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1. Introduction

Particle size and particle size distribution play an important role in many fields such
cosmetic, food, textile, explosives, sensor, catalysis and pharmaceutics among others. Many
properties of industrial powdered products can be adjusted by changing the particle size
and particle size distribution of the powder. The conventional methods to produce
microparticles have several drawbacks: wide size distribution, high thermal and mechanical
stress, environmental pollution, large quantities of residual organic solvent and multistage
processes are some of them.

The application of supercritical fluids (SCF) as an alternative to the conventional
precipitation processes has been an active field of research and innovation during the past
two decades (Jung & Perrut, 2001; Martin& Cocero, 2008; Shariati &Peters, 2003).Through its
impact on health care and prevention of diseases, the design of pharmaceutical preparations
in nanoparticulate form has emerged as a new strategy for drug delivery. In this way, the
technology of supercritical fluids allows developing micronized drugs and polymer-drug
composites for controlled release applications; this also meets the pharmaceutical
requirements for the absence of residual solvent, correct technological and
biopharmaceutical properties and high quality (Benedetti et al., 1997; Elvassore et al., 2001;
Falk& Randolph, 1998; Moneghini et al., 2001; Reverchon& Della Porta, 1999; Reverchon,
2002; Subramaniam et al., 1997; Yeo et al., 1993; Winters et al.,1996), as well as giving
enhanced therapeutic action compared with traditional formulations (Giunchedi et al., 1998;
Okada& Toguchi, 1995).

The revised literature demonstrates that there are two principal ways of micronizing and
encapsulating drugs with polymers: using supercritical fluid as solvent, the RESS technique
(Rapid Expansion of Supercritical Solutions); or using it as antisolvent, the SAS technique
(Supercritical AntiSolvent); the choice of one or other depends on the high or low solubility,
respectively, of the polymer and drug in the supercritical fluid.

Although the experimental parameters influences on the powder characteristic as particle
size and morphologies is now qualitatively well known, the prediction of the powder
characteristics is not feasible yet. This fact it is due to different physical phenomena
involved in the SAS process. In most cases, the knowledge of the fluid phase equilibrium is
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necessary but not sufficient since for similar thermodynamic conditions, different
hydrodynamics conditions can lead to different powder characteristics (Carretier et al.,
2003).

So, the technical viability of the SAS process requires knowledge of the phase equilibrium
existing into the system; the hydrodynamics: the disintegration regimes of the jet; the
kinetics of the mass transfer between the dispersed and the continuous phase; and the
mechanisms and kinetics of nucleation and crystal growth.

From the point of view of thermodynamics, the SAS process must satisfy the requirements
outlined below. The solute must be soluble in an organic solvent but insoluble in the SCF.
The solvent must also be completely miscible with the SCF, or two fluid phases would form
and the solute would remain dissolved or partly dissolved in the liquid-rich phase. Thus,
the SAS process exploits both the high power of supercritical fluids to dissolve organic
solvents and the low solubility of pharmaceutical compounds in supercritical fluids to cause
the precipitation of these materials once they are dissolved in an organic solvent, and thus
spherical microparticles can be obtained.

On the other hand, characterization of hydrodynamics is relevant because of it is an
important step for the success or the failure of the entire process, but with only some
exception (Dukhin et al., 2005; Lora et al., 2000; Martin& Cocero, 2004), in the models
developed for the SAS process, the hydrodynamics step received only limited consideration.
For these reasons, the present review is focused on the investigation of the disintegration
regime of the liquid jet into the supercritical (SC) CO,. There are many works where
correlations between the morphologies of the particles obtained in the drug precipitation
assays and the estimated regimes were established (Carretier et al., 2003; Reverchon et al.,
2010; Reverchon& De Marco, 2011; Tenorio et al., 2009). It was demonstrated that there are
limiting hydrodynamic conditions that must be overcome to achieve a dispersion of the
liquid solution in the dense medium; this dispersion must be sufficiently fine and
homogeneous to direct the process toward the formation of uniform spherical nanoparticles
and to the achievement of higher yields (Tenorio et al., 2009).

