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Abstract

Ultra-fine particles of C.I. Pigment Green 36 were prepared using a continuous supercritical anti-solvent (SAS) apparatus employing quin-
oline as solvent and supercritical carbon dioxide as anti-solvent. A series of precipitation experiments were conducted at different temperatures,
pressures, and flow rates of pigment solution. The vapor—liquid phase boundaries of carbon dioxide + quinoline mixtures were also measured
with a volume-variable phase equilibrium analyzer at temperatures from 308.2 K to 328.2 K. Mapping the estimated composition of mixtures in
a model CSTR (continuously stirred tank reactor) precipitator at the end of injection of pigment solution onto the phase diagram found that the
morphology of prepared particles was mainly governed by the phase behavior of anti-solvent + solvent mixtures. Nano-particles were obtained
as the precipitation loci were manipulated within either supercritical or superheated vapor region through the SAS process, whereas micro-metric
aggregated ball-like particles were produced as the precipitation loci passed by the vapor—liquid coexistence region.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nano-metric or submicron pigment particles are essential
materials for use in photo resists, which are used for fabricat-
ing color filters and for color liquid crystal displays (color-
LCD). The smaller sizes of pigment particles in the dispersion
media yield superior color strength, contrast, and transmit-
tance [1]. Therefore, searching for feasible methods and favor-
able process parameters to produce nano-metric pigment
particles with narrow particle size distribution (PSD) is techni-
cally important for the industrial applications. Instead of tradi-
tional mechanical milling, the supercritical anti-solvent (SAS)
process may provide an innovative route to meet this demand
[1—3]. Previous studies on pigment particle formation using
supercritical techniques are rather limited. Gao et al. [4] pre-
pared micro-metric particles of Pigment Red Lake C, C.I.
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Pigment Yellow 1, and C.I. Pigment Blue 15 using an SAS
method. Micro-metric pigment particles of Bronze Red were
produced by Hong et al. [5] with a continuous SAS apparatus.
Wu et al. [1,6] extensively investigated the effects of the SAS
process parameters on the PSD of C.I. Pigment Red 177 and
C.I. Pigment Blue 15:6. Nano-metric or submicron particles
were obtained from these studies. The precipitation kinetic pa-
rameters of Pigment Blue 15:6 were determined with the aid
of the population balance theory [6]. Reverchon et al. [7] in-
vestigated micronization of C.I. Disperse red 60 using both
SAS and supercritical-assisted atomization (SAA) methods.
They found that nano-metric particles could be formed using
SAS, whereas micro-metric particles were produced using
SAA. Wu et al. [8] developed a supercritical-assisted disper-
sion apparatus to C.I. Pigment Red 177 in propylene glycol
monomethyl ether acetate with blended dispersants.

In addition to Wubbolts et al. [9] and Wu et al. [1,6], Rever-
chon et al. [10] found that the phase behavior of mixtures
in precipitator, rather than the mass transfer, governed SAS
precipitation. As shown from their experimental results,
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submicron particles were produced when the mixtures of sol-
vent + anti-solvent + solute in the precipitator were manipu-
lated at supercritical homogeneous states during the particle
formation stage. Micro-metric powders, however, were ob-
tained as the precipitation was conducted in the vapor—liquid
coexistence region. The vapor—liquid equilibrium (VLE) data
of anti-solvent + solvent mixtures thus provide valuable infor-
mation for particle design using the SAS method.

C.I. Pigment Green 36 is widely used in preparing photo re-
sists. Nano-particles of this pigment were produced, in the
present study, using a continuous SAS apparatus employing
quinoline as solvent and supercritical carbon dioxide as anti-
solvent. The experiments were conducted at various flow rates
of pigment solutions over the temperature range 308.2—
328.2 K and pressures of up to 31 MPa. The collected particles
samples were analyzed using field emission scanning electron
microscopy (FESEM) and the PSD and the mean sizes of par-
ticles were then determined with an image processing soft-
ware. Since the phase behavior played an important role in
the SAS precipitation, the vapor—liquid phase boundaries
(bubble and dew points), including near critical region, were
also measured in this study with the volume-variable phase
equilibrium analyzer for carbon dioxide + quinoline at
308.2 K, 318.2 K, and 328.2 K over a wide range of pressures.
The composition variations of fluid mixtures in the precipitator
during the courses of injection and purge stages were esti-
mated from a simple continuously stirred tank reactor
(CSTR) model, and the calculated precipitation loci were
mapped onto the phase diagram of carbon dioxide + quinoline
to examine the influence of the phase behavior on the resultant
pigment particles.

