) technology has received
attention in the textile industry due to increasing environmental
concerns, as reflected by a number of research communications
dedicated to this field.'”

SFED is an alternative dyeing process, which is able to replace
the conventional wet process. In this process, water, surfactants,
dispersing agents, and the drying process are eliminated.
Therefore, this method will not deliver a lot of wastewater to
the environment. Moreover, energy (roughly 50 %) can be
saved.®* However, to apply this technique, the knowledge of
the solubility of suitable dyes for textiles in supercritical carbon
dioxide (SC-CO,) is required. Solubility measurements of some
dyes in SC-CO, have been reported.'™'" These results are
commonly correlated using theoretical or semiempirical
models.'?'

Experimental solubilities of dyes in SC-CO, are the most
important parameters for selecting dyes and for predicting
optimum temperature and pressure for the dying process. Thus,
solubility data are needed for the development of the super-
critical dyeing processes. In the present study, solubilities of
three novel disperse azo dyes, 2-[6-{(E)-2-[4-(diethylamino)-
2-methylphenyl]-1-diazenyl }-1,3-dioxo-1H-benzo[de]isoquino-
lin-2(3H)-yl] acetate (Dye 1), ethyl 2-[6-{(E)-2-3-hydroxy-
2-naphthyl-1-diazenyl }-1,3-dioxo-1H-benzo|[de]isoquinolin-2(3H)-
yl] acetate (Dye 2),'® and 6-{(E)-2-[4-(diethylamino)phenyl]-
1-diazenyl}-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-
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dione (Dye 3),'” have been determined over a range of pressures
and temperatures. The experimental solubility data were cor-
related using a semiempirical density-based Chrastil model in
supercritical carbon dioxide.

Experimental Section

Apparatus and Operation. All solubility measurements were
performed using a Suprex (Pittsburgh, PA) MPS/225 system
equipped with a modified static system in supercritical fluid
extraction (SFE) mode. A detailed description of the construction
and calibration of the system has been previously reported.*
To prevent channeling, briefly, a 1 mL high-pressure saturation
cell was filled with a mixture of clean glass beads and 100 mg
of the dye. The saturation cell was placed in the oven of the
system to provide precise temperature control (= 0.2 K) during
the solubility determination. A syringe pump was used in the
constant pressure (£ 1 bar) mode to supply pressurized CO,
into the saturation cell. When the equilibrium at the desired
temperature and pressure was reached (40 min), a 102 uL
portion of the saturated supercritical CO, was loaded into the
injection loop. It should be noted that by monitoring solubility
data versus time, 40 min was found to be adequate to ensure
the attainment of equilibrium. The loop was then depressurized
into the collection vial containing dichloromethane. Finally, the
sample loop was washed with dichloromethane and was
collected in the collection vial. The final volume of the solution
was adjusted to 5 mL. Solubility determinations were performed
at temperatures ranging from (308 to 348) K and pressures from
(122 to 355) bar. During a typical experiment, the oven
temperature and SC-CO, pressure were held constant. The
solubilities were determined by absorbance measurements at a
suitable wavelength (1) for each compound (Table 1) using a
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Table 1. Structure of Dyes and Their Physicochemical Properties
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Compound Chemical MW/g:mol Tw/K Chemical Structure A meJum
Formula
Me O
Dye 1 C,7H25N4 Oy 472.55 568-569 —\ 0 543
N N N—
—/ N Q CO,E
0
OH o]
Dye 2 CeH oN;O5 453.46 650-651 O 520
Aty
atamate
o]
o)
Dye 3 CasHagN4O» 41451 555556 T\ N O g 537
_/ <:> N Q T\
0

model 2100 Shimadzu UV-vis spectrophotometer. Stock solu-
tions of the solid samples were prepared by dissolving appropri-
ate amounts of the solid samples in dichloromethane. A set of
five standard solutions were then prepared by appropriate
dilution of the stock solution. The calibration curves obtained
(with regression coefficients better than 0.999) were used to
establish the concentration of the dyes in the collection vial.
The mole fraction compositions of the solutes were obtained
with percent relative standard deviation less than £ 9 %.