In this way, Reverchon et al. (Reverchon et al., 2010, Reverchon& De Marco, 2011) tried to
find a correlation between particle morphology and the observed jet, concluding that
expanded microparticles were obtained working at subcritical conditions; whereas spherical
microparticles were obtained operating at supercritical conditions up to the pressure where
the transition between multi- and single-phase mixing was observed. Nanoparticles were
obtained operating far above the mixture critical pressure. However, the observed particle
morphologies have been explained considering the interplay among high-pressure phase
equilibria, fluid dynamics and mass transfer during the precipitation process, because in
some cases the hydrodynamics alone is not able to explain the obtained morphologies,
demonstrating the complexity of SAS processes. Moreover, the kinetics of nucleation and
growth must also be considered.

2. Superctitical fluids

A supercritical fluid can be defined as a substance above its critical temperature and
pressure. At this condition the fluid has unique properties, where it does not condense or
evaporate to form a liquid or gas. A typical pressure-temperature phase diagram is shown
in Figure 1. Properties of SCFs (solvent power and selectivity) can also be adjusted
continuously by altering the experimental conditions (temperature and pressure). Moreover,
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Fig. 1. Pressure-temperature phase diagram

these supercritical fluids have diffusivities that are two orders of magnitude larger than
those of typical liquids, resulting in higher mass-transfer rates. Supercritical fluids show
many exceptional characteristics, such as singularities in compressibility and viscosity,
diminishing the differences between the vapor and liquid phases, and so on. Although a
number of substances are useful as supercritical fluids, carbon dioxide has been the most
widely used. Supercritical CO; avoids water discharge; it is low in cost, non-toxic and non-
flammable. It has low critical parameters (304 K, 73.8 bar) and the carbon dioxide can also be
recycled (Ozcan et al., 1998).

3. Precipitation with SCF

The supercritical fluid technology has emerged as an important alternative to traditional
processes of generation of micro and nanoparticles, offering opportunities and advantages
such as higher product quality in terms of purity, more uniform dimensional characteristics,
a variety of compounds to process and a substantial improvement on environmental
considerations, among others.

Previously, it was discussed that the different particle formation processes using SCF are
classified depending on how the SCF behaves, i.e., the supercritical CO, can play the role as
antisolvent (AntiSolvent Supercritical process, SAS) or solvent (RESS process).

In the facilities of University of Cadiz, amoxicillin and ampicillin micronization have been
carried out by SAS process (Montes et al., 2010, 2011a; Tenorio et al., 2007a, 2007b, 2008).
Several experiments designs to evaluate the operating conditions influences on the particle
size (PS) and particle size distribution (PSD) have been made. Pressures till 275 bar and
temperatures till 338K have been used and antibiotic particle sizes have been reduced from
5-60 pm (raw material) to 200-500 nm (precipitated particles) (Figure 2).

The concentration was the factor that had the greatest influence on the PS and PSD. An
increase in the initial concentration of the solution led to larger particles sizes with a wider
distribution. Moreover, ethyl cellulose and amoxicillin co-precipitation has been carried out
by SAS process (Montes et al., 2011b). SEM images of these microparticles are shown in
Figure 3. It was noted that increasing temperature particle sizes were increased. Anyway,
SEM images are not accurate enough to observe the distribution of both compounds
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Fig. 2. SEM images of commercial a) amoxicillin and b) ampicillin, c) precipitated
amoxicillin (Montes et al., 2010) and d) precipitated ampicillin (Montes et al., 2011a)

Fig. 3. SEM images of amoxicillin ethyl cellulose co-precipitated (Montes et al., 2011b).

because all the active substance could be situated on the surface of these microspheres
and/or into the core. So, X-ray photoelectron spectroscopy (XPS) was used to determine the
success of the encapsulation process by the chemical analysis of the particles on the
precipitated surface (Morales et al.,, 2007). In this case, the elements that differentiate
amoxicillin from ethyl cellulose are sulphur (S) and nitrogen (N) atoms. Therefore, these
elements could indicate the location of the drug in the precipitated powders. On the other
hand, amoxicillin delivery studies in simulated fluids from the co-precipitated obtained
were carried out .The XPS spectra results were related to these drug delivery experiments
and it was probed that the release of amoxicillin from precipitates in which N and S were
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present on the surface is faster than in cases these elements were not. Anyway, all the co-
precipitated materials allowed a slower drug release rate than pure drug.