2. Experimental section
2.1. Materials

C.I. Pigment Green 36 (Cu-phthalocyanine, halogenated)
was supplied by Ciba Special Chemicals Co., Hong Kong.
Its chemical structure is shown in Fig. 1. The particle sizes
of the pigment as received distribute in the range of 1—
20 pm. Quinoline (purity of 99.9%, spectrophotometric grade)
was purchased from Aldrich (USA) and carbon dioxide (purity
of 99.8%) from Liu-Hsiang Gas Co., Taiwan. These chemicals
were used without further purification.

2.2. Apparatus and operation

A volume-variable phase equilibrium analyzer was utilized
to investigate the phase boundary (bubble and dew points) of
the binary mixtures of carbon dioxide + quinoline. The appa-
ratus and the experimental procedure have been detailed else-
where [1]. The uncertainties of measurements are 0.1 K,
£0.05 Mpa, and 4+0.003 for temperature, pressure, and com-
position in mole fraction, respectively.

The schematic diagram of the continuous SAS apparatus
and the operation procedure of the experiment have also
been reported by Wu et al. [1]. An HPLC pump was used
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Fig. 1. Chemical structure of Pigment Green 36.

for delivery of pigment solution and another high-pressure lig-
uid pump for carbon dioxide. These two pressurized streams
were pre-heated in a thermostatic air bath, and then diverted
into the precipitator, from the top, through a coaxial injection
tube. The coaxial injector consisted of a 0.3175 cm (outside
diameter) stainless steel tube with an insert of PEEK capillary
tube (63 pum, inside diameter). The pigment solution was in-
jected into the precipitator via the capillary tube and carbon
dioxide was delivered via the stainless steel tube (outside the
capillary tube). The precipitation chamber was made of stain-
less steel with an internal volume of 49 cm®. A metal frit was
mounted at the outlet (bottom) of the precipitator to retain the
produced pigment particles. Four glass-plates were placed in
the precipitator at different positions to collect the particulate
samples. The pre-heaters, the coaxial injector, and the precip-
itator were placed in the thermostatic air bath, which was con-
trolled to within £0.1 K. The bath temperature was measured
by a precision platinum RTD sensor to an uncertainty of
£0.02 K. A pressure transducer with a digital indicator mea-
sured the operating pressure in the precipitator, accurate to
40.1%. A separator followed the precipitator to separate sol-
vent and anti-solvent at near atmospheric pressure. The flow
rate and the total volume of carbon dioxide passing through
the precipitator were determined with a wet test meter to an
uncertainty of +0.25%. The mass flow rate of carbon dioxide
was manipulated at about 0.03 g/s through the precipitation
stage in each run. The total volume of the injected pigment so-
lutions was about 8 cm®. After the precipitation stage, carbon
dioxide was kept continuously charging into the precipitator
for about 150 min in order to remove the residual solvent in
the chamber. At least 300 particles on an FESEM image
were counted for determining the PSD and the mean particle
size by using the software of the Sigma Scan Pro5. All precip-
itation runs were conducted twice at each experimental condi-
tion. The mean particle size of the replicated samples was
reproducible to within about +3 nm.
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3. Results and discussion

3.1. Vapor—liquid equilibrium phase diagram of
anti-solvent + solvent system

The phase behavior of the fluid mixtures in a precipitator
has been recognized as one of crucial factors to control the
particle formation with the SAS process. Due to the extremely
minute solubility of C.I. Pigment Green 36 in supercritical car-
bon dioxide, the phase behavior of the mixtures in the precip-
itator should be very similar to that of the mixtures without
containing the pigment, i.e., the binary mixtures of carbon di-
oxide + quinoline [6]. The vapor—liquid phase boundaries (in-
cluding dew points and bubble points) of the binary system of
carbon dioxide 4 quinoline were thus measured with the vol-
ume-variable phase equilibrium analyzer over a temperature
range of 308.2—328.2 K and up to critical pressures. Fig. 2
illustrates the experimental results in which xco, stands for the
mole fraction of carbon dioxide. This phase diagram is divided
into four phase regions, including vapor—liquid coexistence
(V—L), compressed liquid (L), superheated vapor (V), and su-
percritical (SC) regions. The critical pressure and composition
at each temperature were estimated from the maximum
point of the smoothed isothermal phase boundary near the
critical region. The estimated critical points are located at
308.2 K/23.9 MPa/xco,= 0.843, 318.2 K/25.3 MPa/xco, =
0.842, 328.2 K/26.9 MPa/xco, = 0.842.

