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An original experimental setup based on UV-®is spectroscopy was de®eloped to study
( )the precipitation kinetics of a biodegradable polymer by gas antisol®ent processes GAS .

( ) ( )Poly L-lactide acid PLA precipitations were carried out in a high-pressure optical
cell equipped with sapphire windows, working at 1� 80 bar and 301.15 � 307.15 K. The
particle formation and precipitation kinetics were in®estigated in situ by measuring UV-®is
absorbance of polymeric particles at a wa®elength of 600 nm. They were measured in a

( )batch system at different pressurization rates different supersaturation conditions . To
rationalize the precipitation kinetics in GAS processes, a population balance model was
de®eloped considering particle nucleation, growth, aggregation, and settling. Nucleation
and growth were represented by the McCabe model, whereas both independent- and
nonindependent-kernel Smoluchowski’s coagulation equations were used for aggrega-
tion. Settling was approximated by a first-order kinetic. Absorbance measurements were
related to the second moment of the simulated particle-size distribution, and the kinetic
parameters were estimated based on spectroscopic data. The model ga®e a correct phe-
nomenological representation of all experimental data and fairly predicted the particle-
size distribution of the precipitated PLA microparticles.

Introduction

Interest toward gas and supercritical antisolvent precipita-
tion processes is growing in many fields and is related to the
production of micro- and nanoparticulate powders useful for
biotechnology, electronics, and pharmaceutical applications
Ž .Subramaniam et al., 1997; Reverchon, 1999 . In particular,
the possibility of manufacturing very small particles of phar-
maceuticals, such as proteins and biopolymers, at the nano-
scale level, by using mild and inert conditions, represents a
great improvement over conventional particle-reduction sys-
tems. Traditional techniques involving mechanical comminu-

Žtion, lyophilization, and recrystallization of solutes such as
.liquid antisolvent, spray drying, and freeze-drying can lead

to problems due to thermal degradation, excessive use of or-
ganic solvent, toxicity, and chemical degradation caused by
incomplete solvent removal. Therefore, there is much inter-
est in technologies for producing microparticulate powders at
mild conditions, particularly for pharmaceuticals, where con-
trolled particle-size distribution and high product quality are
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essential prerequisites for a successful industrial develop-
ment.

Gas and supercritical fluid technologies offer a number of
processes that could satisfy these particle-design require-
ments, such as rapid expansion of supercritical solutions
Ž .RESS; Matson et al., 1987 , precipitation with compressed

Ž .antisolvent PCA; Dixon and Johnston, 1993 , aerosol-spray
Ž .extraction system ASES; Bleich et al., 1994 , and gas antisol-
Žvent precipitation GAS, also referred to as SAS in the case

when the antisolvent is at a supercritical state; Gallagher et
.al., 1988 . Among them, PCA, ASES, GAS, and SAS by CO2

Žas an antisolvent are widely studied see, for example, the
.reviews by Reverchon and Perrut, 2000; Reverchon, 1999 .

Particularly, these processes have been proposed for the for-
mation of nano- and micro-particles of bio-polymers, pro-
teins, genetic materials, pharmaceuticals, superconductors

Ž .and catalysts Reverchon, 1999 . Most of these contributions
are mainly focused on potential applications of gas antisol-
vent techniques as effective alternatives to conventional par-
ticle-size reduction methods.
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In order to design and to scale the gas antisolvent process
up to the industrial stage it is of paramount importance to
get a rational understanding of all phenomena involved.
Namely, for engineering design of industrial units, it must be
understood how the particle characteristics, in terms of mor-
phology and size distribution, are affected by the process
variables. However, the theoretical investigation of such pro-
cesses is rather complicated, as it involves thermodynamics

Žand phase equilibria, mass transfer, jet hydrodynamics if a
.semicontinuous process is proposed , and particle-formation

kinetics. So far, these basic phenomena were addressed only
Ž .separately, and mostly thermodynamics Lora et al. 2000 or

Ž .mass transport Werling and Debenedetti, 1999, 2000 are
concerned. The kinetics of particle formation, which in gen-

Žeral involves three mechanisms nucleation, growth, aggrega-
.tion , was rarely addressed despite its enormous importance

in characterizing the final product. Recently, Mazzotti et al.
Ž .2000 reported an interesting experimental study about nu-
cleation and growth features in batch GAS precipitation ex-
periments. They showed that, depending on supersaturation
conditions, that is, CO addition rate, different particle-size2

Ž .distributions PSD can be obtained, ranging from narrow
unimodal PSD to wide multi-modal ones. These results were
qualitatively interpreted by means of a secondary nucleation,
and the possibility that aggregation of particles could occur
was not considered.

