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The application of on-line Raman spectroscopy for detecting and monitoring a CO,
antisolvent process (GAS) is explored for the first time. Griseofulvin precipitations were
carried out in a batch vessel from an acetone liquor, in which the CO, was introduced at
specific rates. Changes of griseofulvin and acetone concentrations upon addition of CO,
were monitored through specific wavenumbers at different pressurization rates (0.10 and
0.45 MPa/min) and courses (continuous or stepwise introduction, final pressure of 10 or
4.8 MPa). The ratio between the solute and solvent signals allowed for accurately
detecting the onset of crystallization, for monitoring the depletion of the solution in solute
as a function of time, and for estimating the mass of precipitated solids during the
crystallization course. Moreover, the Raman spectroscopy provided experimental evi-
dence of the predicted scenario of a crystallization induced by supercritical fluid. © 2005
American Institute of Chemical Engineers AIChE J, 52: 1308-1317, 2006
Keywords: crystallization, Raman spectroscopy, supercritical carbon dioxide, on-line
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Introduction

In the pharmaceutical industry, the manufacturing of tablets
or capsules (which represents the major part of pharmaceutical
products) is largely dominated by powder technology. Indeed,
most of the manufacturing operations (that is, crystallization/
drying, milling, blending, granulation, encapsulation, tableting,
etc.) are devoted to making particles, modifying their proper-
ties, and turning them into structured products. Although most
of the operations have benefited from enhanced scientific at-
tention, crystallization is perhaps the area that has witnessed
the greatest progress in the past few years.! One reason is that
the method for producing the drug is a critical step in the final
product performances, given that crystal habit and crystal size
distribution play a large role in the therapeutic behavior. The
development of effective particle technologies is keeping up
with the need for increasingly smaller crystals of increased
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purity, which allow reduction of the drug dosage while retain-
ing the therapeutic benefits, and minimize the side effects.
Crystallization using supercritical fluids (SCFs) was mostly
developed as an alternative approach to conventional liquid
crystallization, with aims of controlling the particle size and
reducing the residual solvent concentration in drugs, besides
the environmental advantage of reducing the liquid solvent
wastes.

During the last decade, SCF technology has been applied to
several operations involved in the pharmaceutical manufactur-
ing area, such as crystallization,? drying,? coating,* or blend-
ing,5 to improve the physical and chemical properties of the
drug products and their interactions with the biological envi-
ronment. Although many fluids could be chosen for crystalli-
zation purposes, carbon dioxide (SC-CO,) is by far the most
extensively used when processing pharmaceutical compounds.
The reasons mostly rely on CO,’s mild critical conditions of
temperature (7,. = 31.05°C) and pressure (P, = 7.28 MPa) that
allow for processing temperature—or shear-sensitive drugs, and
its nontoxic, nonflammable, inert, and cheap characteristics. In
SCF-crystallization techniques, the SCF can act as a solvent or
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as a precipitating agent, that is, an antisolvent. In this latter
technique, the compound of interest is first dissolved in an
organic solvent. The addition of CO, to that liquor solution
decreases the solvation ability of the original solvent and
causes precipitation of the solute.

Crystallization by addition of a liquid antisolvent is widely
used in the chemical, food, and pharmaceutical industries,
especially as a batch operation.® Because many pharmaceutical
crystallization processes have been designed mostly by empir-
icism,' there is a need for on-line process monitoring and
control.” Spectroscopic methods have gained popularity during
the last years in the crystallization field. For instance, these
techniques were used recently to determine the onset of crys-
tallization by UV/visible (UV-vis) and fluorescence spectros-
copy,®® for particle size measurements by ultrasonic spectros-
copy,'? to obtain information on the kinetics of polymorphic
transitions with near-infrared spectroscopy,'! and to determine
concentration/supersaturation  profiles'>'® and  solubility
curves!+15.1920 with Raman'3!420 and attenuated total reflec-
tion (ATR) FTIR'>!5-19 spectroscopies. These examples deal
with batch crystallization processes run at atmospheric pres-
sure; for most of them, crystallization was induced by cooling
the liquor, whereas only few applied to antisolvent crystalliza-
tion.