3.2. Influence of phase behavior on morphology of
resultant particles

The precipitation experiments were conducted at different
volumetric flow rates of pigment solution (F, from
0.0100 cm®/s to 0.0667 cm?/s), precipitation temperatures
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Fig. 2. VLE phase diagram of carbon dioxide + quinoline system.

(T, from 308.2K to 328.2K), and precipitation pressures
(P, from 20 MPa to 31 MPa), but the concentration of the
injected pigment solution was fixed at 0.08 kg/m’ through
all the experimental runs due to the low solubility of Pigment
Green 36 in quinoline. The experimental conditions and the
results are reported in Table 1, where the densities of carbon
dioxide at precipitation temperature and pressure were taken
from the NIST Chemistry WebBook [11].

The composition variations of fluid mixtures in the precip-
itation chamber during the SAS process were calculated, in
this study, from unsteady-state material balance equations
around the precipitator. The estimated results can be mapped
onto the phase diagram of carbon dioxide + quinoline to iden-
tify the phase regions being passed during the SAS procedure.
Similar to the work of Schmitt et al. [12], the precipitator was
assumed as a continuously stirred tank reactor (CSTR) with
two inlet and one outlet streams. With the initial condition
of pure carbon dioxide (zco, = 1.0, where zco, is the mass
fraction of carbon dioxide) at the beginning of injection of pig-
ment solution (= 0), the analytical solution of zco, varying
with time (¢) is given as follows [12]:

: B ( MCOZ )
co, =7
: Mco, + xspF

" ( XspF >ex —(Mco, + xspF)t (1)
Mco, + xspF P Mp”®
Table 1
Experimental conditions and results
Run C P T F Pco, Mean o
(kg/m*)  (Mpa) (K) (cms)  (g/em®)®  size (nm)  (nm)°
1 0.08 25 308.2 0.0167  0.902 445 6.5
2¢ 0.08 23 3082 0.0167 0.889 48.6 9.4
3 0.08 27 308.2 0.0167 0913 452 6.2
4 0.08 28 3082 0.0167 0919 455 6.3
5 0.08 29 308.2 0.0167 0.924 40.0 5.4
6 0.08 31 3082 0.0167 0.934 45.1 7.0
7 0.08 25 3132 0.0167 0.879 49.0 6.9
8¢ 0.08 25 3182 0.0167 0.857 47.6 7.1
9¢ 0.08 25 3282 0.0167 0.811 50.8 6.6
10 0.08 25 3082 0.0100 0.902 459 7.3
11 0.08 25 308.2  0.0250  0.902 42.7 6.5
12 0.08 25 308.2  0.0500 0.902 445 7.8
13 0.08 25 308.2  0.0667  0.902 45.7 7.5
14°  0.08 23 3182 0.0167 0.841 49.5 8.9
15 0.08 28 3182 0.0167 0.878 49.7 7.0
16 0.08 28 3282  0.0333  0.836 51.9 7.0
174 0.08 20 308.2  0.0500 0.866 - -
8¢ 0.08 20 3182 0.0500 0.813 - -
194 0.08 20 3282 0.0500 0.755 - -
20 0.08 23 3282 0.0167 0.791 - —

* Density of carbon dioxide at precipitation temperature and pressure. The
values were taken from the NIST Chemical WebBook [11].
" Standard deviation.
¢ Operated in superheated vapor region. Precipitations were conducted in su-

percritical region if not indicated.