On the other hand, aggregation and breakage mechanisms
have been considered in conventional crystallization units only
in the last decade. Aggregation is a phenomenon by which
two particles collide and adhere to form a new, larger parti-
cle. It is indeed a relevant particle-size enlargement mecha-
nism that may significantly affect the PSD of the final prod-
uct. Its contribution should be taken into account when mod-
eling gas antisolvent precipitation, especially for polymer so-
lutes where microparticles may undergo flocculation and ag-

Žglomeration, as observed and reported in many studies Kim
.and Johnston, 1987 . Surprisingly, so far to our knowledge,

aggregation has not been taken into account in gas antisol-
vent processes.

With the aim of investigating both nucleation, growth, and
aggregation in the gas antisolvent precipitation process, we
propose a simple experimental technique based on UV-vis
spectroscopy to follow the time course of the precipitation
kinetics in a batch process, and a population balance model
to characterize and correlate our experimental measure-
ments.

The need to follow in situ the behavior of the precipitation
kinetics at high pressure can be satisfied by several experi-
mental alternatives. In recent years, UV-vis spectroscopy has
been largely used to monitor supercritical processes on line.
Simple experimental setups were developed to investigate the

Žpolarity of supercritical mixtures Kim and Johnston, 1987;
. ŽKelley and Lemert, 1996 , the solubility of dyes Draper et

. Ž .al., 2000 , the pH of water�CO solution Toews et al., 1995 ,2
and the volume expansion of saturated liquid phase in GAS

Ž .process Elvassore et al., 2001 .
In this work, the kinetic of precipitation was followed by

measuring in situ the attenuation of a light beam passing
through a high-pressure optical cell, by means of a UV-vis
spectrometer. The attenuation of light due to the scattering
of the suspended particles was monitored during the entire

precipitation process by measuring the absorbance of a
monochromatic beam at a wavelength of 600 nm. This simple
technique, which requires only the use of a conventional ab-
sorption spectrometer, is commonly applied in turbidimetry
to measure the concentration of particulate matter in suspen-

Ž .sion Ingle and Crouch, 1988 .
The precipitation kinetic data are measured at different

pressurization rates, and consequently different supersatura-
tion conditions. A simple correlation between the absorbance
of the system, the particle cross section, and the particle-size
distribution is proposed.

In order to understand and rationally characterize the pre-
cipitation of a model polymer, nucleation, growth, aggrega-
tion, and settling phenomena were simultaneously studied
through a population balance model. The model is based on
the well-known population balance, or particle-number conti-

Ž .nuity equation, proposed by Randolph and Larson 1988

� n � Gn d log VŽ . Ž .
q qn sByD 1Ž .

� t � L dt

where n is the population density function, L is the charac-
teristic length of the particles, t is time, and V is the total
volume of the system. Equation 1 relates the accumulation of

Ž . Ž .particles of the given size � nr� t , the convective flux growth
Ž .along the size axis � Gnr� L , and the generation and the

death particle rates, B and D, respectively. The generation
term takes into account nucleation and aggregation phenom-
ena, whereas the death one represents both the settling rate
and the removal of particles due to aggregation.

In the unseeded precipitation process, Eq. 1 describes the
Ž .formation of primary nuclei 10�100 nm that can growth or

Ž .agglomerate to form aggregates 0.1�10 �m . A parametric
study of the model provides useful information about the in-
fluence of these single phenomena on the absorbance of the
system and on PSD. It will be shown that the experimental
measurements can be correlated only if the agglomeration
contribution is taken into account.

Experimental Section
Reagents and solution

Spectroscopy-grade organic solvents dichloromethane
Ž . Ž .DCM Aldrich, Steinheim, Germany were used without
further purification. CO 99.95% grade purity CO was pur-2 2

Ž . Ž .chased from Air Liquide Padova, Italy . Poly L-lactide acid
Ž .PLA with molecular weight of 102.000 Da was supplied by

Ž .Boeringer Ingenheilme Ingenheilme, Germany . The poly-
mer concentration in the organic solvent solution were of 1.0
% wrw, as normally used in gas antisolvent processes when
fine particles have to be produced.

Apparatus and instrumentation
The measurement of the system absorbance was carried

out through a UV-vis spectrometer linked to a high-pressure
batch apparatus. In Figure 1 the experimental setup is shown.
The equipment includes a cooled CO supply system, a2

Ž .high-pressure optical cell, a Perkin-Elmer Lambda 15 UV-
vis spectrometer, and a depressurizing section. The CO sup-2

Žply was ensured by a reciprocating pump model 305, Gilson,
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Figure 1. Apparatus used to perform the experimental
measurements.
T, CO tank; P, piston pump; C, cooler; H, heater; MV, me-2
tering valve; HPOC, high-pressure optical cell; V, vent.

