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Abstract

In the perspective of production of dry therapeutic protein formulations, spray drying of lysozyme (as a model protein) into super-
critical carbon dioxide was studied. The effects of the nozzle (i.e., co-current coaxial converging and converging–diverging, and T-mixer
impinging) and process conditions (i.e., flow rates, pressure) on the drying of the lysozyme prepared in aqueous solution dried with super-
critical carbon dioxide enriched with ethanol were investigated. The particle size distribution, width of particle size distribution and mor-
phology were used to determine the effect of the various parameters assessed. Particles with a median size of �1.5, �5 or �25 lm were
produced depending of the nozzle selected. A basic comparative study of the nozzle was done by computational fluid dynamics, but the
differences in particle size could not be depicted by these computations. The proportional increase of the flow rates (up to fivefold) caused
a decrease in particle size (7- to 12-fold), and doubling the pressure caused a moderate decrease of the size (5–20%). The individual effect
of the supercritical carbon dioxide, ethanol and solution streams was explained with a mass transfer model. Changing the ratio between
flow rates slightly affected the particle size in various ways because of the swelling and shrinking stages of the drying droplet in super-
critical carbon dioxide enriched with ethanol.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The necessity for appropriate protein stabilisation meth-
ods increases as the number of labile protein based thera-
peutics being approved and introduced to the market is
greater than ever [1]. Proteins are often unstable in liquid
formulations because of chemical and physical degradation
reactions [1], and traditional drying processes such as
0939-6411/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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freeze- or spray-drying potentially cause harmful stresses
on them [2]. The use of supercritical fluid (SCF) as drying
medium for the precipitation of proteins had been previ-
ously suggested because of the mild process conditions [3].

Despite the poor solubility of water in supercritical car-
bon dioxide (SC-CO2), the production of protein powders
from aqueous solution is favoured over drying from
organic solutions as organic solvents can negatively affect
protein stability [4] and are often poor at dissolving pro-
teins. Drying of aqueous protein solutions by SCF has been
reported by several authors [5]. The influence of process
flow rates on the particle morphology was recently demon-
strated using lysozyme as solute [6]. In that study, three
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regimes of particle formation were identified and the effect
of the process conditions on particle morphology was
mainly attributed to the anti-solvent effect of the ethanol
added to the CO2 to increase the water solubility, and to
the water evaporation from the droplet. In previous studies
various types of nozzles – such as T-mixers [7,8], coaxial
nozzles [8–11] and ultrasonic nozzles [12,13] – were used.
Yet, no systematic comparison of their impact on the par-
ticulate product has been presented except for a slight effect
on the particle size [8,13]. In the study presented here, lyso-
zyme was selected as a model compound as it can be pro-
duced as amorphous particles in various, generally
spherical, morphologies simply by changing the ratio of
the flow rates [6].

The particle size has been investigated by other
researchers in some systems where the solute was dis-
solved in an organic solvent and then sprayed into SC-
CO2 for precipitation. However, many parameters were
often modified simultaneously making the interpretation
of the results difficult. It seemed that the increase in con-
centration of the solute caused an increase in particle size
[9]. The combined increase in pressure and decrease in
SC-CO2 flow rate also caused an increase in particle size.
In a more complete study with polymers, Mawson et al.
observed that the particles produced with a coaxial noz-
zle were larger than when a simple capillary was used.
They also observed an increase in particle size when
increasing the solute concentration whereas using a
poorer solvent appeared to cause a reduction of the par-
ticle size. Reverchon and Della Porta observed the same
decreasing effect of the solvent and the solute concentra-
tions on particle diameter with pharmaceutical com-
pounds in a system where the solution was atomised
through a capillary [14]. In a comparative study where
yttrium acetate was precipitated from DMSO using SC-
CO2, it was shown that the particle size slightly increased
with the diameter of the nozzle, the solute concentration
or the pressure, but slightly decreased with the tempera-
ture [15].

A significant difference between organic solvents and
water is their miscibility with SC-CO2. The organic solvents
used in the studies just mentioned are totally miscible with
the SC-CO2 in all proportions. Therefore, distinct droplets
of the two liquids are not formed and the mixing of the
streams can be described by gaseous mixing. At the oppo-
site, water is almost immiscible with SC-CO2. Therefore,
the linear jet break-up theory is applicable [16]. When eth-
anol is added to SC-CO2 the solubility of water in the SCF
phase increases [17–19] and the system becomes partially to
totally miscible, depending on the ethanol fraction. In such
a ternary mixture, it can be expected that the atomisation
process will be an intermediate between the two extremes
of miscibility.

The aim of this work was to gain insight into the
effects of the nozzle type and the fluid flow rates on
the atomisation step of the SCF-drying process. We tried
to establish whether computational fluid dynamics (CFD)
can be used to evaluate the effect of the nozzle on a
spray of ethanol in CO2 and to determine if it can be
an appropriate tool to predict the size of SCF-dried par-
ticles. We indirectly investigated the effect of five nozzles,
the density of the SCF and the total fluid flow rate at
constant ratio on the droplet diameter by measuring
the resulting particle size distribution by laser diffraction.
We also attempted to correlate the results of the constant
ratio to the atomisation capacity of the nozzles and to
establish the major parameters influencing the droplet
size. Furthermore, we experimentally studied the effect
of the individual flow rates on the particle size distribu-
tion and explained our results through modelling of the
mass transfer during the SCF-drying of a droplet.

