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Abstract—The rapid expansion of a supercritical solution (RESS) process is an attractive technology for the produc-
tion of small, uniform and solvent-free particles of low vapor pressure solutes. The RESS containing a nonvolatile
solute leads to loss of solvent power by the fast expansion of the supercritica solution through an adequate nozzle,
which can cause solute precipitation. A dynamic flow apparatus was used to perform RESS studies for the preparation
of fine anthracene particles in pure carbon dioxide over a pressure range of 150-250 bar, an extraction temperature range
of 50-70 °C, and a pre-expansion temperature range of 70-300 °C. To obtain fine particles, 100, 200 and 300 um nozzles
were used to disperse the solution inside of the crystalizer. Both average particle size and particle size distribution
(PSD) were dependent on the extraction pressure and the pre-expansion temperature, whereas extractor temperature
did not exert any significant effect. Smaller particles were produced with increasing extraction pressure and pre-
expansion temperature. In addition, the smaler the nozzle diameter, the smdler the particles and the narrower the PSD

obtained.
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INRTODUCTION

Thetechnology for producing fine particles with narrow particle
sze digribution (PSD) is one of the mogt crucid technologies in
severd fidds such as materid, pharmaceutica, food, polymer, and
fine chemical industries. Conventiona techniques for particle size
reduction indude mechanicd comminution (crushing, grinding, and
milling), recrysdlization of the solute partides from solution by usng
liquid anti-solvents, freeze-drying and spray-drying. Although the
mechanicd method is Smple and economicd, it is not suitable for
thermally labile compounds or materids hard to crush. The other
processss have a problem leading to the environmenta pollution
dueto excessve use and disposal of solvent.

Supercritical fluids have been recognized as good solvents for
many nonvolaile and thermdlly labile compounds. Supercriticd flu-
ids have gas-like visoogties, and the diffusion coefficientsin super-
critical fluids are @ least an order of magnitude higher than those
in liquids, which results in the promotion of mass trandfer. Super-
critical fluids are unique and ussful as extracting agents because
the solvent power can be manipulated over awide range by adjust-
ing temperature and pressure. Carbon dioxide is the most widdy
used supercritica fluid, because it has ardativey low critica tem-
perature (31.2°C) and a moderate critical pressure (73.8 bar). In
addition, it isinexpensve, leaves no toxic resdue, and is not flam-
mable.

With respect to the application of supercritical CO, in the pro-
cess of particle formation, not only are fine particles produced with
narrow sze digribution, as compared with conventional methods,
but also compounds which are difficult to finely prepare, such as
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pharmacaLticads, polymers, coloring matters, and explasives can be
obtained asfine particles[Domingo et d., 1996, 19975, Song et d.,
2002, Subramaniam et d., 1997]. Kim & d. [1996] invedigated
encgpsulation of biodegradable polymer (L-PLA) and ngproxen
used in pharmaceuticd gpplications. And the effects of the pres-
ence of a colute in a solute-supercritica CO, solution upon the
solutes solubility and the crystd Sze digribution of the precipitated
crygaswere dso sudied by Domingo et d. [1997h]. Matson et d.
[1987] produced fine powders thin films, and fibers of inorganic
(S0,) and organic materids (polymers) usng water, ethanol and
pentane as supercritica solvents.

As fine paticle formation processes usng supercriticd fluids,
RESS (Rapid Expansion of Supercritical Solution), SAS (Supercrit-
ica Anti-Solvent) and PGSS (Partides from Gas-Saturated Solu-
tion) have been known. RESS of these processes is based on the
principle thet anonvolaile soluteis dissolved in a supercriticd fluid
and subsequently precipitated by the fast expanson of the super-
critica solution through anozzle. Severd authors have sudied RESS
to produce single-component particles with uniform partide size
distributions [Matson et d., 1986, 1987; McHugh and Krukonis,
1994; Mohamed &t d., 1989; Chang and Randolph, 1989; Taut-
aumi e d., 1995]. The rapid expanson of a supercritical solution
through a nozzle leads to alarge cooling rete, resulting in high su-
persaturations with homogeneous nucdleation and particle growth
[Turk, 1999; Tom and Debenedetti, 1991].