.Milano, Italia and was controlled by fine metering valves
Ž .model 1316G4y, Hoke, Creskill, NJ, USA .

Solution samples were loaded into an 8-mL customized
Ž .stainless-steel cell SITEC, Zurich, Switzerland equipped

with 4-mm-thick sapphire windows. The upper cap was con-
nected to a pressure-measurement device, a temperature
probe, and the outlet line. Upon the addition of CO , the2
volume of the liquid phase may increase by over 1,000% with
respect to the initial one. For this reason, the upper cap was
provided with an expansion chamber in order to prevent the
cell from being filled by liquid. A metallic frit of diameter 3.5

Ž .mm with 5-nm porosity Aldrich, Steinheim, Germany was
placed at the bottom of the cell to obtain a fine CO disper-2
sion through the liquid phase during the pressurization step.
The cell temperature was controlled by an electric resistance
whose power was regulated using a variable voltage con-
troller.

Internal cell temperature was measured by a Pt 100-� re-
sistance. The pressure was continuously monitored through a

Žpressure transducer model MA 01720, Data Instrument, Ac-
.ton, MA, USA with digital readout. Instrument calibration

was performed in the range of 293.15�333.15 K and 1�200
bar, and the optical cell temperature was usually maintained
at �0.1 K with respect to its setpoint value.

Experimental procedure
The cell was sealed and heated up to the desired tempera-

ture, and then repeatedly flushed with CO to remove any2
residual air. Before starting the experiment, a background
spectrum of pure CO at 1 bar was recorded for automatic2
baseline corrections of all subsequent spectra. Three mL of
1% wrw polymer solution were rapidly loaded into the high-
pressure cell. The cell was then pressurized by feeding CO2
from the bottom. Addition of the CO caused the pressure to2
increase at various rates, ranging from 0.13 barrmin to 0.8

barrmin. During pressurization, the absorbance values at 600
nm were continuously collected. At this wavelength, scatter-
ing phenomena can be accurately detected. When the value
of absorbance showed a rapid increase due to the initial par-
ticle formation within the high-pressure cell, the CO addi-2
tion was stopped. The evolution of the system was followed
by collecting the absorbance profile for the next 90 min. We
note that when the onset of polymer precipitation pressure
was reached, all valves were immediately closed to separate
the optical cell from the rest of the apparatus. In this way,
the absence of turbulence and shear stresses could be en-
sured during precipitation, thus reducing to a negligible level
the breakage of formed particles.

This experimental procedure, together with the slow pres-
surization rates, makes it reasonable to assume quasi-equi-
librium conditions for the system at any time. We note also
that the expansion of the liquid phase and the pressure of the
system do not substantially change after precipitation is
started: it was checked that the change in the liquid volume
between the onset of precipitation and the end of the experi-
ment was always below 2%, even at the highest pressuriza-
tion rate investigated. The time course of the liquid-phase
volumetric expansion was measured in situ by a method re-

Ž .cently proposed Elvassore et al., 2001 .

Model Section
Assuming no seed particles at the initial conditions, crystal

growth rate independent of crystal size, and constant volume
during precipitation, the mathematical description of the pre-
cipitation process follows directly from Eq. 1

� n � n
s yG qB qB yD yD 2Ž .nucl aggr aggr settž /� t � L growth

where the subscripts refer to growth, nucleation, aggregation
and settling, respectively.

Growth
The population balance equation is written according to

McCabe � L law. This equation states that the growth rate,
G, is not a function of length, L, and is, thus, for growth only

� n � n
syG 3Ž .ž /� t � Lgrowth

where n is the population density function.

Nucleation
The nucleation rate, B is assumed to be the rate of ap-nucl

pearance of zero-size particles, from which it follows

B sB � L 4Ž . Ž .nucl 0

Ž .where � L is the Dirac delta function and B is the nucle-0
ation rate of zero-size nuclei.

Aggregation
The population balance model for aggregation is proposed

using the volume, � , as the internal coordinate. The Smolu-
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chowski’s coagulation equation expressed in continuous space
was used for describing the generation and the destruction of
particles by aggregation

1 �
� � � �B � s � � y	 , 	 n � y	 , t n 	 , t d	 5Ž . Ž . Ž . Ž . Ž .aggr H2 0

�
� � � �D � sn � ,t � � , 	 n 	 , t d	 6Ž . Ž . Ž . Ž . Ž .aggr H

0

Ž�.The prime symbol is used as a reminder that volume is the
�Ž .internal coordinate. The coalescence kernel � � , 	 is the

measure of the collision frequency between particles of vol-
ume, � and 	 , that are effective in producing a particle of
volume � q	 .