On the other hand, in the RESS method, the sudden expansion of supercritical solution
(solute dissolved in supercritical carbon dioxide) via nozzle and the rapid phase change at
the exit of the nozzle cause a high super-saturation, thus causing very rapid nucleation of
the substrate in the form of very small particles that are collected from the gas stream.
Hence, the conditions inside the expansion chamber are a key factor to control particle size
and the particles grow inside the expansion chamber to their final size. This result clarifies
the influence of two important process parameters on particle size. Both, a shorter residence
time and, hence, less time available for particle growth as well as a higher dilution of the
particles in the expansion chamber result in smaller particles.

3.1 Parameters influence on hydrodynamic

Mass transfer is one of the key factors that control the particle size in the SAS process. This is
influenced by both the spray hydrodynamics of the organic solution and the
thermodynamic properties of the supercritical fluid phase.

In the last years, the hydrodynamic of the SAS process has been the subject of several
papers. Most authors face up to this problem considering that the jet of organic solvent
behaves like a liquid jet injected into a gas, allowing to apply the classic theory of jet break-
up. This theory could be applied successfully at subcritical conditions, below the mixture
critical point solvent-CO,, where there is surface tension. The mixture critical point denotes
the limit of the two-phase region of the phase diagram. In other words, this is the point at
which an infinitesimal change in some thermodynamic variable such as temperature or
pressure will lead to separation of the mixture into two distinct phases.

However, in supercritical conditions, above the critical point of the mixture organic solvent
and CO,, it is not possible to distinguish droplets nor interfaces between the liquid solution
and the phase of dense CO, gas. Surface tension decreases to zero in a shorter distance than
characteristic break-up lengths. Thus, the jet spreads forming a gaseous plume and will be
characterized by the degree of turbulence associated with the vortices produced in the SC
CO; (Chehroudi et al., 2002; Kerst et al., 2000; Reverchon et al., 2010). Lengsfeld et al. were
the first group that investigated fluid dynamics of the SAS process, studying the evolution
and disappearance of the liquid surface tension of fluids injected in supercritical carbon
dioxide. They concluded that a gas-like jet is formed after the jet break-up (Lengsfeld et al.,
2000). In this way, Kerst et al. determined the boundaries between the different modes and
they noted a strong interdependence between mass transfer and fluid dynamics (Kerst et al.,
2000).

In the SAS related literature there is a general agreement about the flow regimes observable
when a liquid is injected in a vessel. The way in which the liquid solution is dispersed in the
CO; when the operating conditions are below the mixture critical point (MCP), which is
strongly influenced by the operating pressure and the flow rate of liquid solution at fixed
temperature, can be described according to one of the following four regimes: 1) the
dripping mode, which requires lower flow speed so that drops can detach themselves from
the orifice, 2) the Rayleigh break up regime, which is characterized by a rupture of the jet in
the form of monodisperse droplets, 3) the sine wave break up regime, in which a helicoidal
oscillation of the jet occurs, leading to its rupture into droplets with a polydisperse
distribution, and 4) atomization, in which the jet is smooth when it leaves the orifice, until it
reaches the zone of highly chaotic rupture where a cone of atomized liquid is formed.
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When SAS is performed at supercritical conditions a transition between multi-phase and
single-phase mixing is observed by increasing the operating pressure. Single-phase mixing
is due to the very fast disappearance of the interfacial tension between the liquid solvent
and the fluid phase in the precipitator. The transition between these two phenomena
depends on the operating pressure, but also on the viscosity and the surface tension of the
solvent. Reverchon et al. demonstrates that in the case of dimethyl sulfoxide (DMSO) at
pressures larger than the MCP a progressive transition exists between multi-phase and
single-phase mixing, but is not observed, even for pressures very close to the MCP, in the
case of acetone (Reverchon et al., 2010). In the dripping mode, the droplet size decrease with
increase in pressure operation due to a corresponding decrease in the interface tension, so
the initial droplet size can be manipulated by small changes in the pressure of CO, (Lee et
al., 2008).

However, in the Rayleigh disintegration mode, the droplet size is weakly dependent on the
interface tension of the system and is proportional to the diameter of the jet. In the dripping
mode, the size and shape of the drops become highly dependent on the nozzle exit
condition.

Sometimes, the transition between multi-phase (formation of droplets after jet break-up) and
single-phase mixing (no formation of droplets after jet break-up) could not be located at the
pressure of the mixture critical point. Dukhin et al. (Dukhin et al., 2003) and Gokhale et al.
(Gokhale et al., 2007) found that jet break-up into droplets still takes place at pressures
slightly above the MCP. Due to the non-equilibrium conditions during mixing, there is a
dynamic (transient) interfacial tension that decreases between the inlet of the liquid and its
transformation to a gas-like mixture. The transition between these multi-phase and single-
phase mixing depends on the operating pressure, but also on the viscosity and the surface
tension of the solvent.

