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The solubility of quinacridone in hot-compressed water was measured for the first time at temperatures from
(453.4 to 592.9) K and at a pressure of 24 MPa with a flow-type apparatus. The solubility varied from 1.07×
10-5 mol‚kg-1 at 453.4 K to 5.89× 10-3 mol‚kg-1 at 592.9 K. Dissolution equilibria of quinacridone were
analyzed by a simple thermodynamic model on the basis of the measured solubility.

Introduction
Nanocrystals of quinacridone and its derivatives are attracting

much attention because of promising application for electro-
luminescent materials and red pigments.1 Among several
fabrication methods of these organic nanocrystals, the hot-
compressed water (HCW) recrystallization method is one of the
effective and environmentally friendly techniques for preparation
of organic nanocrystals such as phthalocyanine, quinacridone,
and fullerene C60.2-4 In this method, HCW is used as an
extraction solvent because HCW has a low dielectric constant
(about 5 to 50) compared with water at room temperature
(around 80)5 and at these conditions it behaves like a weakly
polar organic solvent and also shows higher solubility to organic
compounds. With this method, organic nanocrystals successfully
precipitate by mixing the extracted organic aqueous solution
with cooling water without any organic solvents.2 For this
application, solubility of quinacridone at these conditions is
essential to clarify the key factor of controlling the crystal size
and form.

Some researchers have proposed flow-through methods for
measuring accurate metal oxide solubility in HCW.6,7 A flow-
through-type apparatus is used with an extraction cell, and the
solubility is determined on the basis of the molalities in
recovered solution. For the case in which the solubility at room
temperature is lower than that at higher temperature, the metal
oxide has a tendency to recrystallize within the cool down heat
exchanger and the typical result is plugging of the lines and
termination of the experiment in higher-temperature conditions.
To ensure that metal oxides do not precipitate in the cool down
portion, mixing of the metal oxide solution with acid or base at
the given conditions following the extraction has been used.
This method is effective to measure the solubility of chemically
stable compounds. For the case of organic solids, one idea is to
mix the aqueous solution of organics with good solvents such
asN-methylpyrrolidone and dimethylsulfoxide. However, there
exists the possibility of decomposition of the solvents and also
reaction of organic solids with the solvents at high-temperature
conditions. Therefore, the method is difficult to apply.

In this work, we describe an experimental system that is
suitable for measuring solubilities of organic crystals in HCW
and report on quinacridone solubility at a pressure of 24 MPa
and temperatures ranging from (453.4 to 592.9) K. Dissolution
equilibria were analyzed by a simple thermodynamic model on
the basis of the measured solubility. Values for the equilibrium
constant and the standard enthalpy and heat capacity of the
dissolution reaction at reference conditions were evaluated from
the temperature dependence of the equilibrium constant.

Experimental Section

A schematic diagram of the experimental apparatus is shown
in Figure 1. It consisted of two feed systems, pressure and
temperature measurement and control systems, an effluent
collection, an electric furnace, a micromixing unit, and an
extraction cell. A stainless steel (SUS316) tube (1.58 mm o.d.,
0.59 mm i.d.) and union tee (1.3 mm i.d.) were used for high-
pressure sections except for the micromixing unit. The micro-
mixing unit was composed of a union tee (0.3 mm i.d.), a
SUS316 tube (1.58 mm o.d., 0.13 mm i.d., 50 mm length), and
a micro heater. The micro heater and the tube having the smaller
inner diameter were used to reduce precipitation and plugging
in the tube between the extraction cell and the mixing tee
because of decreasing temperature and flow velocity. The
extraction cell (manufactured by ACRAFT) was made of
SUS316 with dimensions of 70 mm i.d. and 122 mm height
(470 cm3 volume) and was set up horizontally. The electro-
magnetic induction rotating stirrer, with a maximum rotation
speed of 1500 rpm, was placed at the bottom of the cell. The
solution temperature in the cell was controlled by a sheathed
heater located along the inner wall. The quinacridone crystal
(â-form, approximately 25 g, purchased from Tokyo Kasei
Kogyo, purity >98 %) was placed in the cell.

Distilled and deionized water for the extraction was fed at a
flow rate of 10 g‚min-1 by high-performance liquid chroma-
tography (HPLC) pump 1. From another line, distilled and
deionized water for cooling was fed at a flow rate of 20 g‚min-1

by HPLC pump 2. The water for extraction was heated to the
extraction temperature in the SUS316 tube with the electric
furnace and then flowed into the cell. At the exit of the cell, an
inline filter, housing 0.5µm of the sintered stainless steel
element, was set to retain quinacridone crystals. The residence
time of water for extraction in the cell was about 47 min. The
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rotation speed of the electromagnetic stirrer was set to 0-1000
rpm. The high-temperature quinacridone aqueous solution
flowing through the filter was mixed with cooling water in the
micromixing unit and then cooled to ambient temperature by a
cool down heat exchanger. System pressure was controlled by
a back-pressure regulator (model 26-1700, TESCOM). All
measurements were carried out at temperatures from (453 to
593) K and a pressure of 24 MPa, having the uncertainties of
temperature ((0.1 K) and pressure ((0.1 MPa). After depres-
surization, precipitated crystals were collected in a glass flask
as a slurry solution. After each experiment, no solid residue
was observed in the tube and union placed from the micromixing
unit to the back-pressure regulator. This result clearly shows
that all the precipitates are successively collected in the flask.
The effluent solution was weighed with an analytical balance
within the uncertainties of(0.1 mg. Solids in the effluent
solution were filtered by a membrane filter, washed with pure
water, dried at 373 K in an oven for 24 h for removal of water
in resultant solids, and then weighed with the analytical balance.
After that, quinacridone molality in water,m, was determined
by the following relation:

where MW,QA, WQA, and WH2O are the molecular weight of
quinacridone, 312.327× 10-3 kg‚mol-1, the mass of solid
quinacridone, and the mass of water delivered by pump 1,
respectively. The crystal size and structure of the solids in the
slurry solution were analyzed by transmission electron micros-
copy (TEM, Carl Zeiss, LEO 922 OMEGA) and UV/vis
spectrophotometry (V-570, JASCO), respectively. The molality
of total organic carbon in solution after the filtration was
analyzed by the total organic carbon analyzer (TOC-V CPH/
CPN, Shimazu). On the basis of the molality, the molality of
the dissolved quinacridone molecule was estimated and the value
was lower than 10-7 mol‚kg-1 in each experiment.

Results and Discussion

TEM images of raw material and solid in the effluent obtained
after exposure to 573 K are shown in Figure 2. The average
particle diameter of the raw material and the obtained solid are
1.8 µm and 65 nm, respectively. This indicates that larger
crystals of the raw material dissolve in HCW, and the rapid
cooling in the micromixing unit promises the formation of
smaller crystals and also the prevention of plugging in the
experimental line. Typical results of absorption spectra of a

quinacridone crystal dispersion liquid obtained after exposure
to 573 K are shown in Figure 3. The absorption spectrum is
assigned to the single phase of the meta-stableR-form of the
quinacridone crystal.8 No significant difference for the absorp-
tion spectra was observed at other temperatures. The metal-
stableR-form nanocrystals are obtained in effluent due to the
rapid quench of the extracted solution for the collection as
precipitates in solution. The measured value in this work,
however, is the molality of stableâ-form crystals.

Especially for unknown solubilities, the method depends on
the solution becoming saturated with solid solute during the
extraction time in the cell. To ascertain that the solutions were
saturated, we measured the variation of quinacridone molality
in the recovered solution with rotation speed. Figure 4 shows
the relationship between the quinacridone molality and the
rotation speed,S/rpm, for the quinacridone+ water system at
temperatures from (473 to 573) K. As shown in Figure 4, it
was found that the solution required a rotation speed of at least

Figure 1. Schematic diagram of the experimental setup for solubility
measurement.

m )
WQ/MW,Q

WH2O
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Figure 2. TEM images of (a) raw material and (b) crystals obtained from
the effluent after exposure to 573 K.

Figure 3. Absorption spectra of raw material and crystals obtained from
the effluent after exposure to 573 K:O, â-form; 4, R-form.

Figure 4. Quinacridone molalitym as a function of rotation speedS.
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500 rpm to become saturated with quinacridone. Therefore, we
set the rotation speed to 1000 rpm for each set of experimental
data at given temperatures.

The experimental results of quinacridone solubility on each
extraction time,t/min, in HCW are shown in Table 1 together
with the average value at given temperatures and its standard
deviation. The measured solubility drastically increased with
increasing temperature. Further, for confirming the achievement
to equilibrium solubility, quinacridone molality was measured
at a low flow rate of (2.0 and 5.0) g‚min-1, 573 K, 24 MPa,
and 1000 rpm and the values were (1.8523 and 1.9474)× 10-3

mol‚kg-1, respectively. In addition, quinacridone solubility was
also measured four times with the recently proposed static
method9 at 573 K and 24 MPa for 120 min and the value was
1.95 ( 0.11 × 10-3 mol‚kg-1. These values show good
agreement with the data, as shown in Table 1.

General dissolution reactions between quinacridone and HCW
and the equilibrium constantK are expressed as follows

wheren anda are the hydration number and the thermodynamic
activity, respectively. Equations 2 and 3 are based on the
assumption that the molality of quinacridone is low. Further-
more, in dilute solutions, the molality does not differ from the
thermodynamic activities. In the usual manner, the thermody-
namic activities of a pure solid and water are taken to be unity.

For the reaction, the equilibrium constant can be changed as
follows

wheres/mol‚kg-1 is quinacridone solubility.
In this work, we analyze the experimental lnK data for the

quinacridone dissolution reaction at given conditions using the
following simplified density model by Anderson et al.10

where ln(K/-), ∆H0/J‚mol-1, and ∆CP
0/J‚mol-1‚K-1 denote

the equilibrium constant, the standard enthalpy, and the heat
capacity of the dissolution reaction.R is the gas constant 8.314
J‚mol-1‚K-1. T/K, F/g‚cm-3, and R/K-1 stand for absolute
temperature, water density, and thermal expansivity, respec-
tively. F andR were estimated by formulations of Wagner and
Pruss.11 The subscriptr denotes the reference state of 298.15
K and 0.1 MPa. In this work, lnKr, ∆Hr

0, and∆CPr
0 are treated

as fitting parameters. The determined parameters were-18.36
( 0.55, (37.9( 3.7) kJ‚mol-1, and (286.0( 11.0) J‚mol-1‚K-1,
respectively. Estimated uncertainties are from propagation of
the experimental uncertainties. The standard deviation of the
regression in lnK was 0.14. Comparisons between experimen-
tally determined and correlated lnK values for the quinacridone
dissolution reaction are shown in Figure 5. The model could
describe well the temperature dependence of lnK.

Conclusions

A new technique was proposed for measuring the solubility
of solids in hot-compressed water. New data were reported for
quinacridone red pigment in hot-compressed water. A simple
thermodynamic model could correlate the data as a function of
temperature and water density.
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