In order to describe simultaneously growth and aggrega-
tion, Eqs. 5 and 6 have to be converted in terms of length-

Ž .based equations Hounslow et al., 1988; Hounslow, 1990 , as
follows

Baggr

1r3 1r33 3 3 32 � L y
 , 
 � n L y
 , t � n 
, t d
Ž . Ž . Ž .L L
s H 2r33 32 0 L y
Ž .

7Ž .
�

D sn L, t � L, 
 � n 
, t d
 8Ž . Ž . Ž . Ž .Haggr
0

Ž .Here � L, 
 is the coalescence kernel, which is a function
of particle size L and 
.

Settling
Particle settling is generally affected by particle size, liquid

viscosity, solid and solution density, and for small flocculent
particles, by solid concentration. In this work the settling rate
contribution was approximated through first-order kinetics
Ž .Perry and Green, 1997

D sk L2n L, t 9Ž . Ž .sett sett

where k is the settling constant that accounts for both par-sett
ticle and system characteristics.

The final form of the population-balance equation is given
by substituting Eqs. 3�4 and 7�9 into Eq. 2

� n L,t � n L, tŽ . Ž .
syG qB0� t � L

1r3 1r33 3 3 32 � L y
 , 
 � n L y
 , t � n 
,t d
Ž . Ž . Ž .L L
q H 2r33 32 0 L yLŽ .

�
2yn L, t � L, 
 � n 
, t d
yk L n L, t 10Ž . Ž . Ž . Ž . Ž .H sett

0

Numerical solution
Equation 10 cannot be solved analytically. In this work, an

adjustable geometric discretization for the population bal-
Ž .ance equations Litster et al., 1995 was used for all terms

Ž .nucleation, growth, aggregation, and settling . Accordingly,

the following system of equations was written

dN dN dN dN dNi i i i is q q qž / ž / ž / ž /dt dt dt dt dtgrowth aggrnucl sett

11Ž .

In Eq. 11, N is the number of particles in the ith-lengthi
interval. The geometric length-domain discretization has the
form of � r� s21rq, where q is an integer greater than oriq1 i
equal to one.

This discretization allows mesh points to finely cluster in
the region where the PSD changes rapidly and, at the same
time, to cover a wide length of domain ranging from nano-
metric initial-nuclei dimension to hundreds of microns.

Accordingly, nucleation and growth rates were modeled us-
Žing the following equation Hounslow, 1990; Litster et al.,

.1995

dN B , is1i 0s 12Ž .½ž /dt 0, i�1nucl

dN Gi s rN yN 13Ž .Ž .iy1 iž /dt ry1 LŽ .growth i

where r is the ratio of the upper to lower size limits for each
3 1rq'Ž .size, rsL rL , and is equal to rs 2 . Other vari-iq1 i

ables have their usual meaning.
Both nucleation and growth rates are functions of super-

saturation, S, which can be represented by power laws

B sk Sa 14Ž .0 n

Gsk Sb 15Ž .g

Ž .Supersaturation is defined as Ss cyc rc , where c is theeq eq
concentration of solute in solution; c is the equilibrium sol-eq
ubility, k , a and k , b nucleation and growth kinetic con-n g
stants, respectively. The agglomeration term that preserves
the third moment of the PSD can be expressed according to

Žthe model proposed by the Hounslow’s group Litster et al.,
. Ž .1995 and improved by Wynn Wynn, 1996

iy S Ž jyiq1.rq1dN 2i s � N NÝ iy1, j iy1 j 1rqž /dt 2 y1aggr js1

iy Sq Ž jyiq1.rq yŽ py1.rqp 2 y1q2
q � N NÝ Ý iyp , j iyp j 1rq2 y1ps 2 js iy Spy1

1
2q � Niyq , iyq iyq2

iq1y Sqy1 Ž jy i.rq 1rq yprqpq1 y2 q2 y2
q � N NÝ Ý iyp , j iyp j 1rq2 y1ps1 js iq1y Sp

iq1y S Ž jy i.rq �1 2
y � N N y � N N 16Ž .Ý Ýi , j i j i , j i j1rq2 y1js1 js iq2y S1
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where S is an integer given byp

yprqq ln 1y2Ž .
S s int 1y 17Ž .p ln 2

Various expressions can be found in the literature for both
size-independent or size-dependent coalescence kernels � .i, j
Many of them have a sound theoretical basis, depending on

wthe system characteristics that is, Brownian coagulation, co-
Žagulation in shear flow, or by gravitational settling Ernst,

.x1986 , whereas others are purely empirical. We refer to the
following general expression of the coagulation kernel