Not only the thermodynamics but also the nozzle device or liquid solution flow rate will
influence on the observed regime. The kind of injection device and its orifices diameter will
determine the chosen liquid solution flow rate to get a successful jet break up. In this way, in
a previous work, when the 200 pm diameter nozzle was used with a liquid flow rate of
1mL/min, the solution was not atomized, and we did not obtain any precipitation (Tenorio
et al., 2009).

A lot of parameters control the precipitation process and many particle morphologies have
been observed. As it was commented before, the kind of injection device used (and its
efficiency), can strongly influence the precipitation process. The objective of these devices in
SAS processing is to produce a very large contact surface between the liquid and the fluid
phase, to favour the mass transfer between the antisolvent and the liquid solvent inducing
jet break-up and atomization of the liquid phase.

Various injection devices to produce liquid jet break-up have been proposed in the
literature. Yeo et al. (Yeo et al., 1993) proposed the adoption of a nozzle and tested various
nozzle diameters ranging from 5 to 50 pm. Moussa et al. (Moussa et al., 2005) showed that
the pressure distribution during the expansion of the supercritical fluid is a function of the
nozzle length and diameter. Other authors used small internal diameter capillaries (Dixon et
al., 1993; Randolph et al., 1993). Coaxial devices have also been proposed: in the SEDS
process (solution enhanced dispersion by supercritical fluids) a coaxial twin-fluid nozzle to
co-introduce the SCF antisolvent and solution is used (Baldyga et al., 2010; He et al., 2010;
Mawson et al., 1997; Wena et al., 2010). Complex nozzles geometries have also been tested
carrying out a comparative study of the nozzle by computational fluid dynamics (Balabel et
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al., 2011; Bouchard et al., 2008). Petit-Gas et al. found that for the lowest capillary internal
diameter studied, there were particles with differences morphologies according to the jet
velocity. For the lowest jet velocity, irregular morphology was obtained, and for highest jet
velocity spherical morphology was obtained (Petit-Gas et al., 2009). However, for the
highest capillary internal diameter experiments, particles morphology difference was less
important. Particles were quasi-spherical, to a lesser extent for the smallest jet velocity. Once
more time it was demonstrated the parameters interrelation in SAS process and its great
complexity. Not only the kind of nozzle but also the nozzle relative position to CO, inlet
must be taken into account. In this way, Martin & Cocero studied the differences on
hydrodynamics and mixing when CO; is not introduced through the concentric annulus,
but through a different nozzle, which is placed relatively far from the nozzle of the organic
solution. Since the inlet velocity of CO; is much lower than the inlet velocity of the solution,
this flow has a relatively small influence on hydrodynamics and mixing. However, if CO; is
not introduced through the annulus, the fluid that diffuses into the jet is no longer almost
pure CO,, but fluid from the bulk fluid phase, which has some amount of organic solvent.
This greatly reduces the supersaturation and bigger particles are formed (Martin & Cocero,
2004).

Moreover, these different unstable modes (Rayleigh break up, sine wave break up and
atomization) are controlled by several competing effects: capillary, inertial, viscous, gravity
and aerodynamic effects (Petit-Gas et al., 2009). The predominance of each effect has been
discussed in several works (Badens et al., 2005; Carretier et al., 2003; Kerst et al., 2000).
Reynolds number gives a measure of the ratio of inertial forces to viscous forces. For the
lower Reynolds numbers, Rayleigh regime is observed and surface tension is the chief force
controlling the break-up of an axisymmetrical jet. For higher Reynolds numbers, the inertial
forces compete with the capillary forces. There is a lateral motion in the jet break-up zone
which leads to the formation of an asymmetrical jet, which can be either sinuous or
helicoidal. Finally, when the flow rate goes beyond a certain value, the aerodynamic effects
become quite strong and the jet is atomised. Another dimensionless number frequently used
to describe jet fluid dynamics is the Ohnesorge (Oh) number that relates the viscous and the
surface tension force by dividing the square root of Weber number by Reynolds number
(Badens et al., 2005; Czerwonatis, 2001; Kerst et al., 2000).