2. Materials and methods

2.1. Materials

Lyophilized hen egg white lysozyme (�70,000 U/mg)
was purchased from Fluka (Switzerland) and kept as per
supplier recommendations until use. Technical grade etha-
nol (100%, Chemproha, The Netherlands) was used and
CO2 (grade 3.5) was purchased from Hoek Loos (The
Netherlands). Aqueous solutions of lysozyme were pre-
pared by dissolving the 2% w/w lysozyme in reverse osmo-
sis water. About 15 g of solution was used in each
experiment.

2.2. Preparation of particles by SCF-drying

2.2.1. Experimental set-up

A scheme of the experimental set-up is given in Fig. 1.
CO2 was supplied with a diaphragm pump and ethanol
was added with a piston pump (Gilson). Both flows were
mixed into a T-mixer before entering the thermostated
particle formation vessel through the atomisation device.
The flow rate of this mixture was controlled to establish
the desired conditions regarding the temperature (310 K)
and pressure in the precipitation vessel before the aque-
ous lysozyme solution was added to the CO2–ethanol
stream at the atomisation device, using a syringe pump
(Isco). Five different atomisation devices were tested:
coaxial converging nozzle with (C+) (Fig. 2A) or without
mixing chamber (C�) (Fig. 2B), or a coaxial converging–
diverging nozzle with (Sonimist model HSS-600, Misonix
Inc., average droplet diameter 8 lm) (CD+) (Fig. 2D) or
without (CD�) (Fig. 2C) ultrasonic wave generator, and
T-mixer (T) (Fig. 2E). The dimensions of the atomisation
devices are listed in Table 1. Because of the capacity of
the CO2 and ethanol pumps, the SCF flow rate used
with the CD+ nozzle in this study was at least 40-times
lower than what the nozzle is designed for. Furthermore,
the properties of the SCF, especially the density, are dif-
ferent from gas at atmospheric conditions. Hence, we
simply considered that the shape of the CD+ nozzle
could offer extra mixing capacity over the CD� nozzle.
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Fig. 1. Basic scheme of the experimental set-up (TC, temperature controller; FC, flow controller and PC, pressure controller). The atomisation devices are
illustrated in Fig. 2.
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Fig. 2. Schematic presentation of the atomisation devices used in SCF-drying: (A) coaxial converging nozzle with internal mixing chamber (C+), (B)
coaxial converging nozzle without internal mixing chamber (C–), (C) coaxial converging–diverging nozzle without ultrasonic wave generator (CD–), (D)
coaxial converging–diverging nozzle with ultrasonic wave generator (CD+) and (E) T-mixer (T).

Table 1
Nozzle dimensions as illustrated in Fig. 2

Nozzle Internal diameter
Dliquid (mm)

Outer diameter
DSCF (mm)

Effective diameter for the
SCF phase D0 (mm)

C� 0.75 1.5 0.75
C+ 0.75 1.3 1.3
CD� 0.15 1.1 0.85
CD+ 0.15 1.1 0.85
T 0.08 – –
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In the cases of coaxial nozzles (C+, C�, CD+ and
CD�), the aqueous solution was injected through the
inner tube (indicated as diameter Dliquid in Fig. 2) co-cur-
rently to the SCF flow injected through the outer section
(indicated as diameter DSCF in Fig. 2). The nozzle used
in the T-mixer assembly (1/400) had an opening through
which the aqueous solution was injected. The solution
was sprayed counter-currently to the SCF mixture
through an orifice sapphire nozzle (Fig. 2E). The exit
valves were used to control the pressure (10 or
20 MPa) in the 4-L precipitation vessel. After the com-
pletion of the spraying process, the vessel was flushed
with sufficient CO2 (at least twice the volume of the ves-
sel) to remove the residual ethanol before depressurisa-
tion and product recovery from the filter of the
precipitation vessel.



392 A. Bouchard et al. / European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 389–401
2.2.2. SCF-drying conditions

An array of process conditions was investigated to
determine the effect of the process conditions on the mor-
phology of the particles and the particle size distribution
(Table 2). The effect of the design of the nozzle was inves-
tigated using a standard set of conditions named N1. The
operating pressure of SCF-drying was modified to deter-
mine the effect of the density (D1 and D2). The ratio
between flow rates was kept constant while changing the
total flow rate to identify the hydrodynamics effect (H1–
H4). The flow rates of the various streams were also inde-
pendently varied to determine the individual effect of the
streams while SCF-drying lysozyme (F1–F4).