�
�sk iq j 18Ž . Ž .aggr

where k and � are aggregation constants.aggr
The kinetics of the settling term of Eq. 9 can be discretized

as follows

dNi 2sk L N 19Ž .sett i iž /dt sett

Ž .The set of nonlinear ordinary differential equations ODEs
obtained by discretization was solved using a Fortran 90 code
linked to IMSL subroutine DIVPAG, which is particularly
suitable for stiff systems of first-order ODEs. This routine
uses a variable-order and variable-step method with back-

Ž .ward differentiation formulas BDF . The ODEs are inte-
grated over the same time range of experimental measure-
ments. We note that the population balances are simultane-
ously solved for nucleation, growth, aggregation, and settling.
Two mass balances are considered: one for the particles sus-
pended in the solution and one for the settled particles. At
each integration time, the moments of the population density
function, N , for both suspended and settled particles werei
calculated and the total mass balance was checked.

For parametric studies a mesh of 200 points with qs6 was
used, whereas data regression was carried out with 90 points
and qs3 to shorten the computation time. In all cases, the
discretized size ranges from 0.1 �m to 200 �m were consid-
ered.

The numerical accuracy of the discretized algorithm was
tested separately for the different terms of Eq. 2, with refer-
ence to the corresponding analytical solutions.

Relation between moments and absorbance
The jth moments of the population density function, de-

fined as

�
jm s L n L dL 20Ž . Ž .Hj

0

are of particular interest. The first four moments are related,
respectively, to the particle averaged-total number N ; lengthT
L ; area A ; and volume V , per unit of volume of suspen-T T T
sion, as follows

N sm 21Ž .T 0

L sk m 22Ž .T L 1

A sk m 23Ž .T A 2

V sk m 24Ž .T V 3

The values of shape factors k , k , k in Eqs. 22�24 dependL A V
on particle geometry: under the assumption of spherical par-
ticles, k s1, k s
 , and k s
r6. The concentration ofL A V

Ž .the suspended particles wrw c , is calculated byp

c s 3� k h m 25Ž .Ž .p p V 3

Ž .where � is the particle density grL and h is a mass correc-p
Ž y4 .tion constant 7.55 10 Lrg .

If we consider a monochromatic incident ray of radiant in-
tensity I passing through a solution containing suspended0
particles, the attenuation of light due to particle scattering is

Ž .given by Ingle and Crouch, 1988

IrI sexp y� l 26Ž . Ž .0

where I is the transmitted ray intensity, � the slurry turbid-
Ž .ity, and l the high-pressure cell width optical path . Equa-

tion 26 closely resembles the Lambert�Beer law, as turbidity
is usually proportional to the concentration of suspended

Ž .particles. Hence, as discussed by Rawlings et al. 1993 , tur-
bidity can be expressed as a function of the population bal-
ance

�
� s n L A L Q L dL 27Ž . Ž . Ž . Ž .H P

0

Ž .where A L is the projected area for a particle of character-p
Ž .istic size L, and Q L is the extinction efficiency factor. It is

assumed that, in gas antisolvent precipitation, the projected
area of the particle is primarily responsible for the light scat-
tering effect. In addition, under this approximation, scatter-
ing may be considered independent of the refractive index of

Ž .the solution Rawling et al., 1993 . Hence, Eq. 27 can be re-
lated to the second moment of the PSD as follows

˜� sQk m 28Ž .A 2

˜where Q is the overall extinction efficiency that takes into
account the scattering phenomena of the micrometric parti-

Ž .cles for all L’s Rawlings et al., 1993 . In summary, the ab-
sorbance of the system A is given by

�
2˜AsQk k l L n L dL 29Ž . Ž .Hexp A

0

where k is a constant accounting for the system character-exp
istics. The value of k was determined by calibration, usingexp
a sample of PLA particles with known PSD in water solution.
Note that Eq. 29 neglects the contribution of multiple scat-
tering. Actually, the linear behavior of absorbance was ob-
served at all the different particle concentrations.

All the values of the parameters used for modeling our
systems are summarized in Table 1.
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Table 1. Experimental and Population Balance Model
Constants.

Constant Description Value

K Area factor 
A
K Volume factor 
r6V y4h Mass correction constant 7.55�10 Lrg
Q̃ Overall extinction efficiency 3
k Absorbance experimental correction 0.002exp
L Initial nuclei dimension 0.1 �m0 y3l UV-vis cell optical path 4�10 m

Results and Discussion
Simulation

Before presenting the results of the precipitation experi-
ments, the model just developed has been used to perform a
parametric investigation of the particle-formation kinetics in
a gas antisolvent process.