In this way, taking into account the critical atomization velocity defined as the velocity
corresponding to the boundary between the asymmetrical mode and the atomization mode,
it is possible to tune the process towards one or another regime. Moreover this critical
velocity seems to be dependent on CO; density. Badens et al. observed a decrease in this
critical jet velocity when the CO, continuous phase density increases (Badens et al., 2005).
Badens et al. and Czerwonatis et al. found out the predominant effect of the continuous
phase properties on jet break-up, especially in the asymmetrical and direct atomization
modes because of the aerodynamic forces preponderance (Badens et al., 2005; Czerwonatis
et al.,, 2001). However Petit-Gas et al. concluded that variations of the continuous phase

properties had no effects on the transition velocity in the studied conditions (Petit-Gas et al.,
2009).

3.2 Morphology

Some authors attempted to connect the observed flow or mixing regimes to the morphology
of the precipitated particles. Lee et al. injected a solution of dichloromethane (DCM) and
poly lactic acid (PLA) at subcritical conditions in the dripping and in the Rayleigh
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disintegration regimes and observed the formation of uniform PLA microparticles (Lee et
al., 2008). Other authors (Chang et al., 2008, Gokhale et al., 2007; Obrzut et al., 2007;
Reverchon et al., 2008) did not find relevant differences in the various precipitates obtained.
Particularly, PLA morphologies showed to be insensitive to the SAS processing conditions
(Randolph et al., 1993). This characteristic fact could be assigned to the high molecular
weights and the tendency to form aggregated particles because of the reduction of the glass
transition temperature in SC-CO..

At subcritical conditions the interfacial tension between the injected liquid and the bulk phase
never goes to zero and a supercritical mixture is not formed between the liquid solvent and
COs.. The droplets formed during atomization are subjected to a very fast internal formation of
a liquid/CO; mixture. Due to a high solubility of CO, in pressurized organic liquids and a
very poor evaporation of organic solvents into the bulk CO,, the droplets expand. During
these processes, the interfacial tension allows the droplets to maintain its spherical shape, even
when the solute is precipitated within the droplet. Saturation occurs at the droplet surface and
solidification takes place with all solutes progressively condensing on the particle internal
surface. The final result is the formation of a solid shell.

This kind of particles has also been observed in other SAS works (Reverchon et al., 2008). It
has been also obtained expanded hollow particle at same conditions. The different surface
morphologies can depend on different controlling mass transfer mechanisms, as suggested
by Duhkin et al. (Duhkin et al., 2005).

Operating conditions above the MCP, from a thermodynamic point of view, are
characterized by zero interfacial tension. But, the liquid injected into the precipitator, before
equilibrium conditions are obtained, experiences the transition from a pure liquid to a
supercritical mixture. Therefore, interfacial tension starts from the value typical of the pure
liquid and progressively reduces to zero. This fact means that droplets formed after jet
break-up (whose presence indicates in every case the existence of an interfacial tension) are
formed before the disappearance of the interfacial tension. In other words, the time of
equilibration is longer than the time of jet break-up and spherical microparticles instead of
nanoparticles can be obtained.

3.3 Visualization techniques

Many researchers have used imaging and visualization techniques to study jet flows,
atomization, and droplets; a number of systems are reviewed in the literature (Bell et al,,
2005; Chigier et al., 1991). Jet lengths and spray widths ranging to milimeters and drop and
particle sizes ranging to micrometers must be taking into account in order to select imaging
system components.

Several studies used particle and droplet visualization in supercritical fluids (Badens et al.,
2005; Gokhale et al.,2007; Kerst et al.,2000; Lee et al.,2008; Mayer & Tamura,1996; Obrzut et
al.,2007; Randolph, et al., 1993; Shekunov et al., 2001).

The optical technique described in these works provides the ability to visualize mixing
occurring between two fluids with different refractive indices. For instance, shadowgraphy
is an optical method to obtain information on non-uniformities in transparent media,
independently if they arise by temperature, density or concentration gradients. All of these
inhomogeneities refract light which causes shadows.

Although for SAS precipitation, microscopy-base imaging offers the advantage of examining
the dynamic process that leads to particle formation, the presence of particles smaller than
two microns complicates an already difficult task of imaging an injection process.
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The ability to identify and characterize these small formations drives future system
improvements, including lighting enhancements laser-induced fluorescence, and higher
spatial resolution cameras. In this way Reverchon et al. used light scattering technique to
clearly differentiate between an atomized very droplet laden spray and a dense “gas-
plume”, limitation which cannot be gained by applying optical techniques due to the fact
that both the droplet laden spray and the dense “gas-plume” result in a dark shadow
(Reverchon et al., 2010).