Inthiswork, RESS process was usad to produce anthracene fine
patides usad as an ingredient of paints, fibers cosmetics and resns
The solubility of solid in supercritical fluid can be suddenly changed
by dight shift of pressure, which can cause the variation of the char-
acterigtics of recrygdlized particles due to a direct effect on super-
saturation. The present work was undertaken to Sudy the effects of
extraction temperature and pressure, pre-expansion temperature,
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Fig. 1. Schematic diagram of RESS apparatus.

1. CO, bomb 10. Shut-off valve

2. Cryostat 11. Micro metering valve
3. High pressure metering pump 12, Nozzle

4. Back pressure regulator 13. Crydallizer

5. Check valve 14. Metd filter

6. Heat exchanger 15. Gas flow meter

7. |sothermadl bath with totelizer

8. Extractor 16. Hedting tape

9. Linefilter (pre-expansion part)

and nozzle diameter in relation to supersaturation upon the cherac-
terigics of particles.

EXPERIMENTAL

1. Experimental Apparatus

A schematic diagram of the RESS gpparatus in the present in-
vesigation isdrawn in Fg. 1. The equipment consigs of three main
parts. an extraction part, a pre-expansion part, and a precipitation
part.

Liguid CO, was cooled in a cryodtat and pressurized by a high-
pressure metering pump to a desired pressure, heated to a desired
extraction temperature by a spird heat exchanger set up in aniso-
thermd bath, and then passad through an extractor packed with the
solute. A cone dosure tubing reactor manufactured by Autoclave
Engineers (PN CC2.94S520, 29.4 ml) was used as an extractor. A
check vave was ingdled in front of the extractor in order to pre-
vent fluids from flowing backweard. The solvent entered the extrac-
tor packed with solute (anthracene) and glasswool which prevented
entrainment of solid solute. The extractor pressure was adjusted at
aprescribed pressure with a manualy operated back pressure reg-
ulator (Tescom, PN 26-1722-24) and meesured with apressure trans
ducer (WIKA, PN EN837-1). The pre-expanson part was wrapped
with hegting tape to maintain supercriticd temperature. The super-
critical solution was depressurized and expanded in supersonic free-
jet through the nozzle. To prevent the nozzle from being frozen by
phase change of CO, upon expansion and being plugged by pre-
meture precipitation of solute or solid CO,, ancther heater was eouip-
ped with the nozzle. The partides precipitated in the crysdlizer
were collected in a porous and sintered dainlesssted plate whose
pore diameter was 0.5 um. The CO, flow was controlled by amicro

November, 2004

metering valve and measured by means of amass flow meter with
totalizer (McMillan, 50D).
2. Materials

The solute sdlected was anthracene for R&D use only (Aldrich,
FW. 178.23, b.p. 340°C, m.p. 214-217 °C, 97%). Anthracene fine
particdes are used as the pigment source of paints, fibers, and cos-
metics. CO, (purity 99.999%) was supplied from Seoul Specid Gas
Co. Ltd. (Seoul, Koreg).
3. Characterization

For characterization of the size and shape of the precipitated par-
tides, ascanning dectron microscope (SEM, AKASHI WB-6) was
used. Mean partide sze and PSD were measured by means of a
particde sze andyzer (Mavern ingrument Ltd., Magterszer).

RESULTS AND DISCUSSION

Experimenta parameters of the RESS process using supercritical
CO, determine the sze and morphology of the precipitated parti-
desas products by depressurizing and expanding. The pre- and post-
expangon pressure and temperature, the nozzle shgpe and size, and
the concentration of pre-expansion solution play important rolesin
the expandon process. Once the supercriticad solution containing sol-
ute is expanded in ambient pressure and temperature, alarge super-
saturation is generated and the dissolved solute is precipitated. This
sudy emphasizes the effects of process parameters on particle for-
mation using the RESS process with the anthracene as a solute.