Crystallization induced by supercritical CO, as nonsolvent is
gaining importance, although pressurized vessels actually
hinder in situ monitoring of the crystallization course. Spec-
troscopic investigations to monitor crystallization induced by
compressed fluids from a solution are scarce. UV-vis spectros-
copy was proposed to investigate the precipitation kinetics of a
biodegradable polymer by compressed CO,.2! The UV spec-
trometer was linked to a high-pressure cell of 8 mL, in which
3 mL of the polymer—-methylene chloride solution was intro-
duced. Experiments were performed in the batch mode, that is,
with a subsequent addition of CO, at various rates ranging
from 0.013 to 0.08 MPa/min. The attenuation of light arising
from the scattering of the suspended particles was monitored
during the precipitation process by measuring the absorbance
of a monochromatic beam at a wavelength of 600 nm. Thus, the
UV-vis spectrometer measured the slurry turbidity generated
by the polymer precipitation and subsequent formation of par-
ticles. To understand and characterize the precipitation behav-
ior, a model based on a population balance was developed,
taking into account nucleation, growth, aggregation, and set-
tling phenomena. The absorbance measurements were related
to the second moment of the simulated particle size distribu-
tion, and the kinetic parameters were thus estimated based on
spectroscopic data. The experimental setup with UV spectros-
copy was clearly suitable to follow accurately the time course
of precipitation under pressure.

The objective of the work is to develop a non-invasive
spectroscopy to monitor a crystallization process in pressurized
medium, at scale and conditions representative for industrial
perspectives. The Raman spectroscopy was proposed because
of its ability to monitor the individual concentration of each
component involved in the crystallization process—that is, the
solute, the solvent, and CO,—through the selection of specific
wavenumbers and spectra calibrations. This first set of exper-
iments aims at validating the spectroscopic technique to the
detection of the precipitation onset and to the monitoring of the
crystallization course under various experimental conditions.
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Figure 1. Structure of griseofulvin.

Raman spectroscopy also enabled us to analyze the phase
behavior involved during the CO, addition and the monitoring
of the solvent removal during the washing and drying of
produced crystals, data that are not outlined here.

Griseofulvin was chosen as a model solute because of pre-
vious investigations on its precipitation by CO,?? and on phase
equilibria as well.2> These investigations highlighted the anti-
solvent effect of CO, when added to an acetone liquor, based
on the decrease of the equilibrium concentration of griseofulvin
with the enrichment of the mixture in CO,. Griseofulvin, an
oral antifungal agent, shows a very low aqueous solubility and
a slow dissolution rate that induce a slow, erratic, and incom-
plete absorption from the gastrointestinal tract.?* It is expected
that successful micronization in small particles would improve
its dissolution behavior. The component structure is given in
Figure 1.

Antisolvent Crystallization

The fundamental driving force for crystallization is the dif-
ference in chemical potential between supersaturated and sat-
urated solutions. The chemical potential difference is generally
expressed as a function of the supersaturation S, defined as the
ratio between the solute concentration in the solution C and the
equilibrium concentration (solubility) C, at a given temperature
and pressure. Strictly speaking, the potential difference should
be expressed as a function of solute activity (related to con-
centration through the corresponding activity coefficient) rather
than concentration. The two expressions are equivalent when
deviation from an ideal solution is negligible, that is, at infinite
dilution or, for a nonelectrolyte solute, at concentrations < 0.1
mol/L.® Griseofulvin is a nonelectrolyte, and initial solutions
were prepared at concentrations of 0.069 mol/L. The use of
supersaturation as a measure of the thermodynamic driving
force is thus satisfactory, especially for a general description of
the path of a CO, crystallization process for which no data are
available.

Supersaturation may be created by various methods that
regulate either the solute concentration C or the solute solubil-
ity C,. In antisolvent crystallization, the solution becomes
supersaturated by the addition of a substance that reduces the
solubility of the solute in the initial solvent. As a result of the
mixing of the antisolvent and the solvent, the solute concen-
tration also decreases by simple dilution. Figure 2 shows the
qualitative evolution of the system in case of the recrystalliza-
tion of griseofulvin induced by the addition of CO, to an
acetone liquor. Two lines are drawn: the equilibrium line C; =
f(Xco2) and the metastable line C* = f(Xc,). The equilib-
rium line, expressed as a molar fraction of solute in the ac-
etone—CO, mixture, was experimentally determined at 39°C

DOI 10.1002/aic 1309



1,2E02
Solubility curve

¥

1,0E-02

Metastable limit
8,0E-03 {

6,06-03 | Nucleation zone

C GRI (mol/mol)

4,0E-03 1

Stable

2,0E-03 4 .
solution

0,0E+00
XCco2

Figure 2. Qualitative evolution of the system during the
recrystallization of griseofulvin from acetone
induced by addition of CO,, as antisolvent.