2.3. Particle characterisation

2.3.1. Particle size analysis

Geometric particle size distributions were measured
using a HELOS BF-MAGIC laser diffraction apparatus
with standard Windox software (Sympatec, Clausthal-Zel-
lerfeld, Germany). Roughly, 0.2 g of powder was disposed
into the sample ring of the RODOS dry powder disperser
(Sympatec). The powder was then projected through the
laser beam for diffraction analysis using compressed air
at 300 kPa. For the measurements, a 100-mm lens was used
and calculations were made with the Fraunhofer theory.
With triplicate measurements, a standard deviation of
0.006, 0.01 and 0.04 lm was calculated, respectively, for
x10, x50 and x90.

2.3.2. Scanning electron microscopy (SEM)

The morphology of the particles was examined using a
scanning electron microscope (Jeol JSM-5400). Particles
were fixed to the specimen holder with conductive double
sided tape before sputtering them with a thin layer of gold.
Table 2
List of process conditions used in experimental and modelling studies

Conditions CO2 Ethanol

kg/s m3/s kg/s

Nozzle comparison

N1 6.1 � 10�3 8.9 � 10�6 3.3 � 10�4

Density

D1 (N1) 6.1 � 10�3 8.9 � 10�6 3.3 � 10�4

D2 7.6 � 10�3 8.9 � 10�6 4.1 � 10�4

Hydrodynamics

H1 8.3 � 10�3 1.2 � 10�5 4.5 � 10�4

H2 (N1) 6.1 � 10�3 8.9 � 10�6 3.3 � 10�4

H3 3.9 � 10�3 5.7 � 10�6 2.1 � 10�4

H4 1.7 � 10�3 2.4 � 10�6 9.0 � 10�5

Flow rate - experimental and mass transfer modelling

F1 (N1) 6.1 � 10�3 8.9 � 10�6 3.3 � 10�4

F2 6.1 � 10�3 8.9 � 10�6 3.3 � 10�4

F3 6.1 � 10�3 8.9 � 10�6 2.6 � 10�4

F4 4.2 � 10�3 6.1 � 10�6 3.3 � 10�4

CFD

CFD1 8.3 � 10�3 1.2 � 10�5 5.5 � 10�4
2.4. Computational

2.4.1. Calculation of dimensionless numbers

Dimensionless numbers were used to evaluate the rel-
ative importance of fluid characteristics in a system. The
Reynolds number (Re) is defined as the ratio of inertial
forces to the viscous forces. The Weber number (We)
describes the relative importance of the inertia of a fluid
compared to its surface tension in a system composed of
multiple flows separated by an interface, especially for
strongly curved surfaces like droplets. The Ohnesorge
number (Oh) relates the viscous and surface tension
forces and is used in combination with the Re or the
We number to map the various regimes of drop forma-
tion in the field of spray technology [20]. The Re, We

and Oh numbers were calculated for the liquid and the
SCF phases for all process conditions. The effective
diameter of the SCF stream (D0) was used for the calcu-
lation of the dimensionless numbers of the SCF phase.
These numbers are calculated as
Reliquid ¼
qliquidðvliquidÞDliquid

gliquid

ð1Þ

ReSCF ¼
qSCFðvSCF � vliquidÞD0

gSCF

ð2Þ

Weliquid ¼
qliquidðvliquidÞ2Dliquid

r
ð3Þ

WeSCF ¼
qSCFðvSCF � vliquidÞ2D0

r
ð4Þ

D0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

SCF � D2
liquid

q
ð5Þ

Oh ¼ We=Re ¼
gliquidffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rqliquidDliquid

p ð6Þ
Solution Pressure

m3/s kg/s m3/s MPa

4.2 � 10�7 1.7 � 10�5 1.7 � 10�8 10

4.2 � 10�7 1.7 � 10�5 1.7 � 10�8 10
2.7 � 10�7 1.1 � 10�5 1.1 � 10�8 20

5.7 � 10�7 2.3 � 10�5 2.3 � 10�8 10
4.2 � 10�7 1.7 � 10�5 1.7 � 10�8 10
2.7 � 10�7 1.1 � 10�5 1.1 � 10�8 10
1.1 � 10�7 4.5 � 10�6 4.5 � 10�9 10

4.2 � 10�7 1.7 � 10�5 1.7 � 10�8 10
4.2 � 10�7 2.5 � 10�5 2.5 � 10�8 10
3.3 � 10�7 1.7 � 10�5 1.7 � 10�8 10
4.2 � 10�7 1.7 � 10�5 1.7 � 10�8 10

1.9 � 10�10 – – 10
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where q is the density, m is the velocity, D is the diameter,
g is the viscosity and r is the surface tension. Because of the
low solute concentrations, q and g of pure water were
taken. For the SCF, the value of q was estimated with
the perturbed hard sphere chain (PHSC) equation of state
[21] and g with the method of Lucas [22].