Materials. Carbon dioxide (99.99 %) was purchased from
Sabalan Co. (Tehran, Iran). HPLC grade dichloromethane was
obtained from Merck (Darmstadt, Germany) and was used as
received. The novel disperse azo dyes were synthesized and
purified as described before.'”™'® The purities of the azo dyes
were confirmed by spectroscopic data and elemental analysis.
The mass fraction purities of the dyes were greater than 99 %.
However, prior to the measurement of solubilities, the dyes were
extracted by dynamic SFE at P = 253 bar and 7 = 328 K for
a duration of 20 min at the supercritical flow rate of 0.5
mL-min~'. The impurities were only present during the
extraction of the first (2 to 4) % of the material charged into
the extraction vessel. After making sure that no impurities
existed in the extract, solubility measurements were made. Some
basic information for these disperse azo dyes is given in Table
1, in which T}, is the melting point that was measured using a
melting point measurement instrument from SANYO Gallen-
kamp PLC Company (Leicestershire, U.K.).

Results and Discussion

Experimental Solubility Data. The reliability and efficiency
of the solubility measurement apparatus were previously
established by measuring the solubility of naphthalene in SC-
CO, at 308 K and at different pressures. The measured mole
fraction solubilities of naphthalene were (11.6, 14.2, 16.2 and
17.4)-1072 for P = (105.6, 136.2, 165.8, and 201.3) bar,
respectively, and agreed within approximately 8 % to 6.8 %
with those of previous measurements.°

Solubility measurements of disperse dyes with a static
apparatus have shown that the spectrophotometric determination
of concentrations is affected by even small concentrations of
more soluble impurities absorbing in the same range of the

spectrum as the dyes itself.”! The flowing method often allows
an easy extraction of such impurities; the continuous purification
can be continued until a constant shape of the spectrum is
observed for the collected extracts. Thus, in the present work,
small quantities of volatile impurities present were extracted
by dynamic SFE, prior to the measurement of solubility.

The experimental results are listed in Table 2 in terms of
equilibrium mole fraction, y, and s/g-L_', of the solute in
supercritical CO,. The mole fraction solubilities of the disperse
dyes ranged from (1.5 to 11.4)+107°, (0.01 to 5.7)-10° %, and
(0.1 to 20.7)+107° for Dye 1, Dye 2, and Dye 3, respectively.

Each reported data point is the average of at least three
replicate measurements with relative standard deviations of less
than 9 %. Examination of the solubility data in Table 2 reveals
that the solubility of disperse dyes increases with an increase
in pressure, at all temperatures. This is due to the increase of
CO, density with increasing pressure, which happens since CO,
density is directly related to the dissolving power of CO,. This
effect is due to the decrease of the intermolecular distance, so
the solute—solvent interactions increase.”

The solubility behavior with temperature is more complex.
However, despite the decreased density of CO, at higher
temperatures (at constant pressures), the influence of pressure
on the solubility is more pronounced at higher temperatures.
The data given in Table 2 clearly reveal that, at a constant
temperature, increasing the density (by increasing pressure)
enhances the solubility, and the increase in density at a constant
pressure (by lowering temperature) diminishes the solubility.
Similar observations have already been reported in the litera-
ture.>* By examining the effect of temperature on the solubilities
(Table 2), we find the existence of a retrograde (crossover
pressure effect) behavior for all three dyes at about 160 bar. It
is worth pointing out that the crossover point is difficult to see
from Table 2, but it can be easily observed from the mole
fractions versus pressure isotherms (Figure 1). Two competing
effects can explain this effect. In principal, increasing temper-
ature favors solubility via an increase in vapor pressure of the
dye, but at the same time, the solvent density decreases. At low
pressures, the decrease of solvent density dominates, and the
overall solubility of the dye decreases with increasing temper-
ature. At higher pressures, the solubilities increase with rising
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Table 2. Solubilities of Dye 1, Dye 2, and Dye 3 in SF-CO, at
Various Temperatures and Pressures