The solubility curve, expressed as molar fraction of the solute
in acetone—CO, mixture, was experimentally determined?? at
T = 39°C and P = 10 MPa, whereas the metastable line is
hypothetical. The molar fraction X, refers to the CO,
content in the acetone—CO, mixture.

and 10 MPa?3; the metastable line is hypothetical. The antisol-
vent crystallization proceeds first by dissolving the solute in an
organic solvent, giving a concentration C that is represented in
Figure 2 by point A. To generate crystals, the representative
point has to move from that monophasic stable domain up to
the metastable boundary (point B) or beyond (point C). With a
concentration expressed as molar fraction, the representative
trajectory is not horizontal because the addition of CO, affects
the total mole number of the acetone—CO, medium. At point B
or C, the supersaturation S* is large enough for nucleation to
occur spontaneously, but growth is also significant. For high S
values, nucleation will largely prevail over growth, and the
zone is thus termed as catastrophic nucleation zone. To avoid
further generation of new particles during the growth of older
ones, which should broaden the particle size distribution
(PSD), the system must be brought back quickly into the
metastability domain. Nucleation is thus stopped and crystal
growth is the main mechanism that allows the system to re-
cover an equilibrium state (point D). Trajectories of the repre-
sentative points depend of the antisolvent flux (horizontal com-
ponent of the representative point velocity) and upon
nucleation and growth rates (vertical component of the veloc-
ity). The final PSD is mainly controlled by the residence time
of the system beyond and within the metastable zone.?> Resi-
dence time in the nucleation and growth area (beyond the
metastable limit) gives the width of the PSD, whereas the
average size of the PSD is a function of the residence time in
the growth zone, that is, within the metastable zone, in which
only the growth rate is significant.

In many batch supercritical processes, the addition of CO,
continues until a desired pressure is attained, given that non-
windowed vessels preclude the detection of the crystallization
onset. The representation point of such process operates close
to or above the metastable limit, especially if the feed rate of
CO, is high. The system could cross the metastable line several
times, depending on the relative rates of supersaturation
buildup by the CO, addition rate and the depletion of solute by
the growth rate. Consequently, several nucleation bursts may
occur that, combined with the growth of the several bursts of
nuclei, would result in a large final PSD. Conversely, if the

1310 DOI 10.1002/aic

Published on behalf of the AIChE

addition rate of CO, is so slow that it enables the system to
operate back to the equilibrium curve once the few nuclei
appear, one can expect larger crystals with a narrow PSD.?¢

With compressed antisolvent, the situation is complicated by
the fact that equilibrium and metastable lines vary with pres-
sure. In a discontinuous process, the CO, addition provokes an
increase of the pressure, given that the composition of the
newly formed CO,—solvent mixture evolves as well. Strictly
speaking, the representative trajectory of a discontinuous crys-
tallization should be considered in a three-dimensional plot,
with CO, content and pressure as x-axis and y-axis, respec-
tively. Although qualitative, Figure 2 nonetheless provides a
suitable framework to understand the scenario of a crystalliza-
tion course induced by CO,.

Experimental
Materials

Carbon dioxide was purchased from Air Liquide (99.5%
purity). Acetone (RP, 99.8% purity) and griseofulvin (mini-
mum 95% purity) were provided by Sigma Aldrich. Griseof-
ulvin (GRI) was stored at —18°C, and fresh solutions were
prepared for immediate use.

Apparatus

Experiments were carried out in a high-pressure, optically
accessible vessel that operated in a batch mode (Figure 3). The
experimental system and procedure are discussed only briefly
because additional details can be found elsewhere.?> The crys-
tallizer was a stainless steel vessel of 0.491 L (Top Industrie,
France; internal diameter of 5 cm), equipped with three sap-
phire windows and an electric motorized stirrer. The agitator
was an eight-bladed impeller of 2.5 cm in diameter, distant by
85 mm from the vessel bottom. A stainless steel frit of 2 wm in
porosity was located at the vessel bottom to collect produced

Figure 3. Experimental setup for the batch crystalliza-
tion induced by addition of carbon dioxide.
Legend: (1) CO, cylinder; (2) chiller; (3) CO, pump; (4; 8)
stop valve; (5, 9) metering valve; (6) stirrer; (7) crystallizer;
(10) solution collector; (11) probe head; (12) argon-ion laser;
(13) Raman spectrometer; (14) computer.
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crystals. At the exit, a shutoff valve and a metering valve
(Autoclave Engineers) allowed discharge of the solution and
regulated the vessel pressure during the final steps. The exit
lines were heated to avoid solidification of CO,. The operating
temperature was measured by a type K thermocouple with an
accuracy of 1°C and was controlled by electric resistances.
Pressures of the vessel and of the CO, feed line were measured
by pressure sensors (Asco) with an accuracy of 0.1 MPa. The
CO,, cooled by a chiller, was delivered through the impeller by
a high-pressure pump (Lewa).