2.4.2. Computational fluid dynamics

CFD calculations were performed using FluentTM 6.1
software. For simplification purposes because of interfacial
phenomena, the simulations describe the mixing of pure
SC-CO2 as the SCF phase and pure ethanol as the liquid
phase, introduced, respectively, through the gas (DSCF)
and solution (Dliquid) inlets of the various nozzle designs
(Fig. 2A–D). The calculations were performed under con-
ditions of complete miscibility between SC-CO2 and etha-
nol, as it is adequate to compare the nozzle designs and
it limits errors related to the not well known interfacial
phenomena. The calculations include (A) the fluid flow
using the Navier–Stokes momentum conservation equa-
tions with a standard k–e two-equation turbulence model,
with composition-dependent density and molecular viscos-
ity, (B) the species transfer using Fick’s law of binary diffu-
sion with constant molecular diffusion coefficients with the
assumption that the molecular diffusivities are of very
minor importance compared to turbulent diffusivities, (C)
the energy, assuming isothermal conditions because there
are no external sources of heat. The CFD1 conditions listed
in Table 2 describe the operating conditions considered in
the simulations. The composition dependence of density
was calculated with the PHSC [21]. The results of these cal-
culations were correlated with a polynomial, which was
then implemented into a user defined function (UDF), used
by Fluent to evaluate the density. The viscosities of pure
SC-CO2 and pure ethanol at 310 K and 10 MPa were
obtained from the NIST web database [23]. The viscosity
of mixtures of ethanol and CO2 was calculated using the
standard Arrhenius power law for viscosities and imple-
mented into a UDF used by Fluent to evaluate the viscos-
ity of mixtures. The diffusivity of ethanol–SC-CO2 was
estimated with the He–Yu correlation for diffusivities in
SC-CO2 [24]. As explained above, the composition depen-
dence of molecular diffusivity was not considered.

2.4.3. Modelling of the mass transfer

A mass transfer model developed for a stagnant water
droplet evaporating by SCF-drying [25] was used to evalu-
ate the influence of the ethanol and CO2 flow rate ratio on
the droplet/particle size. The model takes into consider-
ation the mass transfer of water into the SCF phase, and
of the CO2 and ethanol into the droplet. The phase behav-
iour of the CO2–water–ethanol ternary system was mod-
elled with the Peng–Robinson equation of state [26] and
the Wong–Sandler mixing rule [27], and the mass and
energy transport properties were calculated with suitable
empirical correlations [28–30]. For comparison purposes,
the diameter of the droplet was assumed to be 20 lm for
all process conditions. If the actual initial droplet size
was smaller, the composition profiles would have the same
shape but will be proportionally compressed in time
because of the larger surface area of the droplet [25].
3. Results and discussion

3.1. Break-up regime of jet

To identify the type of spray regime of the process the
Ohnesorge chart – Oh in function of Re – was used. The
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Oh values calculated for the various nozzles and process
conditions were all between 5.15 � 10�3 and 8.53 � 10�3.
According to the Ohnesorge chart [31], all of these condi-
tions should result in the direct atomisation of the solution.
This means that the droplets are directly formed at the ori-
fice of the nozzle, and not from the break-up of a jet emerg-
ing from the orifice.
3.2. Effect of the nozzle design investigated by CFD

The effect of the design of the nozzles was investigated
by CFD based on the Re number, the energy dissipation
rate and the velocity of the liquid and SCF streams, the
Table 3
Particles characteristic diameters (x10, x50 and x90 representing 10%, 50% and

Nozzle Conditions Main effect

Nozzle comparison/density

CD+ N1/D1 100 bar
CD+ D2 200 bar
CD� N1/D1 100 bar
CD� D2 200 bar
C+ N1/D1 100 bar
C+ D2 200 bar
C� N1/D1 100 bar
C� D2 200 bar
T N1 100 bar

Hydrodynamics – total flow rate effect with constant ratio between flow rates

CD+ H1 8.8 � 10�3 kg/s
CD+ H2 6.5 � 10�3 kg/s
CD+ H3 4.1 � 10�3 kg/s
CD+ H4 1.8 � 10�3 kg/s
CD� H1 8.8 � 10�3 kg/s
CD� H2 6.5 � 10�3 kg/s
CD� H3 4.1 � 10�3 kg/s
CD� H4 1.8 � 10�3 kg/s
C+ H1 8.8 � 10�3 kg/s
C+ H2 6.5 � 10�3 kg/s
C+ H3 4.1 � 10�3 kg/s
C+ H4 1.8 � 10�3 kg/s
C� H1 8.8 � 10�3 kg/s
C� H2 6.5 � 10�3 kg/s
C� H3 4.1 � 10�3 kg/s
C� H4 1.8 � 10�3 kg/s

Flow rates – individual flow rate effect

CD+ F1 Standard
CD+ F2 > Solution
CD+ F3 < Ethanol
CD+ F4 < CO2

CD� F1 Standard
CD� F2 > Solution
CD� F3 < Ethanol
CD� F4 < CO2

C+ F1 Standard
C+ F2 > Solution
C+ F3 < Ethanol
C+ F4 < CO2

C� F1 Standard
C� F2 > Solution
C� F3 < Ethanol
C� F4 < CO2

a These particles were not spherical but deformed microparticles.
pressure drop and the mixing length. The CFD results
obtained with the CD� and CD+ were almost identical,
and the values reported in Fig. 3 are simply reported as
CD. The three designs (C+, C� and CD) gave quite vary-
ing results. The highest Re number (3 � 105) for the CO2

was calculated for the C� nozzle (Fig. 3A). From droplet
size correlations, the smallest droplets would then be
expected from this nozzle [20,32]. This nozzle also led to
the highest calculated energy dissipation rate (m2/s3)
(Fig. 3B). The mixing between the ethanol and CO2

streams from the outlet of the nozzle (Fig. 3C) was the fast-
est in the C+ nozzle as it occurred already within the noz-
zle, followed by the C� nozzle and finally the CD nozzle.
90% undersize volume) from various nozzles and process conditions

x10 (lm) x50 (lm) x90 (lm)