Ž .In the batch process investigated, the antisolvent CO is2
added to the system at a constant flow rate, and nucleation
may not take place until the solute concentration exceeds its
saturation value. However, the onset of precipitation occurs

Žonly when a value higher than this one that is, the critical
.supersaturation limit is attained. As already mentioned, the

CO addition to the system was stopped as soon as the first2
evidence of precipitation was detected, allowing the system
to approach equilibrium conditions in a constant liquid-phase
volume hypothesis. During precipitation four phenomena
compete: the generation of new nuclei of the solid phase
Ž .nucleation , the enlargement of nuclei due to the deposition

Ž .of solid material on the surface of existing ones growth , the
Ž .aggregation of nuclei or particles , and the settling of formed

particles.
Nucleation and growth, being functions of supersaturation,

consume the polymer dissolved in the solution. Both of these
phenomena increase the average-particle cross section and
consequently the absorbance of the system. When nucleation
is dominant, the absorbance profile rises sharply, due to the
formation of small nuclei at high concentration values. On
the other hand, when growth is dominant, the enlargement of

Ž .the particles generally slower than the nucleation rate causes
a parabolic increase of the absorbance profile until an
asymptotic condition is reached.

Independently of saturation conditions but dependently of
particle concentration, first aggregation, and settling later,
decrease the absorbance of the system. According to the
model currently proposed, the aggregation mechanism pre-
serves the total volume of the solid phase, but reduces the

Žaverage cross section of the particles second moment of the
.PSD . On the other hand, the settling mechanism decreases

the absorbance of the system, but becomes significant only
for larger particles and only can be dominant at the end of
the process.

Since all these phenomena take place simultaneously, the
absorbance profile is expected to increase initially, due to nu-
cleation and growth driven by the initial supersaturation, and
to decrease afterwards, due to the aggregation and sedimen-
tation depending on particle concentration and size.

To show the competition of nucleation, growth, aggrega-
tion, and settling, simulations are presented that refer to cases

Figure 2. Simulated absorbance profiles as a function
( )of time solution of Eq. 10 ; influence of the

exponent of the nucleation rate expression a.

close to the typical experimental absorbance profile, which
was used as a reference. Parameter values are: k s2.0�108

n
and as2.0 for nucleation; k s1.0 �10y5 and �s1.6 forg
growth; k s2.5�10y15 and �s1.0 for aggregation; kaggr sett

s1.0�10y5 for settling; and Ss8.2 for supersaturation. In
this parametric study the parameter values were increased
and decreased by 50% with respect to the base case ones.

In Figure 2 the influence of nucleation parameter a is ex-
amined. High nucleation rates lead to an elevated initial value
of absorbance, corresponding to a high concentration of very
small particles. In this case the polymer dissolved in the solu-
tion is quickly consumed and the aggregation of small parti-

Ž .cles is favored, giving a sharply decreasing absorbance pro-
file. On the other hand, the particle concentration, and con-
sequently the absorbance, is lower at low nucleation rates. In
this case growth becomes the dominant mechanism for parti-
cle enlargement. The absorbance rises until the system is su-
persaturated, then it decreases slowly, as the aggregation rate
is low due to the low particle concentration. An analogous
absorbance profile is obtained when the other nucleation pa-

Ž .rameter k is varied, but the effect is less than for the an
parameter.

Figures 3 shows the influence of growth parameter b. The
competition between growth and all other mechanisms pro-
duces two types of absorbance profile. The first one is similar
to that reported for a high nucleation rate, because an in-
crease in the particle cross section is obtained in both cases.
The second one has an interesting behavior, because the ab-
sorbance profile initially displays two local maxima. This hap-
pens at a low growth rate, where the competition between
aggregation and growth occurs at longer times. The aggrega-
tion contribution becomes dominant and the absorbance of
the system decreases monotonically only when the polymer
concentration returns to saturation. Note that in all cases the
absorbance values are smaller than those shown in Figure 2.

The influence of the aggregation term is considered in Fig-
ure 4 by varying the parameter �. Aggregation parameters
largely affect absorbance profiles; in particular, � mostly
changes the profile shape, whereas k acts on the ab-aggr

Ž .sorbance value at maximum calculations not reported . In

April 2003 Vol. 49, No. 4 AIChE Journal864



Figure 3. Simulated absorbance profiles as a function
( )of time solution of Eq.10 ; influence of the

exponent of the growth rate expression b.

Ž .the absence of aggregation �s0 , the profile reaches an
asymptotic value when supersaturation approaches zero. We
note that the absorbance profile obtained from the experi-
mental measurements can be reproduced only if the aggrega-
tion kernel constant is not zero. This result confirms the oc-
currence of the aggregation mechanism in our gas antisolvent
precipitation process.