Raman instrumentation

Crystallization was monitored by noninvasive Raman spec-
troscopy with a Dilor (Induram) spectrometer equipped with a
CCD camera detector. The range of wavenumbers selected for
the study was 750—1770 cm™ ' because this region contained
accessible griseofulvin, acetone, and CO, vibrational bands.
The use of a 1200 lines/mm grating and a focal length of 600
mm allows scanning of the spectral range without any rotation
of the grating. Excitation light at 514.53 nm was obtained from
a Coherent argon-ion laser, operating at a power of 250 mW.
The instrument grating was calibrated using neon lines. Re-
mote Raman measurements were performed through a probe
head (Dilor superhead), equipped with interferential and notch
filters, and connected to the laser and the spectrometer by two
optical fibers of 100 wm core and 5 m long. The probe head,
working in the backscattered mode, was positioned directly in
front of one sapphire window of the vessel. Thus, the crystal-
lization medium was not disturbed by any immersed probe.
The standard focusing objective of 40 mm focal length was
replaced by a lens of 80 mm focal length to focus the incident
laser beam at the center of the vessel, in the radial direction. To
prevent any damage of the filters, excitation power at the
sample level was limited to about 40 mW.

Each spectrum was a sum of ten accumulations collected
over 10 s each (for a total spectra acquisition time of 100 s),
except during Run 4, in which spectra were acquired in only
10 s to keep up with the high CO, introduction rate. Data were
collected using the Dilor Spectramax program, and processed
using a homemade code run with Grams ™ software.

Calibration of Raman spectra

Provided that a calibration was performed, the absolute
concentration of a species can be calculated from the area of a
spectral peak.?” The calibration curve for griseofulvin in ace-
tone was constructed from the Raman spectra of six binary
solutions, ranging from 3.40 to 33.02 mggr/gack (or 2.69 to
26.12 mg/mL). The spectral peaks selected to quantify griseof-
ulvin and acetone were centered at Raman shifts of 1620 and
795 cm™ !, respectively. Because the griseofulvin peak was
partly overlapped by the Raman lines of acetone, the spectrum
of pure acetone was extracted from the mixture spectra before
integrating the solute peak. Moreover, to account for incidental
changes over time of the Raman parameters, which could affect
the absolute magnitude of signals, the griseofulvin peak inten-
sity (I,;) was ratioed to the acetone peak intensity (/).
Therefore, the calibration provided a relationship between the
griseofulvin Raman signal represented by I,/ . and its con-

centration in the mixture (CO,-free content). The CO, concen-
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Figure 4. Raman predicted concentrations vs. experi-
mental values for griseofulvin (top plot) and
CO,, (bottom plot).

trations were quantified from the area of the peak centered at
1283 cm ™ '. Raman spectra of pure CO, at five pressures and
40°C were used to construct the calibration curve.

Figure 4 displays a comparison between the “Raman-pre-
dicted values” of GRI and CO, concentrations calculated by
the peak integration/calibration method, and their correspond-
ing known concentrations. The very good fit over the whole
investigated range testifies to the accuracy and performance of
the calibrations.

Procedure

Crystallization experiments were carried out at 40°C by
adding CO, to 100 mL of an initial solution of griseofulvin in
acetone (~24 mg/mL in GRI); the stirring was settled at 500
rpm. The procedure consisted of four steps: I. pressurization
(Ta: from atmospheric pressure to the cylinder pressure of 6
MPa; Ib: from 6 MPa to the desired final pressure); II. solution
discharge; III. crystals drying; IV. depressurization. The solu-
tion was first loaded into the vessel at atmospheric pressure and
ambient temperature and allowed to stabilize at the operating
temperature before the introduction of CO,. The CO, was then
gently introduced by means of the inlet metering valve (step
Ia), causing an increase of the vessel pressure. To continue the
pressurization from the pressure of the CO, reservoir to the
final desired pressure (step Ib), the CO, supply was further
ensured by the pump. The system was maintained at the final
pressure and upon agitation during a given period of time.

DOI 10.1002/aic 1311
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Figure 5. Raman spectrum of the mixture of CO,-ace-
tone-griseofulvin, collected at a pressure of
4.0 MPa and a temperature of 40°C, during
crystallization conditions of Run 1.

Then, the solution discharge (step II) was operated under
pressure by regulating the exit flow by the exit metering valve
and compensating this flow by a feed of fresh CO,. A flow of
pure CO, was further maintained to dry the crystals (step III).
Depressurization (step IV) was performed by venting the car-
bon dioxide by the exit line. Crystals were collected on filter
and on stirrer for subsequent analysis.

Raman spectra were collected over the whole procedure
except during the depressurization step. Because we focus on
monitoring crystallization, only spectra recorded during the
pressurization step are discussed herein. Spectra were collected
at each pressure increment of 0.5 MPa, or, in the case of steady
conditions, approximately every 4 min. Figure 5 shows a
Raman spectrum acquired during a crystallization experiment.
The figure points out the specific peaks that were used to
quantify each species, centered at 795, 1283, and 1620 cm”!
for acetone, CO,, and griseofulvin, respectively.

