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Abstract :

Poly(N-vinyl-2-pyrrolidone) (PVP) has been used as biocompatible and biodegradable polymer in

cosmetics, pharmaceuticals and electronics. Micro-particles of PVP were produced using an aerosol solvent
extraction system (ASES). Dichloromethane {DCM) and supercritical carbon dioxide were used as solvent and
antisolvent, respectively. The mean diameter of the obtained polymer particles ranged from 0.184 to 0.249 ym.
The relationship between particle size and initial drop size was also considered.
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Introduction

Micro- or nano-sized particles are used in various fields, such
as cosmetics, pharmaceuticals, dyes, and electronics. Conventional
processes for preparing nano- and micro-particles are crushing,
grinding, ball milling, spray drying, and solvent evaporation.
These conventional techniques have disadvantages such as
thermal and chemical degradation of products, broad particle size

* To whom correspondence should be addressed.
E-mail : hwayongk@snu.ac.kr

242

distribution[1]. Supercritical fluids are a green solvent for
extraction and purification of cosmetics, pharmaceuticals, food
supplements and natural products. Using supercritical fluid may
overcome the drawbacks of conventional processes. Several
processes that use the supercritical fluid for micronization have
been studied intensively.

Various processes using supercritical fluids are introduced in
review articles[2-5]. Rapid expansion of supercritical solutions



(RESS) process consists in dissolving the product in the
supercritical fluid and rapidly depressurizing this solution through
an adequate nozzle, causing an extremely rapid nucleation of the
product into a highly dispersed material. This process is restricted
to the products that present a reasonable solubility in supercritical
fluid. The concept of the gas anti-solvent (GAS) process consists
in decreasing the solvent power of a liquid solvent in which the
substrate is dissolved, by saturating it with supercritical fluid,
causing the substrate precipitation or recrystallization. The
aerosol solvent extraction system (ASES) process consists in
atomizing a solution of the substrate in an organic solvent into
a precipitator and causing precipitation of product by rapid mass
transfer of supercritical fluid and organic solvent.. The ASES
process has been applied by various research groups to polymers,
pharmaceuticals, and superconductor precursors [6-9]. Most research
groups have reported experimental results and the effects of
parameters, such as pressure, temperature, and concentration of
solution. Mass transfer of supercritical fluids and solvents was
also researched[10, 11]. Bristow et al.[12] studied supersaturation
in the ASES process. Rantakyla et al. [13] studied the effect of
initial droplet size, but they did not consider the effect of other
parameters in their analysis. Poly(N-vinyl-2-pyrrolidone) (PVP)
has been used as biocompatible and biodegradable polymer in
cosmetics, pharmaceuticals and electronics.

In this study, micro-particles of PVP were produced using the
ASES process to investigate the effect of pressure, temperature
and solution flow rate. And the effect of initial droplet sizes on
the particle sizes was analyzed.

Mathematical Models

When a liquid jet emerges from a nozzle, it can be broken.
Two factors contribute to the jet break up. One is the Reynolds
number (Re) which is the ratio of inertial force and friction force.

Re = au.p,

ey
Hy

where d, is nozzle diameter (m), UL is liquid velocity (m/s), oL
is liquid density (kg/m’), and 1 is liquid viscosity (kg/m s).
The other is the Weber number (We), which is the ratio of
kinetic energy and surface energy.
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where ¢ is interfacial tension (kg/sz) between gas and liquid.
The Ohnesorge number (Oh) is defined by Re and We:
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Larger Oh and Re indicate the jet stream is better atomized[14].

There are many types of atomizers, and various empirical
equations for the initial droplet size are proposed for each type.
The most important properties of liquid atomization are surface
tension, viscosity and density. For a liquid injected into a gaseous
medium, the only thermodynamic property generally considered of
importance is the gas density. The significant variables for liquid
flow are the velocity of the liquid jet or sheet and the turbulence
in the liquid stream. The important gas flow variables are the
absolute velocity and the relative gas-to-liquid velocity[14]. In the
case of the atomizer used in our experiment (the air-blast type
atomizer), the equations that estimate the initial droplet size
consist of two terms of relative velocity and surface tension, and
have the same form even though parameters of each equation are
not same. So the use of these equations is justified for the
description of the qualitative relationship between the initial
droplet size and the processed particle size. We chose the
equation suggested by Lorenzetto and Lefevre[15] to calculate the

initial drop size because of the similarity in atomizers.
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where the subscript G and L represent air and liquid, and m is
flow rate (kg/s). SMD is the acronym of ‘Sauter mean diameter’
and is defined as follows:

N.D}
SMD=&—— Q)

Y. N.D}

where N; is the number of drops in size range i, and D; is the
middle diameter of size i.