The contribution of settling heavily depends on particle di-
mensions; it can be easily seen that, according to our model,
it becomes important at times where bigger particles have
been generated by aggregation.

It is interesting to observe that the influence of the super-
saturation conditions on the absorbance profile of the sys-
tem, reported in Figure 5, is related to the ratio between
nucleation and the growth parameters of Eqs. 14 and 15,
which is generally greater than one. In this case, higher val-
ues of supersaturation favor nucleation, whereas lower ones

Figure 4. Simulated absorbance profiles as a function
( )of time solution of Eq. 10 ; influence of the

exponent of the coalescence kernel expres-
( )sion, �; � i, j s0 corresponds to the ab-

sence of aggregation.

Figure 5. Simulated absorbance profiles as a function
( )of time solution of Eq. 10 ; influence of su-

persaturation, S.

allow particle growth, leading to a parabolic absorbance pro-
file.

In summary, three regimes can be evidenced, depending
on the contribution of different kinetic mechanisms. In the
first one absorbance increases due to the dominant nucle-
ation phenomena; in the second one it can rise or decrease
as a result of the competition between growth and aggrega-
tion; and in the third one gravitational settling leads to smooth
and constantly decreasing profiles.

It is well known that aggregation can lead to bimodal parti-
cle-size distribution. In this respect, two examples of simu-
lated particle-size distribution are reported in Figures 6 and
7, for the cases of dominant aggregation and growth effects,
respectively. It is interesting to note that a bimodal distribu-
tion is generated for the high value of the aggregation kernel
Ž .Figure 6 . On the other hand, unimodal distribution with a
larger mean particle dimension can be obtained when the
growth contribution is dominant, as can be seen in Figure 7.
These results can explain the bimodal particle-size distribu-
tions experimentally observed in particulate products ob-
tained by batch gas antisolvent precipitation experiments
Ž .Mazzotti et al., 2000 . Alternately, the bimodal distribution
can be justified by accounting for a secondary nucleation
mechanism.

Experiments
In order to investigate the precipitation kinetics of PLA,

experimental runs were carried out at 301.15 and 307.15 K,
and the absorbance of the system was monitored on-line. In
order to provide a set of curves suitable for the evaluation of
model parameters, the runs were performed at different
pressurization rates, which can be related to supersaturation
conditions. In Figures 8 and 9 experimental results are sum-
marized at 301.15 and 307.15 K, respectively; symbols repre-
sent the measurements, whereas lines are the model-simu-
lated absorbance profiles at three different pressurization
rates.

It is clear that the experimental setup currently proposed
allows us to follow accurately the time course of precipitation
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Figure 6. Particle-size distribution as a function of parti-
cle size L for a case where nucleation and ag-
gregation are the dominant phenomena.
Numerical solution of Eq.10 at three different values of time.

kinetics under pressure. It can be seen that, as already dis-
cussed in the model result section, experimental absorbance
profiles show different behaviors according to supersatura-
tion level, as shown in Figures 8 and 9. In particular, for high
CO pressurization rates, that is, high supersaturation, they2
rise sharply up to high values: this means a high concentra-
tion of small particles, a condition favoring aggregation. Even
if the temperature difference is small, a higher temperature
leads to higher absorbance values. This behavior is probably
related to the temperature dependence of the kinetic con-
stants and to different supersaturation conditions.

In order to fit the model kinetic parameters, a correct and
stable procedure has to be developed. Unfortunately, this is
usually a hard task as, in this so-called inverse problem, the
correspondence between experimental absorbance and size
distribution is not unique: different PSD could have the same
second moment and consequently lead to same absorbance

Figure 7. Particle-size distribution as a function of parti-
cle size L for a case where the growth is dom-
inant.
Numerical solution of Eq.10 at different values of time.

Figure 8. Experimental and calculated absorbance pro-
files as a function of time for different CO2
pressurization rates at 301.15 K.
Data points are measured by UV-vis spectrometer for the
PLA precipitation from dichloromethane solution. The
curves represent the absorbance profile simulated by nu-
merical solution of Eq. 10. The values of model parameters

Ž .are fitted on the experimental data see Table 2 .

values. To overcome this problem and to obtain sound re-
sults, some parameter values were not regressed. For exam-
ple, the exponents of nucleation and growth expressions were
assumed to be as2.1 and bs1.5, respectively, according to

Žthe range of values reported in the literature see, for exam-
.ple, Zauner and Jones, 2000 . A sequential procedure was

used for other parameters: nucleation and growth-rate con-
stants were obtained from the maximum of the absorbance
profiles, and agglomeration and settling frequencies were fit-
ted to experimental data in the last part of the absorbance
profiles. Table 2 shows all the parameters used. Note that the