On the other hand, extensive research has been done using scanning electron microscopy
(SEM) to evaluate the size and morphology of particles formed under supercritical
conditions (Armellini& Tester, 1994; Bleich et al., 1994; Mawson et al. 1997; Randolph et al.,
1993; Shekunov et al., 2001;). A limitation of SEM analysis is that it is applied to particles
after they have been removed from the dynamic system.

4. A particular case: Ampicillin SAS precipitation

In our research group a study was carried out to establish a correlation between the
morphologies of the particles obtained in the ampicillin precipitation assays and the
estimated regimes. This correlation would be an ideal tool to establish the limiting
hydrodynamic conditions for the success of the test in order to define the successful
experiments; that is, the appropriate conditions to orientate the process toward the
formation of uniform spherical nanoparticles instead of irregular and larger-sized particles,
for the solute-solvent-SC CO; system studied (Tenorio et al.,2009).

A series of ampicillin precipitation experiments by the SAS technique, utilizing N-methyl-
pyrrolidone (NMP) as the solvent and CO; as the antisolvent, under different operating
conditions were carried out. Two nebulizers, with orifice diameters of 100 and 200 pm,
respectively were used.

A pilot plant, developed by Thar Technologies® (model SAS 200) was used to carry out all
the experiments. A schematic diagram of this plant is shown in Figure 4. The SAS 200
system comprises the following components: two high-pressure pumps, one for the CO; (P1)
and the other for the solution (P2), which incorporate a low-dead-volume head and check
valves to provide efficient pumping of CO, and many solvents; a stainless steel precipitator
vessel (V1) with a 2L volume consisting of two parts, the main body and the frit, all
surrounded by an electrical heating jacket (V1-HJ1); an automated back-pressure regulator
(ABPR1) of high precision, attached to a motor controller with a position indicator; and a
jacketed (CS1-HJ1) stainless steel cyclone separator (CS1) with 0.5L volume, to separate the
solvent and CO; once the pressure was released by the manual back-pressure regulator
(MBPR1).The following auxiliary elements were also necessary: a low pressure heat
exchanger (HE1), cooling lines, and a cooling bath (CWB1) to keep the CO, inlet pump cold
and to chill the pump heads; an electric high-pressure heat exchanger (HE2) to preheat the
CO; in the precipitator vessel to the required temperature quickly; safety devices (rupture
discs and safety valve MV2); pressure gauges for measuring the pump outlet pressure (P1,
PG1), the precipitator vessel pressure (V1, PG1), and the cyclone separator pressure (CSI,
PG1); thermocouples placed inside (V1-TS2) and outside (V1-TS1) the precipitator vessel,
inside the cyclone separator (CS1-TS1), and on the electric high pressure heat exchanger to
obtain continuous temperature measurements; and a FlexCOR Coriolis mass flowmeter
(FM1) to measure the CO, mass flow rate and another parameters such as total mass,
density, temperature, volumetric flow rate, and total volume.
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Fig. 4. Schematic diagram of the pilot plant

The pendant droplet method, as introduced by Andreas and Tucker, was used to determine
the interfacial tension between NMP and SC CO, (Andreas&Tucker, 1938).This method, and
its application to high pressures and temperatures, are comprehensively described by Jaeger
(Jaeger et al., 1996). A commercial CCD video technique allows recording of droplet shapes
for subsequent video image processing.

Rayleigh breakup, sinusoidal wave break up, and atomization regimes are seen to be clearly
differentiated by representing graphically the Reynolds number against Ohnesorge number
Here, the forces of inertia of the liquid phase (pressure gradient), the forces of capillarity
(surface tension), and those of viscosity of the liquid phase (friction) are taken into account,
but the force of gravity is considered to be negligible.

Two differentiated types of morphology can be identified in the precipitated experiments:
spherical nanoparticles of ampicillin that are obtained from a fine precipitate with foamy
texture, and particles of ampicillin with irregular forms and larger size, which are
characteristic of the precipitate formed by aggregates, compact films, and rods (Figure 5).
The aim of the work is to explain, from the estimation of the different disintegration regimes
as a function of the physicochemical properties and of the velocity of the jet, the two
different morphologies obtained in the ampicillin precipitation experiments for a specific
range of operating conditions. Thus it should be possible to specify the hydrodynamic
conditions for orientating the process toward the formation of uniform spherical
nanoparticles rather than larger size irregular particles.