4 Passed by vapor—liquid coexistence region.
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where Mco, (g/s) is the mass flow rate of the inlet carbon
dioxide, xg is the mass fraction of solvent (quinoline) in the
injected pigment solution (xg = 1.0), p is the density of pigment
solution (about 1.090 g/cm3), F (cm’/s) is the volumetric flow
rate of the injected pigment solution, and M;”* (g) is the total
mass of fluid phase in the precipitator which was assumed to
be remained a constant with time and was approximated by
the mass of pure carbon dioxide in the whole precipitator at
the beginning of injection of pigment solution.

Upon ending injection (at ¢ = °), a purge (or drying) oper-
ation was followed by continuously charging the pure carbon
dioxide into the precipitator. The variation of the mass fraction
of carbon dioxide (z(,) during this purge stage was also de-
rived by Schmitt et al. [12] as follows:

=1+ (zgoz — l)exp l_(ﬂ/[mﬁj[—;y(:_to)] (2)

where Z%oz is the mass fraction of carbon dioxide at the end of
injection (f = °). The detailed derivation for Egs. (1) and (2)
has been given by Schmitt et al. [12]. The mass fraction
Zco, can be readily converted into mole fraction xco, by

X _ ZC02/44~01 (3)
€2 (20, /44.01) + (1 — zco,)/129.262

Fig. 3 is an illustrative example of the calculated mole frac-
tion of carbon dioxide xco, in the precipitator varying with
time, including injection and purge stages. The horizontal
lines on the graph represent the vapor—liquid phase bound-
aries, i.e., the composition of the dew point at the correspond-
ing precipitation conditions. The mole fraction of carbon
dioxide decreases from unity to a minimum value (x¢,) at
the end of injection of pigment solution. After that, x¢q,
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Fig. 3. Mole fractions of carbon dioxide in precipitator varying with time dur-
ing the SAS process.

increases with an increase of time and approaches to unity
when the residual solvent in the precipitator was totally re-
moved. As seen from the graph, the locus of run #9 is well
above the horizontal solid line through the injection and purge
stages. However, the locus of run #19 crosses the horizontal
dashed line twice. It means that the fluid mixtures in the pre-
cipitator had passed by the vapor—liquid coexistence region
during the SAS process. While the mixing in precipitator
was non-ideal, the actual minimum concentration of carbon
dioxide x2, should be lower than the value calculated from
Eq. (D).

The estimated minimum concentrations of carbon dioxide
xgoz, at the end of injection of pigment solution, were marked
on Figs. 4—6 for the experiments conducted at 308.2 K,
318.2K and 328.2 K, respectively. The horizontal dashed
line stands for the critical pressure at the precipitation temper-
ature and the solid curve for the vapor—liquid phase boundary.
The particle formation occurred in the supercritical region, if
the points are above the horizontal dashed line, such as runs
#1, #3—#6, #10—#13 (in Fig. 4), run #15 (in Fig. 5), and
run #16 (in Fig. 6). The precipitation and purge stages were
operated in the superheated vapor regions, if the points are lo-
cated under the horizontal dashed line but well behind the
right hand side of the vapor—liquid phase boundaries, such
as run #2 (in Fig. 4), runs #8 and #14 (in Fig. 5), and run
#9 (in Fig. 6). In the case of the points located on the left
hand side or near the phase boundaries, such as run #17 (in
Fig. 4), run #18 (in Fig. 5), and runs #19 and #20 (in
Fig. 6), the SAS procedure was likely to crossing the va-
por—liquid coexistence region. Although the estimated mini-
mum compositions of carbon dioxide of runs #17 and #20
are located in the superheated vapor region, actually these
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Fig. 4. VLE phase boundary and the estimated compositions of carbon dioxide
in precipitator at the end of injection of pigment solution for the experimental
runs at 308.2 K.
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Fig. 5. VLE phase boundary and the estimated compositions of carbon dioxide
in precipitator at the end of injection of pigment solution for the experimental
runs at 318.2 K.

runs should pass by the two-phase coexistence region at the
end of injection of pigment solution because the recovered
quinoline from the separator was found to turn into greenish.
As noted earlier, this discrepancy may be attributed to the
non-ideal mixing in the precipitator.