Figure 9. Experimental and calculated absorbance pro-
files as a function of time for different CO2
pressurization rates at 307.15 K.
Data points are measured by UV-vis spectrometer for the
PLA precipitation from dichloromethane solution. The
curves represent the absorbance profile simulated by nu-
merical solution of Eq. 10. The values of model parameters

Ž .are fitted on the experimental data see Table 2 .
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Table 2. Model Parameters that Reproduce Experimental Absorbance Profiles at Different Temperatures and CO2
Pressurization Rates.�

Ts301 K Ts307 K
� s0.13 � s0.49 � s0.86 � s0.17 � s0.82
w x w x w x w x w xbarrmin barrmin barrmin barrmin barrmin

y6 y6 y4 y6 y4w xk �mrs 5�10 5�10 9�10 5�10 9�10g
3 y16 y15 y16 y16 y17w xk cmrs 1.2�10 2�10 9.5�10 8�10 0.3�10aggr

� 2.2 1.0 0.5 1.0 2.2
Ž .S ts0 4.54 7.31 10.56 5.18 18.00

� 6 w y3 y1 x y10 wŽ y2 y1 xThe values of these parameters held for all simulation runs: k s 240�10 cm � s , as 2.1, bs1.5, k 10 �m � s .n sett

values of the nucleation parameters are the same for repro-
ducing all the experiments, whereas the growth rate constant

Ž .had to be varied only for the highest pressurization rate .
The effect of the pressurization rate was accounted for by
estimating the initial supersaturation values on the basis of
the equilibrium solubility data of various substances in the
solventrantisolvent systems.

A fair correlation of the experimental profiles was ob-
tained by adjusting the aggregation kernel constant and expo-
nent. On the other hand, it was found that the settling fre-

y10 w y2 y1 xquency, k s10 �m � s slightly influences the pro-sett
files. In summary, parameter values to obtain Figures 8 and 9
differ only as far as aggregation and supersaturation are con-
cerned.

An example of particle-size distribution generated by our
model fitted to experimental data points is reported in Fig-
ure 10 for two pressurization rates. It is worth noting that a
bimodal particle-size distribution is obtained at the highest
pressurization rate. Figure 11 shows the simulated PSD of
the settled particles. Interestingly, the average particle di-
mension is very close to that observed in the microparticles
collected at the end of the corresponding precipitation exper-
iments.

We are aware that the inverse estimation of the popula-
tion-balance-model parameters is not always possible by us-

Figure 10. Suspended particle-size distribution as a
function of particle size L, at 85 min for 0.135
and 0.486 barrrrrrmin CO pressurization rates.2
The values of model parameters are those used for repro-
ducing the same experimental runs at 301.15 K reported in
Table 2.

ing an averaged property, such as the absorbance of the sys-
tem. For accurate determination of the precipitation kinetics,
additional information would be needed from experimental
measurements of the particle-size distribution, which have to
be carried out under pressure. For these reasons, the results
presented in this work have to be considered as a first contri-
bution toward a rational understanding of the phenomena
involved in the gas antisolvent precipitation processes rather
than as an exhaustive study of their precipitation kinetics.

Conclusion
The phenomena involved in gas antisolvent precipitation

processes were investigated from both an experimental and
theoretical point of view. A simple technique based on UV-vis
spectroscopy was developed for studying in situ the precipita-
tion kinetics of a biodegradable polymer by compressed CO .2
This experimental approach gave an accurate measurement
of the absorbance of the system at 600 nm as a function of
time.

The influence of single mechanisms on the absorbance of
the system was presented through a parametric study based
on a population-balance model. It was emphasized that a
correct phenomenological representation of the experimental
data is possible only if aggregation phenomena are taken into
account.

Figure 11. Settled particle-size distribution as a func-
tion of particle size, L, at 85 min for 0.135
and 0.486 barrrrrrmin CO pressurization rates.2
The values of model parameters are those used for repro-
ducing the same experimental runs at 301.15 K reported in
Table 2.
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The particle-size distribution was found to be strongly af-
fected by the aggregation mechanism: a bimodal or unimodal
PSD can be obtained at high and low aggregation rates, re-
spectively. A procedure for the estimation of the model pa-
rameters was developed. The simulated absorbance profiles
give a fair interpretation of the experimental data and, more-
over, the particle-size distribution fitted on them well repre-
sents the samples collected at the end of the gas anti-solvent
precipitation experiments.

Although the parameter estimation procedure could be im-
proved by further experimental measurements, such as the
particle size distribution, this study is a first step toward a
rational understanding of the precipitation kinetic in gas an-
tisolvent precipitation processes.
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