According to equilibrium thermodynamics, the interface does
not exist above the critical point. Hence, when considering the
slow process of carbon dioxide (CO,) dissolution in a solvent
portion above the critical point, the solvent portion might be
regarded as an effective droplet without the interface and
interfacial tension[10, 11]. However, the interface is often formed
very rapidly, and it may be erroneous to analyze this phenomenon
with equilibrium thermodynamics[16]. Lengsfeld et al[l17]
studied the surface tension of DCM and CO; at the critical point
of the mixture, and they found that interfacial tension of DCM
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Table 1. The mean diameter of PVP particles at various conditions

. Mean
Experiment T P gg:;l t;:?e CO; flow rate Conc. (wt particle
number (K) (MPa) 3, . (kg/hr) %) diameter
(cm’/min) (um)
1 313.15 15.0 0.50 2.50 0.50 0.195
2 323.15 15.0 0.50 2.50 0.50 0.233
3 333.15 15.0 0.50 2.50 0.50 0.252
4 343.15 15.0 0.50 2.50 0.50 0.286
5 313.15 13.0 0.50 2.50 0.50 0.216
6 313.15 17.0 0.50 2.50 0.50 0.184
7 313.15 15.0 0.30 2.50 0.50 0.249
8 313.15 15.0 0.40 2.50 0.50 0.230
9 313.15 15.0 0.60 2.50 0.50 0.201
10 313.15 15.0 0.70 2.50 . 0.50 0.212
11 313.15 15.0 0.50 2.25 0.50 0.203
12 313.15 15.0 0.50 2.75 0.50 0.184

in CO, at 8.5 MPa and 308 K approximated to 0.00001 kg/sz.

Materials and Methods

Materials

PVP (M.W. 55,000) and DCM (min. 99.6%) were supplied
from Aldrich. Carbon dioxide (min. 99.5%) was supplied from
Korea Industrial Gases.

Apparatus and Methods

A schematic diagram of the semi-continuous ASES apparatus
is shown in Figure 1. The volume of the precipitator is about
100 cm’ and the height is 200 mm. The solution of the copolymer

Figure 1. Schematic diagram of the experimental apparatus.
(1) carbon dioxide bomb, (2) filter, (3) heat
exchanger, (4) high pressure pump, (5) relief valve,
(6) solution reservoir, (7) high pressure pump, (8)
precipitator, (9) filter, (10) oven, (11) back pressure
regulator, (12) separators, (13) thermometer, (14)
pressure transducer.

in DCM was pumped with an HPLC pump (Hitachi, L-7110).
The liquid CO, was pumped with a non-pulsating high-pressure
pump (Nihon Seimitsu Kagaku, NP-AX-70). The nozzle was
made by Valco Instruments Co. and its inner diameter was 0.127
mm.

The precipitator was heated in an air convection oven and
pressurized with CO,. The pressure in the precipitator was
controlled with a back-pressure regulator (Tescom, 26-1726-24-
161). After the temperature and pressure arrived at the set point,
the equipment was maintained for about 10 min to achieve a
steady-state condition. The solution of copolymer in DCM was
pumped through the nozzle. CO, was also supplied continuously.
CO; and the solution were always heated to the precipitator
temperature before entering the precipitator. This experiment was
conducted for about 60 min, after which the flow of the solution
was stopped. The supercritical CO, and any residual DCM from
the particles were washed out of the precipitator for about 15
min. The copolymer particles were collected in the filter
(Swagelok, pore size 0.5 pm). The powder samples were observed
with a field emission scanning electron microscope (FE-SEM,
JSM-6700F). Feret's diameters of 50 particles[18] per experiment
were measured from the FE-SEM images.

Results and Discussion

The experimental conditions and particle size are represented
in Table 1. The concentration of PVP solution was 0.5 wt % for
all experiments.

Effect of Temperature

The experiments were carried out at temperatures ranging from
313.15 to 343.15 K (experiment runs 1-4 in Table 1). Spherical
particles were observed by SEM. As temperature increased, the



mean particle size increased from 0.195 to 0.286 Om and the
particles were more agglomerated at higher temperatures.

As temperature was increased, CO, density was decreased. As
a result, a higher diffusivity and mass transfer are achieved.
Consequently, particle size decreases with increasing temperature.
On the other hand, particle size was analyzed by dimensionless
Weber number(3, 19] defined as the ratio of the deformation and
the reformation forces. In general, the higher Weber number it
has, the smaller the droplets are as the result of atomization. As
the temperature was increased, a lower CO, density in the
numerator of Weber number caused the lower Weber number, As
a result, particle size increases with increasing temperature.
Therefore, it can be explained that the effect of atomization
dominates that of mass transfer in this experiment.

