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3Particle formation using SCF (II)

Ø SAS method : Supercritical Anti-Solvent
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Ø SEDS method : Solution-Enhanced Dispersion of solids
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Ø Micronization of Atorvastain Calcium (AC) 

Eur. J. Pharm. Biopham., 69 (2008) 454-465.

Ca2+ � 3H2O

solvent : methanol

AC concentration�
25, 50, 100, 150 mg mL-1

SCCO2 condition: 
Temperature: 40, 50, 60 ℃
Pressure : 10 to 18 MPa

Feed rate ratio (CO2 / drug solution):      
45, 60, 90, 120  mg mL-1
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Eur. J. Pharm. Biopham., 69 (2008) 454-465.

Ø Setup for SEDS process using SCCO2
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Eur. J. Pharm. Biopham., 69 (2008) 454-465.

Ø Micronization of Atorvastain Calcium (AC) 

3.2. Solid state characterization

Methanol is the class 2 solvent in the ICH guidelines
[34], the amount of residual solvent was severely limited,
which is below 3000 ppm (1997). Head space GC analysis
revealed that residual methanol was found to be always
lower than 50 ppm for all samples in our study. In addi-

tion, no chemical degradation of drug was also observed,
as confirmed by NMR and HPLC analysis (data not
shown). Fig. 5 represents the X-ray diffraction patterns of
the atorvastatin calcium before/after SAS process. The dif-
fraction pattern and thermograms of unprocessed drug
showed characteristic high-intensity diffraction peaks at
9.12, 9.44, 10.23, 10.54, 11.82, 12.16, 16.97, 19.45, 21.59,

Fig. 2. SEM images of unprocessed atorvastatin calcium (a) and processed atorvastatin calcium precipitated by the SAS process: R1 (b), R2 (c), R3 (d),
R5 (e) and R6 (f).

M.-S. Kim et al. / European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 454–465 459
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Q. 3.1
Give a reason why high pressure in spraying unit leads to the 
results of the smaller particle formation.
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A. 3.1�Discussion�
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Eur. J. Pharm. Biopham., 69 (2008) 454-465.

Ø Effect of pressure on particle size
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Eur. J. Pharm. Biopham., 69 (2008) 454-465.

Ø Effect of AC concentration on particle size
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A, 3.2
Discuss the relation between AC concentration in solution and
particle size formed in SEDS method.
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A. 3.2�Discussion�
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Micronization of b-carotene by SAS

J. Supercrit. Fluids, 22 (2002) 237 – 245.

Ø Extraction of carotenoide from natural product

→ solvent extraction using organic solvent

→ further purification by crystallization or salting-out

Ø SAS using SCCO2

→ Effect of CO2 flow rate and temperature

→ Effect of solvent species

→ Investigation on particle size and morphology
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Micronization of b-carotene by SAS
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Micronization of b-carotene by SAS

J. Supercrit. Fluids, 22 (2002) 237 – 245.

Ø Experimental condition in SAS process

Solvent : dichloromethane, ethyl acetate

SCCO2 condition : 

Temperature: 298, 333 K

Pressure : 5.8, 7.8 MPa

Initial concentration of b-carotene: 1.0, 1.5, 2.0, 2.4 g L-1

Solute (particle) : b-carotene
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Solubility of b-carotene in CO2 + ethyl acetate

J. Supercrit. Fluids, 22 (2002) 237 – 245.
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Ø SAS���

Solvent : dichloromethane (DCM), ethyl acetate (EA)

Solute (particle) : b-carotene

J. Supercrit. Fluids, 22 (2002) 237 – 245.

M.J. Cocero, S. Ferrero / J. of Supercritical Fluids 22 (2002) 237–245 241

Fig. 4 shows typical frequency distributions for
raw and recrystallized !-carotene particles. The
operating conditions of this crystallization were,
T=313 K; P=8 MPa; Co=1.5 g/l (ethyl acetate
as solvent). Thus, the obtained crystals by GAS
process versus the obtained ones by conventional
process (temperature drop and salting out using
ethanol as antisolvent) are compared. The GAS
process generates a narrower particle size distribu-
tion than the one obtained by liquid antisolvent
crystallization.

3.3. Effect of sol!ent on GAS process

The gas anti-solvent (GAS) process involves a
pronounced volumetric expansion of the liquid
phase, as calculated by:

"V=
V(P, T)−V0

V0

where V0 is the volume of the pure liquid phase at
atmospheric conditions and V(P, T) is the volume
of the liquid phase at operating conditions loaded
with the antisolvent.

CO2–ethyl acetate expansion was calculated by
Peng–Robinson EOS, obtaining density and com-
position of the liquid and gas phases. Hence, with
these data and the initial volume introduced into
crystallizer, the necessary amount of CO2 for
reaching the desired pressure is calculated. These
theoretical results were compared with experimen-
tal data, concluding that the predictions with
Peng–Robinson EOS present accuracy of 5% for
Kij=0. For the CO2–dichloremethane system the
Peng–Robinson EOS fits experimental results for
Kij=0.18 with accuracy of 10%. Soave–Redlich–
Kwong EOS fits experimental data using Kij=0,
with same accuracy.

