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Despite a solubilization in the CO;, + solvent mixture, a CO,-soluble compound was
precipitated by a semi-continuous antisolvent process. Methylene chloride was selected as
solvent because concentrated solutions provided the necessary input threshold to
counterbalance the solubilization. When experiments are carried out in the one-phase
region of the CO,-DCM system, the powder shows a cotton-like aspect, and is made of
elongated particles. Concentrated solutions of 40 and 100mg/ml and flow rates of
67ml/min and 3ml/min for carbon dioxide and solution, respectively, combine yields above
64% and medium size in the 80-100um. When experiments are carried out in the two-
phases region, size decreases down to 30um and the powder is free-flowing.

INTRODUCTION

There is a growing interest in crystallisation assisted by supercritical CO,, either
due to concern for green technologies, either because of the intrinsic process performances.
There are five equipments permanently settled in the laboratory, including a phase-
equilibria set-up. Several compounds have been studied, and when possible, phase
equilibria were investigated in order to select the process (RESS, SAS, impregnation)
and/or select suitable conditions for a successful precipitation. Indeed, solubility and phase
behaviour are critical parameters that contribute to yield and product quality. Solubility of
the solute species in the chosen SCF is the first parameter for the process selection. A
substance soluble in the SCF is micronized by the RESS process. Dealing with carbon
dioxide, many drugs have been thus processed [1]. Compounds micronized by RESS have
a solubility in CO, (at 40-60°C and 25MPa) in the 0.3 — 7 10™ mole fraction range. The
Supercritical Anti-Solvent (SAS, used hereby as a generic term) process is preferred for
non soluble compounds. Literature provides numerous examples of precipitation of
proteins, polymers, some lower molecular weight compounds, and encapsulation of drugs
or proteins [1-6]. When available, solubility of these compounds is in the 107-10° mole
fraction range.

Precipitation of the CO, -soluble cholesterol by an antisolvent process was first
investigated by Wubbolt [7], using dimethyl- or diethyl- ether as solvent. For experiments
carried above the CO,-solvent critical pressure, experimental yields were ranging from 40
to 90%, due to the high residual solubility of cholesterol in the remaining vapor phase.
Recrystallization in a batch SAS process, was recently proposed from acetone solution by
Liu et a. [8]. The batch mode proceeds in the L-V coexistence region for the acetone-CO,
system, and the crystallization of the solute is carried out in the liquid phase. Needle-like
or plate-like habit for cholesterol was obtained.



In the following, interrelation between phase behaviour and results of precipitation
are illustrated for the case of cholesterol. Another example is given by De Gioannis [9]
which considers the precipitation of griseofulvin in a batch stirred reactor.

|. SOLUBILITY AND PHASE BEHAVIOUR

Solubility of cholesterol was measured in pure methylene chloride (DCM), acetone
(ACET) and anhydrous ethanol (ETOH). Cholesterol solubility in pure CO, and in solvent
+ CO, mixtures (up to 22% w:w in solvent) was previousy determined with a one-pass
flow procedure and a gravimetric determination [10]. Experimental data from a solvent
content ranging from O (data in pure CO,) to 100% (data in pure solvent) were then fit
according to the empirical equation proposed by Wubbolts [7]. Solubility trends as a
function of the solvent content are given in Fig. 1 for DCM and ACET. In ETOH, the
curveis close to the curve with acetone.

Figure 1. Solubility of cholesterol in

solvent+CO, mixtures, at 40°C and 18MPa Figure 2. Liquid-vapor coexistence
Lines are correlated data according to [7], line for the CO, — DCM system.
symbols are experimental data. Triangle

symbols for methylene chloride as solvent,

circle for acetone.

120
11,0 1
10,0 1

250

200 -

o ©
o ©o
ot
(0]
(o]

150 A 70 o
60 o

501 o
401 ° 311K

y (mg/g)

100 -

Pressure (MPa)

50 € 301
20 OOoo
0 ‘ ‘ ‘ A-QI0—Q 1,0—00069
0]0 0]2 0’4 0,6 0,8 1]0 0,0 t t t t t t t t t
0 o1 02 03 04 05 06 07 08 09 1
weight fraction of CO2 CO2 mole fraction

In pure CO,, the solubility of cholesterol at 40°C is ~ 0.2-0.5 mg/g in the 10-20MPa
pressure range, that can be considered as quite large for an organic compound. However,
cholesterol solubility in the pure organic solvent is 100 to 400 times higher. When CO; +
solvent mixtures are considered, the solubility decreases as the mixture is enriched in CO..
When the CO, content in the mixture is higher than 80%, solubilities in the three solvents
become in the same range. On a solubility basis, it seems advantageous to precipitate
cholesterol from organic solutions (as in SAS) rather than from CO, solutions (as in
RESS), due to the possibility of processing more concentrated solutions, and thus, of
expecting higher production rates.

When solvent + CO, are involved in conditions of SAS, attention has to be paid to the
Liquid-Vapor equilibria of the system. Figure 2 reports the P,x diagram of DCM-CO; [11].
Several authors[12-13] have already observed that morphology of the product is influenced
by the existence of droplets, i.e. for conditions where CO, and solvent are in a vapor-liquid
equilibrium.



II- PRECIPITATION OF CHOLESTEROL BY SASPROCESS
Equipment

The equipment has been described elsewhere [14]. It has been updated by a vessel that is
equipped with three sets of sapphire windows, alowing visual observation of the spray and
of the bulk. The internal diameter and height of the vessel is 5 cm and 25cm, respectively.
Nozzles were single-flow types, either disk, or swirl nozzle. We did not observe significant
difference in the morphology of products with the nozzle type.