Dye 1 Dye 2 Dye 3
100s 100s 100s
T/K Phbar plg:L™" g-L7' 10% gL' 10% gL' 10%
308 122 771 25 31 - - 04 05
152 818 3.1 35 - - 05 06
182 850 29 32 - - 06 0.8
213 876 30 32 000, - 08 09
243 897 28 29 000, - 0.9 1.0
274 916 29 30 0.005s 0.01 1.0 1.1
304 931 29 29 0.00, 0.01 1.1 1.3
334 946 30 3 0015 002 12 1.4
355 955 33 32 002, 0.02 1.3 1.5
318 122 661 9 27 - - 02 04
152 745 24 30 - - 06 09
182 792 30 36 000, - 1.0 1.3
213 826 34 39 000, - 1.3 1.7
243 852 38 42 001 001 1.7 21
274 875 40 42 003 003 1.9 23
304 893 41 43 006 007 22 26
334 910 43 44 009 010 25 30
355 919 47 48 013 013 29 33
328 122 516 L1 20 - - 0.1 02
152 657 22 31 - - 0.6 09
182 726 31 40 000, - 1.2 1.8
213 771 39 47 0.005 0.01 20 27
243 804 44 52 003 004 26 35
274 831 50 56 006 007 34 43
304 853 53 58 020 023 41 5.1
334 872 56 60 041 046 47 57
355 884 61 64 066 072 54 65
338 122 396 0.7 1.6 - - 0.1 0.1
152 561 15 25 - - 04 08
182 654 29 42 000, - 3 22
213 712 41 53 001, 002 26 39
243 754 50 62 0.09 0.11 38 54
274 786 60 7. 024 029 53 71
304 812 65 74 056 067 69 90
334 834 70 79 154 180 84 106
355 848 78 86 267 305 95 119
348 122 327 0.5 15 - - 0.1 02
152 477 1.0 20 - - 04 08
182 585 28 45 000, - 14 26
213 652 4.1 58 0015 002 3.1 5
243 702 54 72 011 016 53 8
274 740 66 83 053 069 7.6 109
304 772 77 93 145 182 103 142
334 796 86 10 369 450 127 17

355 811 10 114 478 572 158 207

temperatures because the densities in this range only slightly
depend on temperature and the normal temperature dependence
of solubility dominates. The existence of a crossover pressure
in solid supercritical fluid systems has been suggested to indicate
the reliability and consistency of experimental solubility data.?*

The results obtained in this study indicate that the solubility
of dyes at high pressure vary in the order Dye 3 > Dye 1 >
Dye 2. The exchange of the carbonyl group in Dye 1 by the
CH,, group results in a significant solubility enhancement of
Dye 3 in comparison with Dye 1. Similar results have been
reported in the literature.>>*> The ability to form either inter-
or intramolecular hydrogen bonds promotes mutual solute
interactions, and consequently, the solubilization in CO, is
hindered.” Tt is presumed that the intermolecular hydrogen
bonds are responsible for poor solubility of Dye 2 in SF-CO,.
It is worth noting that the description between the solubility
and molecular interaction is ambiguous. We expect the cor-
relation results obtained in terms of the Chrastil empirical model
to give a solution of the molecular interactions of dyes in SC-
CO,.

Correlation of Experimental Solubility Data. In the present
study, to check the accuracy of the predicted solubilities based
on correlation equations, the objective function used is the
average absolute relative deviation (AARD) between the
calculated and experimental solubility

1 & IS - S
AARD NZ S

i=1 exptl

caled

|
exptl ( 1 )

where N is the number of experimental data points. The S.,,q
and S_,.q are experimental and calculated solubility values,
respectively. A single least-squares process was used to correlate
data obtained by the models over the ranges of experimental
pressures and temperatures. To correlate the dye solubility with
the density-based models, the density of pure SC-CO, (p) at
pressures and temperatures of interest should be known. In this
work, the p values of SC-CO, were calculated by the computer
system of the Suprex MPS/225 at various pressures and
temperatures. It is worth noting that the Suprex MPS/225 uses
the modified equation of state extended to include high-pressure
fluids as proposed by Pitzer*® and Pitzer et al.”’

The accurate knowledge of the equilibrium solubility of the
materials to be processed in the selected SCF solvent and/or
the solubility of that SCF in those materials are key factors
affecting the efficacy and the corresponding technical and
economical success of most SCF processes. Therefore, if
solubility of the solid in SCF is not completely determined
experimentally, it must be obtained and extended by fitting and
correlating theoretical or semiempirical models to the existing
experimental data. Thus, equations of state (EOS) are the most
widely used models to correlate and predict solid-SCF equilib-
rium.”® However, even simple and more general cubic EOSs
usually are required to fit model parameters and pure solute
properties. Usually these properties are frequently unavailable
in the literature, especially for pharmaceutical compounds,
polymers, dye molecules, and biomolecules.? '