To test the ability of the spectroscopic method to detect and
monitor a crystallization induced by supercritical fluids, four
experiments were carried out, corresponding to various condi-
tions of crystallization course. Conditions and objectives of the
runs are reported in Table 1. Run 1 is based on our standardized
procedure for crystallization by CO,, that is, introduction of
CO, at a constant rate until a final pressure of 10 MPa that
drives the system to a homogeneous solvent—antisolvent mix-
ture. A hold time of 45 min at 10 MPa is settled before starting
the discharge step. In Run 2, the continuous addition of CO,
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Figure 6. Evolution of the griseofulvin signal expressed
as ly,i/l,.. during the addition of CO, to an
acetone solution at 30.34 mg/g in conditions of
Run 1.

T = 40°C, CO, feed rate = 0.12 MPa/min, final pressure of
10 MPa. I,,; and [, are calculated from spectral peaks cen-

i ace

tered at 1620 and 795 cm™ !, respectively.

proceeds until the onset of precipitation. Once the onset is
detected, the system is isolated and allowed to regain an
equilibrium status. When the Raman signal no longer evolves,
fresh CO, is further introduced with a consequence of new
onset of precipitation. This stepwise procedure continues until
a final pressure of 10 MPa. The objective of Run 3 is to study
the system evolution after the first burst of precipitation; there
is no further addition of CO, and subsequent increase of
pressure after the first onset of precipitation. Finally, Run 4 is
performed in a procedure similar to Run 1, but with a higher
CO, feed rate.

Analysis of samples

The characteristics of the produced crystals were determined
by light and scanning electron microscopy (SEM by Leica
S440).

Results and Discussion
Crystallization course vs. pressure

Monitoring of the crystallization course during Run 1 is
shown in Figure 6 as a plot of the I,;/I,.. ratio vs. pressure. The
curve shows three different periods that reflect the events that
the solution undergoes. During the first additions of CO,, the

1,./1... ratio remains constant. Both the solute and the solvent

gri’face

Table 1. Experimental Conditions and Runs Objectives*

Coii Py CO, Addition Rate
Run (mg/mL) (MPa) Hold Time at a Given Pressure (MPa/min) Objectives
1 24.4 10 45 min, at P, 0.12 Raman feasibility
2 24.3 10 Yes, at P, and subsequent 0.10 Inducing several bursts of precipitation
stepwise pressures

3 24.6 4.8 125 min, at P, = P; 0.10 System evolution after the first burst
of precipitation

4 24.7 10 No 0.45 Testing Raman for monitoring a fast
process

*C,,;» initial concentration of griseofulvin in acetone; Py, final pressure; P, onset pressure of crystallization. T = 40°C; V, = 100 mL; stirring rate = 500 rpm.

eri>
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Figure 7. On-line monitoring of griseofulvin signal dur-
ing the addition of CO,, for the different exper-
imental conditions.

undergo the same effect, that is a dilution caused by the mixing
of the solution with CO,. As more CO, is added, crystallization
begins. The solution is depleted in the griseofulvin amount that
turns into solid particles and, consequently, the ratio decreases.
Finally, an almost constant value is recovered as the pressure is
further increased to 10 MPa. This evolution can be discussed in
parallel with the qualitative evolution illustrated in Figure 2,
and in accordance with the similar qualitative framework pro-
posed earlier.?¢-2¢ The initial concentration of GRI in solution
corresponds to 5 X 10~ mol/mol. The starting point is thus
located at point A in Figure 2.

When carbon dioxide is added to the vessel, the solution
becomes enriched in CO, and, meanwhile, the pressure in-
creases. Once the metastable limit is reached, nucleation and
growth start. The mole fraction of CO,, corresponding to the
pressure of precipitation (P,) of 4.8 MPa, was calculated from
the Raman signal and found to be in the 0.6 range. In the
specific conditions of Run 1, carbon dioxide addition continues
after this first burst of nucleation. Two phenomena compete for
the depletion of the solution in solute: new bursts of nucleation
upon continuous CO, addition and growth of the early nuclei.
These two phenomena are not discernable by the /,,,/I,.. mon-

itoring. After a pressure of 7.4 MPa, the 1,,/1,.. ratzi=0 stabilizes
at a value of 0.039. This plateau means that there is neither
further significant nucleation nor growth. The pressure of 7.4
MPa corresponds to a CO, mole fraction of 0.81. The calcu-
lation of the griseofulvin concentration in such solution by the
calibration gives a value in the range of 8.7 mg/g. When
expressed in mole fraction, it corresponds to 2.5 X 10~*
mol/mol, that is, in the same range of order as the solubility
value determined by phase equilibria?* and reported in Figure
2. Thus, the plateau provides experimental evidence that the
system has regained an equilibrium status in terms of crystal-
lization behavior after 7.4 MPa.