0.7 1.5 3.8
0.7 1.4 2.8
0.7 1.5 3.0
0.7 1.4 2.8
1.5 5.1 13.8
1.7 4.8 12.3
1.5 4.5 18.3
1.4 3.5 8.7
6.0 25.9 55.7

0.6 1.2 2.4
0.7 1.5 3.8
1.4 3.7 7.9
1.0 12.6 78.7
0.6 1.2 4.0
0.7 1.5 3.0
1.2 3.0 6.7
2.7 11.3 31.1
1.4 3.7 10.0
1.5 5.1 13.8
3.0 12.4 44.7
3.9 28.6 84.6
0.9 2.3 5.1
1.5 4.5 18.3
2.2 8.1 35.4
2.5 24.7 74.7

0.7 1.5 3.8
0.7 1.7 4.5
0.7 1.9 4.8
0.8 2.3a 6.9
0.7 1.5 3.0
0.7 1.7 4.3
0.7 1.8 4.4
1.2 3.0a 9.8
1.5 5.1 13.8
1.9 8.6 102.5
2.3 14.9 75.6
1.7 6.1a 42.5
1.5 4.5 18.3
1.5 6.4 63.3
1.1 4.3 54.8
1.9 5.2a 15.8
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The atomisation process seems better with the C� nozzle
when considering the energy dissipation rate (Fig. 3B),
even though the maximum velocity of CO2 – the drying
medium – is the highest in the CD nozzle (Fig. 3C).

The Re numbers for the CO2 stream simply calculated
with Eq. (1) (C� �214,000, C+ �123,000 and CD
�188,000) were compared to the Re numbers calculated
by CFD. The Re numbers were different, but of the same
order of magnitude.
3.3. Effect of the nozzle design investigated experimentally

The five nozzles studied were able to produce micro-
spheres in three different size ranges (Fig. 4). The smallest
particles (x50 � 1.5 lm) were obtained with the CD nozzle,
and the difference between CD+ and CD� was very small
(Table 3 and Fig. 4), indicating that the minor difference
in design did not significantly affect the product. Likewise,
medium sized particles (x50 � 5 lm) were prepared with
either the C+ or the C� nozzles. The T-mixer led to the pro-
duction of the largest particles (x50 � 26 lm). For all noz-
zles, complete atomisation of the liquid stream was
strongly suggested by the production of individual particles.

If correlating the particle size to the design of the nozzle,
the size of the liquid inlet (Dliquid) seems of major impor-
x50 = 3688Re-1.452

R2 = 0.9908
x50 = 779Re-1.4185

R2 = 0.9895

x50 = 683Re-1.292

R2 = 0.9766

x50 = 5400Re-1.5107

R2 = 0.9892
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tance in two-fluid nozzles as particles produced with
CD+ and CD� nozzles were much smaller than the parti-
cles produced with the C+ and C� nozzles, irrespective of
the gas inlet diameter (D0).

The designs of the CD+, C+ and T nozzles are such that
they are prone to accumulation of dry residues because of
various edges. This could even result in the complete clog-
ging of the nozzle, especially when processing solutions
that produce needle-shaped crystals (e.g., mannitol or gly-
cine). Furthermore, the purpose of the mixing implements
of the C+ and CD+ nozzles compared to the C� and CD�
nozzles is to reduce the particle size and the width of the
distribution. However, none of these implements showed
the expected improvement of the particle size and particle
size distribution. The lower velocity of the SCF compared
to the designed gas velocity (at least 40-times reduction)
could be a reason for the insignificant difference in perfor-
mance between the C+ and CD+ nozzles and the respec-
tive C� and CD� nozzles.

The exponential dependence of 0.75 (considering the C
and CD nozzles together) of the droplet size on the nozzle
dimensions (not shown) is obtained in comparison to 0.40
to 0.55 predicted by droplet size correlations for twin-fluid
nozzles [32]. This larger difference observed might be
caused due to the difference in design.

3.4. Effect of the total flow rate investigated experimentally

The effect of the hydrodynamics was investigated by
producing microspheres with different nozzles and vary-
ing the total flow rate while keeping constant the pro-
portionality between the CO2, ethanol and water flow
rates. Increasing the velocity of solution and SCF in
the nozzle by increasing the flow rates resulted in the
production of smaller particles (Fig. 5), and a narrower
particle size distribution (Table 3). An 11- to 12-fold
increase in x50 was observed with all nozzles when
decreasing the flow rates from the maximum (H1:
8.3 g/s CO2, 0.45 g/s ethanol, 0.023 g/s solution) to the
minimum (H4: 1.7 g/s CO2, 0.09 g/s ethanol, 0.0045 g/s
solution), except with C+ for which the increase in
x50 was only sevenfold.
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The volume density distribution curves of particles pro-
duced with the C+ and C� nozzles are bimodal or heavily
skewed unimodal, but are normal unimodal for CD+ and
CD�. The C+ nozzle shows a significant jump in particle
size between the H2 and H3 hydrodynamic conditions
(Table 3).