Fig. 7 shows the FESEM images of the samples prepared in
the vapor—liquid coexistence region (run #18, Fig. 7(a)), in the
supercritical region (run #10, Fig. 7(b)), and in superheated

30 —
25 —
= _
o
S
a 20—
15 — 8 Xco,
[ ] VLE (308.2 K)
—————— critical pressure
T VLE phase boundary
10 T I T I T I T I T
0.8 0.84 0.88 0.92 0.96 1
XCDZ

Fig. 6. VLE phase boundary and the estimated compositions of carbon dioxide
in precipitator at the end of injection of pigment solution for the experimental
runs at 328.2 K.
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Fig. 7. FESEM images of the samples taken from the experiment of (a) run
#18, at T=318.2 K, P =20 MPa, F =0.05 cm3/s, crossing the vapor—liquid
coexistence region; (b) run #10, at 7=308.2 K, P =25 MPa, F =0.01 cm’/s,
in supercritical region; (c) run #14, at T=3182K, P=23MPa,
F=0.0167 cm’/s, in superheated vapor region.

vapor region (run #14, Fig. 7(c)), respectively. Fig. 8 is the
corresponding enlarged FESEM images. As seen from the im-
ages, the shape of the resultant primary particles of Pigment
Green 36 is nearly spherical. The images also illustrate that
micro-metric aggregated ball-like particles were formed
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Fig. 8. The corresponding enlarged FESEM images of Fig. 7(a)—(c).

when the SAS process passed by the vapor—liquid coexistence
region. Nano-metric and less aggregated pigment particles
were produced when the SAS process was operated in either
supercritical or superheated vapor region. In the former case
serious aggregations were suggested to occur in the existing
liquid phase, whereas in the latter cases the particles were
formed in “dry” environments.

3.3. Influences of process parameters on particle size

Fig. 9(a)—(c) presents the mean particle size varying with
flow rate of pigment solution (F'), precipitation pressure (P),
and precipitation temperature (7), respectively. These graphs
show that the differences of mean particle sizes among all
the resultant pigment products are almost within the experi-
mental uncertainty (£3 nm) over the entire range of the indi-
vidual process parameters, and the mean sizes of the majority
cases are in the range of 40—50 nm. Additionally, the depen-
dences of resultant particle sizes on both temperature and pres-
sure can also be represented as a function of density. In the
precipitation experiments, carbon dioxide is a predominant
component in the fluid mixtures, and thus the mixture density
should be very close to the density of pure carbon dioxide.
Fig. 10 depicts the mean particle size varying with the density
of carbon dioxide for those experiments operated in either
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Fig. 9. Mean particle size varying with the process parameter of: (a) flow rate
of pigment solution, at P=25MPa and T=308.2K; (b) pressure, at
T=3082K and F=0.0167 cm3/s; (c) temperature, at P=25MPa and
F=0.0167 cm’s.
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Fig. 10. Mean particle size varying with density of carbon dioxide at the pre-
cipitation conditions.

supercritical or superheated region (runs #1—#16). In these
two homogeneous phase regions, a qualitative trend was found
such that higher densities of the fluid mixtures in the precipi-
tator are favorable to reduce the mean size of resultant pig-
ment particles. Nevertheless, nano-metric pigment particles
of Green 36 can be produced over a wide range of operating
conditions, only if the precipitation is conducted in a homoge-
neous phase region, either at supercritical or at superheated
vapor states. When the precipitation pressures are lower than
the corresponding critical value, the relative flow rates
between of carbon dioxide and the pigment solution should
be sufficiently large to ensure that the precipitation was
made in the superheated vapor region.

4. Conclusions

Nano-particles of C.I. Pigment Green 36 were successfully
prepared with a continuous supercritical anti-solvent (SAS)
apparatus using quinoline as a solvent and supercritical carbon
dioxide as anti-solvent. The morphology of the resultant prod-
ucts closely depends on the phase regions where precipitation
was implemented. Micro-metric aggregated ball-like particles
were produced via the SAS process passed by the vapor—lig-
uid coexistence region, whereas nano-metric particles, ranging
from 40 nm to 50 nm, were obtained in both the supercritical

and superheated vapor region. The concentration of the fluid
mixtures in the precipitator during the SAS process can be es-
timated by a simple CSTR model. The vapor—liquid equilib-
rium phase diagram together with this CSTR model provides
valuable information for manipulating the particulate prod-
ucts. The experimental results also showed that higher densi-
ties of fluid mixtures in the precipitator may be favorable to
reduce the particle size of the resultant products.
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