The I/l profiles vs. pressure for the four runs are shown
in Figure 7. The final pressure was of 10 MPa in all runs except
for Run 3, where there was no further increase of pressure after
the onset of crystallization. The pressure of crystallization
onset was found to vary with the CO, introduction rate, with a
value of about 4.8 MPa for experiments performed at 0.11
MPa/min and 6.5 MPa at 0.45 MPa/min. The shift was signif-
icant, with respect to the method applied for the onset detec-
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tion. In this method, the /,,/I,.. values of the first period were
averaged and a standard deviation was issued. When the ratio
changed above this threshold, one considered that crystalliza-
tion started. Among the four runs, the maximum standard
deviation was 0.004 (Run 4) for an averaged I,,;/I,.. value of
0.139 a.u. (arbitrary unit). This range was found satisfactory for
the on-line detection of the crystallization onset because it
corresponded to a variation of about 1 mg/g in the solute
concentration. Runs 2 and 3 provided a more accurate deter-
mination of P, given that the system was allowed to sit for a
given time once the onset of nucleation was observed. Thus,
when crystallization was performed with a CO, addition rate of
0.11 MPa/min, the pressure at which first bursts of nucleation
were detected was 4.9 = 0.1 MPa. At a higher feed rate (0.45
MPa/min, Run 4), the onset pressure increased significantly,
and the I,/l,.. values also showed greater scattering, even
during the earlier period. This behavior may be attributed to a
poor mixing between the solution and the CO, that conse-
quently drives the system into a situation of nonequilibrium.
The efficiency of the mixing process between the solution and
the CO, affects the local composition of the solvent—antisol-
vent mixture and, consequently, influence obtaining a condition
of supersaturation. On the other hand, Thiering et al.>® assumed
that their system was at equilibrium or well mixed at all stages
during the pressurization cycle because the pressurization rates
did not significantly affect the conditions of precipitation onset.
There is no general rule reported in the literature for the
sensitivity of onset pressure with process parameters. This is
easily understandable considering the lack of accurate methods
for the onset detection (mostly detected visually) and the in-
fluence of the mixing—a key variable—with the vessel design,
the stirring conditions, the liquor characteristics, and the like3°
that are rarely similar throughout literature.

Crystallization kinetics

The plot of I,;/I,.. as a function of time is given in Figure 8
for the four conditions. As before, it depicts the solution events
over the duration of the pressurization step; however, the plot
vs. time provides an estimate of the overall crystallization rate,
time-dependent data that are quite rare for supercritical crys-

tallization processes. That approach is a global method that
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Figure 8. Time change of griseofulvin signal during the
addition of CO,, for the different experimental
conditions.

DOI 10.1002/aic 1313



does not allow any distinction between the various mechanisms
by which the solution is depleted, that is, the effects of nucle-
ation, growth, aggregation, or attrition are monitored together.
Strictly speaking, the decay of the signal depicts a desuper-
saturation profile of the solution only in conditions of Run 3
because there is no additional introduction of CO, after the first
onset of precipitation. In the other conditions, it reflects the
overall depletion of the solution in solute that occurred both by
continuous nucleation arising from the CO, feed and by sub-
sequent growth of the older nuclei.

The overall crystallization rate R may be expressed with the
general following equation3!:

dc
R= - =kAC=KC - Cy) (1)

where k is the kinetic constant in min~' for time expressed in
min, C, is the concentration of griseofulvin at time ¢, and C,, is
the concentration at equilibrium. When C, is expressed in mass
(Myi/ ocetone)» the overall rate R is in mg ¢ ' min~'. With
initial conditions defined at the onset of precipitation, the
relationship is expressed as

Cr - Ceq

Cors— C = exp —k(t — fonser)] 2

The calibration curve correlated the concentration to the col-
lected signal; Co,ee and C,, were determined as averaged
values, that is,
® C.q = (Uyill,co)p the average of values on the final plateau
® Coreet = Uyillco)o, the average of values on the initial
plateau

gri

A linear trend was fitted to In[(C;, — Co)/(Copsey — Ceg)] Vs
(t — 1,0, OVer a period of time that was adjusted to minimize
the deviation. Accuracies were of 0.7 mg/g for C,, and *=8%
for k.