Effect of Pressure

PVP particles were produced at 13.0, 15.0, and 17.0 MPa
(experiment runs 1, 5, 6 in Table 1). As pressure increased, the
mean particle size decreased from 0.216 to 0.184 pum. As
pressure was increased, CO, density and viscosity were increased
and diffusivity of CO, was decreased. Because, in general, reduced
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Figure 2. SEM images of PVP particles precipitated with
different solution flow rates. (a) 0.3 cm’/min, 1]
0.4 cm’/min[15}, () 0.5 cm’/min, (d) 0.6 cm’/min,
(e) 0.7 cm’/min.

Clean Tech., Vol. 14, No. 4, December 2008 245

(a) )

©

Figure 3. SEM images of PVP particles at various CO; flow
rates. (a) 2.25 kg/hr, (b) 2.50 kgfhr, () 2.75 kg/hr.

diffusivity and increased viscosity hinder mass transfer between
the droplets and the surrounding CO,, particle size must be
increased with increasing pressure. But, increasing pressure led to
fine droplets due to increasing aerodynamic force and breakup.
Therefore, in this experiment, it can be explained that the effect
of atomization on particle sizes is more dominant than that of
mass transfer.

Effect of Solution Flow Rate

ASES experiments were performed at liquid solution flow
rates ranging from 0.30 to 0.70 cm’/min (experiment runs 1, 7-10
in Table 1). The SEM images are shown in Figure 2. The mean
particle diameter shows V-curve. Eqs. 1-3 shows that low liquid
velocity makes Reynolds number and Weber number small and
results in non-atomization. If the solution stream is not atomized,
the initial drop size would be much bigger than when atomized.
It is inferred that the solution flow rates (0.3 and 0.4 cm3!min)

are too low to make the stream fully atomized.

Effect of CO, Flow Rate

ASES experiments were performed at CO; flow rates raging
from 2.25 to 2.75 kg/hr (experiment runs 1, 11, 12 in Table 1).
The SEM images are shown in Figure 3. Higher CO; flow rates
led to smaller mean particle sizes. These results will be analyzed
by relation of initial droplet size and mean particle sizes.

Relation of Initial Droplet Size and Particle Size

Thermodynamic equilibrium, mass transfer, and initial droplet
size are the main factors affecting the particle sizes produced by
ASES. Because thermodynamic equilibrium is affected by
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Table 2. Calculated initial droplet size and experimental particle diameter with
rates and CO; flow rates

different solution flow

Calculated initial

Experimental particle

Expt:runr:lnent Solut(:gg /?r?j?:) rate COz(kf;(;lv; ) rate dro zllc;;;)size di ?ﬂm;;er
1 0.50 . 250 9.71 0.195
9 0.60 2.50 10.01 0.201
10 0.70 2.50 10.27 0.212
11 0.50 2.25 10.24 0.203
12 0.50 275 9.27 0.184
- 022 Conclusions
g
g . Spherical PVP particles were prepared using the ASES process.
g The mean particle size depended on pressure, temperature, and
22 020 | - ¢ solution flow rate. As temperature decreased or pressure increased,
.g . the mean particle size decreased. If the solution stream was not
& atomized, then large particle sizes were observed i spite of low
g- . solution flow rate. The initial droplet size was calculated and the
018 . : . . initial droplet size and particle diameter, at constant temperature
30 %5 100 105 and pressure, showed a close linear relationship.

Caiculated initial Drop Dize {(um)

Figure 4. Calculated initial droplet size and experimental
particle diameter with different solution flow
rates and CO; flow rates.

temperature, pressure, and concentration, the calculated initial
droplet size was compared to the particle size produced at
constant temperature (313.15 K), pressure (15.0 MPa), and
concentration (0.5 wt%). The exact mechanisms of mass transfer,
nucleation, and particle growth have not yet been reported.
However, we expect that there would be no differences in the

effects of mass transfer, nucleation, and particle growth on -

particle formation when the experiments are carried out at the
same temperature, pressure, and concentration.

Experiment runs 1 and 7-12 were conducted at the same
temperature, pressure, and concenfration. The solution flow was
not atomized in experiment runs 7 and 8, but experiment runs 1
and 9-12 were atomized. Calculated initial droplet size and
experimental particle size, according to the variance of solution
flow rate and CO, flow rate, are shown in Table 2 and Figure
4. Increase in solution flow rate makes the initial droplet size
larger and affects the mean particle size. Decrease in CO, flow
rate produces the same result. The results show a close linear
relationship between the calculated initial drop size and the mean
particle size.
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List of symbols
D, middle diameter of size i
d, nozzle diameter
m mass flow rate
N, number of drops in size range i
Ug gas velocity
Ug velocity difference between gas velocity and liquid

velocity
U, liquid velocity

Greek letters

o interficial tension
Ps gas density

Py liquid density

He viscosity of gas
My viscosity of liquid
Superscript

G gas

L hiquid
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