The experiment was performed a three leves extraction tem-
perature: 50, 60 and 70°C. Three levels of extraction pressure were

Table 1. Experimental variables on RESS experiment

Nozzle Extractor Preheater Mean

NO. Diameter Pressure Temperature Temperature paticlesize
() (ber) (0) (0) (Hm)

Extraction pressure
1 100 150 50 250 9.78
2 100 200 50 250 7.78
3 100 250 50 250 6.38
Extraction temperature
3 100 250 50 250 6.38
4 100 250 60 250 484
5 100 250 70 250 515
Pre-expansion temperature
6 100 250 70 70 18.06
7 100 250 70 0 1323
8 100 250 70 120 11.35
9 100 250 70 150 11.06
10 100 250 70 180 845
5 100 250 70 250 5.15
11 100 250 70 300 5.00
Nozzle diameter

5 100 250 70 250 515
12 200 250 70 250 6.62
13 300 250 70 250 8.38
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Fig. 2. Solution behavior of anthracenein supercritical CO, [John-
sonet al., 1982)].

employed: 150, 200 and 250 bar. The pre-expanson temperaure
was sdected in the range of 70°C to 300 °C. Nozzles with diame-
tersof 100, 200 and 300 um were manufactured and used. The ex-
perimentd conditionsand resultsarein Table 1.

1. Solubility

Johnston et dl. [1982] presented the solubility of severd hydro-
carbon solids in some supercriticd fluids. Fg. 2 shows the solubil-
ity detafor anthracene in supercritica CO.,.

The solubility of the solute in the supercriticd fluid depends on
the dengity of the supercriticd fluid, the chemicd dructure of the
solute, its volatility, and interactions between the molecules of the
solute and those of the supercriticd fluid. The solubility varieswith
the temperature and pressure due to being influenced by the vapor
pressure of the solute and the dengity of the supercritica fluid. In
generd, the solubility increases with increasing temperature or den-
gty of a solvert, but the difference of the solubility cannot be ex-
plained by only one property of the supercritical fluid. The solubil-
ity isafunction of the dengity of the supercritica fluid and the va
por pressure of the solute. Fig. 2 shows that when the pressure ex-
ceeds 180 bar, the solubility increases with rising temperature and
pressure, wheress a pressures less than 180 ba, it is rather higher
in the lower temperature region. This can be explained by the fact
that the vapor pressure of anthracene increases with rising temper-
aure, but the diminution of dengty of supercritical CO, has more
overriding influence on the solubility below 180 bar.

2. Influence of Pressure

Fig. 3 shows the veriations of the mean patide sze and PSD
with pressure. To find out the influence of extraction pressure, the
extraction and pre-expangon temperatures were fixed at 50 °C and
250°C, respectively, and the experiment was carried out a three
levels of extraction pressure: 150, 200 and 250 bar. The nozzle di-
ameter was 100 um, and the expansion jet was Sprayed to ambient
pressure and temperature. As the extraction pressure increesed, the
meen particle Sze was reduced and PSD became narrow, as shown
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Fig. 3. Influence of pressure on particle sze and its digribution
(extraction temp.=50°C, pre-expanson temp.=250°C, noz-
Zledia.=100 pum).

in Fg. 3. Thisisthought to be why the freget oeed aswell asthe
Supersaturation ratio increases while the solution expands through
the nozzle, due to an increase in the solubility of anthracene in su-
percritical CO, with rising pressure.

The above-mentioned supersaturation ratio can be explained by
the fact thet it is the ratio of solubility in pre- and post-expansion
parts Raeof critica nudeusis fagt with increasing supersaturetion
ratio. And then, nudlegtion is suddenly generated. Crystas do not
grow large, because the solute is not enough in the solution. There-
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Fig. 4. Influence of pre-expanson temperature on particde szeand
itsdigribution (extraction temp.=70°C, press=250 bar, noz-
Zedia.=100 pm).
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fore, amal size particles are produced.
3. Influence of Temperature

To discover the influence of extraction temperature on the char-
acteridics of partides, the extraction temperature was varied between
50 and 70°C a a condant extraction pressure of 250 bar. The pre-
expandon temperaure was set a 250 °C. The nozzle used d o hed
an indde diameter of 100 um. Asaresult of this experiment, it was
found that no strong dependence of extraction temperature on the
particle Sze was observed, because the pre-expansion temperature
wasfixed a 250°C. Thus, experiments were performed with vary-
ing pre-expansion temperatures a condant extraction temperature
and pressure, 70°C and 250 bar, respectively, and the changes of
partide sze and PSD were obsarved. A higher pre-expansion tem-
perature leads to smdler partides and narrower PSD, as shown in
Hg. 4. This can be interpreted by the fact thet the supersaturation
ratio increases during the solution passing through the nozzle, be-
cause the solubility increases with rising pre-expansion temperature.
4. Influence of Nozzle Diameter