The overall crystallization rates are expressed as

® R..1 = 0.085 X (C, — 8.7), in the case of a CO, feed rate
of 0.12 MPa/min and a final pressure of 10 MPa

® R.nz = 0.085 X (C, — 15.9), in the case of a CO, feed
rate of 0.10 MPa/min and a final pressure of 4.8 MPa

® R4 = 0435 X (C, — 10.3), in the case of a CO, feed
rate of 0.45 MPa/min and a final pressure of 10 MPa

There was no relationship for Run 2 because it made no
sense to represent a multistep crystallization (stepwise intro-
ductions of CO, and subsequent hold periods) by a unique
overall rate. Experimental data showed that the kinetic con-
stants of runs performed with similar CO, introduction rate
(Runs 1 and 3) were in the same range, whereas the final
equilibrium concentration differed because of a different final
pressure. For Run 4, performed at the same final pressure as
that of Run 1 but at a feed rate of 0.45 MPa/min instead of 0.12
MPa/min, the kinetic constant was significantly higher, with a
value of 0.44 min ™' instead of 0.09 min '. The final concen-
trations of the two runs also differed. The higher value of 10.3
mg/g obtained in Run 4 still came from the poor mixing of CO,
and the solution, besides the fact that no hold time was given
to the solution to stabilize in an equilibrium status. Although
global, these results pointed out and quantified the significant
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effect of the antisolvent introduction rate upon the overall
crystallization kinetics. To interpret more finely the overall
crystallization kinetics in terms of nucleation and growth
events, it would be necessary to analyze the crystal size distri-
bution (CSD) of the powder, off-line as a first step or in situ as
proposed recently by Elvassore et al.?!

Correlation between Raman signal and results of
crystallization

Monitoring the 1,,/I,.. evolution also enables one to calcu-
late the griseofulvin mass that precipitated during the crystal-
lization course, to quantify the potential gain in continuing the
CO, addition once the precipitation occurred. The solid content

is related to the solute concentration by the simple relationship
M(t) = (CO - Ct) Mgcctonc (3)

where M represents the mass of griseofulvin that precipitates
at time #; M2, is the acetone mass introduced in the vessel;
and C, and C, are the griseofulvin concentrations at t = 0
(before the introduction of CO,) and time ¢, respectively.

In Figures 9a to 9d, the calculated mass of solids generated
during the crystallization course (M) is plotted vs. time. To
assess the gain of continuing the pressurization after the onset
of precipitation, the pressure course of the vessel is also re-
ported. Some mass values appear to drop below zero because
the initial concentration C, in Eq. 3 was calculated as an
average of the I,/I,.. values measured before any introduction
of CO,. The scattering of the I,/I,.. data in Run 4 is of course
translated in the mass calculation data, which consequently
exhibit significant fluctuations. In conditions of Run 1 (Figure
9a), the onset of crystallization was characterized by an intense
burst of solids (from ¢ ~ 50 to t ~ 75 min) that produced
almost 98% of the final mass at a rate of 70 mg min '.
Afterward, the mass evolution was so slow that the additional
increase was only 2%. When related to the pressure time
course, it is interesting to note that the 98% value was obtained
at a pressure of about 7.2 MPa, that is, neither the subsequent
addition of CO, nor the hold time of 50 min at 10 MPa
generated a significant additional mass of crystals. Thus, from
a process perspective, it was not necessary to increase the
pressure above 7.2 MPa.

Figure 9b allows one to distinguish the time sequences
(addition of CO, and hold time) that were carried out during
Run 2. These sequences lasted from 60 to 7 min. The first
precipitation onset, which occurred at 4.9 MPa, again produced
a large amount of crystals in 15-20 min, attested by the sharp
increase of the curve. This first burst generated nearly 70% of
the solids. During the following hold period, the subsequent
introductions of CO, and their respective hold times induced an
additional mass increase of 30%, but at a much lower rate.
Between 70 and 220 min, 550 mg of solids were generated,
against 1250 mg during the 20-min burst period. As before,
there was no gain in pursuing the addition of CO, and the
pressurization up to 10 MPa because the final content of solids
was obtained at 6.3 MPa. The stepwise and the continuous
procedure both produced an equivalent amount of crystals, but
over a significantly different duration. The stepwise procedure
might have compensated in pressure (6.3 instead of 7.2 MPa)
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Figure 9. Evolution of the vessel pressure (dark symbols) and of the calculated mass of precipitate (M, open symbols)
during the time course of Run 1 (a), Run 2 (b), Run 3 (c), and Run 4 (d).

The mass of precipitated solid was calculated from the 7,/

gri’ face

what was lost in time, but a duration of 220 min instead of 75
min was far from an advantage.

