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요 약

화장품, 의약품, 전자소재 분야에서 생체적합, 생분해성 고분자로 널리 사용되는 폴리비닐피롤리돈(PVP) 
을 에어로젤 용매추출 방법에 의해 미세입자를 제조하였다. 용매로는 이염화메탄을, 반용매로는 초임계 이산 

화탄소가 사용되었다. 온도, 압력, 이산화탄소 유량, 용액유량의 작업조건에 따라 0.184 - 0.249 um입자크 

기를 얻었고, 그 입자크기에 영향을 미치는 초기구형 입자크기와의 상관관계를 규명하였다-

주제어 : 폴리비닐피롤리돈, 반용매, 미세입자, 초임계 유체, 고분자

Abstract: Poly(iV-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 pm. 
The relationship between particle size and initial drop size was also considered.
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Introduction

Micro- or nano-sized psuticles are used in various fields, such 
as cosmetics, pharmaceuticals, dyes, and electronics. Ccxiventicmal 
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 

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

Various pr(x〉esses using supercritical fluids are introduced in 
review articles[2-5]. Rapid expansion of supercritical solutions 
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(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(7V-vinyi-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 = 저지1아1 (1)

Al

、가lere d0 is nozzle diameter (m), Ul is liquid velocity (m/s), p l 
is liquid density (kg/m3), and /?l is liquid viscosity (kg/m s). 

The other is the Weber number (We), which is the ratio of 
kinetic energy and surface energy.

We=d0UlpL (2)
<7

where is interfacial tension (kg/s2) between gas and liquid.

The Ohnesorge number (Oh) is defined by Re and We:

아프
Re

(3)

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.

SMD = 0.95
(oO033 (1+%)L7O + 

mG

0.13(•쓰然)05 (1+ 쓰幻1'70 

apL mG
(4)

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:

SMD = 늠-丄느
YW (5)

where Ni is the number of drops in size range i, and A 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 (CO2) 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[17] 
studied the surface tension of DCM and CCh at the critical point 
of the mixture, and they found that interfacial tension of DCM



244 청정기술, 제14권 제4호, 2008년 12월

Table 1. The mean diameter of PVP particles at various conditions

Experiment 
number

T 
(K)

P 
(MPa)

Solution 
flow rate 
(cm3/min)

CO2 flow rate 
(kg/hr)

Cone, (wt
%)

Mean 
particle 
diameter 

Cum)
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 CO2 at 8.5 MPa and 308 K approximated to 0.00001 kg/s2.

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 cm3 and the height is 200 mm. The solution of the copolymer

Figure 1. Schematic diagram of tiie experimental apparatus. 
(1) carbon dioxide bomb, (2) filter, (3) heat 
exchanger, (4) pressure punqi, (5) relief valve, 
(6) solution reservoir, (7) higji pressure pump, (8) 
jrediAator, (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 CO2 was pumped with a non-pulsating high-pressure 
pump (Nihon Seimitsu Kagaku, NP-AX-70). The nozzle was 
made by Valeo Instruments Co. and its inner diameter was 0.127 
mm.

The precipitator was heated in an air convection oven and 
pressurized with CO2. 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 s이ution of copolymer in DCM was 
pumped through the nozzle. CO2 was also supplied continuously. 
CO2 and the solution were always heated to the precipitator 
temperature before entering the precipitator. This experiment was 
conducted for about 60 min, after v마lich the flow of the solution 
was stopped. The supercritical CO2 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 必 m). 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 
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mean particle size increased from 0.195 to 0.286 Om and the 
particles were more agglomerated at higher tempeiBtures.

As temperature was increased, CO2 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 CO2 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 Prwsure

PVP particles were produced at 13.0, 15.0, and 17.0 MPa 
(experiment nms 1, 5, 6 in Table 1). As pressure increased, the 
in=i particle size decreased from 0.216 to 0.184 /zm. As 
pressure was increased, CO2 density and viscosity were increased 
and diffiisivity of CO2 was decreased. B=iuse, in general, reduced

(e)

E^ure 2. SEM inmges of PVP particles precipitated with 
different solution flow rates, (a) 0.3 cmJ/min, (b) 
0.4 cm조/min[15], (c) 0.5 cm3/imn, (d) 0.6 cm3/min, 
(e) 0.7 cm3/min.

(c)

Fig떼ire 3. SEM imaga of PVP fmrticla at various CO2 flow 
rates, (a) 2.25 阿hr, (b) 2.50 kg/hr, (c) 2.75 kg/hr.

diffusivity and increased viscosity hinder mass transfer between 
the droplets and the surrounding CO2, particle si*  must be 
increased with increasing pressxire. 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 Row Me

ASES experiments were performed at liquid solution flow 
rates ranging from 0.30 to 0.70 cm3/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 
res나ts 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 CO2 Row Rate

ASES experiments were performed at CO2 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 CO2 flow rates 
led to smaller mean particle sizes. These results will be analyzed 
by relation of initial droplet size and mean particle sizes.

Elation of Initial Ooplet 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. CalZated faitial dmpl뗘 she and e패려im^al particle diam^r mfli direst s(Mkm ft»w 
rates m쏇 COz fkm r혀es

Exj光rhnent
run

Solution flow rate 
(cm 주/min)

CO? flow rate 
(kg/hx)

Calculatai initial 
droplet size 

(pm)

Experiment사 particle 
diameter

(jUm)
1 0.50 2.50 9.71 <M95
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 2.75 9.27 0.184
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Figure 4. C^lcuhted initial droplet si^ and experimental 
particle dhmeter whh dm혀renrt solution flow 
rates and COj flow rates.

temperature, pressure, and ccmcwtrati여!, the calculated initial 
droplet size was compared to tfte article size produced at 
constant tem떼iWre (313.15 K), pressme (15.0 MPa), md 
concKittatiw (0.5 wt%). The exact mechanisms of mass transfe", 
nucleation, and particle 후owth 1외ve not yet been reported. 
Howeva, we ex^ct Ihat th*  wmdd be no differences in fee 
effects of mass transfer, nucie^on, and particle 히x)wth on 
particle formation when the experiments are carried out at the 
same temperatare, pressure, and concentration.

Expmment runs 1 and 7-12 were conducted at the same 
temperature, pressure, and concentration. The solution flow was 
not atomized in e?q)eriment runs 7 and 8, but expmment nms 1 
and 9-12 were atomized. Calculated initial droplet size and 
expenmental particle size, according to the variance of solution 
flow rate and CO2 flow rate, are diown in Table 2 and Figure
4. Increase in solution flow rate makes tiie initial droplet size 
larger and affects the mean particle size. Decrease in CO2 flow 
rate produces die wme result ne faults show a close lin= 
relationship betweoi the calculated initial drop size and the mean 
particle si.*

ConclWons

Spherical PW particles were prq)ared using the ASES process. 
The n^an particle size dqjended on pr=ure, tenq)eratui포, and 
solution flow mte. As temj期ratoire decreased or pressure increa^d, 
the mean particle size decreased. If the solution strew was not 
atomized, 차len large particle sizes were observed in spite of low 
solution flow rate. The initial droplet size was calculated and the 
initial droplet size and particle diameter, at constant tewperaftire 
and pressme, showed a close linear relationship.
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List of syndbols

以 middle diameter of size i
才0 nozzle diameter
m mass flow rate
M number of drops in size range i

1『g gas velocity
미gl velocity difference between gas velocity and liquid

velocity 
liquid velwity

Greek letters
<t interficial tension
Pg gas density
Pt liquid density
듀g viscosity of gas
비L vizosity of liquid

Superscript
G gas
L liquid
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