The volumetric expansion influences propor-
tionally the created supersaturation in the solu-
tion and, thus, the final yields of the
crystallization process. Solvent implicates a differ-
ent equilibria condition for getting a determined
volumetric expansion. The Fig. 5 presents volu-
metric expansion for dichloromethane and ethyl
acetate. Dichloromethane presents higher volu-
metric expansion than ethyl acetate for the same
pressure. In this study the volumetric expansion
ranged between 5 and 20.

Fig. 5. Volumetric expansion at 313 K.

For experimental condition no effect was found
in crystal size and distribution with ethyl acetate
or dichloromethane as solvents (results not
showed).

3.4. Effect of agitation and CO2 addition rate

The stirring rate and CO2 addition rate have a
direct influence on the necessary time to dissolve
CO2 in liquid phase and reach the equilibria be-
tween phases. Thus, if there is a good mixing the
time to produce homogeneous volumetric expan-
sion will be minimum. The following experiments
were performed to study the influence of agita-
tion. The stirring rate was ranged from 6.4 to 30
Hz. Table 2 presents the obtained results. The
solubility of !-carotene in the equilibria might be
equal for all experiments (0.058 g/l for these oper-
ating conditions) but less agitation implicates
higher time for reaching the equilibria. In fact,
this time may be strongly high for low stirring
rates.

Table 2
Influence of the agitation on solubility time

Time (min) Agitation (Hz)Run Solubility (g/l)

23 301 0.056
2 250.05921
3 0.057 2046

140.0534 48
5 73 6.40.058

P=7.65 MPa; T=313 K; solvent, ethyl acetate; concentra-
tion=2.6 g/l.

DCM

EA

No effect on particle size

Liquid
Expansion

CO2
CO2
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J. Supercrit. Fluids, 22 (2002) 237 – 245.

Micronization of b-carotene by SAS
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Crystallization conditions
T = 313 K
p = 7.8 Mpa
Solvent: ethyl acetate
Concentration: 1.5 g L-1
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Q. 3.3

How is the effect of stirring rate in precipitation vessel on particle 
size formed in SAS process?

CO2

b-carotene in solvent
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A. 3.3�Discussion�
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A. 3.3�Discussion�
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ØNanosuspension production

>>    Drug delivery system (DDS) application
>>    Controlling drug release profile and drug amount 

>>    Polymer particle size and size distribution control

100 – 200 nm

(Polymer nanoparticle)
Oral administration
Ophthalmic DDS
Transdermal DDS patch
(dispersed in hydrogel)
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ØExtraction of emulsion

(O / W emulsion)

Oil droplet dissolving polymer

(Oil evaporation) (polymer 
nanoparticle 

dispersed solution)

heating

Ø Slow mass transfer of oil on evaporation
Ø Particle aggregation after oil evaporation
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(Emulsion)

Supercritical CO2

Ø Enhanced extraction of oil phase
Ø Controlling polymer particle aggregation
Ø Batch operation 

Campardell, R. et al., J. Supercrit. Fluids (2012)

Slug flow in microchannel ØHigh contact probability 
between SCCO2 and emulsion

ØContinuous process 

ØSupercritical Fluid Extraction of Emulsion
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Carbon dioxide : purity over than 99.95 �

Oil phase : Ethyl acetate (EA), purity over than 99.5 �

Polymer and surfactant : Poly(vinyl alcohol) (PVA) 

(1) Mw : 31000 – 50000, 98-99 � hydrolyzed (Sigma-Aldrich)

(2) Mw : 66000 – 79000, 78-82 � hydrolyzed (Wako)

( CH2�CH )( CH2�CH )
n m

OH O

C=O

CH3

(PVA)

hydrophilic

hydrophobic

hydrolyzed  ratio = n
n+m

×100

Murakami, Y. et al., J. Supercrit. Fluids (2016)

ØSupercritical Fluid Extraction of Emulsion
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Murakami, Y. et al., J. Supercrit. Fluids (2016)

PVA aqueous solution : 0.2 wt� and EA were mixed in 77 : 23 (mass)

3,000 rpm for 30 min 
at 10 oC

(O / W 
emulsion)

22 
 

  

Fig. 2.5 Emulsion obtained in this study: with larger droplet size (left), with smaller droplet size 

(right) 

PVA

(Oil droplet)

ØSupercritical Fluid Extraction of Emulsion
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Murakami, Y. et al., J. Supercrit. Fluids (2016)
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Condition
Ø Temperature and pressure :  37, 40 oC and 8 -12 MPa
Ø Residential time :  0.6 to 6.6 min
Ø CO2 flow rate (at 1 atm) :  63 – 183 ml min-1

Ø CO2 and emulsion ration (mass) :  0.3 to 3.1

ØSupercritical Fluid Extraction of Emulsion

Characterization
Ø Gas chromatograph : Amount of extracted EA
Ø Dynamic Light Scattering (DLS) : particle size
Ø Fourier transform infrared spectroscopy (FT-IR):

Residual EA in PVA dispersed solution
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ØSupercritical Fluid Extraction of Emulsion
Effect of residential time on extraction efficiency
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ØSupercritical Fluid Extraction of Emulsion
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Q. 3.4

Discuss about (very) small effect of contact area of
CO2/emulsion on particle size formed in SFEE.

Mass transfer of EA

SCCO2

emulsion
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A. 3.4�Discussion�
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A. 3.4�Discussion�
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ØEffect of surfactant hydrophobicity on SFEE
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ØResults of particle formation via SFEE
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