Larger particles and a wider particle size distribution
were observed with both the C+ and CD+ nozzles than
with the respective C� and CD� nozzles (Table 3). These
observations are at the opposite of the intended effect of
the mixing chamber: completion of the mixing within the
chamber of the C+ nozzle should have the advantage that
the mixing is independent of the flow rates.

Re and We numbers for both the liquid and the SCF
phases were calculated for the various experimental pro-
portional flow rates. The direct relation between the pro-
cess hydrodynamics and the particle size (x50) for all the
nozzles (C+, C�, CD+ and CD�) could be expressed by
a power regression (Fig. 6).

The ratio between the flow rates is constant for the
results depicted in Fig. 6. Therefore, Fig. 6A shows that
the influence of the velocity (vliquid) and nozzle dimensions
(Dliquid) is important if comparing C and CD nozzles as dif-
ferent ranges of Re are covered. However, looking at the
slope of the curves which are quite parallel, a similar rela-
tive effect of the C and CD nozzles is observed. Even
though smaller particles were produced with the CD noz-
zles, these nozzles can be considered as less efficient than
the C nozzles as a higher Re number (for the liquid) was
calculated for CD than for C nozzles. This is illustrated
by the CD curves lying on the right-hand side of the C
curves.

The specific effect of various parameters is less distinct in
Fig. 6B. The slopes of the curves are quite parallel to each
other meaning that the effect of each nozzle is similar.
There is a significant overlap of the range of Re number
such that the velocity (vSCF) and nozzle dimensions (D0)
were of lesser importance than the liquid flow properties.
Smaller particles were produced with the CD than with
the other nozzles while in the same Re range. This can be
interpreted as the CD nozzles to be more efficient than
the C nozzles. If considering the overall energy requirement
of the liquid and SCF streams, the CD nozzles required sig-
nificantly smaller input of energy than the C nozzles to pro-
duce smaller particles.

The difference in the ReLiquid (Fig. 6A) between the CD
and C nozzles is more important than the difference in
ReSCF (Fig. 6B). Therefore, we can suspect that the liquid
stream has a slightly more important effect on the droplet
size than the SCF stream, at least with the nozzles investi-
gated. If plotting the particle size versus the relative velocity
(vSCF � vliquid) (not shown) an exponential dependence of
�1.4 to�1.5 is obtained in comparison to�0.9 to�1.2 pre-
dicted by droplet size correlations for twin-fluid nozzles
[32]. This difference is probably related to the effect of the
density of the SCF, compared to the more or less atmospheric
gas phase, which is not considered in these correlations.
3.5. Effect of the process pressure investigated

experimentally

Increasing the working pressure, from 10 MPa
(qSCF = 774 kg/m3) to 20 MPa (qSCF = 882 kg/m3),
resulted in a minor to moderate decrease in the median par-
ticle diameters. A larger decrease in particle size (�20%)
was obtained with the C nozzles than with the CD nozzles
(�5–8%) (Fig. 7 and Table 3). The overall shape of the %
cumulative volume distribution and volume density curves
remained similar (not shown), meaning that the particle
size distribution of powders obtained with the CD nozzles
were unimodal, and that of powders produced with the C
nozzle were bimodal.

The decrease in particle size at higher fluid density was
expected as the density of the expeller drying fluid should
cause a reduction of the droplet size [33]. C Nozzles lead to
bimodal particle size distribution with a median small parti-
cle peak at 4–7 lm and a median large particle peak at
�50 lm at 10 MPa or 30–40 lm at 20 MPa (not shown).
The decrease in the particle size observed with the C nozzles
might be caused by a reduction of the coalescence of the
droplet or the reduction in agglomeration of the particles.
The density of the drying medium might have improved
the dispersion because of its higher resistance towards the
liquid stream. The higher pressure of the SCF could also
have limited coalescence and agglomeration by favouring a
faster drying of the droplet. The higher fluid density might
also have assisted the break-up of large droplets.

The exponential dependence of �0.4 to �0.5 (�2 for the
C� nozzle) of the droplet size on the gas density (not
shown) is obtained in comparison to �0.45 to �0.7 pre-
dicted by droplet size correlations for twin-fluid nozzles
[32]. In correlations considering the density of the gas
phase the hydrodynamics is often ignored [20].
3.6. Independent effect of the process streams investigated

experimentally

In addition, experiments were done with various flow
rate ratios. The particles obtained with the C+ and C�
nozzles at the F2 and F3 conditions showed multimodal
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distributions (not shown) and the x50 value should not be
compared to the other values. Decreasing the CO2 flow rate
(decrease of 30% from F1 to F4) caused the most impor-
tant increase (30–70%) in particle size (Fig. 8). Increasing
the solution flow rate (increase of 50% from F1 to F2)
caused a slight increase of the particle size (Fig. 8).
Decreasing the ethanol flow rate (decrease of 20% from
F1 to F3) resulted in a higher increase of the particle size
than what was observed with the solution flow rate
(Fig. 8). These results are discussed together with the mass
transfer modelling results.