It was expected that the nozzle diameter and its dimendon in the
RESS process highly affected the particle formation. Three nozzles
with diameter of 100, 200 and 300 um were employed. Fg. 5 shows
the variation of the mean particle Sze and the PSD with the nozzle
diameter. The experiment was performed under extraction temper-
aure of 70°C, pre-expandon temperature of 250 and extraction pres-
aure of 250 bar. Fig. 5 shows that the particle Sze increases and the
PSD becomes broad with increasing nozzle diameter.
5.SEM Analyss

Fig. 6 showstheresult of SEM (Scanning Electron Microscope)
andysisfor raw materid and produced particles which were recrys:
tdlized by the RESS process. As shown in Fig. 6(8) the mean par-
tide gze of raw materid is relatively large and its morphology is
highly irregular. Fig. 6(b) shows the recrystdlized particles sorayed
through the nozzle of 100 um in diameter under extraction temper-
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Fig. 5. Influence of nozzle diameter on particle sze and its digri-
bution (extraction temp.=70°C, press=250bar, pre-expan-
son temp.=250°C).
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Fig. 6. SEM image of anthracene partides(a) raw materia (b) par-
ticles produced by RESS (extraction temp.=70°C, press.=
250 bar, pre-expanson temp.=250°C, nozzle dia.=100 pm).

aure of 70 °C, pre-expansion temperature of 250 °C and extraction
pressure of 250 bar. The much smdler paticle sze and narrower
PSD of partides were observed and the partides of rdatively spher-
ical shape were obtained.
6. Particle Size Analysis

Fg. 7 showsthe result of particle sze andyss by Mavern Instru-
ments, Magtersizer for raw meterials and produced particles, which
were recryddlized by the RESS process. Fig. 7(a) is the reult of
andysis of raw materids, which reveds the mean paticle sze of
200 pm and the wide PSD ranging from 20 to 400 um. Fg. 7(b) is
the result of andyss of the recrystdlized particles by the RESS pro-
cess. The result was obtained by spraying the solution through the
nozzle of 100 um diameter a extraction temperature of 70 °C, pre-
expangon temperature of 250 °C and extraction pressure of 250 bar.

CONCLUSIONS

Fine particdles were produced by precipitating organic compounds
(anthracene) by the RESS processin which supercriticd CO, isused.
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Fig. 7. PSD of anthracene particles (a) raw material (b) partides
produced by RESS (extr action temp.=70°C, press=250 bar,
pre-expansion temp.=250°C, nozzle dia.=100 pm).

Since the solubility in the supercritica sate is ether increased or
decreasad in accordance with the vapor pressure of the solute and
the dengity of the fluid increases with risng temperature, careful
condderation prior to the experiment is required. The Sze of par-
ticles made by cryddlization is largely controlled by not only the
upersaturation itsdlf, but dso its variation with time. The results of
sverd process parameters afecting the supersaturation are reported.

Smdler particles were formed with incressing extraction pres-
aure. It isrecognized that the increase of pressure facilitates the sol-
ubility for anthracene in supercritica CO,; therefore, its supersatu-
ration ratio, as well as supersaturtion rate, and jet speed increase
during its expangon into the crystdlizer through the nozzle.

It was proved that the effect of temperature variation of extrac-
tor under a congtant pressure exerted no notable change of particle
szeand PSD. Thistrend isinterpreted by the fact thet, even though
dissolved solute passes through the extractor in accordance with
changing temperature, its Sze and digtribution are affected more by
the varidion of pre-expansgon temperature. The results a the vari-
0UsS pre-expangon temperatures with condant temperature and pres-
aure of the extractor reveded the smdler partide size and the nar-
rower PSD with rigng temperature. It can be explained as associated

with the supersaturation ratio like the result of the pressure variation.
It was proved that the particle Sze decreased and PSD became
narrow with decreasing nozzle diameter. It is thought thet the jet
speed increases with decreasing nozzle diameter. Further mechani-
cd and physicd study, however, is required because, in addition to
the diameter of nozzle, its dimension can give significant effects.
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