In Run 3 (Figure 9c), the hold period was maintained at the
onset pressure of about 4.9 MPa. The largest part of solids was
produced within 50 min (from ¢ ~ 50 to # ~ 100 min), with no
significant increase of M during the next 80-min period. In Run
4 (Figure 9d), there was no hold time during the crystallization
course, so the mass reflected the production of a unique onset
of precipitation. During that precipitation, 1800 mg of solids
were produced in a short time of nearly 10 min, giving a
production rate of 170 mg min~'. The designed set of exper-
iments thus shows that the onset of precipitation is character-
ized by a fast and important burst of solids with a production
of about 70% (Runs 2 and 3) to 98% (Runs 1 and 4) of the final
crystals mass in the 25 min that follow the precipitation onset.
When time is given to growth (Run 3) or to subsequent minor
bursts of nucleation (Run 2), the mass can increase by 30%.

It is interesting to compare the calculated values of the final
amount of solids to the experimental ones, obtained by weigh-
ing the powder recovered at the end of the experiments (Table
2). Experimental tendencies were in agreement with the expec-
tations from I,,;/I,.. curves shown in Figure 9. Indeed, calcu-
lations have provided evidence of a similar range of solids for
Runs 1, 2, and 4, and a lower value for the run stopped at the
pressure of 4.8 MPa. The calculated amounts, however, were
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ratio and the calibration curve, according to Eq. 3.

higher than the experimental ones, with a relative deviation of
11, 17, 23, and 2% for Runs 1 to 4, respectively. Discarding
Run 4, which showed a very good agreement, the default in the
experimental mass ranged within 200 (Run 1) and 320 mg (Run
2). Several causes can be postulated for the loss of material.
One is based on the difficulties in collecting the powder on
every part of the vessel. The second is that the suspension of
solids at the end of the pressurization step undergoes several
subsequent steps before being collected, whereas the one-line
monitoring somehow “freezes” the system in a final image. For
instance, one step is the discharge of the solution at the vessel
bottom and, despite a filter, the smallest particles can escape
into the exit line and consequently escape from the collection.
Experimental reproducibility should be also taken in account,
and was in the 100 mg range for the collected amount. Regard-

Table 2. Calculated and Experimental Amounts of Solids
Produced at the End of Four Runs, and Notification of the
Experimental Yield, Defined as Experimental Mass over the

Initial Content of Griseofulvin

Run 1 Run 2 Run 3 Run 4
Calculated mass (g) 1.7 £ 0.04 1.8 = 0.04 1.2 = 0.05 1.8 = 0.03
Experimental mass (g) 1.50 1.48 0.92 1.76
Experimental yield (%)  61.4 60.8 37.3 66.6
Published on behalf of the AIChE DOI 10.1002/aic 1315



Figure 10. SEM microphotograph of griseofulvin crys-
tals obtained in conditions of Run 2.

ing spectroscopic causes, the maximum deviation in concen-
tration was already mentioned as 1 mg/g. The spectroscopic
uncertainties thus represent a mass of 78 mg in griseofulvin.
All sources are likely to influence the mass data; however,
based on the in situ character of the Raman that is independent
of the post-treatment required to collect the powder, and on the
lower values of the experimental data, the experimental sources
might dominate over the spectroscopic uncertainties.

We now consider results of griseofulvin crystallization, and
first, the experimental yield, calculated as the collected mass
over the initial amount of griseofulvin introduced into the
acetone liquor. The batch crystallization induced by supercriti-
cal CO, led to the precipitation of 61-67% of the griseofulvin,
provided that runs were performed at a final pressure of 10
MPa (Runs 1, 2, and 4). The produced powder consisted of
embedded crystals (Figure 10) that showed an individual bi-
pyramidal shape, as already obtained in previous experi-
ments.?? Crystal dimensions were in the 100 wm range for the
base and the edge of pyramids. With such a high degree of
agglomeration and in absence of particle size analysis, it
seemed ill-advised to discuss the influence of experimental
conditions on crystal size. Thus, no conclusions are issued
about the best route that combines a high quality of powder and
a satisfactory rate or yield of production.

Conclusion

Crystallization induced by the addition of supercritical CO,
as nonsolvent is gaining importance, although pressurized ves-
sels actually hinder in situ monitoring of the crystallization
course. It has been demonstrated in this work that Raman
spectroscopy can be used to measure the solute concentration
over time in a batch operation and to interpret events during the
course of crystallization. The ability to identify specific peaks
for solute and solvent allowed for an accurate detection of the
onset of precipitation and for the measurement of the depletion
profile of the solution as the solute solidified. The accuracy of
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the detection and of the monitoring was found to be sensitive
to the introduction rate of CO,, mostly because it mirrored the
poor mixing efficiency of the CO, and the solution at high
introduction rate. Furthermore, Raman spectroscopy data pro-
vided an estimate of the overall crystallization rate, giving
experimental evidence of the predicted scenario of a crystalli-
zation induced by supercritical fluid. Compared with experi-
mental data, the anticipated amounts well represented the mass
of powder collected at the end of the experiment.
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