In addition to the particle size distribution, it was
observed that the particle shape can change with the ratio
between flow rates because of the particle formation mech-
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Fig. 9. SEM pictures of microparticles and microspheres produced with CD� n
increased solution flow rate by 50%; (C) F3, decreased ethanol flow rate by 20
anism [6]. Microspheres – smooth spherical particles with a
dense core – were produced with F1 (Fig. 9A), F2 (Fig. 9B)
and F3 (Fig. 9C) conditions, and shrivelled microparticles
– micron-scale spheroid, deformed particles or collapsed
sphere with a dense shell and porous core – were produced
with F4 (Fig. 9D) conditions, independently of the nozzle.

The plotting of the median diameter (x50) of particles
produced with various ratios of process flow rates versus
Re and We of liquid and SCF phases (i.e., Fig. 6) did no
show clear trends. The variation in the composition of
the fluid had such a strong effect on the particle size that
the change in hydrodynamics caused by the variation of
one stream was supplanted. However, the independent var-
iation of the stream might not simply affect the particle size
distribution because of its effect on the atomisation pro-
cess, but also the particle formation mechanism.

Considering the effect of the various flow rates on the
atomisation process, the following general observations
can be made: Reducing the CO2 flow rate reduces the
energy involved in the spraying process and larger droplets
would be expected. However, by decreasing the CO2 flow
rate, the ethanol concentration in the SCF is automatically
increased, causing a drop in surface tension (from about 10
to 6 mN/m, unpublished results) which should result in the
formation of smaller droplets. Therefore, the slight increase
in particle size when decreasing the ethanol fraction might
be related to the increase in interfacial tension. Increasing
the solution flow rate might increase the agglomeration
of droplets before or during particle formation. To gain a
better understanding of the effect of the various flow rates,
ozzle at different flow rate conditions. (A) F1, standard conditions; (B) F2,
%; (D) F4, decreased CO2 flow rate by 30% (see Table 2 for conditions).
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the mass transfer around a droplet was investigated by
modelling.

3.7. Independent effect of the process streams investigated by

modelling

Changing the ratio between the CO2–ethanol–water
flow rates affects the mass transfer in and out of the drop-
lets. The effect can be such that the morphology of the par-
ticles can be significantly affected, ranging from smooth
microspheres to shrivelled microparticles and ultimately
to agglomerates of nanoparticles [6]. Using a simple mass
transfer model of a water droplet evaporating in a SCF
CO2–ethanol mixture, the size (Fig. 10) and composition
(Fig. 11) of the droplet over time were investigated, and
compared to the experimental trend observed for the parti-
cle size. The modelling results (Figs. 10 and 11) showed
that when some ethanol is added to the SCF phase, the
droplet first swells because of condensation and diffusion
of ethanol into it, triggering a sharp increase in diffusion
of CO2 into the liquid phase, until the drop starts shrinking
as the loss of volume by evaporation becomes greater than
the gain. The extent of the swelling stage is proportional to
the fraction of ethanol in the extractant (Fig. 10). Assum-
ing the same initial droplet size for all cases, a droplet pro-
duced with the F3 and F4 conditions could, respectively,
swell 5% and 20% more than a droplet produced with the
F1 conditions, which already swells by 12%. The time to
complete the evaporation is inversely proportional to the
ethanol fraction, and thus inversely proportional to the
swelling.

The hydrodynamics effect on the droplet size was indi-
rectly studied by measuring the particle size for constant
ethanol:CO2:solution flow rate ratio. The hydrodynamics
will also be affected by independently changing the flow
rates (ethanol, CO2, solution). However, the particle size
is probably not simply affected by the droplet size.

First of all, for a constant solution flow, the solubility of
water in the SCF phase is decreased when the CO2 flow is
increased as the ethanol:CO2 ratio is decreased. Since the
water uptake capacity of the fluid is sufficient, a lower sol-
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ethanol–CO2 ratios. F1, standard conditions; F3, decreased ethanol flow
rate by 20%; F4, decreased CO2 flow rate by 30% (see Table 2 for
conditions).
ubility of water in the SCF shall result into a longer drying
time caused by a smaller driving force for evaporation.
Finally, the increased number of droplets in the drying
medium might favour coalescence of the droplets or
agglomeration of the particles.

Secondly, increasing the CO2 flow rate causes a signifi-
cant increase in mixing energy. The formation of smaller
droplets will then be favoured by the more efficient atomi-
sation. Furthermore, a faster precipitation and lesser coa-
lescence of the droplets are expected because of the rapid
attainment of the precipitation conditions.