The morphology of the precipitate obtained at low pressure was supposed to be in
accordance with the Rayleigh estimated regime, since droplets with a diameter of
approximately twice the diameter of the orifice would be produced; (Badens et al., 2005)
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Fig. 5. Effect of operating pressure on microstructure of ampicillin powder obtained by the
SAS experiments (Tenorio et al., 2009).

then, because sufficient contact area would not be generated, the liquid phase does not
evaporate in the dense phase of the CO.. Instead, the liquid droplets accumulate in the filter,
where the precipitate is obtained by the drying action of the CO..

In contrast, for higher pressures, the presence of a precipitate occurring as aggregates in the
filter may be explained by the existence of significant mechanisms that stabilize the liquid
jet. These important mechanisms of stabilization may be associated with the existence of the
dynamic interfacial tension (Dukhin et al., 2003 ).Therefore, the so-called “gaseous plume”
or “gas-like jet”, which is characteristic of states of complete miscibility of mixtures (above
their MCP),would not be produced, even at 150 bar.

The influence of the mean velocity of the jet of liquid solution was also analyzed. The liquid
solution flow rate from 1 mL/min to 5 mL/min causes the jet to disintegrate, passing
through the three possible regimes: Rayleigh, sine wave break-up and atomization. The
lowest flow rate tested (1 mL/min), which is equivalent to a jet velocity of 0.5 m/s (200 pm
nozzle diameter), led to an unsatisfactory test result, which may be in agreement with the
Rayleigh-type estimated regime; this is because the droplets that formed would not generate
sufficient contact area to produce saturation while they are in motion, and, consequently,
ampicillin is not precipitated. When the liquid solution flow rate is increased to 2 mL/min a
dispersion of the sine wave breakup type is estimated. Considering that a polydisperse

Fig. 6. SEM images showing the microstructure of the ampicillin powder obtained by SAS
experiment with 5ml/min (at 180 bar, 328 K, and 200 pm) (Tenorio et al., 2009).
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distribution of droplets is produced in this regime, it is very well correlated with the
experimental obtained results (Tenorio et al., 2009).

When the flow rate is increased to 3 mL/min, it is estimated that the transition is complete,
and the liquid is atomized. The large quantity of fine precipitate with foamy texture
obtained both on the walls and accumulated in the filter (characteristic of nanoparticles)
would have originated from the fully atomized and homogeneous dispersion that is
occurring in the precipitation chamber. With 5 mL/min it was obtained similar results in
accordance with the estimated atomization regime (Figure 6).

5. Conclusions

The hydrodynamics of the SAS process has been revised. Nozzle device, liquid flow rate
and pressure effects on hydrodynamics have been taken into account. Flow regimes
observable in the SAS related literature have been described. Dripping mode is simply due
to the use of liquid flow rates that are too low to produce a continuous liquid flow and do
not produce atomization. Rayleigh breakup, sinusoidal wave break up, and atomization
regimes and, particularly their competition at some process conditions require a detailed
analysis. The ability to identify and characterize these regimes drives future system
improvements, including lighting enhancements laser-induced fluorescence, and higher
spatial resolution cameras.

Morphology of the precipitated particles can be related to flow or mixing regimes. In the
ampicillin case, two differentiated types of morphology can be identified in the precipitated
experiments: spherical nanoparticles of ampicillin that are obtained from a fine precipitate
with foamy texture, and particles of ampicillin with irregular forms and larger size, which
are characteristic of the precipitate formed by aggregates, compact films, and rods. It has
been correlated the morphologies of the particles obtained in the ampicillin precipitation
assays and the estimated regimes as a function of the physicochemical properties and of the
velocity of the jet, for a specific range of operating conditions.

However, the results from the application of these correlations cannot explain the
morphologies of the precipitates obtained in some experiments. This fact can be due to
important stabilization mechanisms as dynamic interfacial tension

Due to the great complexity of the SAS process, factors such as the ternary phase
equilibrium, matter transfer between the phases, and the kinetics of nucleation and growth
need to be considered, in addition to the limiting hydrodynamic conditions.
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