Excepted when influence of flow rates was investigated, typical flow conditions were 67
mi/min (Fcoz) and 3.2 ml/min (Fsy) for carbon dioxide and solution, respectively.

I nfluence of flow rates

The main difficulty in precipitation of a CO,-soluble compounds by SAS arises from its
solubilization in the CO,+solvent mixture produced upon spraying the solution into the
CO,. Methylene chloride was chosen as solvent for dissolution. A first set of experiments
were dedicated to the control of yields, with a main action on the solution and CO, flow
rates. Temperature and pressure were 40°C and 11 MPa, respectively. The CO, — DCM
system was thus in a one-phase region (Fig.2). The precipitation of cholesterol in these
conditions gave long needle-like particles, with length varying from 60 to 300um
depending on conditions (Figure 3). Trends of size with flow rates were difficult to assess,
since samples showed quite large distribution of sizes. The flow rates also impacted on
thickness and width, not only on length.

Figure 3. Cholesterol produced by SAS. Solvent: CH,Cly, Cengl : 40mg/ml. P/ T : 11MPa/
40°C; Fcop = 67mi/min. Fg: 1.8ml/min (left) — 6.2 ml/min (right).

Experimental yields varied between 25 and 69%, when the initial concentration of
cholesterol in DCM was 40 mg/ml (Figure 4). Variations of yields with flow rates (and
concentration as described in next section) were analyzed by mass balance calculations
based on solubility behaviour of cholesterol in CO,+DCM system (Figure 5). The non-zero
solubilization of the component in the mixture — that is specific to cholesterol compared to



other components processed by SAS- requires the use of a high input of solute to
counterbal ance its output, and appropriate combinations of flow rates.

Figure 4. Influence of CO, and solution Figure 5. A mass-balance calculation for
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I nfluence of solvent

Methylene chloride was a suitable solvent, since the high solubility of cholesterol in DCM
provided the necessary input threshold. Two experiments were performed using Ethanol or
Acetone instead of DCM. Because of the lower solubility of cholesterol in pure solvent
(18.6 —18.8 — 105 mg/ml at 20°C in EtOH — ACET — DCM respectively) and similar range
of solubility in the CO.+solvent, the feed did not overcome the output and very low yields
were obtained, 4% and 4.6% respectively.

The morphology of produced cholesterol was dependent of the solvent of dissolution. With
DCM, elongated and needles-like particles were produced, for conditions in the one-phase
region of the system. With ethanol, particles showed a plate-like morphology, whereas in
acetone, a needle-type morphology was obtained.

Influence of concentration of cholesterol in the methylene chloride solution

Various concentrations were investigated, because this parameter is acting on sursaturation
and consequently on size and yields. With solutions of 20mg/ml — 40mg/ml- 100mg/ml,
yields were 5% - 69 — 84%, with length of particles decreasing from 200pum — 100pum and
80pum. The main differences in particles came from the width, with more particles of larger
width as concentration increased. The low yield obtained with solution of 20mg/ml is due
to the insufficient input of cholesterol and the lower sursaturation ratio generated with
diluted solutions.



Influence of pressure, i.e below or above the critical point of the CO,-DCM mixture

Experiments were carried out at 40°C, varying the pressure from 11.2MPato 8.5MPa and
7.1MPa. Initia concentration of cholesterol was100mg/ml, with flow rates of 67 and 3
mi/min for Fcoz and Fs, respectively. Based on visual observation during the experiments,
droplets were only visible for the 7.1MPa experiment. The pressure of 8.5MPa might be
close to the critical pressure of the system (absence of phase behaviour data at 40°C), but
no droplets were detected visually for these conditions. Lowering the pressure allowed the
recovery of a more free-flowing powder, compared to the cotton-like powder produced in
experiments at 11.2MPa. The particles showed aso a reduction of size, with a typical
length decreasing from 80 to 30um (Figure 6). On reverse, the yield was decreasing, from
84% to 74% and to 57%, as the pressure decreased. For conditions below the critical
pressure (as 7.1MPa), the maximum concentration of CO; in the droplets is determined by
the equilibrium composition of the liquid phase, that is lower than composition given by
the ratio of the flow rates. Conversely, the DCM content in the droplets is higher, and less
cholesterol precipitates.

Figure 6. Cholesterol produced at 40°C, 11.2MPa (left) and 40°C, 7.1MPa (right) with
Fcoz = 67ml/min, Fg = 3.4 ml/min (left) and 2.6ml/min (right); Ceha = 100mg/ml.

CONCLUSION

A CO,-soluble compound (usually micronized by rapid expansion of CO,-solution) was
precipitated by a semi-continuous antisolvent technique, providing the processis carefully
controlled to limit losses due to solubilization in the CO,+solvent mixture. Compared to
ethanol and acetone, methylene chloride was the only solvent that provided the necessary
input of cholesterol. For conditions above the critical pressure of the mixture, cholesterol
precipitated as elongated particles. Conditions of 67ml/min and 3 ml/min for CO, and
solution flows, respectively, together with concentration of 40 or 100mg/ml were suitable
to combine yields above 64% and size below 100um. Settling conditions below critical
pressure, i.e. generating droplets instead of mixing flows, seems to lead to smaller particle
sizes, in the 30um range. Compared to parallel experiments in RESS, such sizes are ill
three or ten times larger than sizes obtained by RESS. Reduction of size by SAS is
currently investigated by playing with temperature, besides encapsul ation experiments.
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