Thirdly, higher flow rates of CO2 are associated to
higher refreshment rates of the SCF phase. This inherently
leads to a higher water uptake capacity which should limit
the cohesion of droplets and help maintaining appropriate
precipitation conditions in the surroundings of the droplet.
However, the higher velocity caused by the higher flow
rates also results in a shorter residence time of the SCF
phase through the vessel. The flight time for the drops to
reach the filter is shortened and there is consequently less
time for the particle to be formed before reaching the filter
plate. Overall, the increase of energy input in the system
when using higher CO2 and ethanol flow rates was such
that a better atomisation was possible, resulting in smaller
drops and demonstrated by smaller particles.

The mass transfer modelling was already used to explain
the particle formation process of lysozyme particles [6] and
the selective precipitation of glycine polymorphs [34,35].
While studying the particle formation process of lysozyme,
a main concern that aroused from the particle morphology
was the role of the atomisation on the particle formation
process (e.g., role of droplet size on the morphology).
The composition of the droplet during precipitation was
identified as being of major importance for the morphology
[6,25] and is therefore suspected to also influence the parti-
cle size because of the swelling and shrinking stages of a
droplets evaporating in SCF-drying.

The F1 conditions led to the production of the smallest
particles irrespective of the nozzle used. When changing the
conditions to F3 (lower ethanol ratio), effects on the spray
process are expected to be limited to the slight increase in
interfacial tension at the water–SCF phase interface and
the slight decrease in density of the SCF phase: Between
F1 and F3, the decrease in volumetric flow rate of the
SCF is only 1%. The very slim changes in density and sur-
face tension were, however, apparently sufficient to cause
an increase in particle size in most cases.

Working with F4 (lower CO2 ratio) conditions, the par-
ticle size can increase because of the lower intensity of the
atomisation process as the volumetric flow rate of the SCF
phase is lower. However, similar results were obtained
when the flow rates were doubled. Therefore, the high eth-
anol fraction in the system is a main factor in the swelling
of the droplets. We can suspect that the solidification of the
droplet occurred late in the swelling stage or early in the
shrinking stage of the droplet drying while the difference
in droplet size is the largest (Fig. 10). The high ethanol
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fraction in the droplet (F4) also promotes the anti-solvent
precipitation of the lysozyme into shrivelled microparticles
instead of microspheres.

When changing the initial droplet size, the calculations
show that the composition and droplet size remained sim-
ilar, but occurred on a different time-scale. Therefore, the
smaller droplets/particles produced by the CD nozzles
might be less prone to coalescence/agglomeration than
the larger droplets/particles produced by the C nozzles.
Consequently, the increased number of particles of large
size (Fig. 8) observed with the C+ and C� nozzles at the
F2 conditions is believed to be caused by the coalescence
as there is a higher density of droplets in suspension when
increasing the solution flow rate. At the F3 conditions, the
lower ethanol fraction prolongs the time required for the
drying of the droplet and can facilitate the agglomeration
of particles.
4. Conclusion

The atomisation step of the SCF-drying behaves more
similarly to the atomisation of a liquid into a gas than
the gaseous mixing of two streams. The particle size distri-
bution of particles prepared by SCF-drying has shown to
be sensitive to the nozzle selection and hydrodynamics.
Strongly related to their design and dimensions, the nozzles
investigated in this study produced particles with median
geometric diameters of �1.5, �5 or �25 lm when using
typical SCF-drying conditions. A fivefold increase in the
total flow rates (constant ratio between flows of CO2, eth-
anol and solution) caused a 7- to 10-fold decrease in parti-
cle size. Moreover, the velocity of the liquid stream had a
greater effect on the particle size than the velocity of the
SCF. The increase in process pressure causes an increase
in density of the SCF, and this resulted into a 5–20%
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decrease in median particle size because of the higher resis-
tance of expeller fluid. The independent variation in pro-
cess flow rates also slightly affected the particle size
distribution, but to a lesser extent than the hydrodynamics
or the nozzle. The time within which the precipitation con-
ditions are reached in the droplet compared to the swelling
and shrinking stages occurring during the drying of the
droplet could be responsible for the variation in the particle
size when the flow rates are modified independently. The
similar transition observed with lysozyme from the forma-
tion of microspheres to microparticles occurring with all
nozzles demonstrates that the particle morphology resulted
primarily from the precipitation mechanism of the solute
and not from the atomisation process. This control over
the median particle size, the particle size distribution and
the particle morphology makes the SCF-drying technique
a good process to prepare micron-size particles with strin-
gent specifications in respect of size, morphology, density,
etc. Both the atomisation device and the process conditions
should be selected to fine-tune the desired characteristics of
the powder.

In this study the effect of the nozzle and the process
conditions on the droplet size was indirectly investigated
by measuring the particle size distribution off-line. The
three-wavelength-extinction technique investigated by
Marioth et al. [36] to measure particle and droplet sizes
in SC-CO2 is a potential on-line technique that could be
used for the droplet size measurements. However, this tech-
nique would need to be validated before it could be used to
develop a good correlation to predict the droplet size pro-
duced during SCF-drying. Further, work will be required
to estimate the effect of the droplet size on the particle size
as the process conditions, but also the compound being
precipitated, are expected to influence the powder
characteristics.
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