To avoid some of these disadvantages as well as more
complicated computational routines, most authors try to use
more simple semiempirical correlations such as Chrastil’s
model,*?> which correlates the solubility of a solute, in a
supercritical solvent, to the density and temperature. This model
is based on the hypothesis that one molecule of solute, A,
associates with & molecules of solvent, B, to form a solvate
complex AB,, in equilibrium with the system. The definition of
the equilibrium constant, obtained through several thermody-
namic considerations, leads to the following expression for the
solid solubility

s/g + L7 = (p/g « LY exp(a/(T/K) + b) (2)

where s is the solubility of Dye in SC-CO,; p is the density of
the pure CO, at the experimental absolute temperature 7 and
pressure P. The constant, k, expresses an average equilibrium
association number, which is a characteristic constant for a given
gas—solute system. The parameter « is defined as AH/R, where
R is the universal gas constant and AH is the sum of the
enthalpies of vaporization and solvation. Finally, the parameter
b is dependent on the molecular weights of solvent and solute.

The logarithmic solubility—density relationship shows a linear
behavior for all the isotherms, as is illustrated in Figure 2. By
performing a multiple linear regression on In s as a function of
In p and 1/T, one obtains k = (1.8, 28.1, and 6.2), a = (—3203,
—28155, and —9833) K, and b = (—20.2, —206.6, and —43.3)
for Dye 1, Dye 2, and Dye 3, respectively (Table 3).

The thermodynamic quantity, AH, can be calculated directly
from a, resulting, for the studied system, in values of (—29.04,
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Figure 1. Equilibrium mole fraction of Dye 3 as a function of pressure. Lines represent experimental and points represent theoretical data: x, 308 K; A, 318

Dye 1 Table 3. Solubility Constants of the Chrastil Model for Dye 1, Dye
2, and Dye 3 in Supercritical CO,
6.3 6.4 6.5 6.6 6.7 6.8 6.9
15 Dye b k a/K 100-AARD
) v v iy v Dye 1 —20.2 1.8 —3203 15.2
Dye 2 —206.6 28.1 —28155 17.3
- 35 p Dye 3 —43.3 6.2 —9833 23.4
gﬂ oﬁ'ee:ﬁ/_ average 18.6
255 p
to be 15.2 %, 17.3 %, and 23.4 % for Dye 1, Dye 2, and Dye
75 3, respectively.
-1
Inp /g L Conclusions
Dye 2 Equilibrium solubilities of Dyes in supercritical CO, were
6.4 6.5 6.6 6.7 6.8 6.9 measured by a static analytical method, in the pressure range
15 v . v from (122 to 355) bar at (308, 318, 328, 338, 348, and 358) K.

ox‘*@l

Lo
£
-5.5
lnp/g-L'1
Dye 3
6 6.2 6.4 6.6 6.8 7
-1.5 v v v = v
- 35 p /
=
)
~
§-5.5 A /5:’
-7.5
lnp/g-L'}

Figure 2. Logarithmic relationship between the solubility of the dyes and
the density of supercritical CO, at (308, 318, 328, 338, and 348) K. Lines
represent Chrastil’s regression fit: —, 308 K; O, 318 K; A, 328 K; <, 338
K; O, 348 K.

—225.3, and —82.2) kJ-mol™' for Dye 1, Dye 2, and Dye 3,
respectively. The average absolute relative deviations of the
fitted Chrastil equation from experimental data were calculated

Equilibrium solubility data, expressed in terms of Dyes’ mole
fraction, range from (0.02 to 20.7)+ 10~°, with a relative standard
deviation of 9 %. At a constant temperature, the solvent capacity
to dissolve dyes increases by increasing the pressure. Around a
pressure of 160 bar, the crossover region was observed for dyes.
Below this region, solubility increases with decreasing temper-
ature, and above 160 bar, the solubility increases by increasing
temperature.

Application of Chrastil’s density-based model to the experi-
mental data leads to values of k = (1.8, 28.1, and 6.2), a =
(—3202, —28155, and —9833) K, b = (—20.2, —206.6, and
—43.3), and AH = (—29.04, —225.3, and —82.2) kJ *mol ' for
Dye 1, Dye 2, and Dye 3, respectively. These data were
correlated with an overall AARD of 18.6 % for three dyes.

The solubility results obtained in this work are very promising
for the development of supercritical processes for dyeing
applications based on these disperse dyes.
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